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CHAPTER 1 : INTRODUCTION 
 

A mutation is a modification of the genome sequence. It is acquired upon 

alteration of the DNA molecular composition or structure, so-called DNA damage, 

and the absence of repair or usage of erroneous DNA repair pathways. The DNA 

molecule can be altered in various ways, from base modification to DNA double 

strand break. As a consequence, the resulting mutations can affect a single gene 

through an indel or single nucleotide variant, or potentially multiple genes and 

chromosomes via structural variant (i.e., deletion, inversion or translocation) or 

chromosome rearrangement.  

The factors causing DNA damage, the DNA repair pathways involved, and 

the types of mutation generated, have been extensively studied since before the 

discovery of the DNA structure. The purpose of this chapter is to summarize our 

knowledge of the mechanisms driving mutation accumulation and the 

consequences of such mutations on tissue homeostasis. I will also highlight the 

interrogations that remain to be addressed, which constituted the focus of this 

thesis. 

 

The references for the introduction are listed at the end of the manuscript 

 

A. Mutations – A Historical Perspective 

 

Although this PhD work focuses essentially on somatic mutations, the ideas 

behind mutagenesis emerged in the context of speciation and heredity1. In this 

part, I first wanted to briefly introduce the ideas and experimental work that led to 

the study of mutations, the establishment of genetics as a field of study and the 

questions surrounding tumorigenesis in the context of mutation acquisition. 

Importantly, the contribution of Drosophila genetics has revolutionized the way we 

tackle and understand the inheritance of traits, mutagenesis and tumorigenesis2,3. 
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I. Mutations: emerging heritable traits driving evolution  

 The theory of evolution by natural selection as stated in C. Darwin’s 

publications, most notably in “On the Origin of Species”, suggested the 

emergence of subtle variation of traits in a population. These fluctuating variations 

are continuous and likely present at any time in the population, but by the means 

of environmental pressure, reproductive isolation and the survival of the fittest, 

some variations of these traits can become preeminent, ultimately driving 

speciation. Opposed to Darwin, F. Galton’s views sustained that brutal, dramatic 

changes can occur to drive speciation in a single generation. 

Darwin also proposed a theory of heredity, the “pangenesis”, by which traits 

could be transmitted from one generation to another through pangenes, but it 

lacked experimental evidence. In 1893, A. Weisman proposed the germplasm 

theory of heredity, suggesting the continuity of the germplasm located in the eggs 

and sperms to transmit traits between generations, and the discontinuity between 

germplasm and the somatoplasm. Importantly, any somatic modification of the 

organism (e.g. mutilation) would not be transmitted to the next generation.  

   

The rediscovery of Mendel’s theory of heredity in 1900 was followed by the 

study of inheritance in many species. It promoted the emergence of the field of 

genetics initiated in part by W. Bateson and W. Johannsen who proposed the main 

terminology: “genes” are the undefined units of transmission and “alleles” 

represent different variants of the same trait. In 1901, H. De Vries, who worked 

on the evening primrose Oenothera Lamarckiana, on which he followed the 

variation and emergence of "characters", or phenotypes, among the populations, 

witnessed sudden changes in different traits, some of which seemed to drive 

speciation within one generation. To explain the emergence of new characters, in 

“The Mutation Theory”, De Vries named “mutations”, the new forms that suddenly 

appeared between generations, and proposed that they drive speciation: “The 
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main principle of the mutation theory is that species and varieties have originated 

by mutation, but are, at present, not known to have originated in any other way.”4  

 De Vries experiments caused skepticism because they were in support of 

Galton’s view of the discontinuity of the evolution, but also initiated wide interest 

among biologists and geneticists. It appeared possible to follow the emergence 

of new characters through successive generations, and by doing so, to identify 

the mechanisms of speciation. T. H. Morgan, who had established his lab at 

Columbia in 1904, refocused to study the appearance of new characters in 

Drosophila melanogaster in 1907, encouraged by W. Castle2. The advantages of 

the fruit fly are numerous to study traits variation and heredity: they have a short 

life cycle (10 days) allowing for the succession of many generation in a short time 

period; they are small and can be bred easily in the lab and they produce a large 

amount of progeny. The first 3 years of work appeared quite disappointing in the 

search for new characters, as Morgan and his students could only characterize 

small variations of the pigmentations. However, in 1910, “in a pedigree culture of 

Drosophila which had been running for nearly a year through a considerable 

number of generations, a male appeared with white eyes. The normal flies have 

red brilliant red eyes”5. The new character identified was named “white”, and many 

more followed (Figure 1).  

Figure 1. An example of a new character identified in the Morgan’s lab: Beaded flies had altered wings. From 
Muller 1918. 
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The new characters identified in Morgan’s lab followed Mendelian rules of 

inheritance; however, single-step speciation events were never found. It appeared 

later that the “speciation” events identified by De Vries were mischaracterized. 

However, the term “mutation” persisted to design the modification of a gene, 

responsible for the emergence of new alleles. By the late 1910s, the Darwinian 

theory of evolution and the Mendelian theory of heredity were reconciled in a 

“Modern Synthesis”. The combination of several characters (alleles) could support 

continuous variation within populations, and Darwin’s natural selection would work 

on Mendelian units of heredity (genes) to drive speciation. These conclusions were 

supported by experiments in several model systems such as oats, wheat (Nilsson-

Ehle6–8), maize (E. Easton 1910), mice9 and Drosophila10. 

 

II. Mutations: mappable variants of heredity  

While geneticists worked on theoretical carriers of heredity, which they 

named genes. In parallel, the work of cytologists helped to identify the 

chromosomes as the carriers of the material responsible for the heredity of 

characters. First, in 1902 by studying meiotic divisions, W. Stutton established 

that the constituents of the cell nucleus, the chromosomes, were responsible for 

the heredity. He observed at the same time as T. Boveri, that the chomosomes 

behaved as Mendelian factors during the meiosis, as they differentially segregated 

in daughter cells and progeny. Then, in 1905, E.B. Wilson and N.M. Stevens 

Figure 2. Diagram representing the pairing, size relation and shapes of Drosophila chromosomes.  From 
Bridges, 1916. 



 12 

established independently, that a specific set of chromosomes were responsible 

for the sex determination in different organisms. N. Stevens, named the pair of 

chromosomes X and Y, and suggested in the beetle Tenebrio molitor and several 

other insect species, including Drosophila in 1908, that the Y chromosome was 

carrying the male determinants (Figure 2).  

 

 In the fly, Morgan could then determine that the white mutation was linked 

to a recessive character localized on the X chromosome. Because of the specific 

importance of the X chromosome in males, which only carry one; mutations on 

the X are easily detectable in males. It particularly helped H.J. Muller in the late 

1910s to identify several lethal mutations on the X chromosome simply by 

following the female to male sex-ratio in the offspring11,12. Indeed, a male carrying 

a lethal mutation on the X chromosome would die, while a female would still have 

a non-lethal allele of the gene on the homologous chromosome.  

After Morgan localized this first X-linked mutation, with the students in his 

lab, he could identify a few more like rudimentary and yellow, respectively 

responsible for a wing malformation and a change in the body color. From a series 

of crosses with female flies 

carrying two different 

mutations, one on each X 

chromosome, they would 

observe that, different than 

the expected Mendelian 

ratio dictating that the 

progeny would inherit one 

of the two mutations, a 

variable fraction of flies 

could also inherit both mutations or not receive any13,14. From these observations, 

Morgan postulated the probable exchange of mutations between chromosomes 

during meiosis, when the two homologous chromosomes were observed to be 

Figure 3. A representation of Crossing over between two homologous 
chromosomes. From Weinstein 1918. 
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“strangely” intertwined before separation. He imagined the theoretical mechanism 

of crossing over by the end of 191115 (Figure 3). 

 

Morgan and A. Sturtevant came to imagine that the probability of mutation 

exchange between the two chromosomes would depend on the distance between 

the two mutations on the presumed linear chromosome, this led them to create 

the first map of the X chromosome based on the crossing-over probability 

between 6 different mutations previously identified16. The crossing-over 

relationship between the mutations confirmed a somewhat linear organization of 

the genes along the chromosome, and the exchange frequency during meiosis 

could be interpreted as the distance between genes. Interestingly, if two mutations 

affecting the same trait were showed to be localized at the same site relative to 

the others, they could thus be interpreted as being two different alleles of the 

same gene. This new ability to identify mutations and localized them linearly on 

the chromosome revolutionized the field of genetics. It was used later in different 

species, for example in Maize by B. McClintock17,18, and rabbits by W.E. Castle19. 

For more than a century, geneticists have been using the same methods to identify 

and localize new mutations in different chromosomes based on crossing-over 

frequencies.  

The development of cytology also allowed the direct observation of 

chromosomes and the establishment of physical chromosome maps. In addition, 

the correlation between the recombination of genetic traits and the physical 

crossing-over between homologous chromosomes during meiosis was 

established by McClintock and H. Creighton, who compared cytological and 

genetic maps of chromosomes18,20,21. The same conclusions were found in 

Drosophila soon after by C. Stern22. 

 Thus, the study of mutations allowed a better understanding of the 

mechanisms of inheritance in many species. It permitted the representation of 

genes compared to one another on chromosome maps. Additionally, it also 

helped to theoretically examine the question “What is a gene?”, and the 
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relationship between the gene and the heritable characters of the organism23,24. 

However, the identification of variants was tedious, as spontaneous mutants 

appeared infrequently. From the start in 1907, it took 3 years of experiments to 

isolate the white mutant, and about 50 X-linked mutations were characterized by 

1916 in Drosophila25,26. 

  

III. Mutations: inducible by external factors  

In order to increase the susceptibility of Drosophila strains to acquire de 

novo heritable mutations, H.J. Muller explored the possibility of using external 

factors to artificially induce more alterations. He established that X-ray irradiation 

was significantly increasing (x150) the rate of hereditary mutation in Drosophila27–

29, thus external factors could indeed influence the mutation frequency. Similar 

experiments had been performed before in different species, since the discovery 

of X-ray in 1895. These had linked X-ray with fertility problem, fragmentation of 

the chromosomes (Bergonié and Tribondeau, 1904; Perthes 1904) and other 

clinical manifestation such as ulceration and cancer. It was also observed that 

actively growing tissues are the most sensitive to X-rays. Earlier attempts to 

increase the mutation rate with X-ray, for example in Morgan’s lab, were 

unsuccessful. However, previous reports had already showed that X-rays could 

influence the crossing-over frequency in Drosophila30–34. At the same time, Muller 

also established the influence of temperature on mutation frequency28. 

Shortly after Muller's findings, the mutagenic effect of X-rays were also 

shown in other species such as barley35, and mice36. However, the type of 

mutations induced by X-ray were not clearly defined. Muller first thought that the 

mutation increase was mostly due to point mutations affecting directly a single 

trait. However, it became clear later, with genetic crosses and cytological 

techniques, that X-rays also induced larger mutations affecting the chromosome 

structure such as inversions, deletions and translocation24,29,35,37–42. Such 

chromosomal aberrations had already been observed in the spontaneously arising 
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mutations43–45. Although X-rays induced the same type of mutations as the 

naturally occurring ones, Muller posited that natural radioactivity was unlikely to 

explain the emergence of spontaneous mutations46,47. Thus, he hypothesized the 

existence of other factors responsible for mutagenesis. Experiments on the 

consequence of several other external factors on mutation frequency and 

inheritance were carried out in Drosophila and other models. New physical and 

chemical mutagens were identified: for example radium35, formaline (Rapoport 

1946), formaldehyde (Rapoport 1947,1948)48, ultraviolet light (UVs), nitrogen-

mustard49,50, ethyl-methyl sulfate (EMS)51 and other forms of radiation52,53, also 

producing point mutations and chromosome rearrangements54–56. 

  Thus, mutations can be artificially induced. Various mutagenic agents, likely 

present in the environment, can provoke hereditary trait changes. This possibility 

to induce mutation was then used to characterize and location new genes in 

classic genetic experiments and later led to the genetic screens methodology, for 

example using the alkylating agent EMS57.  

 

IV. Mutations: somatic alteration of the organism 

In addition to the identification of new heritable traits through mutation in 

the germ cells, some instances of mosaicism of the somatic tissues were reported. 

Mosaicism is seen as the coexistence in the same individual of two characters of 

the same trait in the tissue. This was notably observed in the variegated patterns 

of maize plants58,59. Some instances of mosaicism were also observed in 

Drosophila22 and other species60. Importantly, X-rays and other mutagens were 

shown to induce tissue mosaicism61–64. The mosaicism was explained in part by 

somatic crossing-over of heterozygous traits in mitotic cells65, although de novo 

alteration of the gene in the somatic cells was also possible. It was later shown 

that variegation could also be due to moving DNA elements in the genome66 or to 

non-genetic factors influencing gene expression, underlying a position effect on 

genes.  
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V. Mutations: the origin of tumorigenesis 

 The implication of malignant tumors in human diseases was established in 

the 18th century. The characterization of cancer neoplasms was further carried out 

with new cytological methods in the end of the 19th century. It was postulated, for 

example by G. Pianese and D. Hansemann, that tumors were due to changes in 

cell behavior, and more specifically linked to a uncontrolled cell proliferation67,68. 

In 1914, T. Boveri was the first to hypothesize that cancer cell behavior was linked 

to chromosome alteration, as he observed that aneuploid cells divide atypically69. 

The development of Drosophila genetics yielded important findings related to 

Boveri’s theory3: 

First, a fraction of the larvae of lethal(1)7 (known now as deep orange, dor), 

one of the first mutant characterized in Morgan’s lab, spontaneously developed 

melanized tumors, likely responsible for the death of the animal before the adult 

stage25,70 (Figure 4A-B). The progeny of the surviving flies also displayed the 

same phenotype in relatively similar proportions. It was the first evidence of 

hereditary tumors in Drosophila. Thus, the carriers of heredity, the chromosomes, 

contained mutations driving tumorigenesis. M.B. Stark, I. T. Wilson and later E.S. 

Russel, continued to study hereditary tumors in this model and identified several 

mutations responsible for neoplastic growth in the fly71–73. The spontaneous 

tumors arising in susceptible lines could affect different organs, including the 

intestinal track. In addition, spontaneous neoplastic growth was observed in 

different invertebrates species74–79. However, cancer development was more 

frequently observed in mammals, including humans, and the heredity of tumor 

incidence was also studied in different strains of mice80,81. Altogether, it 

suggested, that cancer was, in part, a hereditary disease, associated with 

particular variants. 
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The study of mutations that increased cancer susceptibility led to the 

description of several tumor-suppressor genes in Drosophila. The first one named 

lethal (2) giant larvae (l(2)gl) was characterized in 1967 by E. Gateff (Figure 4C). 

It eventually instated Drosophila as a good model system to study cancer-related 

questions, such as oncogene driven proliferation, drug screening, tumor 

metabolism and genome instability82,83. 

Additionally, it also appeared that external mutagens described before 

increased the frequency of cancer in flies and mammals. Thus, this led to the 

notion that somatic mutagenesis is a driver of tumorigenesis84,85. The influence of 

Figure 4. Examples of tumor in Drosophila. A. Structure of gereditary tumors in Drosophila, accumulation of cells 
surrounded by dark spots. B. Representation of Hereditary tumors in the Drosophila larva. C. Comparison between 
wild-type brain  l(2)lgl4 tumor brain in Drosophila larvae. Taken from Stark. 1918(A-B); Gateff and Schneiderman 
1974 (C). 
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mutagens on tumor incidence was also inferred from reports on the health 

conditions of patients after irradiation or in frequent contact with identified 

mutagens1. In the long term, they were more likely to develop cancers, and at a 

younger age. The link between mutagenesis and carcinogenesis was then 

established. Finally in 1950-1975s, as proposed decades before by T. Boveri, 

karyotype studies demonstrated the prevalence of chromosome rearrangements 

or ploidy alteration in human cancer cells86. Consequently, genome alteration 

drives tumor development and subsequent genome instability is a hallmark of 

cancer87. 

 

VI. Mutations: molecular alteration of the genome sequence 

 The identification of genes and mutations responsible for different variants 

linked with tumorigenesis, was achieved while the chemical and physical nature 

of the chromosome was unknown. The characterization of nucleic acids then 

allowed the description and classification of different types of mutations as well 

as an understanding of the specific effects of mutagens on DNA composition and 

structure. 

 Briefly, biochemical studies in the mid 40s to early 50s first identified that 

chromosomes were composed, in part, of deoxyribonucleotide acid (DNA), and 

DNA was found to carry the genetic material in bacteria, and viruses88,89. In the 

1950s, the molecular composition of DNA was better characterized via chemical 

analysis90–92, and the double-helix structure93 was postulated from X-ray 

crystallography experiments carried out by R. Franklin. 

With the identification of the base composition of the DNA, the effects of 

mutagens, such as EMS and other alkylating agents, on DNA modifications and 

mutation acquisition was chemically established94–99, which advanced the theory 

of mutagenesis100. Finally, the deciphering of the genetic code101 and of 

mechanisms regulating genes expression102 in the early 1960s, helped to 

comprehend the consequences of base modifications on genic alteration, and to 
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connect gene sequence and expression with the phenotypes induced by mutations. 

However, the extensive description of mutations at the molecular level would later 

require the use of DNA sequencing technologies, which have been developed and 

improved since the 1970s103–106. 

The development of molecular biology allowed the description of mutations 

at the molecular levels and also enabled the characterization of the consequences 

of mutations on gene function, consequently explaining the phenotypes observed 

since the 1910s (Figure 5). 

 

 

 

 

 

 

 

 

Figure 5. Chronology of some of the theories and discoveries on mutations. Details are in the text above. 
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B. DNA damage and Repair 
 

I presented previously how mutations of the genome were first identified and 

how different compounds could induce mutagenesis. With the discovery of the 

composition and structure of DNA, DNA damage, mutations and the 

consequences of mutagens could be assessed at the molecular level. Since DNA 

is the conserved carrier of genetic material in all living organisms, most species 

is subject to similar types of DNA damage, and the DNA repair mechanisms that 

have evolved to repair such alterations are well conserved, particularly in 

eukaryotes. 

Many exogenous factors inducing DNA damage have been discovered, such 

as ionizing radiation, Ultraviolet (UV) radiation, nitrogen-mustard, formaldehyde 

and bacterial toxins. The specific exposure of different tissues to factors from the 

environment is responsible for many of the differences in the mutation landscape 

and tumor burden in distinct organs107,108. However, endogenous sources of DNA 

damage have also been identified: (1) Products of the cell metabolism like S-

adenosylmethionine falsely methylate DNA, whereas reactive oxygen species 

(ROS) and aldehydes can oxidize or crosslink DNA bases, respectively. (2) 

Enzymes like topoisomerases or endogenous transposases can induce DNA 

double strand breaks (DSB). (3) Replicative or translesion DNA polymerases can 

incorporate mismatched bases through replication error. (4) Finally, replication 

stress can lead to replication fork collapse and DNA DSB (see below). 

Here I first present briefly the DNA repair pathways involved in repairing bases 

or single strand nick, and the main factors involved in DSB repair. Then I detail 

two processes that have recently gained interest in the DNA repair and cancer 

fields: the Microhomology Mediated End-Joining (MMEJ) pathway and the 

contribution of replication stress in DNA damage and gross chromosomal 

rearrangements. We hypothesized that both may act in intestinal stem cells, thus 

they constitute the primary focus of my PhD thesis. 
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I. Base modifications, replication errors and point mutations 

 

Several pathways have evolved to repair DNA damage affecting DNA single 

strands or singles bases, for example chemical modifications of the canonical 

bases A, T, C  and G. The failure to repair such damage before the following DNA 

replication and division leads to point mutation acquisition in the daughter cell. 

 

Base excision repair 

The base excision repair (BER) pathway repairs chemical modifications of 

bases that do not alter the DNA double helix structure: single strand break, 

alkylation, deamination, oxidation (for example guanine to 8-oxoguanine 

conversion, induced by ROS), methylation, loss of bases (mostly depurination 

caused by spontaneous hydrolysis)107–109. 

BER removes the modified base via DNA glycolysase activity, and repairs the 

created nick in the single strand by adding the absent nucleotide or resynthesize 

a short stretch of DNA if several bases were missing/removed. Each step depends 

of a different enzyme.  

 

Nucleotide excision repair 

The nucleotide excision repair (NER) pathway repairs chemical modifications 

of bases that distort the helix, for example: pyrimidine dimers induced by UVs, 

DNA crosslinked adducts or intrastrand crosslinks, oxidized purine with a cyclic 

conformation or non-canonical DNA structure like R-loops and G-

quadruplexes107–110. 

NER excises a short single-strand fragment of DNA surrounding the damage 

and resynthesizes the DNA sequence. The excision step is carried out by ERCC1, 

ERCC4 and ERCC5 best known as XPF and XPG, which are mutated in patients 

with Xeroderma Pigmentosum. These patients are highly sensitive to UVs, because 

they are unable to repair UV-induced DNA damage.  
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DNA replication error and translesion synthesis and Mismatch repair 

The main DNA polymerase for replication in eukaryotes and Pola, Pold and 

Pole. Pola primes the replication and Pold mostly participates in the elongation of 

the leading strand of DNA whereas Pole elongates the lagging strand, although 

Pold has also been shown to contribute to synthesis of the lagging strand as well. 

DNA replication is mostly error-free with an error rate of 10-10. Replicative 

polymerases have a high selectivity for good nucleotide pairing and also have 3’-

5’ proofreading activity that allows them to remove mis-incorporated nucleotides. 

The replication complex is also tightly linked to the mismatch repair (MMR) 

pathway, which is described below.  

Replicative polymerases, however, are easily stalled on repeated DNA, or DNA 

with secondary structures or DNA lesions, such as single-strand breaks or 

interstrand crosslinks. In these contexts, some translesion polymerases have 

evolved to allow DNA replication through damaged DNA111. For example, Polh is 

able to accurately replicate DNA with thymidine dimers induced by UV, as such 

Polh is often found mutated in some Xeroderma Pigmentosum patients. Polh is 

also able to replicate through modified dG, for example intrastrand dG-dG dimers 

or 8-oxoG). Because of their functions in replication at DNA lesions, the 

translesion polymerases interact with the components of NER and BER. Polk, Poli 

and Polh cooperate with NER in the repair of UV induced damage. The polymerase 

Rev1 is implicated in synthesis over abasic sites and bases with adducts. It has 

also been shown to replicate region of DNA forming G-quadruplexes or with triplet 

repeats. 

Although replicative polymerases are blocked at DNA damage sites, 

translesion polymerases can proceed over lesions, but they are also significantly 

error-prone, generating more mismatches than the canonical replicative 

polymerase. For example, the error rate for Polz is 10-4. Translesion synthesis 

generates a considerable number of mismatches. The mismatch repair pathway 

recognizes base-base inaccurate pairing, and small indels (insertions or deletions) 
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generated during canonical or translesion replication112. Like BER and NER, it 

involves several components, that are mostly conserved between prokaryotes and 

eukaryotes, recognizing specific lesions and handling the base excision and 

resynthesis. Mutations in some components of MMR are associated with 

colorectal cancer predisposition, such as MSH2, MSH6 or MLH1113. 

Living organisms have established different strategies to repair DNA damage 

affecting the molecular base constitution, and defects in any of the pathways 

drives accumulation of point mutations and is linked with cancer predisposition. 

The predispositions are tissue-specific and related to the type of damage that 

particular organs can encounter, for example the skin is likely more exposed to 

UV and defects in NER and Polh are associated to skin cancer predisposition. 

Interestingly, inhibitors of these pathways can also be used in cancer treatments 

to make tumor cells more susceptible to DNA damage and provoke their apoptotic 

death114. 

 

II. DNA double strand break and choice of repair 

 

The most deleterious insult to the DNA is DNA double-strand break (DSB), as 

it breaks the double-helix structure and fully interrupts the genome sequence. DSB 

can be induce by ionizing radiation or chemical reagents, or can be a 

consequence of replication fork collapse. Similar to the base modifying type of 

DNA damage, several mechanisms have evolved to repair a DNA DSB107–109,115 

(Figure 6): 

 

Non-Homologous End Joining (NHEJ)  

NHEJ ligates together two blunt double strand DNA break ends. It relies on the 

binding of the Ku70-Ku80 heterodimer to the DSB ends, the recruitment of DNA-

PKC that promotes the close alignment of the broken ends and a final step of 

ligation dependent on Ligase 4. 
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NHEJ is mostly considered error prone as it can lead to the deletion of the 

sequence between the DNA breaks. It has also been involved in larger 

chromosome catastrophe events such as chromothripsis, responsible for large 

scale translocations, deletions and inversion, by ligating non-adjacent breaks 

from severely damaged chromosomes116. 

 

Homologous Recombination (HR) 

The HR pathway is considered a more conservative DNA repair as it uses a 

homologous template to repair the DNA double-strand breaks. The DSB 

generates two double strand break ends. The repair first requires the resection of 

the 5’ strand of the DNA break by the MRN complex (MRE11, RAD50, NBS1). The 

3’ ssDNA overhang is then bound by Rad5, which participates in the homology 

search. Finding of a >50bp homology sequence, likely from the sister chromatid 

or the homologous chromosome allows for an error-free repair117. The resolution 

Figure 6. DNA Double-Strand Breaks main repair pathways with the factors they rely on. 
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of the HR repair can proceed through different pathways, which are Crossing-

Over, Synthesis-Dependent Strand Annealing (SDSA) or Break-Induce Replication 

(BIR, mostly depending on genomic context and homology length117. 

- Crossing over requires the second strand of the DNA break to also be 

paired to the homologous sequence. It involves the action of a resolvase 

to disentangle the double Holliday-junction formed between the two DNA 

helixes, and can lead to sequence exchange between to broken DNA 

and its homologous template. 

- SDSA relies on partial de novo synthesis of DNA to complete the broken 

sequence using the homologous template, before the strand is 

displaced to the second break end with homology search. The synthesis 

part of the repair can be quite extensive leading to gene conversion 

whereby a sequence of the homologous template is inherited by the now 

repaired DNA sequence. 

- BIR takes places mostly in the context of single-ended double strand 

breaks, for example in the context of replication fork collapse. It depends 

on the complete de novo synthesis of the repaired sequence using the 

homologous template. This process is known to be particularly error-

prone and relies on the Pif1 helicase and Pol32/PolD3, a subunit of the 

replicative polymerase Pold.  

 

Choice in the DSB repair 

Several contexts and factors favor one pathway over the other for DSB 

repair115,118. NHEJ and HR relies on unrelated protein complexes and the 

mechanisms differ from the first step. NHEJ is a faster but error-prone repair 

pathway. HR requires extensive 5’->3’ resection for homology search while NHEJ 

cannot process and repair DNA breaks with 3’ overhangs larger than 4bp. Thus, 

the type of lesion and end resection dictate the pathway choice.  

In addition, the cell-cycle phase influences the DNA repair pathway choice. 

NHEJ is predominant in G1 or noncycling cells and HR is preferred in S and G2 
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phase, when a sister chromatid is available. This choice is controlled in part by 

cyclin-dependent kinase that can phosphorylate EXO1 exonuclease and CtIP, 

which positively regulates MRE11 involved in DSB end resection and thus favoring 

HR during S and G2. 

Several studies also suggest an influence of the chromatin context in the DNA 

repair pathway choice115,118, and age-related changes in the DNA repair choice 

and efficiency119. 

 

III. Polq and Microhomology-Mediated End Joining 

 

Another pathway for DSB repair 

 In addition to the canonical NHEJ and HR DSB repair pathways, evidence for 

an Alternative Non-Homologous End Joining (Alt-NHEJ) mechanism was 

uncovered120. In mammalian cells and yeast, a specific type of DNA repair junction 

was described, it contained short microhomologies at found the breakpoints and 

inserts from short, templated sequences at the site of the DSB repair event 121,122. 

This mechanism was implicated in several types of chromosome alterations such 

as deletions123–126, translocation127–129, inversions or more complex events130, 

which are found in leukemia131,132 and other cancers133–135. Alt-NHEJ also 

participates in the generation of antigen diversity in the V(D)J class-switch 

recombination of immune precursors136–139 

 Alt-NHEJ functions independently of the canonical NHEJ pathway components 

Lig4 and Ku70-Ku80122,140–144, and appears more mutagenic134,142,145. Because 

of the characteristics described above, this DSB repair pathway is termed 

Microhomology-Mediated End Joining (MMEJ), we will use this term. 

 

MMEJ in yeast 

In yeast, MMEJ functions with 5-25 bp of microhomologies. As mentioned 

before, it is independent of and repressed by the Ku complex140,146. MMEJ is a 

synthesis-dependent DNA repair mechanism. In yeast, it relies on the two DNA 
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polymerases Poll and Pold147 and implicates the non-necessary subunit of Pold, 

Pol32/POLD3148–150. Some components of the HR pathway were found to be 

required for the repair. First, the MRN-dependent DNA 5’ end resection is essential 

to reveal homologies149,151. Furthermore, some reports suggest an implication of 

Rad52 in MMEJ148,152,153, whereas Rad52 seems to inhibit MMEJ along with Rad51 

and RPA in more recent studies147,154,155. It is likely that the length of the homology 

dictates the requirement of the HR component Rad52, indeed Rad52 was found 

to be more associated with repair implicating microhomologies longer than 15 

bp148. 

 

Theta-Mediated End Joining 

In other eukaryotes, MMEJ was also found to play a role in DNA DSB repair 

and generated deletions or other structural variants. More specifically, in 

Drosophila DSB repair upon transposon excision was shown to contain 

microhomologies at the break-points and small inserted sequence in the mutants 

for NHEJ lig4  and HR spn-A (rad51) 156. It was found later, that most of this 

repair was due to MMEJ and was dependent on the specific DNA polymerase 

Theta (Polq)157,158, encoded in Drosophila by mus308, which was initially found to 

be involved in DNA crosslink repair159–162. The Polq-mediated repair mechanism 

was first seen as a back-up mechanism in the absence of NHEJ, but MMEJ 

signature was also observed in flies that were not deficient for NHEJ. 

Homologues of Polq were found with similar functions in most eukaryotes, 

including humans163, mice164, C. elegans165, zebrafish166 and Arabidopsis 

thaliana167. These studies confirmed Polq's role in class-switch recombination but 

also the consequence of the error-prone MMEJ on genome instability168–172. 

However, Polq is absent in yeast. Thus, MMEJ pathways rely on different 

polymerases in yeast and higher eukaryotes. Because of the implication of Polq, 

MMEJ is often referred to as Theta-Mediated End Joining (TMEJ), however some 

other Polq independent MMEJ pathways could coexist in higher eukaryotes173–175.  
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 Similarly, to MMEJ in yeast, TMEJ depends on a short DNA resection step176. 

Biochemical analysis also unveiled the Polq-dependent mechanism of DSB repair. 

Polq bound to single-strand DNA and used >2bp double strand microhomologies 

as a template for DNA replication177. Successive rounds of annealing, priming and 

release are thought to be responsible for short templated insertions at the break 

site; Polq was also showed to insert random nucleotides through template-

independent terminal transferase activity178–183. Polq is the only DNA polymerase 

with a helicase domain whose function is not fully clear though integration of 

inserts requires both the helicase and polymerase domain184.  

 Thus, Polq end joining repair is characterized by 2-15bp microhomologies 

(mostly >4bp) and 1-30bp insertions of random or templated sequence.  

 

Polq interaction with homologous recombination 

Polq was found upregulated in Homologous Recombination deficient 

cancers such as BRCA1 and BRCA2185. In addition, the expression of Polq or 

PARP-1, a factor promoting Polq recruitment to the DNA, was found to be 

associated with tumor resistance to cisplatin186,187. TMEJ and HR begin with 

resection of the DNA ends and have been shown to counteract each other. Rad51 

blocks Polq recruitment to DNA188, and the helicase domain of Polq is implicated 

in RPA removal from the resected ssDNA to block  HR189,190. Consistent with the 

fact that Polq inhibits HR, it was  shown to limit mitotic recombination189,191,192. In 

cancer, HR deficient cells depend on Polq for their survival188,193, and the Polq 

mutant signature has been associated with BRCA deficient cancers194. Targeting 

Polq has become an important potential therapeutic strategy195,196. 

 

Polq and translesion synthesis 

 In Drosophila, mus308 mutants were identified as particularly sensitive to 

DNA crosslinking agents160 like nitrogen mustard. The role of Polq in crosslinking 

repair was also demonstrated in C. elegans165 and Arabidopsis197. In addition, 

Polq was involved in error-prone DNA repair in mice after UVs198, and in replication 
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through G-quadruplexes in C.Elegans199. Thus, Polq likely acts as a translesion 

polymerase, although with high mutation rate163,198. Furthermore, Polq was found 

to cooperate with the BER pathway200–202. In addition, MMR seems to function in 

Polq inhibition203 and Polq mutant cells are dependent on MMR function for 

survival204.  

Thus, Polq interacts with several other pathways and is implicated in the 

DNA repair of different types of DNA damage in addition of its role in DNA DSB 

repair. We can then hypothesize that in addition to its well-characterized signature 

associated with structural variant formation in MMEJ, Polq may also contribute to 

specific point mutations signature independently of DNA DSB repair. However, the 

contribution of Polq in spontaneous mutation accumulation during aging and more 

particularly in stem cells has not been investigated. We later provide evidence that 

Polq likely contributes to structural variant formation and point mutation in 

Drosophila intestinal stem cells. 

 

Interestingly, mus308 was found to be targeted by the shRNA interference pathway 

in the Drosophila ovary205,206, potentially indicating a specific inhibition of this 

pathway in the germline and embryo to limit mutagenesis. 

 

 

 

IV. Replication stress as a cause of DNA damage 

 

Replication stress is an alteration of the DNA replication that can cause either 

replication slow-down, replication blockage or incomplete replication during S-

phase207–209. Replication stress is the main cause of chromosome instability in 

cancer and has been associated with large genome copy-number variants 

(deletions, duplication), chromosome rearrangements and ploidy alterations209–

211. 

 



 30 

Replication stress and common fragile sites 

 In cell culture experiments, several drugs were used to induce replication 

stress and study its consequences, the main ones were: Aphidicolin212, a DNA 

polymerase inhibitor, and Hydroxyurea213 an inhibitor of the dNTP producing 

enzyme Ribonucleoside reductase. In addition, the deprivation of folate, which is 

a precursor of nucleotide metabolism, also induces replication stress214. Upon 

culture in conditions of replication stress, cells developed chromosomal breaks 

and gaps that resemble deletions and translocation. Interestingly, the genome 

rearrangements recurrently appeared at the same chromosomal location in 

different experiments. Thus, there are sites of the genome that are more likely to 

produce genome alteration in conditions of replication stress. In addition, these 

sites were also similar to known chromosomal alterations linked to cancer or 

genomic diseases215–218. These sites, named “Common fragile Sites” (CFS) were 

thus considered mutational “hot-spots” and particularly sensitive to replication 

stress. 

 

Endogenous Causes of Replication stress 

Several studies, identified genomic characteristics of the Common Fragile 

Site207,209. First, CFS were found in genome regions with low-density of replication 

origins and late replication timing, as such they are likely to be unreplicated while 

the cell progresses to G2 and mitosis. In addition, fragile sites are more frequent 

in AT-rich region of the genome, interestingly upon induction of replication stress 

with hydroxyurea, DNA double strand breaks were enriched at poly(dA:dT) 

sequences of the genome219. Furthermore, CFS are enriched in large genes, 

because they are likely to be replicated late, but also because they are known to 

be more likely to generate DNA:RNA hybrids called R-loops207, which represent a 

DNA replication blockage as they create topological stress for the incoming 

replication fork220.  

Moreover, genomic regions prone to form secondary structure such as 

inverted repeats and G-quadruplexes are likely to contribute to CFS. These regions 
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are known to be hard to replicate and promote replication fork stalling, they often 

require the usage of translesion polymerases111. In addition, CFS are enriched in 

condensed chromatin207. Replication can also be blocked by chromosome 

organization and topological stress at region bound by cohesin221,222. Topological 

stress is resolved by Topoisomerase II in eukaryotes, and inhibition of this enzyme 

leads to DSB formation at sites previously known to be prone to chromosome 

rearrangements in different cancers223, thus linking genome organization with 

chromosome instability224,225. In addition, defects in condensin loading in mitosis 

was showed at common fragile sites of the genome, related to regions engaging 

in mitotic DNA synthesis226. 

 

Finally, the availability in DNA precursors and the balance of replication 

proteins are essential to complete replication stress. The expression of MCM 

helicases, which are important for replication initiation and double helix unwinding 

during DNA synthesis, was compromised in aged hematopoietic stem cells, likely 

responsible for replication stress accumulation227,228. Similarly, defects in 

nucleotide metabolism is associated with replication stress associated DNA 

damage229,230. 

Figure 7. Causes of replication stress and Consequences of replication fork collapse 
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Thus, cell metabolism, transcription program, replication timing and 

genome organization are main causes of replication stress (Figure 7). Because of 

the cell-type specific replication profile, chromosome organization and 

transcriptional programs, the sites prone to replication vary between cell types, 

explaining the differences in CFS identified from different cell populations207–209. 

 

Oncogene induced replication stress 

 Replication stress is more specifically associated with cancer and an 

oncogene-induced model for replication stress has been proposed210,231. 

Oncogenes act at different levels of the DNA replication regulation. In short, 

oncogenes such as CycE232,233, c-Myc234,235 and Ras236, promote S-phase entry, 

resulting in shorter G1, and replication origin firing in early S-phase235,237. This has 

been associated with an increase in conflict with transcription in gene-rich 

regions235,238, and is responsible for genome rearrangement at early replicating 

fragile sites238. The acceleration of the cell cycle was also linked to defect in 

nucleotide metabolism, and oncogene expressing cells undergo replication in 

condition of nucleotide depletion, thus driving replication fork instability236,239,240. 

 

Replication fork protection 

During replication, several mechanisms protect the replication fork and 

participate in replication completion upon fork stalling. Stalled replication forks are 

protected through recruitment of ssDNA binding protein RPA that participate in the 

activation of the ATR-mediated DNA damage response. Different mechanisms, 

which I will not extensively describe, can get replication back on track with limited 

effect on genome integrity237,241: 

- Firing of new replication origins, to complete the replication of the 

affected genome segment. 

- Recruiting translesions polymerases to bypass DNA damage blocking 

the replisome progression. 
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- Fork reversal or degradation requiring the disassembling of the replisome, 

limited exonuclease activity and recruitment of the homologous 

recombination components to find a new homology sequence to prime 

the reassembly of the replisome. 

 

Unreplicated DNA and chromothripsis 

However, as mentioned previously, replication stress is responsible for large 

chromosome rearrangements, they can be produced through different 

mechanisms. First, in condition of replication stress, DNA synthesis likely 

continues after S-phase, into G2 and even mitosis. Unreplicated DNA in mitosis 

generates ultra-fine anaphase chromosome bridges between daughter cells that 

cannot properly segregate sister chromatids242,243. These unreplicated regions can 

be resolved through mitotic DNA synthesis (MIDAS) depending on RAD52 and HR 

resolvase MUS81244–247. However, the bridges can be broken and the two daughter 

cells either lose or the inherit extra-chromosomal part248. Chromosome bridges 

are responsible for large copy-number variant formation like deletion and 

translocation. It can also lead to the complete or near-complete gain or loss of a 

chromosome. The presence of unbalanced quantity of a homologous 

chromosome and free broken pieces of chromosomes leads to micronuclei 

formation in the cell and often subsequent chromosome loss. This mechanism 

called breakage-fusion-bridge (BFB) is responsible for a part of the chromosome 

alteration in cancer cells, and can be generated through a single cell division with 

a chromosome bridge248. Similar to the consequences observed after nuclear 

envelope breakage that lead to micronuclei formation249, the breakage of 

anaphase bridges could contribute to the massive genomic alterations described 

as chromothripsis in cancer cells250.  
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CNV induced by replication fork collapse 

Replication fork stalling can lead to replication fork collapse generating a 

single-ended DNA double strand break, different DNA repair mechanisms can be 

involved in its repair. 

Different systems have been engineered to artificially induce a replication 

fork stalling at a specific locus and follow the outcomes generated by the fork 

collapse251–253. These systems demonstrated that replication blockage promotes 

gross chromosomal rearrangement and mitotic recombination. Upon, replication 

stress induced DNA double strand break, the recruitment of the homologous 

recombination pathway can lead to classical homologous recombination repair, 

for example using the homologous chromosome as a template. Alternatively, in 

Break-Induced replication, the homologous chromosome is used as a template 

for synthesis, and as already mentioned, this process is highly mutagenic. 

N. Willis and R. Scully adapted the Tus/Ter system to induce a replication 

fork blockage at a specific locus in mammalian cells254. This system is naturally 

used in E. coli to terminate replication: the Tus protein binds to the Ter sequences 

and block the replisome coming from one direction, thus ending the replication of 

the bacterial circular chromosome at this site. By expressing Tus in cells 

containing the Ter sequence in a cassette with modified GFP and RFP sequences, 

they could decipher the outcomes of replication fork collapse. 

Most of the events recovered were classical homologous recombination 

events depending on the Rad51/BRCA1 pathway and using homology stretches 

inserted in the GFP/RFP cassette254. However, some events had a more complex 

nature with inversions and/or duplications, with micro-homologies at the 

breakpoints and/or nucleotide addition at the junctions, which could suggest a 

role for the Polq-dependent End Joining pathway255,256. We mentioned earlier that 

the Polq pathway plays an important role in replication stress resolution in HR 

deficient cells188,193. But Polq also contributes to replication stress resolution and 

replication progression in HR proficient cells257,258. However, some other 

mechanisms were proposed to explain complex structural variant formation.  
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It appeared that many events relied on successive templated sequence with 

micro-homologies, suggesting a replicative mechanism of repair with template 

switching during DNA synthesis. This mechanism, named Fork Stalling and 

Template Switches (FoSTeS) was postulated to explain the formation of complex 

events after replication fork collapse and was characterized by successions of 

genomic duplication/triplication, inversions and translocation175,259,260. Similarly, 

another mechanism called MMBIR for Microhomology-mediated Break Induced 

Replication was proposed to generate such complex events261. MMBIR results 

from defective synthesis-dependent HR and lead to template switching using 

microhomologies173,262. Similarly to BIR, MMBIR relies on the POL32/POLD3 

subunit Pold263 or the other translesion polymerase Rev1262, in a mechanism 

reminiscent of the MMEJ observed in yeast147. Whether Polq plays a role in MMBIR 

has not been excluded. 

 The complex rearrangements following replication stress were largely 

described in the context of cancer264 but could also be related to copy number 

alteration in non-cancer genomes, for events happening in the germline or during 

embryonic development261,265–267. Whether replication stress also involves 

chromosome rearrangements in proliferating stem cells remains unclear. 

 

Replication stress and cancer therapeutics 

 Because of cancer cells' susceptibility to DNA damage and in particular to 

replication stress, several therapeutic strategies are being developed to induce 

increased levels of replication stress in cancer cells or to blocks the mechanisms 

that enable them to survive high levels of replication stress268. For example, 

nucleotide synthesis inhibition to induced more replication stress is used to treat 

glioblastoma and leukemia, and is envisioned for other cancer269–273. Strategies 

targeting PARP-1 and Polq which have been involved in replication stress 

resistance in BRCA1/BRCA2 cells are also being tested195,196. 
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 Thus, we highlighted the important contribution of replication stress to 

genome instability in cancer. Nucleotide depletion is a potent driver of oncogene-

induced replication stress and is targeted for cancer therapeutics. However, how 

replication stress could affect adult stem cells and contribute to mutation 

accumulation during aging is unclear. Below, we investigated the contribution of 

nucleotide depletion on adult stem cell physiology and DNA damage. We also 

interrogate tissue-specificity in sensitivity to replication stress. We uncovered a 

non-cell autonomous buffering mechanism of nucleotide levels dictating DNA 

damage susceptibility. 
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C. Somatic mutations and aging stem cells 
 

Tissue-specific stem cells are found in most mammalian adult tissues. They 

are essential for tissue function and to maintain tissue homeostasis, i.e. enabling 

the tissue renewal during aging and promoting regeneration in case of tissue 

damage. They achieve the maintenance of tissue homeostasis via their ability to 

differentiate into the several cell types of the tissue and through self-renewal, 

essential to sustain a functional stem cell pool. Stem cells achieve the balance 

between renewal and differentiation through asymmetric division whereby they 

produce a differentiating cell and a cell that will maintain stem cell features. A 

large section of stem cell literature focuses on understanding the genetic, 

epigenetic and systemic mechanisms controlling stem cell proliferation and 

differentiation, and the influence of the stem cell microenvironment, called the 

“niche”, in regulating stem cell function. The hematopoietic system was the first 

to be extensively studied in vivo and in vitro, but more recently the characterization 

of stem cell populations in the intestine, the skin and other epithelia has provided 

unvaluable insight on what defines a stem cell and how it is regulated. In 

Drosophila, the adult midgut has proven to be an excellent model to address the 

same questions. (see Part D.). 

 

I. Stem cell function and aging 

 

Although adult stem cells are mostly found in the tissue throughout life, age-

related changes in stem cell function have been observed in different systems. 

 

Stem cell loss 

 Upon aging, stem cell can be lost either because they lose the ability to 

self-renew and differentiate, or because of stem cell death. In the skin, hair 

graying is link to the loss of melanocyte stem cells (MSC)274. The depletion of the 

stem cell pool is likely linked to the progressive differentiation to non-renewing 

pigment producing melanocytes, and linked to different causes: (1) DNA damage, 
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as genotoxic stress induced by ionizing radiation has been shown to drive MSC 

differentiation275; (2) organismal stress, since the stress-induced noradrenaline 

production by neurons surrounding the dermal papilla of the hair follicle specifically 

prompted the depletion of melanocyte stem cells276. 

 Stem cell can also be lost as a result of exhaustion, for example in the case 

of subsequent rounds of forced proliferation, which could be induced upon 

repetitive injury to the tissue. In the Drosophila midgut, the stem cell pool tend to 

decrease following successive regenerative response after bacterial infection277. 

This phenomenon was also observed upon injury in the zebrafish brain, whereby 

the neuron progenitors were lost overtime278. Similarly, progenitor loss is a marker 

of brain aging in mice279. In the hematopoietic system, several rounds of isolation 

and transplantation or stress decrease the stem cell ability to produce clones280–

282. 

  A variety of stem cells are maintained in a quiescent state, changes in the 

niche signaling can drive them out of quiescent to differentiate, thus leading to 

stem cell loss, this has been observed in muscle stem cells, for which increase in 

FGF signaling from the niche drives satellite cells out of quiescence and depletion 

of the stem pool283. Reactivation of old quiescent hematopoietic stem cells also 

provokes their depletion284. However, stem cell loss through differentiation or 

exhaustion is likely tissue-specific and in no way a generalized consequence of 

stress or aging in all systems.  

 

Proliferation blockage 

 Upon aging, some stem cells lose the ability to proliferate in homeostatic 

condition and or for a regenerative response upon injury or simply maintain tissue 

homeostasis. A decline in stem cell ability to proliferate was observed in the 

muscle, whereby the overactivation of TGF-b285 or loss of Notch signaling 

activation285,286 limits satellite cell proliferation and tissue renewal. In other tissues, 

the modification of the niche is promoting stem cell quiescence and conveys the 
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loss of ability to proliferate for homeostasis and regeneration284. In some 

instances, stem cell aging leads to stem cell senescence. 

 Systemic stress can also force stem cells into quiescence and limit their 

regenerative potential, for example the stress hormone corticosterone blocks hair-

follicle stem cell proliferation and reduce hair growth in mice287.  

 

Loss of differentiation potential 

 One characteristic of many tissue-specific stem cells is the ability to 

differentiate into the diverse cell types of the tissue. However, upon aging this 

ability can be lost. Not only because stem cell can lose their ability to proliferate 

(see above), but because their differentiation potential can be skewed toward one 

lineage. Thus, it creates an imbalance in the differentiated cells produce. This 

could be seen in the hematopoietic system, in which the aged hematopoietic stem 

cell produce more cells of the myeloid lineage at the expense of the lymphoid 

lineage288.  

 

Overproliferation and tumorigenesis 

Lastly, stem cells can engage in overproliferation and tumorigenesis, for 

example in the skin289. Overproliferation can be driven by intrinsic factors, such as 

persistent inflammation or intrinsic modification forcing cell-cycle progression. 

Interestingly, the tumorigenic potential and the type of tumor generated upon 

oncogene expression depends on the stem cell type and origin in the tissue.290,291 

It is now well established that many neoplasia  arise from stem cell misregulation 

and overproliferation, and that in the tumor some cell maintain stem cell properties 

to fuel tumor growth, the cancer stem cells290. 

 

The Hallmarks of aging 

 The study of aging stem cells uncovered several changes that could be 

driving stem cell loss of function and any outcome presented above292. It has 
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been observed that aged stem cells present epigenetic alteration293,294, metabolic 

dysfunction295, defective cellular stress response (proteostatic stress, oxidative 

stress), modified communication with their niche and a different ability to respond 

to regulating signals (mentioned above). In addition, they have distinct response 

to DNA damage, and also an accumulation of somatic mutation was observed in 

many tissues284,296. 

 

II. DNA damage/repair and aging 

 

The link between aging and DNA damage/repair was first established with the 

study of different progeroid syndromes, marked by an accelerated aging and a 

higher susceptibility to cancer. Patients with congenital mutations in NER, MMR or 

DSB repair pathways, for example in Xeroderma Pigmentosum, Cockayne 

syndrome, Ataxia Telengiectasia, or Bloom’s and Werner’s syndrome, have higher 

susceptibility to cancer, neurodegenerative diseases, immunodeficiency and 

display rapid age-related decline as seen by hair graying, alopecia or fibrosis296. 

More specifically, in different tissues, old stem cells have higher levels of DNA 

damage, and efficient DNA repair is a limiting factor in stem cell maintenance 

This was observed for example in the skin297 and the hematopoietic system227,298–

301. Thus, DNA damage susceptibility and DNA repair ability contribute to tissue 

stem cell aging107,108,284,296.  

 

III. Somatic mutations in stem cells 

 

It has been established that DNA damage alters stem cell function during aging 

Whole-genome sequencing approaches demonstrated that tumorigenesis is 

associated with high levels of mutations and enabled the characterization of tumor 

specific mutational landscape. However, until recently, the spectrum of mutations 

in healthy somatic tissues was underappreciated, mostly because detecting 
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somatic mutations is technically challenging. Somatic mutations likely emerge 

independently in different cells creating tissue mosaicism, generating limited 

evidence supporting any variants in whole-tissue sequencing. Only somatic 

mutations present in expanded clones inside the tissue would be detected. 

However, recent advances in stem cell culture methods (e.g. organoid growth 

from single cells302) and sequencing techniques (e.g single cell whole genome 

sequencing303) helped to detect somatic variants in stem cells and differentiated 

cells. 

The mutational landscapes of different healthy epithelium like skin304, 

oesophagus305,306, intestine302,307,308, breast309, lung309, endometrium310, but also 

of the liver302,311, brain312 and blood313, have been partially characterized. These 

studies demonstrated a linear accumulation of mutations with age. In addition, 

they showed tissue-specificity in the mutational profiles, with some mutational 

signatures directly linked to cell-specific metabolism or characteristic exogenous 

factors of the tissue environment. Interestingly, clonal accumulations containing 

mutations in tumor suppressor gene, such as NOTCH and P53 were detected with 

aging305,306,308, giving us insights into the mechanisms driving cancer initiation in 

apparent healthy tissues284,314,315. 

 

 Although somatic mutations were detected in various tissues, we are still 

beginning to understand the extent of mutagenesis in healthy tissues and the 

consequences on stem cell and tissue function, clonal dominance and tumor 

initiation. How different mutation accumulation is between tumor and healthy 

tissues is unclear. In addition, the contribution in adult stem cells mutagenesis of 

different DNA damaging factors, such as replication stress, and the role of 

different DNA repair pathway in specific mutation accumulation have not been 

investigated.  
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D. The Drosophila Midgut  
 
This section was adapted from a review submitted recently to Current Opinion in 

Cell Biology (Boumard B. and Bardin A.J., 2021). It presents aspects of the 

regulation of intestinal stem cells proliferation and differentiation, and age-related 

changes. Although the focus was mostly on recent publications, and as such 

voluntarily omits some past work, I think that it represents a good overview of the 

questions addressed using the Drosophila midgut as a model system. The last 

part on stem cell aging and genome instability was extended as it is directly 

relevant to the experiments presented below. 

 
 Adult tissues rely largely on the activity of stem cells to maintain tissue 

homeostasis and orchestrate a regenerative response to injury response. Adult 

stem cell proliferation, self-renew, and lineage differentiation are coordinated by 

numerous signaling pathways through epigenetic, transcriptional, post-

transcriptional and post-translational mechanisms. Functional changes of stem 

cell properties during aging have been associated with a failure of these regulatory 

mechanisms. 

 Given its relative simplicity along with precise genetic tools, the midgut of 

the fruit fly, Drosophila melanogaster, and its adult intestinal stem cells (ISCs) 

have proven to be an excellent model system to decipher stem cell lineage 

decisions, proliferation control during homeostasis and stress, and age-related 

functional decline. Here we present a review of recent findings on how adult 

intestinal stem cells differentiate, interact with their environment, and change 

during aging. 

 

I. ISC identity and cell lineage decisions 

 

Previous studies over the past 15 years have characterized the ISC lineage and 

division properties allowing for differentiation and stem cell self-renewal. 
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Comparable to the mammalian intestine and lung epitheliums, the Drosophila 

ISCs can produce two differentiated cell types: hormone-producing 

enteroendocrine cells (EEs) and absorptive enterocytes (ECs) through dividing 

enteroendocrine precursors (EEPs) and directly differentiating enteroblasts (EBs), 

respectively316–319. Here we highlight recent findings advancing our understanding 

of cell fate and lineage decisions in ISCs (Figure 8 & Figure 9). 

 

Spindle orientations and asymmetric vs symmetric stem cell fate decisions 

Adult stem cells undergo routine renewal as well as regenerative repair, a 

process that often requires expansion of the stem cell pool. While previous studies 

proposed a role for spindle orientation in asymmetric/symmetric fate acquisition320, 

recent work has clarified this further: ISC divisions having a planar spindle 

orientation parallel to the basement membrane are promoted through Jun Kinase 

(JNK) signalling, which directly controls the spindle regulatory components Kif1a, 

Wdr62, and Mud321. Planar spindle orientations during  division correlates with 

symmetric ISC fate acquisition and are more prevalent during regeneration, 

adaptive resizing, and aging321. As cell fate acquisition in the two ISC daughter 

cells depends largely on Notch/Delta signalling, future studies will be needed to 

determine how JNK-driven planar ISC divisions may alter ISC fate via Notch/Delta 

signalling and how they may relate to previous studies indicating a contribution of 

Bmp signalling on symmetric ISC divisions322.  

 

Maintenance of ISC identity and early lineage decisions  

ISC lineage decisions rely heavily on Notch signalling promoted by its ligand 

Delta (Dl). Notch inactivation in stem cells lead to neoplastic accumulation of ISCs 

and EEs, suggesting that Notch activity is essential for EC but not EE 

differentiation, and that Notch pathway limits ISC proliferation323–325. 

A complete understanding of how Notch signalling acts has been challenging, 

in part due to previous mis-conceptions about the cell lineage. Indeed, evidence 

now suggests that a dividing enteroendocrine precursor cell (EEP), is made by the 
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stem cell and further divides once to make 2 EE cells319. Notch signalling was 

previously thought to be off in the ISC, though recent data suggest that low level 

of Notch signalling and activation of a subset of target genes may have essential 

functions in the ISC to regulate its maintenance, proliferation, and lineage 

decisions.  

Indeed, more recent studies interrogated the identity of Dl+ Pros+ cells using 

lineage tracing and single cell analyses and support the notion that in wild-type 

contexts, these are EE primed ISCs or EEPs318,319,326,327. Notch signalling 

occurring between two daughter cells leads to low level activation of bHLH E(spl)-

Figure 8. Models of Notch signalling and cell fate decisions in the ISC lineage. Several lines of evidence point toward 
an essential function of Notch in EC differentiation and ISC maintenance (A), while Scute primes ISC for EE 
differentiation (B). 
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C target genes328. bHLH E(spl)-C proteins with their corepressor, Groucho, act to 

repress cell cycle genes in the stem cells328. We propose that this low-level Notch 

activation may also be essential to maintain these ISCs in an EC primed state by 

repression of the proneural trancription factors Scute, and likely Asense (Figure 

8A), consistent with reports of high levels of Scute upregulation in Notch mutant 

contexts319,329.  

 

How then is an EE cell produced? Elegant studies demonstrated that Scute 

becomes expressed in a subset of ISCs, likely implicating a Scute auto-

feedforward loop319. When a sufficient level of Scute is present, the ISC switches 

to become EE primed and will divide and produce an ISC and an EEP, which upon 

further cell division will make EE cells (Figure 8B). Additional studies with live 

imaging and fate markers will determine the potential role of Pros segregation 

during ISC division as well as other factors implicated in EE fate choice such as 

Slit-Robo signalling, Numb, and mechanical input318,319,326,327330. Future work will 

undoubtedly reveal additional surprises in cell fate control of the ISC lineage. 

 

 Independent of Dl/Notch signalling, additional transcriptional and post-

transcriptional control helps maintain ISC identity. A role for the cohesin 

component, Rad21, in ISC maintenance has been established, likely through its 

contributions to chromatin structure and regulation of differentiation genes331. 

Tramtrack69, a transcriptional repressor, is also required to maintain ISC identity 

and its inactivation converts ISCs to neural stem cell-like state332. In addition to 

control at the transcriptional level, recent studies also uncovered a role of post-

transcriptional regulation, whereby P-bodies in ISCs sequester and block the 

translation of mRNA encoding differentiation genes such as Pdm1, expressed at 

low levels in the ISC333. These findings highlight the necessity of transcriptional 

and post-transcriptional coordination required to preserve stem cell identity. 
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How to build an enterocyte 

Recent work has better defined how lineage differentiation of ISCs is directed 

towards EC or EE terminal cell fates (Figure 9). EBs can remain dormant in the 

tissue before being "activated" to differentiate. Activation leads to EB cell growth, 

endoreplication, and morphological changes that include lamellipodia formation 

and the increased expression of septate junction components, such as Tsp2A and 

Mesh required for EB integration in the epithelium326,334,335. Previous studies 

indicated that EB differentiation requires coordinated activity of numerous 

transcription factors, including Esg, Sox21a, GATAe, and Pdm1(reviewed in 330). 

New findings demonstrate that an early event in the EB differentiation is the 

expression of the transcription repressor, Klumpfuss (Klu), which inhibits EE 

determinant genes326,336. In addition, Sox100B has a direct role activating 

transcription of Sox21a in EBs, essential for EC fate acquisition337–340. Further 

morphological changes and growth of EBs are also promoted by the zinc finger 

transcription factor Zfh2340.  Future studies will be needed to better understand 

the regulatory interplay between Klu, Zfh2, Sox100B, and previously identified 

Figure 9. Lineage regulators of intestinal stem cell differentiation towards enterendocrine and enterocyte cells. 
Intestinal stem cells (ISCs) are essential to maintain tissue homeostasis, they mostly divide asymmetrically to self-
renew and produce a differentiating progenitor. Intestinal stem cells are multipotent as they can generate two 
differentiated cell types: absorptive enterocytes (ECs) representing ~80% of the progeny and hormone secreting 
enteroendocrine cells (EEs), ~20%. The differentiation is achieved through enteroblasts (EBs) and dividing 
enteroendocrine precursors (EEPs), respectively. Here we focused on recent advances, please see the text for 
further details. 
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transcription factors important for EB to EC differentiation such as Sox21a and 

GATAe. 

 

Interestingly, there is an emerging role for organelle activity and metabolic state 

in specific steps of differentiation (Figure 9). Peroxisome function, which is 

induced upon injury, promotes repair and EC differentiation by impinging on 

endocytosis and late endosome maturation. Defective peroxisomes halt 

differentiation of EBs by altering late endosomes and blocking JAK/STAT 

activation required for downstream Sox21a expression341. Defects in the 

metabolism of mitochondria also inhibit EB growth and EC differentiation via 

activation of FOXO which prevents mTor signalling342. How other metabolic 

processes impinge on cell states will be an important future direction of study. 

Another critical aspect of EB differentiation is a shift from the mitotic cell cycle 

in ISCs, to the endocycle in differentiating EBs, resulting in polyploid ECs (Figure 

9). Recent studies suggest an important role of the Cdk1 inhibitory kinase, Myt1, 

which inhibits Cyclin A in EBs to promote G2 arrest and a switch to endocycles343. 

In addition to its roles mentioned above in repressing EE fate, Klu is also proposed 

to inhibit the mitotic cell cycle in EBs through binding to and repressing CycE and 

CycB336. Alteration of nucleotide metabolism has also been suggested to be 

critical for EC differentiation, likely through control of endocycle344. 

Finally, it was recently established that EB fate is also under the control of cell 

death pathways. Under routine homeostatic conditions, EBs are subjected to both 

cell death-promoting caspase activity and inhibition of this process through the 

EB-specific expression of the caspase inhibitor, Diap1345. A balance of EB survival 

vs apoptosis is accomplished by Notch signalling priming EBs for cell death and 

EGFR signaling promoting cell survival. This mechanism ensures that in healthy, 

homeostatic tissues, excess numbers of EBs are culled, whereas in regenerative 

conditions, EB survival is enhanced345. Additional non-apoptotic functions of the 

initiator caspase Dronc also promote EB differentiation346,347. 
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These studies bring to light the complexity of regulation of the ISC to EC 

differentiation process, integrating intrinsic transcription and post-transcriptional 

regulation as well as tissue-level information.  

 

How to keep an enterocyte 

Once differentiated, EC nuclear organization and program of transcription are 

actively preserved. The Non-STOP Identity Complex (NIC), a deubiquitylase that 

targets histone H2B-Ub, and the transcription factor Hey appear to be important 

for maintenance of the EC state, with their inactivation resulting in de-repression 

of Delta, a gene normally expressed only in ISCs348,349(Figure 9). Thus, the 

differentiated cell state is actively maintained through chromatin regulation. 

Additional studies are required to understand the influence of changes to 

chromatin, their impact on lineage choices, and fate restriction. 

 

EE fate and diversity 

Several factors regulating ISC differentiation towards EE fate have been 

established and are also described more extensively elsewhere330,350. The 

transcriptional program leading to EE differentiation relies on the bHLH factor 

Scute that primes ISCs toward EE fate (Figure 8 and Figure 9). Upon cell division, 

the EE primed ISC will give rise to an EE precursor cell (EEP) along with a renewed 

ISC (Figure 2). Single-cell RNA-seq data has provided additional evidence that 

EE cells originate through distinct EEPs326,327. It was recently suggested that EE 

priming in progenitor cells is epigenetically regulated by Polycomb complex 

proteins351. The inactivation of Polycomb leads to downregulation of EE genes, 

which is likely indirect given Polycomb's well-characterized role in transcriptional 

repression.  

Single cell RNA sequencing of the whole gut or an EE-enriched cell population 

illustrated the functional diversity of EE cells326,327. 10 major subtypes of EEs were 

identified with strong regional specialization within the midgut. The differentiation 

of most of the characterized subtypes relies on the expression of 14 different 
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transcription factors and arise from distinct sub-lineages with differential 

requirements for Notch signaling327,352. Each subtype is associated with the 

expression of 2 to 5 peptide hormones as well as specific hormone receptors. 

While some functions of EE peptide hormones are known330, undoubtedly future 

studies will elucidate additional short- and long-range signalling activities of these 

molecules. 

 

II. Fine-tuning ISC proliferation 

 

In the recent years, many signaling pathways have been shown to regulate ISC 

proliferation in homeostasis and in response to tissue injury. Although some cell-

autonomous factors directly regulate ISC divisions, non-cell autonomous signals 

are important to control stem cell proliferation in response to tissue and 

organismal needs. Jak-Stat and EGFR pathways are the primary mitogenic 

regulators driving ISCs to increase proliferative capacity in response turnover and 

injury, though ISCs receive important input from other pathways including Wnt/Wg, 

BMP/TGFβ Hippo, JNK, and p38 among others (for a more detailed review, see 

330,350). How these different pathways are integrated in ISCs to balance cell 

proliferation rates is still somewhat elusive. We will discuss here recent advances 

in our understanding of cell-autonomous and cell-non-autonomous regulation as 

well as long-range input from other tissues (Figure 10 & Figure 11). 

 

Cell-autonomous regulation of proliferation 

Recent studies indicate that the trafficking and degradation of signaling 

receptors are exquisitely regulated in ISCs. After tissue damage-induced 

proliferation, internalization of the BMP receptor, Tkv, requires Awd, a facilitator 

of dynamin endocytic function; this promotes Mad activation driving ISC return to 

quiescence353. Similarly, endocytosis of the Wnt receptor (Fz3) and EGFR is 

regulated by the RalA GTPase, which is essential for the regenerative response of 

ISCs after damage354,355. Likewise, under homeostatic conditions, EGFR protein 
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levels are tightly regulated in ISCs and limited through SH3PX1-dependent 

autophagic degradation356. EGFR protein levels are also mediated by the 

chromatin remodelers, Kismet and Trithorax-related that promote expression of 

Cbl, an E3-ligase that degrades EGFR, thereby restraining ISC proliferation during 

homeostasis357. Identifying other regulators of receptor and ligand intra- and 

extracellular dynamics will be necessary to fully understand ISC proliferative 

responses in homeostasis and upon injury.  

Genetic screens have identified genes with striking phenotypes in controlling 

ISC proliferation (Figure 10). Interestingly, the transcription factor Lola, limits ISC 

Figure 10. Cell autonomous and Non-cell autonomous control of proliferation in the midgut. In homeostatic 
conditions, stem cell proliferation is adjusted to the needs of the tissue. Upon tissue stress or damage, stem cell 
proliferation is triggered as a regenerative response. To balance proliferation and quiescence, ISCs integrate 
JAK/STAT, JNK, WNT/Wg, Hippo, EGFR, FGFR, AdoR and BMP/Dpp signaling pathways, cues of which are provided 
cell-autonomously and non-cell-autonomously. This scheme represents some sensing mechanisms driving 
mitogenic ligands and interactions recently identifed. For simplicity, the arrows can represent direct protein-
protein interactions, transcriptional control or genetic interactions. Please see the main text for details. 
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proliferation by downregulation of cell cycle regulators and seems to act 

downstream of Hippo/Wts, yet independently of the canonical component Yki358. 

In addition, the loss of activity in progenitor cells of Spen, involved in RNA 

processing and transcriptional repression, results in a large excess of ISCs, which 

requires Insulin signaling359. In addition, a novel role on ISC proliferation was found 

for Adenosine receptor (AdoR) signaling that stimulates Ras360. Acting during 

homeostasis, AdoR signaling is amplified after tissue damage due to enhanced 

extracellular adenosine levels360. Further knowledge of stem cell-intrinsic 

regulatory programs governing cell cycle and proliferative status will be informative. 

 

 

NON-cell autonomous regulation 

Enterocytes play primary roles in sensing epithelial damage and produce 

mitogens, including Unpaireds (Upds) and EGFs to activate ISC proliferation non-

cell-autonomously. How tissue damage is sensed in ECs to induce a regenerative 

response has been further investigated in the last few years. 

 One important stress signal in ECs is reactive oxygen species (ROS; Figure 

10). Recent studies have better defined molecular mechanisms upstream and 

downstream of ROS in ECs361. Tissue damage induces ROS via Nox and Duox 

enzymes activating the Ask1-MJJ3-p38 pathway362. However, ROS can also 

activate JNK signaling, whose downstream effects in ECs rely at least in part on 

the transcription factor Ets21c363. Ets21c induces Upd3 expression in ECs that 

mediates Jak/STAT-dependent proliferation in adjacent ISCs. JNK activation in 

ECs can also be motivated by ROS production due to defects in mitochondrial 

metabolism or alteration in pyruvate metabolism364,365. In addition, a recent study 

demonstrates that in response to JNK signaling caused by tumor growth, EGFs 

are cleave and activated by rhomboid to upregulate EGFR signaling in ISCs366. 

JNK, therefore, is a broad sensor of numerous types of tissue damage. Strikingly, 

gut epithelial ROS can signal to nearby other tissues: In response to damage-

induced ROS, tracheal cells promote stem cell proliferation via the FGF/FGFR 
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pathway367. ROS produced in dying ECs cells can recruit hemocytes, that also 

produce ROS and further promotes JNK activation in nearby ECs368.  

In addition to tissue damage per se, diverse cellular defects in ECs cause 

a stress response that non-autonomously stimulates ISC proliferation (Figure 10). 

Functional septate junctions (SJ) are essential sensors of EC health; their 

perturbation leads to activation of Yki and Upd3 expression334,369–371. 

Mechanistically, the SJ component, Tsp2A, promotes endocytosis and lysosomal 

degradation of aPKC334. Since aPKC antagonizes Hippo, its accumulation upon 

Tsp2A knockdown results in activation of Yki. A sensor function for SJ is likely 

acting during stress, aging, and defective trafficking or autophagy all of which 

indirectly lead to loss of SJ proteins contributing to a proliferative response in these 

contexts334,366,372,373. Conversely, autophagy has an addition role in preventing ISC 

overproliferation: autophagic degradation of Dachs, an activator of Yki, is required 

to prevent Yki-Upd3-driven overproliferation of ISCs in response to ROS generated 

by commensal bacteria contexts373.  

 Overall, these new studies demonstrate how ISCs integrate cell-

intrinsic and extrinsic cues from neighboring cells in the tissue to fine-tune 

proliferation allowing both homeostatic cell replacement and regenerative 

responses. In addition to coordination within the gut epithelium, it is now 

appreciated that longer-range signaling from the other tissues including the 

hemocytes, brain, corpus allata, ovaries, and testes can alter stem cell 

proliferative properties and gut physiology. 

 

Steroid and peptide hormone regulation of gut physiology 

 The adult gut is influenced by a variety of systemic factors, including steroid 

hormones (Figure 11). Mating provokes physiological and behavioral changes in 

females that are mediated by Sex peptide (SP), Juvenile Hormone (JH) and 

Ecdysone allowing an increase in nutrient intake required to fulfill the energy-

demanding egg production.  
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 After mating, SP in the male seminal fluid induces a fast response in 

females responsible for an increase in Ecdysone production by the ovary and an 

increase in JH production by the corpus allata through a neuronal relay374,375. Both 

SP and Ecdysone directly promote ISC proliferation and gut expansion376,377. 

Mechanistically, Ecdysone is imported in ISCs via the Ecdysone importer (EcI), 

and binds with Usp to the Ecdysone Receptor (EcR) driving the proliferative 

response of the ISC through inducing the expression of EGF signaling genes (spi, 

krn, rho) via Eip75B378, and by promoting the Pri mediated post-translational 

modification of the mitogenic factor Shavenbaby379. 

 Ecdysone also promotes food intake through myosuppressin (Ms) 

expressing neurons mediated crop enlargement380. In addition, the 

enteroendocrine cell (EE) pool increases upon mating. EE secretion of the 

neuroendocrine peptide Bursicon drives: (1) Ms neurons activation responsible for 

food intake380, revealing a brain-gut-brain axis regulated by Ecdysone; and (2) 

lipid metabolism and energy catabolism in the Enterocytes and in the fat 

body375,381. Through different pathways, enteroendocrine cells modulate the 

Figure 11. Steroid and peptide hormone regulation of gut physiology. Mating provokes physiological and 
behavioral changes in females that are mediated by Sex peptide (SP), Juvenile Hormone (JH) and Ecdysone 
allowing an increase in nutrient intake required to fulfill the energy-demanding egg production. See the text for 
details. 
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organism metabolism382. EE cells feedback to the ovaries and promote germline 

stem cells division via production of neuropeptide F in response to SP signaling374. 

In males as well midgut metabolic changes are linked to sperm production and 

food intake regulation383. 

 

 

III. Stem cell long-term maintenance and aging 

 

Despite the adult fly only living 6 to 8 weeks, the midgut shows significant age-

related changes in tissue organization and cellular function during this time. At the 

tissue level, aging promotes JNK-driven stem cell overproliferation and results in 

dysplasia development384. A change in mitotic spindle orientation mediated by 

JNK signaling has been suggested to be responsible for increasing ISC symmetric 

divisions, and extending the pool of proliferative cells in the gut321. Aging is also 

associated with microbiota dysbiosis powering persistent ROS production and 

immune signalling385, both known mitogenic signals. The interaction with diverse 

microbiota influences intestinal stem cell function and tissue regeneration386–388. 

Both commensal and pathogenic bacteria affect metabolism and immunity of the 

gut and organism389,390. Furthermore, with age, gut compartmentalization is 

altered391, the epithelial structure is damaged and the intestinal barrier integrity is 

lost, likely resulting from dysfunctional septate and tricellular junction372,392–396. In 

some instances, repeated activation of stem cell proliferation leads to the 

exhaustion of the stem cell pool277. Studies of aging and its impact on Drosophila 

gut and ISCs have been recently comprehensively reviewed397. At the cellular level, 

aging is impacting nuclear organization, metabolism and genome stability.  

 

Nuclear organization and epigenetic regulation during aging 

The nuclear organization and chromatin structure were shown to be altered 

upon aging in different model systems292. ECs were shown to undergo alteration 

of chromatin organization with changes in histone H3K9me3 and HP1398. Similarly, 
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as mentioned above, Hey and NON-Stop promote genomic organization in ECs 

and their expression in ECs decreases during aging, correlating with changes to 

Lamin structures348,349.   

How the chromatin landscape and nuclear organization changes in stem cells 

during aging has only begun to be investigated. Recent ATAC-seq data suggests 

that aging leads to mild alteration of chromatin accessibility at promoters enriched 

for binding motifs of Polycomb interactors. The authors suggested that changes 

in ISC H3K27me2 levels, catalyzed by the Polycomb Repressive Complex 2 

(PRC2), led to a bias toward EE fate by upregulation of EE-specific gene 

expression351. In addition to previous characterization of chromatin in young   357 

and aged351 stem cells, further studies are needed to establish the full extent of 

epigenetic alterations in ISC and differentiated cells and to unravel direct targets 

of PRC2 in EE regulation throughout adult life. 

 

Proteostatic and environmental stress 

Loss of proteostasis has been associated with aging in numerous tissues and 

organisms292. Upon induction of protein aggregates thought to disrupt 

proteostasis, ISCs undergo a cell cycle arrest, which depends on Keap1-

Nrf2/CncC and the cyclin-dependent kinase inhibitor, Dacapo. This "proteostatic 

checkpoint" allows upregulation of proteasome genes and clearance of 

aggregates. Interesting, in aged ISCs, cell cycle arrest no longer occurs upon 

aggregate induction, suggesting a loss of this checkpoint. Overexpression of 

Nrf2/CncC pathway improves age-related increase in cell proliferation and decline 

in gut barrier function399.   

 

Changes of mitochondrial metabolism with age 

As mentioned above, mitochondria have important roles in ISCs and their 

quality control during aging is essential in Drosophila ISCs400 as well as in other 

cell types in a variety of species during aging292. The regulation of mitochondrial 

metabolism is crucial for ISC proliferation and differentiation342, and 
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downregulation of the mitochondrial pyruvate carrier promotes ISC 

proliferation401,402. Upon tissue damage, ISC proliferation requires an 

intensification of mitochondrial activity; the increase of mitochondrial Ca2+ drives 

restoration of ATP levels, reduction of NADH, and reactive oxygen species 

production by the respiratory chain403. In aged ISCs, mitochondrial Ca2+ levels as 

well as ATP production are reduced marking a switch from mitochondrial 

respiration to aerobic glycolysis. This Warburg-like metabolic reprogramming 

drives ISC hyperproliferation and resembles the metabolic rewiring of oncogene-

transformed cells403. Additional studies will be required to understand how 

changes in mitochondria and their metabolic function during aging feedback on 

cell-cell signaling pathways to impact aging. 

 

DNA damage and genome instability 

Previous work has demonstrated increased of marks for oxidative DNA damage 

and DNA breaks during aging in intestinal stem cells404,405. A requirement of the 

DNA damage response mediated by ATR and ATM was also demonstrated for ISC 

proliferation and maintenance during aging406. In ECs, deficiency in the DNA 

damage and DNA repairs responses is driving stem cell DNA damage and 

hyperproliferation407. A recent study also showed an aged-related increase in the 

level of O-GlcNac, a nutrient-driven post-translational modification of proteins 

associated with oxidative stress408. This, in turn,  leads to DNA damage 

upregulation in ISCs upon oxidative stress and high sugar diet, mediated at least 

in part by O-GlyNacylation, therefore linking nutrient uptake and glucose 

metabolism to DNA damage408.  

 

In addition to increased marks of DNA damage in ISCs during aging, our 

previous studies found a rise in somatic mutations in the gut409. Notably, a 

functional consequence of this is that 10-15% of aged male flies acquire tumor-

like neoplasia due to the spontaneous mutation of the X-linked tumor suppressor 

Notch409. Notch was found to be inactivated mostly by deletions (~2-500kb) or 



 57 

more complex genomic rearrangements of the same size range. The complex 

rearrangements, which are combinations of deletion, inversions and 

duplication/triplications, contributed to 26,6% of the structural variants at the 

Notch locus (8/30 samples)410.  Recently, we have expanded our characterization 

of the genome alterations affecting aged intestinal stem cells410,411. Whole-

genome sequencing of male neoplasia reveal that structural variants and point 

mutations occur genome-wide410. 

In addition to structural variants and point mutations, de novo insertion of 

transposable elements (TEs) were also detected genome-wide as well as within 

the Notch locus, likely responsible for neoplasia formation in some instances411. 

Our finding suggested tissue-specific variation in TE subclass mobility, with some 

TEs being more mobile in the gut than the brain or germline411. Altogether, this 

demonstrates that the ongoing DNA damage in ISCs during aging can have 

significant genomic consequences and alter tissue homeostasis. 

 

IV. Conclusion 

Studies over the last 15 years using the Drosophila adult midgut and ISCs 

as a model have uncovered fundamental underlying principles of stem cells and 

their interactions with the external environment and other tissues. Through 

candidate approaches, genetic screening, and scRNA-seq analyses, the field now 

has a solid framework of the transcriptional regulators control of lineage decisions 

and proliferation. Nevertheless, future studies adapting novel genomic new 

techniques in this system will undoubtedly provide a better characterization of 

epigenetic landscapes and their functional relevance in the ISC lineage. The last 

few years have also demonstrated the versatility of the gut to restore homeostasis 

after tissue damage and adapt the tissue to organismal needs. This process 

requires a complex integration of signals in the different cell types and tissues to 

tune stem cell proliferation and adapt cell differentiation and turnover. Recent 

advances in live-imaging technologies will contribute to the understanding of the 
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dynamic nature of cell death, cell proliferation and tissue remodeling in real 

time412,413. Future studies will also tease apart the precise role that stem cell 

proliferation has on aging phenotypes in this tissue. As many age-related 

alterations in stem cells are rescued by the inhibition of stem cell proliferation, the 

extent to which aging phenotypes are primary defects or secondary ones, due to 

deregulated proliferation program needs to be clarified. Importantly, aging is also 

characterized by intestinal dysbiosis. The insight gained on processes controlling 

adult stem cells using the Drosophila midgut will provide important first principles 

and testable hypotheses for addition studies in other model organisms. 

  

 

 

 

E. Contribution of this PhD work 
 

 In the next chapters, I present the data obtained during my PhD in the form 

of two paper manuscript. Upon arriving in the lab, I became interested in 

characterizing the mutational landscape of intestinal stem cells and understanding 

the factors causing DNA damage and mutation accumulation in the gut.  

 

In the first part of my thesis work I investigated:  

à The timing of Notch inactivating events driving neoplasia formation. 

à The consequences of aging on the stem cell response to DNA damage 

and on the DNA repair efficiency in progenitors. 

à The landscape of somatic mutations affecting ISCs, essentially in 

collaboration with K. Siudeja, N. Riddiford and L. Alzouabi. 

à The contribution of the DNA polymerase Theta in neoplasia formation 

and the spontaneous generation of structural variants and point 

mutations. 
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Some of the results presented in this part are already published in Siudeja 

et al., and Riddiford et al, (see Chapter 2, Figure 3 and Figure 3 Supplementary 

1). However, I considered important to present these data, to have a better 

understanding of the whole work, and to specifically highlight my contribution. We 

plan to reorganize the manuscript presented in order to submit a new paper that 

would focus on the unpublished data.  

Interestingly, we uncovered several mechanisms that constitute the 

foundation to new investigations conducted independently by other scientists in 

the lab. 

 

 

In the second part of my thesis work, I investigated the consequences of 

replication stress on ISC maintenance and tissue-specific sensitivity to nucleotide 

depletion using the midgut and the developing wing as comparative models. More 

specifically: 

à I developed a cell-specific approach to induce replication stress 

à I demonstrated the high sensitivity of ISCs to nucleotide depletion, 

leading to extensive DNA damage and stem cell loss 

à I showed that progenitors of the wing disc benefit from gap junctions 

to buffer nucleotide levels and limit replication stress 

à I characterized the expression and localization of gap junction in the 

midgut, with the help of M. El-Hajj. 

à I concluded that stem cells are devoid of the identified nucleotide 

buffering mechanism, thus explaining their sensitivity to replication 

stress. 

 

This part (Chapter 3) constitutes a new manuscript that we aim to submit soon 
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I. INTRODUCTION 

Biological tissues are subject to various exogenous and endogenous factors 

causing DNA damage and driving irreversible changes of the genome resulting 

from lack of repair or erroneous DNA repair pathway usage. Genome instability is 

a hallmark of cancer1, but recent studies also demonstrated the rich landscape of 

somatic mutation accumulating in adult stem cells of healthy tissues2. These 

mutations likely contribute to the age-related functional decline of adult stem cells 

and to the early steps of tumorigenesis. The sequencing of cancer genomes and 

dissection DNA repair pathways have provided insight into the DNA damage and 

repair factors contributing to tumor-specific mutational signatures. However, 

whether stem cell susceptibility to genome instability changes with aging and how 

it is affecting stem cell function is unclear. Likewise, the sources of DNA damage 

and the nature of the erroneous DNA repair pathways involved in mutation 

accumulation in adult stem cells are not fully understood.  

 The fruit fly intestine, comparable to that of mammals, maintains tissue 

homeostasis during adult life through self-renewal and differentiation of intestinal 

stem cells (ISCs)3,4. Our previous study indicated that Drosophila intestinal stem 

cells frequently acquire somatic mutations during aging5. We found that an 

important consequence of somatic mutation is that 10-15% of aged male develop 

neoplasia characterized by the accumulation of ISC and enteroendocrine cells 

(EEs), a consequence of X-linked tumor-suppressor gene Notch inactivation, 

mirroring tumor initiation. Thus, we have established the midgut as a good model 

to study genome instability in adult stem cells.   
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Here we explore factors driving genome instability in adult stem cells. We 

find that mutations driving neoplasia formation through somatic Notch inactivation 

arise in adult stages. By applying whole-genome sequencing to adult guts, our 

data presented here and in parallel studies6,7 suggest a role for the Alternative 

Non-Homologous End Joining (Alt-EJ) pathway in generating structural variants 

in the fly intestine8. We further analyzed the role of this pathway focusing DNA 

Polq, the DNA repair polymerase implicated in Alt-EJ, and define its contributions 

to somatic mutation in intestinal stem cells. 

 

II. Results 

Notch inactivation occurs in adult stem cells to drive neoplasia 

In order to define factors driving stem cell DNA damage we first wanted to 

determine the timing of mutation of adult stem cells. Previous work from the lab 

showed that spontaneous neoplasia are detected in 10-15% of the aged male 

midguts and they arise due to the inactivation of the X-linked tumor suppressor 

gene Notch. Neoplasia were undetected in young flies and their onset increased 

with aging, with 0.3% at 2 weeks, 4% at 4 weeks, and 12% at 6 weeks5. Because 

of this observation we suspected that Notch inactivation happened in adult stem 

cells. However, we could not exclude that Notch was inactivated prior to adult life 

during earlier developmental stages. For example, larval stem cell precursors 

could acquire mutations and produce adult stem cells that remain quiescent until 

later in adult life or divided too slowly to produce a detectable neoplasia in young 

adults.  

 Therefore, to define when the Notch mutations that we detect could have 

happened, we followed the growth of GFP marked Notch mutant clones induced 

at early or late pupal stages 24h or 72h after pupal formation (APF) and examined 

the outcome in adult guts 6 days after adult eclosion (Fig.1 A-D). Notch 

inactivation would likely drive neoplasia growth early on, leading to detectable ISC 

accumulation at the dissection time. We first induced clones in the early pupal 
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precursors of ISCs at 24 hours after pupal formation (APF). Control clones were 

composed mostly of groups of polyploid enterocytes and progenitor cells (Fig. 

1A-A’, E). In contrast, Notch mutant clones appeared mostly as clusters of 

Figure 1. Notch inactivation occurs in adult stem cells to drive neoplasia. A-D’. Representative pictures of adult 
female midgut 6 days after eclosion with GFP MARCM clones of Control (A-A’, C-C’) and N55e11 (B-B’, D-D’) for 
clones induced 24h after pupal formation (APF, A-B’) or 72h APF (C-D’). Stained with DAPI, GFP, Delta (ISC) and 
Pros(EEs), scale bar: 20µm. The color indicated below the pictures refers to the type of clones defined in E. E. 
Proportion of the types of clones obtained in Control and N55E11 flies, for clones induced 24h or 72h APF. F. Clone 
size for clones induced 24h APF. G. Clone size for clones induced 72h APF representing only the main category of 
clones as defined in E., i.e “Normal” clones in the Control and Neoplastic clones in N55e11. H. Model of the outcome 
of the experiment. Statistics: Welch test. ****: p<0.0001 N=number of guts, n=number of clones. 
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dispersed Enteroendocrine cells marked by Prospero (Fig. 1B-B’, E). The clones 

had around 6 EE cells (Fig. 1F, H), likely indicating ISC mutant cells divided a few 

times prior to differentiation. These observations are consistent with previous 

studies9–11,11 and indicate that when Notch mutations are induced in early pupal 

stages, the resulting cells differentiate into EE cells by adulthood. Therefore, these 

data argue against adult neoplasia being caused from DNA damage and mutation 

during early pupal stages.  

 We next wanted to test whether mutations in Notch giving rise to adult 

neoplasia might arise during late pupal stages that could give rise to adult 

neoplasia. Control clones induced at 72 hours APF and dissected 6d after 

eclosion, were composed mostly of grouped polyploid enterocytes and progenitor 

cells (Fig. 1C-C’, E). However, Notch mutant clones displayed accumulation of 

ISC and EE cells, forming neoplasia (Fig. 1D-D’, E). Furthermore, the mutant 

clones had 5 times more cells than control clones at the time of dissection (Fig. 

1G). Most of the Notch mutant clones were comprised of >20 tightly grouped cells, 

these induced neoplasia were easily detectable and identifiable in the young adult 

midgut (Fig. 1H). Since we did not detect large spontaneous neoplasia prior to 2 

weeks of adult age (Siudeja et al., 2015), we conclude that somatic mutation of 

Notch is unlikely to arise in late pupal stages as indeed we believe these would 

have produced easily detectible neoplasia. Altogether, these data indicates that 

somatic mutation of Notch causing neoplasia formation occur in adult stem cells. 

While we cannot rule out that other spontaneous mutations elsewhere in the 

genome arise during larval stages, our findings suggest that somatic mutations 

accumulate in adulthood and drive neoplasia formation. We therefore next wanted 

to understand what factors in adult stages might promote DNA damage or limit 

DNA repair. 

 

Absence of age-related decline in the ISC in response to DNA damage 

 Our previous data and the findings above indicated that somatic mutations 

and neoplasia occurrence increased with age during adult life. In addition, 
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previous studies reported an increase of DNA damage marks in ISCs upon 

aging12,13, which we also observed: gH2Av was detected at slightly higher mean 

Figure 2. Absence of age-related decline in the ISC in response to DNA damage. A. gH2Av mean intensity in ISC 
nuclei of young and old flies (5 weeks old), the intensity is normalized to the mean value of the young group. B-
C’’. Representative images of young (B-B’’) or old (C-C’’) female midgut expressing the FUCCI reporter in the ISC 
with the Deltats driver. With DAPI, RFP, GFP and gH2Av staining. Pictures showing the FUCCI alone (B’,C’) and the 
gH2Av staining alone (B’’,C’’). Scale bar: 25µm. D. Cell cycle proportion in ISC of young and 5 xeeks old flies based 
on the FUCCI reporter, chisquare test. E. gH2Av intensity in nuclei for each cell cycle phase in young and 5 weeks 
old flies, normalized to the mean value in the young flies. Black dot = mean. Welch test. F. PH3+ cells per gut in 
young and aged flies, without irradiation or 1-24h after X-rays. Welch test. Black dot = mean. G. gH2Av intensity 
in progenitor cell nuclei in young and aged flies, without irradiation or 1-24h after X-rays. Normalized to the mean 
intensity in the young non-irradiated flies. The progenitor cells were determined by their small nuclear size and 
absence of Pros staining. It thus include ISC and EBs. Welch test . *: p < 0.05; **: p <0.01; ***: p<0.001; ****: 
p<0.0001. N = number of guts/flies, n=number of cells.  
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intensity levels in aged compared to young ISCs (Fig. 2A). We therefore explored 

whether there may be an age-related change in DNA repair of ISCs, which could 

account for an increased presence of DNA damage-associated marks and might 

give insight into the underlying drivers of DNA damage.   

We first analyzed the cell cycle properties of young versus aged stem cells 

using the FUCCI system (Fig. 1B-C’’), reasoning that accumulation of DNA 

damage may alter check point activation and cell cycle properties. We found that 

the proportion of stem cells in G2 increases with aging, at the expense of S-phase 

cells (Fig. 2D). In addition, we observed that increased marks of DNA damage 

were mostly affecting S and G2 phase cells (Fig. 2E), which could be indicative 

of replication related DNA damage. The observed increased proportion of stem 

cells in G2 in aged guts could be an indication of checkpoint activation in response 

to DNA damage. Alternatively, this could be due to an increased number of cycling 

cells in the gut, as previous studies have demonstrated that during aging, stem 

cell proliferation rates increase14. Our data suggest that upon aging, there are 

more stem cells with DNA damage and a higher proportion in G2.  

 The increase in gH2Av marks in stem cells with aging could come from 

higher levels of DNA damage in aging stem cells or to the longer persistence of 

DNA damage marks after the lesions because of ineffective gH2Av mark removal15 

or slower DNA repair. An age-related decline in DNA repair efficiency was 

observed in other stem cell models in Drosophila16 and mammals15. Consequently, 

we decided to assess aged stem cell response to induced DNA damage and 

follow the kinetics of DNA repair. As reported previously, we found that aged 

midguts had significantly higher levels of proliferation (Fig. 2F)14. In response to 

X-ray induced DNA damage, the number of ISCs in mitosis, marked by phospho-

Histone H3, was decreased in both young and aged flies 1 hour after irradiation. 

The numbers of mitotic ISCs returned to uninduced levels 3 hours after irradiation 

for aged flies and 4 hours after irradiation for young flies (Fig. 2F). These data 

suggest intestinal stem cells responded to DNA damage by activating mitotic 

checkpoints, which are released 3 hours after irradiation. Consistent with DNA 
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repair occurring rapidly after irradiation in both young and old ISCs, gH2Av staining 

in progenitors was doubled 1h after irradiation, then progressively decreased with 

recovery time (Fig. 2G), as previously reported17. We found that gH2Av decreased 

fast between 1h and 3h after irradiation in aged flies but slightly later in young 

flies. This kinetics also correlated with the observed proliferative activity of the gut 

(Fig. 2F). Thus, aged ISCs do not show any apparent decline in DNA repair 

kinetics or in checkpoint activation compared to young ISCs. 

 This led us to investigate the possible causes of DNA damage driving 

mutation accumulation and Notch inactivation in the intestinal stem cells using 

genomic sequencing approaches. 

 

Neoplasia marked by ISC-specific GFP expression are caused by Notch deletions 

or transposable elements insertions 

Previous work from the lab had already demonstrated the frequent 

occurrence of somatic mutation in intestinal stem cells5. To gain insight into the 

mechanism driving mutagenesis in the ISC, we aimed at characterizing the 

mutational profile of aged ISC. We first applied whole-genome sequencing 

methods to better understand potential drivers of ISC mutation. K. Siudeja in our 

lab developed a methodology for micro-dissection, DNA extraction and whole-

genome sequencing of neoplasia from male flies5. Using the ProsperoGal4>UAS-

2XGFP fly lines, she could detect neoplasia specific accumulation of EE cells in 

live tissues, and subsequently dissect the estimated neoplastic mass. Whole-

genome sequencing of neoplasia allowed the identification of somatic mutations 

through bioinformatic pipelines developed by N. Riddiford (see Riddiford et al. for 

more details). 

To reinforce our analysis and avoid any bias that could emerge from a 

peculiar fly line, here we aimed to sequence neoplasia from another genetic 

background. We reasoned that we should be able to detect neoplasia using ISC-

specific driver DeltaGal4 in combination with UAS-nlsGFP from male flies in which 

spontaneous inactivation of the X-linked gene Notch occurs (Fig. 3A). We first 
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assessed neoplasia formation in this new genetic background and, as expected, 

could detect neoplasia as GFP marked ISCs interspersed with EE cells (Fig. 3B). 

We found neoplasia in more than 25% of 7 weeks old male guts, although with 

high variability depending on the experiment (Fig. 3C). Similar to different genetic 

background examined before5, neoplasia were found throughout the gut, but 

mostly in the R2 and R4 regions, which are the largest and most proliferative 

compartments of the gut (Fig. 3D)18,19. Importantly, a significant proportion of 
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neoplasia reached a large size big enough for microdissection and whole-genome 

sequencing analysis (Fig. 3B, 3D).  

We microdissected neoplasia, performed DNA extraction and sequenced 4 

neoplastic samples in parallel with the head from the same fly as a control (Fig. 

3E, samples D01, D03, D05 and D07). We then characterized the somatic 

mutations in Notch and genome-wide from neoplasia developing in the 

Delta>nlsGFP background. The bioinformatic pipeline developed by N. Riddiford 

uses both well-established approaches and newly developed tools to identify 

structural variants in the genome. The comparison of read-depth between the 

neoplasia and the head allows for copy numbers variants detection and the 

identification of read-mapping abnormalities is indicative of structural variant 

breakpoints. These datasets have also been described in Riddiford, et al, in which 

genome-wide structural variant and point mutation analysis was performed and 

in Siudeja, et al, in which genome-wide transposon mobility was characterized. 

Here, I will describe important findings to come out of this analysis, focusing 

primarily on the mutations inactivating Notch.    

Structural variant analysis revealed that Notch was inactivated by small (Fig. 

3F sample D07, 3.5kb), medium (Fig. 3G, sample D03, 64kb) or large deletions 

(Fig. 3H, sample D01, 551kb). One sample (D05) did not harbor evidence for a 

deletion in Notch, but the read-mapping analysis revealed a full-length de novo 

insertion of a copia retrotransposon in the first codon of Notch, likely responsible 

for the gene inactivation (Fig. 3I, this example is also described in Siudeja et al.).  

Figure 3. Neoplasia marked by ISC-specific GFP expression. A. Model of neoplasia identification in the gut using the 
Delta>GFP lines. B. 7 weeks old guts from male Delta>GFP flies without or with neoplasia of different size. Neoplasia 
are detected by accumulation of GFP+ ISC and Pros+ EEs. Scale bar: 50µm. C. Neoplasia frequency in 7 weeks old 
Delta>GFP male from 5 different aging cages, with mean and standard deviation. N= number of experiments, n = 
number of guts D. Region-specific distribution of neoplasia size in 7 weeks old Delta>GFP male. N=number of guts 
analyzed. E. Sequencing methodology and bioinformatic pipeline to identify somatic mutations comparing neoplastic 
genome with the genome of the head of the same flies. It displays examples of IGV screenshots obtained from read-
alignment after sequencing. F-H. Log2 ratio of the read coverage between neoplasia and the head. A drop in the 
ratio is a deletion, as it shows a decrease in read copy number in the neoplasia compared to the head. In these 
Delta>GFP male samples, Notch was inactivated by small (D07, F.), medium (D03, G) or large (D01, H) deletions. I. In 
the sample D05, Notch was inactivated by copia TE insertion, the specific PCR amplification of the TE is found in the 
neoplasia but not in the other tissues of the same fly, PCR by K. Siudeja. 
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Overall, the neoplasia-causing Notch mutations in the Delta>nlsGFP 

background had the same characteristics as the ones identified in the 31 samples 

from the Pros>2XGFP male flies (samples P1-P65). The results of the analysis of 

both genotypes were published in Riddiford et al., and Siudeja et al., 20216,7. 

 

Neoplasia in females are induced by various types of mutations 

We have now demonstrated extensively the type of mutations that can lead 

to Notch inactivation and neoplasia in males. Notch is located on the X 

chromosome, therefore, a single hit is sufficient to induce Notch loss of function 

in males. However, neoplasia were not observed in wild-type females carrying two 

wild-type alleles of Notch (Siudeja et al., 2015, n=519). While performing 

microdissection in Delta>nlsGFP flies, we realized that some aged female guts 

also exhibited neoplastic growth reminiscent of Notch inactivation. To better 

understand the causes of neoplasia development in females, we microdissected 

4 female samples (D09, D11, D13 and D15). The whole genome-sequencing 

revealed 3 different mechanisms explaining Notch-like ISC accumulation detailed 

below. 

In two samples, we identified structural variants in Delta (Dl, Fig. 3 

Supplementary 1A). Delta is a receptor of Notch, thus Delta inactivation in ISC 

drives neoplastic growth similar to Notch loss. As our Gal4 driver line contains a 

lethal P-element insertion in Delta, the structural variants likely inactivated the 

second functional copy, leading to loss-of-heterozygosity (LOH). In the sample 

D11, the structural variant was a 38.5kb duplication in the Delta coding sequences, 

likely disrupting gene function as it only amplified half of the gene. In the sample 

D15, Delta contained a 10.8kb deletion. Thus, LOH in females can arise by 

deletions or other structural variants, a frequent source of inactivation of Notch in 

males. 

In another sample, we found evidence for spontaneous mitotic 

recombination occurring on the chromosome harboring the DeltaGal4. This is 

predicted to lead to a complete loss of Delta activity as the neoplasia inherited 2 
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copies of the null DeltaGal4 allele. LOH was detected in sample D13 due to shift in 

parental SNP frequency from heterozygous (~0.5) to homozygous (<0.25 

or >0.75) along the chromosome arm, starting at a position centromeric to Delta 

(Fig. 3 Supplementary 1B; these data are also presented in L. Alzouabi, et al, in 

prep). LOH events in different Notch pathway components have been detected in 

the lab before5,20 and a detailed analysis of the mechanisms of LOH through 

mitotic recombination will be presented elsewhere (L. Alzouabi, et al manuscript 

in prep). 

Finally, one sample showed evidence for the bi-allelic inactivation of Notch 

(sample D09; Fig. 3 Supplementary 1C). First, we could detect loss of 

heterozygosity (LOH) of the whole X chromosome, as detected by the shift in 

parental SNPs frequency from heterozygous to homozygous. This was associated 

with a drop in the coverage of the whole chromosome in the neoplasia compared 

to the head, suggesting that one X chromosome was lost entirely leading to 

monosomic aneuploidy. In addition of the loss of one X chromosome, a small 

3.1kb deletion at the beginning of Notch likely inactivated the other allele. 

Altogether, this would be predicted to lead to a bi-allelic loss of Notch, likely 

driving neoplasia development. We expect such bi-allelic inactivation to be a very 

rare event as we had never seen neoplasia in females carrying two wild-type 

alleles of Notch before (n=519, Siudeja et al. 2015), although we had already 

sequenced a male neoplasia exhibiting a bi-allelic inactivation of the Notch 

pathway gene kuzbanian (Riddiford et al.). Altogether, these data indicate that 

numerous types of mutational processes can affect the stem cell genome during 

aging, but deletions and structural variants are predominant mechanisms of gene 

inactivation.   

 

Microhomologies and short insertions are found at structural variants breakpoints 

 In order to investigate further the potential underlying sources of DNA 

damage and erroneous DNA repair mechanisms in the adult gut, we analyzed the 

genomic features and breakpoints associated with structural variants at the Notch 
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locus and genome-wide (these data are presented in detail in Riddiford et al.). 

To summarize, several lines of evidence suggest a potential role for replication 

stress in Notch inactivation. First of all, complex rearrangements were identified 

and are reminiscent of the products of Microhomology-Mediated Break Induced 

Replication (MMBIR) or Fork Stalling and Template Switching (FoSTeS) 

mechanisms5,7,21–23. These are erroneous DNA repair mechanisms generating 

IN NOTCH 
SAMPLE Type Length 

(kb) 
Position Allele 

Freq. 
Microhomology Insertion 

P3 COMPLEX 30 X:3169736-3199425 0.95 - GTATACATGCAATATGATATGATAACACA 
P31 COMPLEX 1.3 X:3125694-3126976 0.48 - CCGTGTG, TGTC 
P41 DEL 101.8 X:3033491-3135340 0.78 - ACACTCC 
P5 COMPLEX 235.1 X:3129531-3364620 0.28 C CTTTG 
P63 COMPLEX 4 X:3195652-3199676 0.24 - TATGAAATCCTA 
P9 DEL 3.8 X:3135326-3139096 0.74 A GA 

 
NON-NOTCH 

SAMPLE Type Length 
(kb) 

Position Allele 
Freq. 

Microhomology Insertion 

P1 DEL 2.5 3L:9892365-9894889 0.35 TA - 
P13 DEL 1.7 2R:21382619-21384283 0.28 ACTGCAAT - 
P17 DEL 0.4 2R:6153193-6153589 0.05 GCCTCCGT - 
P25 DEL 2.3 3L:11261338-11263598 0.31 T - 
P33 DEL 0.5 3R:24856498-24856996 0.26 TC - 
P41 DEL 0.1 3L:14059217-14059363 0.21 - AAATCT 
P41 DEL 1466.7 3R:18794445-20261187 0.22 - ACGTAAGT 
P49 DEL 2400.1 3R:28657288-31057415 0.21 - AGGTTGCCCTTTTTTTTT 
P53 DEL 1 3L:20444578-20445608 0.46 A CT 
P57 DEL 206.4 3L:326321-532735 0.32 TTT - 
P9 DEL 0.1 3R:11562988-11563037 0.35 A - 
P35 TANDUP 30.4 3R:31043462-31073816 0.16 T - 
P11 BND 11161.3 2L:5103277-16264626 0.03 C - 
P11 BND 10201.9 3R:11288316-21490211 0.03 ATAGA - 
P13 BND 0.8 2L:205135-205916 0.22 GCATCCAGC - 
P17 BND 0.1 2R:13505400-13505470 0.04 CGCAA - 
P17 BND 0.1 X:9302146-9302259 0.16 GCTGCAGCTGGCC - 
P17 BND 0.1 X:10498521-10498657 0.04 GTGGGCGGCA - 
P21 BND 0.1 2L:2860962-2861103 0.3 GTGAGCT - 
P21 BND 0.3 2L:3040831-3041097 0.23 GCC - 
P21 BND 0.3 2L:7263746-7264071 0.2 AATGCAGAC - 
P21 BND 0.2 3R:11480462-11480630 0.41 CGCGCGG - 
P33 BND 1852.9 2R:5306714-7159623 0.13 TATGTGAT GT 
P33 BND 0.4 X:3550817-3551238 0.06 TTTTTTT - 
P37 BND 10896.3 2L:3314020-14210317 0.02 GGATG - 
P37 BND 1371.8 2R:16371025-17742832 0.07 GT - 
P43 BND 0.1 2L:5318061-5318184 0.04 GCTGCGGCTGC - 
P53 BND 0.1 2L:16655322-16655452 0.05 TGCCCGCTGC - 
P7 BND 2448.4 2L:6755669-9204071 0.16 GAGATCAAA - 
P7 BND 5292.5 2L:7116469-12408973 0.08 ATTTCCCACTC - 
P7 BND 99.9 2L:18249668-18349554 0.08 GCTCAAG - 
P7 BND 712.4 2L:18885742-19598141 0.1 GCCA - 
P7 BND 8013.4 2R:7680308-15693666 0.06 CCA - 
P7 BND 11744 2R:8694440-20438390 0.08 TCGCC - 
P9 BND 9908 2L:2380873-12288901 0.06 TTTACGAA - 
P9 BND 3989.7 2L:2615845-6605512 0.04 GCC - 
P9 BND 721.5 2R:9418566-10140104 0.03 GCACT - 
P9 BND 4402.5 3L:3943272-8345790 0.03 TGCG - 
P9 BND 3040.8 3L:9039625-12080473 0.03 CTGCTGC - 
P9 BND 20652.2 3R:9861512-30513691 0.03 T - 
P9 BND 4194.5 3R:16378760-20573305 0.03 TTGGC - 
P9 BND 375.6 X:4697763-5073382 0.09 GATGGAAA - 
P13 COMPLEX 9184.5 2L:7193295 3R:16377837 0.27 GTCCATGG - 
P31 COMPLEX 25.4 X:17286052-17311472 0.27 C, CT - 
P37 COMPLEX 46.6 2L:13540579-13587180 0.1 - AATTGCATGCATGGGTAAGGTTGC 

Table 1. Structural Variants with Microhomology and/or insertions at the breakpoints in male neoplasias. Table 1. Structural Variants with Microhomologies and/or insertions at the breakpoints in male neoplasia. 
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complex structural variants following replication fork collapse. Secondly, a de 

novo motif discovery approach uncovered an enrichment for poly(dA:dT) 

sequences at the breakpoints around Notch7. Similar sequences were shown to 

be preferential sites of replication fork collapse in condition of nucleotide 

unbalance24. Finally, the careful examination of the structural variants in Notch 

and genome-wide revealed the presence of microhomologies ranging from 2 to 

14bp and short insertions at the breakpoints of deletions, complex events, 

inversion and translocations in male neoplasia (see a subset in Table 1 and 

supplementary Table 1). The presence of insertions indicates a DNA repair 

mechanism relying on DNA synthesis, and together with microhomologies it 

suggests a role for the Alternative Non-Homologous End Joining (Alt-EJ) pathway.  

  

In higher eukaryotes, Alt-EJ is dependent on DNA Polymerase Theta (Polq), which 

joins DNA double strand-breaks together using small (4-10 bp) stretches of 

microhomology (Microhomology-Mediated End Joining; MMEJ)25. Polq is a 

conserved DNA repair polymerase in higher eukaryotes encoded by the gene POLQ 

in mammals and mus308 in Drosophila. The role of Polq in microhomology-

mediated end joining was first demonstrated in Drosophila25,26. Polq uses short 

micro-homologies combined with DNA synthesis, which often leads to templated 

and non-templated insertions at deletion breakpoints. In addition, Polq could be 

involved in DNA repair after replication fork collapse27,28.  This led us to investigate 

the role of Polq in structural variants formation and point mutations in Drosophila 

intestinal stem cells.  

 

Polq is expressed in intestinal stem cells but is not required for neoplasia formation  

To understand the contribution of Polq to DNA repair and somatic mutation 

accumulation in Drosophila intestinal stem cells, we first surveyed available 

expression data. Comparable to most DNA repair genes, mus308 was expressed 

at low levels in every cell types of the gut (rpkm = 0.167 in ISC and 0.411 in EC), 

and its transcripts levels were increased upon tissue injury induced by pathogenic 
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bacteria (rpkm = 2.5 in ISC and 5.4 in EC)19. However, transcript levels do not 

necessarily reflect the protein load of Polq in the gut and its contribution to DNA 

repair. In addition, low levels of DNA repair gene expression are often sufficient 

for preserving genome stability and repair DNA damage. To verify Polq expression, 
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we generated through CRISPR mediated insertion, a line expressing a RFP-Polq 

fusion protein at the endogenous promoter. We found RFP-Polq to be localized 

in the nucleus of all the cell types in the midgut (Fig. 4A-B). RFP-Polq intensity 

appears stronger in the low DAPI density regions of the nucleus, likely the 

nucleolus (Fig. 4C-D”). The nucleolus is known to participate in the regulation of 

DNA replication, DNA repair and stress response by segregating various factors 

of these pathways and limiting their diffusion and interaction with other 

partners29,30. 

 We then investigated the contribution of Polq to neoplasia formation by 

quantifying the neoplasia incidence in Polq mutant flies. Polq mutants are 

homozygous viable, and several mutants have been characterized before, among 

which mus3082003 is a nonsense mutation resulting in a truncated protein lacking 

the polymerase domain25,31 and mus308D is a 14kb deletion of mus308 and its 

neighboring gene Men32. To avoid a biased effect of a specific background, we 

isogenized mutants in the w1118 background and used them as transheterozygotes. 

From the isogenization we kept several lines for each mutant and used them in 

two different transheterozygote combination (
!"#$%&!""#

!"#$%&D
 #1 and #2). Similar to the 

control flies (w1118), Polq mutant males spontaneously acquired neoplasia with 

aging (Fig. 4E), although with different frequency depending on the combination 

of the isogenized lines combined. We also found that both females and males of 

the mutants had a shorter lifespan (Fig. 4F). We then analyzed the size, type and 

regions specificity of neoplasia (Fig. 4G-I). Overall, the nature of neoplasia in the 

mutants and the control were similar. Thus, Polq is not required for neoplasia 

Figure 4. Polq is not required for neoplasia formation. A-D’’. RFP-Polq male midgut. Max-projection or DAPI and 
RFP -Polq (A) or RFP-Polq alone (A’), scale bar: 10µm. Pros and Delta staining (B) marking respectively EE cells 
(asterisks) and ISCs (yellow arrowheads). Basal plan of the epithelium with ISCs (C’-C’’) and apical plan with ECs 
(D-D’’). E. Neoplasia frequency in 5 weeks old w1118 and Polq transheterozygotes mutants for 4 or 5 aging 
experiments, mean and standard deviation. Welch test, N = number of experiment, n=number of dissected guts. 
F. Survival plots of w1118 and Polq transheterozygotes mutants. G. Neoplasia size in 5 weeks old  w1118 and Polq 
transheterozygotes mutants, chisquare test H. Neoplasia types in 5 weeks old  w1118 and Polq transheterozygotes 
mutants, chisquare test. I. Gut regions with neoplasia in 5 weeks old  w1118 and Polq transheterozygotes mutants, 
chisquare test. J-K. Survival plots of Delta>2XGFP and Delta>2XGFP Polq  transheterozygotes mutants. N= 
number of flies or dissected guts. *: p < 0.05; **: p <0.01; ***: p<0.001; ****: p<0.0001. 
 



 76 

formation in the midgut. However, we hypothesized that other mechanisms would 

repair the DNA damage in absence of Polq, which could still inactivate Notch 

through deletion. If this was the case, we would predict that there may be different 

mutational signatures in Polq as compared to those of control flies.  

To better characterize the involvement of Alt-EJ in intestinal stem cell 

mutagenesis, we sequenced neoplasia from the Polq mutant background and 

compared the mutational profile of mutant and control flies. To achieve this, we 

recombined mus3082003 with DeltaGal4, and combined mus308D with UAS-2XGFP 

to generate mutants flies expressing GFP in the stem cells. As a control, we also 

sequenced isogenized Delta>2XGFP flies. As seen before, the transheterozygote 

mutants displayed a shorter lifespan than the control flies (Fig. 4J-K). We 

performed microdissection and whole genome sequencing from 5 new control 

samples (Dl1-9) and 15 Polq samples (Th1-29). Importantly, both mus308D and 

mus3082003 mutations could be identified in genomic sequencing in all Polq 

samples and none of the controls (Fig. 4 Supplementary 1). Subsequently, we 

characterized the mutational profile in Notch and genome-wide. 

 

Polq likely contributes to structural variant formation in the intestine 

 We first examined Notch inactivation events responsible for neoplasia 

formation. In Polq mutants, Notch was mostly inactivated by deletions or complex 

structural variants ranging from 2kb to 400kb (Fig. 5A-C, Fig. 5 Supplementary 

1). Deletions were found in 10 samples and complex events in 3, consequently 

representing 23.1% of the structural variants. Another sample, did not exhibit 

evidence for copy number variants in the Notch locus (Fig. 5D), however, the read 

mapping analysis identified de novo transposable elements insertions inside the 

Notch coding sequence (Fig. 5E, Fig.5 Supplementary 2, 1/15 = 6.67%). In the 

newly sequenced non-mutant control samples (Dl1-9), Notch was inactivated by 

deletions (Dl1,7) or transposon insertion (Dl5,9). There is no evidence for Notch 

mutation in the Dl3 sample however the read-depth was low in Dl3 consequently 

complicating structural variants analysis. Altogether, the events explaining 
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neoplasia development through inactivation of Notch in Polq mutants flies were 

globally similar to those we previously found in different wild-type genetic 

backgrounds6,7. 
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 We then assessed structural variants at the genome-wide level in controls 

versus Polq  mutants (Fig. 5F). The number of events were quite low and we did 

not detect differences in frequencies between the Polq mutants and the newly-

sequenced control neoplasia. We therefore used the samples previously analyzed 

in Riddiford et al., to provide a larger dataset of control samples in order to 

compare with Polq mutants. Consistent with our data above, we find that the Notch 

inactivation events are similar in type between the mutant and non-mutant (control) 

background (Fig.5G). Genome-wide, the types of structural variants were more 

diverse in the non-mutant control background, likely because it incorporates a 

larger dataset (Fig 5G).   

 Finally, we examined genome-wide features related to the putative role of 

Polq in structural variants formation. We found that an equal proportion of 

structural variants breakpoints exhibit microhomologies and insertions between the 

mutant and non-mutant control neoplasia (Fig. 5H-I). However, there was a  

difference in the length of microhomologies, with shorter microhomologies 

detected at the breakpoints of the Polq mutant neoplasia. Microhomologies were 

shorter than 4bp in the Polq mutant neoplasia while ranging from 1 to 14bp in the 

control neoplasia (Fig. 5J). This is consistent with previous studies supporting the 

idea that MMEJ works better with >4bp microhomologies25, although Polq can also 

mediate the repair with shorter microhomologies. In the mutants flies, breakpoints 

with microhomologies <4bp are likely products of the classical Non-Homologous 

End Joining pathway which can accommodate breaks with 4bp overhangs33. 

Figure 5. Polq likely contributes to structural variant formation in the intestine. A. Structural variants type and 
size at the Notch locus from Polq mutants (Th1-29) and non-mutants (Dl1-9) neoplasia. B. Deletion in Notch, as 
seen by the drop in Log2 ratio of the read coverage between the neoplasia and the head. C. Complex 
rearrangement in Notch, seen by the succession of increase (duplication) and decrease of read copy number 
ratio. D. Absence of structural variant in Notch. E. De novo transposable insertion in Notch 5’UTR, the sequencing 
reads with paired-read mapping to the transposon are in pastel colors, while the paired-read mapping to the 
Drosophila genome are in grey. F. Genome-wide, non-Notch stuctural variants in Polq mutant (Th1-29) and non-
mutant (Dl1-9, black) neoplasia from the new sequencing. G. Comparison in structural variant types in the Notch 
locus and outside of Notch between Polq mutants and a panel of control non-mutant neoplasia. H-I. Proportion 
of identified structural variants breakpoints with microhomologies (H) or inserts (I) between Polq mutants and a 
panel of control non-mutant neoplasia. Fisher’s test. J. Microhomologies length between Polq mutants and a 
panel of control non-mutant neoplasia. n = number of structural variants considered. Welch’s test. *: p < 0.05; 
**: p <0.01; ***: p<0.001; ****: p<0.0001. 



 79 

Additionally, we detected a small quantity of breakpoints displaying insertions in 

the Polq mutants flies which made a size comparison difficult. Lastly, we found 

that SVs affecting Notch mostly had no microhomologies or microhomologies 

shorter than 4bp (not shown) in both mutant and non-mutant flies. However, at 

the Notch locus, breakpoints often displayed short insertions (Table 1) in the 

control flies, while none were detected in the Polq mutants, suggesting that Polq 

could also contribute to neoplasia initiating Notch mutations (not shown).  

Thus, we found differences in the mutational profile of SV in Polq mutants 

flies, suggesting that Polq contributes in part to structural variants formation in 

neoplasia arising from ISC in the drosophila intestine25. However, the number of 

mutant samples analyzed and the small number of detected structural variants 

per sample likely weakens the conclusions established here. 

 

Polq likely contributes to the specific point mutation signature of ISC neoplasia 

 In our previous study, we described the genome-wide point mutation 

landscape of ISC neoplasia (Riddiford et al). Since Polq is an error prone 

polymerase that can generate point mutations during DNA repair34, we 

investigated the role of Polq in single nucleotide variants (SNVs) and indel 

accumulation in intestinal stem cell neoplasia. Less than 50 SNVs were detected 

genome-wide for most neoplastic samples, in agreement to our previous analysis 

(Riddiford et al.). We detected no obvious difference in SNV number per sample 

between the Pol theta mutants and the newly-sequenced control flies (Fig. 6A-

B,D; Fig. 6 Supplementary 1). We also examined the frequency of indels and 

found between 200 and 400 indels per samples genome wide, with no difference 

between the mutants and the new control flies (Fig. 6E).  

However, one mutant sample showed signs of local hypermutation: Th7 

displayed more than 700 SNVs and 500 indels, most of which were found inside 

a 560kb region on chromosome 2R (672 SNVs and 292 indels, Fig. 6C-E). With 
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an average of 1720 somatic mutation per megabase in this region, it is 1230 times 

higher than the average mutation rate (1.4 per Mb) that we identified previously in 

neoplasia. This type of mutation hotspot is reminiscent of mutations accumulated 

around breakpoints during Break-Induced Replication (BIR), a synthesis 
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dependent homology-based DNA double strand break repair mechanism with low 

fidelity of DNA synthesis. In BIR, the mutation rate has been shown to be 900 to 

2800 times higher than spontaneous events across the genome35,36. It is, so far, 

the only sample in which we detected a localized accumulation of point mutations 

in intestinal stem cells and so we cannot conclude on a role for Polq in limiting 

such events, however it is of note that we have never detected this in other wild-

type samples.  

The types of SNVs identified in samples did not vary between control and 

Polq mutant samples (Fig. 6F). However, extending the analysis to consider the 

trinucleotide sequence context of the SNV allows for the detection of mutational 

signatures classified on the COSMIC database. These mutational signatures were 

generated from human cancer genomes datasets to represent specific mutational 

patterns related to particular DNA damage or repair mechanisms, or associated 

with specific tumor types. For each sample, we identified the mutational profiles 

and the relative contribution of each known COSMIC signatures to the profile (Fig. 

6G). Our previous study had uncovered several signatures that contributed strongly 

in multiple samples (Riddiford et al.), among which, Signature 3 is related to 

failure of DNA double strand break repair by homologous recombination37. This 

signature strongly associated with homologous recombination deficient tumors in 

humans, such as in the context of germline or somatic BRCA1 and BRCA2 

mutations. Here, in these new control samples (Dl1, 3, 5, 9), we also found that 

Signature 3 contributed largely to the mutational profile but not to that in the Polq 

mutant neoplasia. Of note, in cancers, homologous recombination-deficient 

tumors upregulate Polq expression and depend on Alt-EJ for survival as it 

Figure 6. Polq likely contributes to the point mutation signature of ISC neoplasia. A-C. Rainfall plots of single 
nucleotide variant in the genome from Polq mutants (Th1-29) and non-mutants (Dl1-9) neoplasia. The type of 
mutation, is color-coded. The genomic distance is a measure of the distance between the two closest single 
nucleotide variants. Most samples have a few SNVs dispersed in the genome (A-B). The sample Th7 (C) displays 
a mutational pile-up in chromosome 2R. D. Single nucleotide variant number per sample in the genome of Polq 
mutants (Th1-29) and non-mutants (Dl1-9) neoplasia. E. Indel number per sample in the genome of Polq mutants 
(Th1-29) and non-mutants (Dl1-9) neoplasia. F. Relative contribution of each point mutation type to the 
mutational landscape of Polq mutant and control neoplasia. G. Relative contribution of different COSMIC 
mutational signature to the mutational landscape of ISC neoplasia, this takes into account the tri-nucleotide 
context of point mutations to assign the most likely Signatures to explain the mutation profile for each sample. 
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promotes the recovery of stalled forks and repair of DNA double strand breaks in 

the absence of homologous repair27,28. In addition, in breast cancer37 and in cell 

culture38, Signature 3 was also shown to be associated with the production of 

large deletions with overlapping microhomology at the breakpoints, a feature of 

Polq dependent Alt-EJ. Since our data here suggest that loss of Polq suppresses 

the signature 3 contribution to mutagenesis in ISC, Polq may contribute to 

mutation signature 3. 

Another mutational signature that stood out is Signature 15, since its 

contribution to the mutational profile seems higher in Polq deficient neoplasia (Fig. 

6G). Signature 15 is associated with defective DNA mismatch repair (MMR) in 

human cancer. Mismatch repair (MMR) proficiency is linked to Polq inhibition39 but 

how Polq influences MMR has not been investigated, though synthetic lethality was 

found between Polq and several MMR genes in mouse embryonic fibroblasts40. 

Our findings here suggest that Polq might influence MMR efficiency in the intestinal 

stem cells. Polq has also been involved in base excision repair in several species41–

43 but the mutational signatures associated with base excision repair (i.e. 

Signature 30) were not strongly represented in either group of samples. 

To conclude, we identified several point mutation signatures that could be 

linked to Polq activity in the ISCs, although the number of samples analyzed and 

the small amount of point mutations per sample invite for caution in the 

interpretation. 

 

 

III. DISCUSSION 

Mutations arising in stem cells have important repercussions on adult 

tissues as they can drive tumor initiation, lead to lineage defects, or result in tissue 

functional decay during aging. Here, we clarify the timing and nature of DNA 

mutations arising spontaneously in the adult fly intestine.  
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 Our analyses suggest that adult intestinal neoplasia are caused by 

inactivating mutations in Notch or other genes encoding Notch signaling 

components that arise in the adult stages and not during development. We cannot 

currently rule out that other mutations, not affecting the Notch pathway may occur 

during larval stages and contribute to genetic mosaicism in the adult gut. However, 

previous work of others showed that inactivation of Notch during larval 

development in adult stem cell precursors results in complete differentiation 

towards enteroendocrine cells, without formation of adult neoplasia10,11. Our 

analysis here at different timepoints during pupal development demonstrate that 

the inactivation of Notch in late pupal stages leads to medium-sized neoplasia in 

young adults. However, we never detect neoplastic growths spontaneously in 

young guts.  

 We can envisage two potential explanations as to why we do not detect 

neoplasia in young adults arising from mutations in pupal stages; either mutant 

cells are effectively eliminated or there are very low levels of DNA damage at this 

stage.  Regarding cell elimination, it is possible that mutations occurring in pupal 

stages (but not in young adults) are culled by cell competition or through cell-

intrinsic responses to DNA damage. Consistent with this hypothesis, recent 

findings upon X-ray induced DNA damage support the notion that cells undergoing 

loss of heterozygosity are eliminated during pupal stages through a mechanism 

independent of pro-apoptotic gene expression levels but dependent on Serpent44. 

As Serpent is involved in hemocyte development, the authors suggested that 

hemocytes might remove mutant cells. In this study however, spontaneous 

mutations were detected at very low frequencies and their mechanisms of removal 

were not assessed. Therefore, whether a similar process could apply to 

spontaneous mutations having much lower DNA damage that X-ray induced 

mutations is not currently clear. A second possible reason we do not detect 

neoplasia in young adults arising from mutations in pupal stages could be due to 

low DNA damage in this developmental stage. Alternatively, DNA repair may be 

highly efficient. It is possible that in adults, changes to the microbiome, food 
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consumption, or other physiological changes associated with adult life might 

increase DNA damage. Consistent with this, we here and others12,13 have observed 

that marks of DNA damage increase in ISCs during aging. However, it should be 

noted that while the number of neoplasia in male flies increases during aging, this 

may be simply a linear increase and accumulation during aging and not 

necessarily an increased rate of mutation. In addition, we found no evidence of 

age-related changes in cell cycle arrest or DNA repair kinetics, which were similar 

in young and old ISCs.  

 Our analyses here and also published in Riddiford et al bioRxiv; Siudeja, et 

al, 2021 of a large cohort of spontaneously occurring gut tumors demonstrated 

that a multitude of genetic changes occur in ISCs during aging including large 

deletions, complex variants, somatic transposable element insertion, mitotic 

recombination and chromosome loss and that these can have dramatic effects 

on the genome. Ongoing studies in our lab aim to understand better these 

processes, how they are influenced by the environment, and to what extent other 

tissues are impacted by similar somatic genomic alterations. Here, we further 

provide evidence that erroneous repair mechanisms such as Polq-dependent 

MMEJ are likely involved in the generation of deletions in ISCs. 

 Through whole-genome sequencing, we find evidence for novel genomic 

signatures associated with the inactivation of Polq. While the number of structural 

variants that we analyzed in Polq mutants is only 47, our data suggest that shorter 

inserts of DNA are found at breakpoints of structural variants than in our wild-type 

cohort of samples. This is consistent with recent finding of others in the Drosophila 

male germline25,26,45, in hematopoietic cells in contexts of clonal hematopoiesis46, 

and in cancer genomes47,48. Interestingly, while analyzing SNVs, we only observed 

a mutational pile-up in one Polq sample (out of 15). While this is only 1 sample, 

we have never observed a mutational pile-up in any of our previous wild-type 

samples (n=~45 neoplasia), suggesting it could be due to the inactivation of Polq. 

Mutational pile-ups like these are associated with BIR and this could therefore 

implicate Polq in preventing BIR, which has not previously been suggested. 
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Consistent with this possibility, a recent study showed that Polq   blocks mitotic 

recombination in the male germline45. The authors assumed that the mitotic 

recombination resulted from cross-over of homologous chromosomes. However, 

we believe an alternative model is the mitotic recombination instead occurred 

through BIR, whereby the homologous chromosome is copied and not exchanged. 

Further studies will be necessary to distinguish between these models. Our study 

highlights the utility of the Drosophila midgut in understanding spontaneously 

arising stem cell mutations. 

 

IV. MATERIALS AND METHODS 

Fly Stocks  

The experiments presented in this manuscript used the following fly lines. 

From the Bloomington stock center: w[*]; P{w[+mC]=UAS-2xEGFP}AH2 

(BL6874); w[1118]; P{w[+mC]=UAS-GFP.nls}8) (BL4776); 

The following stocks were gifts: w1118 , mus3082003 and mus308D  (gift from M. 

McVey)25,32; FUCCI (w1118; QUAS-GFP-E2F11-230
#2, QUAS-mRFP1-NLS-

CycB1-266
#3B/CyO wg-lacZ; MKRS/TM6B, B. Edgar)49; DeltaGal4/TM6TbHu (S. 

Hou); w N[55e11] P[neo, ry, FRT]19A/FM7 GFP (F. Schweisguth); y[1], w[1118], 

P{ry[+] neo FRT}19A and p{ry[+] neoFR}19A, P{w[+] tubP-GAL80}L1, P{ry[+] 

hsFLP}1, w ; CyO/P{w[+] UAS-CD8:GFP}LL5 ; TM6, Tb, Hu / P{w[+] tubP-

GAL4}LL7 (MARCM19A, A.Gould) 

The Deltats line was generated by recombination of the DeltaGal4/TM6TbHu (S. 

Hou), and the tub-Gal80ts from another line. It was used to generate: 

FUCCI;Dlts/TM6TbHu 

The RFP-Polq flies were generated via CRISPR insertion to produce a protein with 

RFP fused at the N-terminal end of Polq by inDroso® functional genomics 

(indroso.com).  

 

MARCM clone induction 
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For the clone induction in pupae, white newly formed pupae were selected every 

hour and kept at 25°C to insure a correct developmental timing. They were heat-

shocked at 37°C for 45mins 24 or 72 hours after pupal formation. The guts were 

dissected 6 days after adult eclosion. 

 

Aging and survival analysis 

For the X ray experiment, flies were aged at 25°C in tubes with 20-25 females + 

5 males per tubes, and flipped to new tubes with fresh yeasted food every 3-4 

days. 

For neoplasia experiments, flies were aged as previously described5. Briefly, the 

flies were crossed in standard tubes (15 females + 3-4 males per tube), the newly 

eclosed progeny were collected for 2-3 days and aged together in plastic cages 

(10cm diameter, 942mL) with ~300 males and 300 females per cages. Fresh 

yeasted food was provided every 2-3 days and cages were changed every week. 

Dead flies were scored in the food plates at every food change to measure the 

survival rate presented in Figure 4. 

 

Xray irradiation 

Flies were irradiated 8 mins and 45 secs in their tube with a X-rays generator 

Philips 320 kV. With 13.1 mA, 320kV for a total dose of 10Gy (+/- 15%). 

 

Immunostaining 

The tissues were fixed and stained following a previously published protocol50. 

Briefly, the flies were dissected in PBS and the tissues were fixed at room 

temperature in 4% paraformaldehyde for 2hrs (guts). They were then washed in 

PBS+ 0.1% Triton X-100 (PBT). To remove the content of the gut lumen, the fixed 

gut were equilibrated 30mins in PBS 50% Glycerol and then washed in PBT. The 

primary antibody staining was performed overnight at 4°C. After washing with PBT 

20 mins 3 times, the secondary antibody was incubated 3-4hrs at room 
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temperature. After washing with PBT, DAPI staining was done in PBT for 30 mins 

(1µg/ml). 

The antibodies used were: Chicken anti-GFP (1:2000, Invitrogen #A10262), 

Rabbit anti-RFP (1:1000, Clonentech #632496), Rabbit anti-gH2Av (1:2000, 

Rockland 600-401-914), Mouse anti-gH2Av (1:200, DSHB UNC93-5.2.1), 

mouse anti-Delta (1:1000, DSHB C594.9B), mouse anti-Pros (1:2000, DSHB 

MR1A-c), Goat anti-Ph3 (ser28, 1:200, Santa Cruz sc-12927 lot#C0172). 

The secondary antibodies were all from Jackson Laboratory, raised in Donkey with 

different fluorophores (DyLigth 488, 549, 649)  

 

Microscopy and Image Analysis 

Pictures showed here were taken using the Zeiss confocal microscope LSM700, 

LSM800 or LSM900 with 40x oil objective and 63x objective for RFP-Polq. 

Quantifications for neoplasia detection and PH3 counts were done with a Leica 

Epifluorescence microscope. 

The images were processed and the quantification performed using Fiji or Imaris 

(X-ray experiment), with manual detection of cells or automatic detection of cells 

with a macro that we designed. 

The quantification for the FUCCI experiments and X-ray experiment were 

performed blind. 

 

Data Processing and Statistics 

Data Analysis was performed on Microsoft Excel, Prism (version 9.0.1) or R 

(version 4.0.2) using the Rstudio interface (version 1.3.1073) and ggplot2 (version 

3.3.3), survminer (version 0.4.8) and survival (version 3.2-7) packages. ggplot2 

for data visualization; survminer and survival for plotting and statistics of survival 

curves. Initial training for the use of the ggplot2 package for data visualization was 

obtained by the U900 Bioinformatics unit of the Institute. 

 

Sequencing of Drosophila neoplasia and controls 
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A more detailed methodology can be found in (Siudeja et al. 2021). In brief, for 

selection of neoplastic tissue, clustered ISC cells were selected by expression of 

Dl-Gal4 driven UAS-nlsGFP or UAS-2xGFP. 5-7 weeks-old Dl>GFP males or 

females were used to visually identify midguts containing neoplasia based on 

clonal accumulation of GFP positive cells. Neoplasia were manually dissected 

together with the head as a direct comparison. For the Dl>nlsGFP flies (Fig. 3, 

supp Fig.3), genomic DNA was isolated with the QIAamp DNA MicroKit (Qiagen) 

according to the manufacturer’s protocol. 

For the Polq mutants and control neoplasia of Dl>2XGFP (Fig. 5-6), genomic DNA 

was extracted with the Zymo Research Quick-DNATM Microprep Plus Kit (D4074), 

following the instruction manual  

DNA concentration was measured with the Qubit dsDNA High Sensitivity Assay Kit. 

 

Because of the small size of the dissected tissue and our inability to completely 

isolate the neoplasia from the surrounding non-neoplastic midgut tissue, we 

estimate that the dissected neoplasia contained 40%–80% neoplastic cells (GFP+), 

which represents more than 80% of DNA from neoplastic cells (see Riddiford et 

al). 

 

DNA sequencing 

Genomic DNA libraries were prepared with the Nextera XT protocol (Illumina) 

For the Polq experiment, the libraries were prepared with Roche’s KAPA Hyper Plus 

Library, using 1.25 ng of extracted DNA per sample. 

Whole-genome 2 x 150 bps paired-end sequencing was performed on HiSeq2500 

or NovaSeq (Illumina SP - PE150). 

 

Bioinformatics 

The Bioinformatic analysis was performed entirely by N. Riddiford, a detail of the 

bioinformatics tools and pipeline can be found in Riddiford et al. and 

https://github.com/nriddiford 
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One sample (Dl3) was excluded from the structural variant analysis because of 

low read-depth. 

The IGV software was used to visualize the reads from the sequencing and validate 

the detection of mutations. 

 

Author contributions 

BB designed the study, performed all the experiments and quantification, and 

wrote the manuscript. NR conducted the bioinformatic analysis. AB designed the 

study and wrote the manuscript. 
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V. SUPPLEMENTARY FIGURES  
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Figure 3 Supplementary 1. Neoplasia growth in female is driven by different mutagenic events. A. Structural 
variants in Delta as seen by Log2 ratio changes in read copy-number. B. Loss of Heterozygosity of Delta via mitotic 
recombination seen by the shift in parental variant allele frequency from homozygous to heterozygous. C. Bi-Allelic 
inactivation of Notch: the shift to homozygosity in parental allele frequency in the X-chromosome is associated with 
a drop in the read copy-number ratio, indicative of loss of the X. And a deletion in Notch responsible for the second 
allele inactivation. 

Figure 4 Supplementary 1. Polq mutants validation. The sequenced transheterozygotes mutants have a 14kb 
deletion spanning Polq and Men (mus308118H), and C>T point mutation (green) (mus3082003) in both the head and 
the neoplasia. The point mutation appears homozygote in the sequencing since it is in trans with the deletion. 
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 SAMPLE TYPE LENGTH 
(KB) 

POSITION ALLELE 
FREQ. 

MICROHOMOLOGY INSERTION 

P1 TRA 15162.5 2L:16310775 4:1148246 0.1 CGGTCAC - 
P11 TRA 3690.5 3R:14990196 2R:18680738 0.04 AAGGACATTGA - 
P13 TRA 8571.1 2L:3093585 3L:11664665 0.29 ACCAAAT - 
P13 TRA 2930.8 2L:4138262 3L:7069104 0.29 GCA - 
P13 TRA 8102.6 2L:6084142 2R:14186700 0.19 CG - 
P13 TRA 7471.9 2L:14068330 3L:21540255 0.21 - GTAGATG 
P13 TRA 3426 2L:14395906 3L:10969893 0.22 TTAGA - 
P19 TRA 10587.7 2L:3115500 3R:13703238 0.07 - TTAC 
P19 TRA 7341 2L:5313800 X:12654753 0.06 GGAAAAGGAAGGC - 
P19 TRA 6074.7 2L:6110188 Tome:35464 0.11 AT - 
P19 TRA 19771.1 2L:7747929 3R:27519078 0.06 GTTC - 
P19 TRA 8696.4 2L:10991843 X:19688243 0.05 - TGCGCCTAAGTGT 
P33 TRA 21801 2L:21808001 Tomelloso:7008 0.09 G - 
P33 TRA 29160.5 3L:120417 3R:29280935 0.08 - G 
P33 TRA 24626.4 Tome:20114 2R:24646497 0.1 AC - 
P5 TRA 3464.4 3L:9960263 2R:13424638 0.12 ATT - 
P63 TRA 718 2L:7888676 2R:7170648 0.04 GCCAGC - 
P63 TRA 4114.7 2R:16168568 3L:20283281 0.04 GCCA - 
P63 TRA 7127 2R:23886797 3R:31013782 0.04 GGCAC - 
P65 TRA 16004.7 3L:3775419 X:19780138 0.1 ACGA - 
P7 TRA 301.4 2L:603468 3L:302053 0.12 T - 
P7 TRA 4723.6 2L:1621944 3R:6345586 0.1 TGCCGC - 
P7 TRA 14894.8 2L:2208673 3L:17103423 0.08 CATCT - 
P7 TRA 22155.1 2L:2716106 2R:24871228 0.14 TAAGCTGCTGT - 
P7 TRA 20846.4 2L:2837516 3R:23683953 0.15 GCG - 
P7 TRA 1228.1 2L:3225319 X:4453399 0.19 CC - 
P7 TRA 103 2L:3399658 3L:3296613 0.09 TTGACTGGC - 
P7 TRA 18408.7 2L:4687951 3L:23096651 0.13 AGCA - 
P7 TRA 22452.9 2L:5077640 3R:27530506 0.13 - CTGCTTGTTG 
P7 TRA 11594.3 2L:6469039 X:18063310 0.14 CGGGC - 
P7 TRA 12666.8 2L:6567403 3R:19234202 0.11 GTG - 
P7 TRA 2493.5 2L:7096540 3L:4603018 0.12 TGCGAAC - 
P7 TRA 9548.8 2L:7458082 3R:17006857 0.14 CTGAA - 
P7 TRA 349.9 2L:7807464 2R:8157412 0.1 GGCAG - 
P7 TRA 11511.7 2L:8839310 3L:20350987 0.09 - GATAG, CTGTC 
P7 TRA 6157.4 2L:9252716 2R:15410147 0.09 CGAGCAGCTG - 
P7 TRA 3018.7 2L:11635382 X:14654037 0.14 - CTGAACAA 
P7 TRA 3861 2L:11956048 X:15817056 0.12 GAACGA - 
P7 TRA 1051.6 2L:13724341 X:14775902 0.25 - GACAG, TGTT 
P7 TRA 12364.3 2L:14178344 X:1814038 0.14 ACGAAAC - 
P7 TRA 10930.7 2L:17692544 3L:6761859 0.16 T - 
P7 TRA 1827 2L:18949106 2R:17122080 0.15 - ACCCTAACC 
P7 TRA 4310.5 2L:19515803 2R:15205313 0.11 CGT - 
P7 TRA 7408 2L:19792664 3L:12384685 0.17 T AGACAG, CTGTCT 
P7 TRA 3705.6 2L:20424190 2R:24129750 0.11 GCG - 
P7 TRA 15256.1 2L:20495067 3L:5238975 0.22 A - 
P7 TRA 6565.2 2L:22041503 X:15476281 0.1 TGATGG - 
P7 TRA 325.4 2L:22997150 X:22671759 0.19 TCTAC - 
P7 TRA 1077.5 2R:3524816 X:4602283 0.22 CTGG - 
P7 TRA 8431.2 2R:7317301 X:15748502 0.11 - GGAAGTGAAAGGTT 
P7 TRA 866.1 2R:8397888 3L:7531805 0.09 - T 
P9 TRA 10947.9 2L:2565270 2R:13513152 0.06 T - 
P9 TRA 14666.5 2L:3829232 X:18495746 0.08 GGGATTTC - 
P9 TRA 6768.1 2L:5445521 3R:12213592 0.06 CAAATTA - 
P9 TRA 13847.4 2L:6096637 2R:19944064 0.05 C - 
P9 TRA 14751.1 2R:6532200 2L:21283344 0.04 T - 
P9 TRA 2991.3 2R:9334321 3L:12325601 0.07 CCAAAAC - 
P9 TRA 790.7 2R:10667716 3L:9876984 0.21 CAA - 
P9 TRA 4171.4 2R:12455384 3L:8284008 0.05 G - 
P9 TRA 7851.9 2R:21549103 3R:13697225 0.05 G - 
P9 TRA 1776.8 2R:23141212 3R:21364381 0.04 CCCTT - 
P9 TRA 16706.9 2R:23480790 3R:6773848 0.05 GTAG - 
P9 TRA 8838.6 3L:4762617 2L:13601230 0.06 C - 
P9 TRA 2149.8 3L:7116471 2R:4966685 0.27 A - 
P9 TRA 1918.9 3L:12130274 3R:10211411 0.06 GTGCCA - 
P9 TRA 14834.6 3L:16590696 3R:31425288 0.05 C - 
P9 TRA 18449.3 3L:22127698 X:3678445 0.06 TTACCCC - 
P9 TRA 13250.6 3R:11181613 2R:24432165 0.05 AG - 
P9 TRA 12878.3 3R:25330986 X:12452678 0.05 TCAATTTGTAGG - 
P9 TRA 12619.4 4:418098 2L:13037524 0.04 AGACA - 
P9 TRA 8946.8 2R:23186121 3L:14239313 0.04 CTTGGCCAT - 

Supplementary Table 2. Structural Variants with Microhomologies and/or insertions at the breakpoints of 
translocations in male neoplasias. 
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Figure 5 Supplementary 1. Copy-number variant detection at Notch in Polq mutants and isogenized non-
mutant neoplasia. 
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Figure 5 Supplementary 2. Transposable element insertion detection at Notch in Polq mutants and isogenized 
non-mutant neoplasia. IGV screenshots from the sequencing reads alignment of the neoplasia. Reads with 
paired-read mapping to the transposon are in pastel colors 
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Figure 6 Supplementary 1. Single nucleotide variant detection genome-wide in Polq mutants and isogenized 
non-mutant neoplasia. 
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I. INTRODUCTION 

 Tissue-specific stem cells are essential to maintain tissue homeostasis: 

they have the unique ability to self-renew and differentiate into the different cell 

types of the tissue and their regenerative potential is tightly regulated to adapt to 

the organ needs. Altered stem cell function, for example as a consequence of 

genome instability1, can lead to stem cell loss or stem cell hyperproliferation and 

tumorigenesis. Thus, genome integrity in long-lived tissue stem cells is essential 

to maintain tissue function and prevent cancer initiation. In parallel, an age-related 

increase in tissue specific somatic mutations was observed in various organs, 

linking the stem cell mutational landscape with tissue specific tumorigenesis2. 

How different stem cells cope with DNA lesions determines their mutation rate, 

susceptibility to cancer, and likely age-related functional decline2. However, the 

sensitivity and responses of different tissue- and cancer-stem cells to DNA 

damage remain to be fully understood.  

Differences in stem cell exposure to various exogeneous mutagens have 

been identified3, but the in vivo consequences of endogenous sources of DNA 

damage, such as replication stress, and their contribution to mutagenesis have 

not yet been thoroughly investigated. Replication stress driven by oncogene 

expression is an important driver of genome instability in cancer4,5, as replication 

fork stalling and collapse participates in structural variant formation, chromosome 

rearrangements and aneuploidy. Many factors can endanger replication initiation 



 101 

and replication fork progression: (1) availability of deoxyribonucleotides and 

replication factors like MCM helicases; (2) existing lesions on the DNA; (3) 

repetitive DNA and DNA secondary structures; (4) conflicts with transcription. One 

mechanism by which oncogene expression drives replication stress is by 

accelerating the cell cycle and bypassing cell cycle checkpoints, resulting in 

nucleotide depletion6–9 and conflicts between DNA and RNA polymerases10,11 . In 

hematopoietic stem cells, an increase of DNA damage and replication stress 

marks during aging was linked to lowered expression of MCM4 and MCM612 likely 

causing an age-related functional decline, as rapidly dividing hematopoietic 

progenitors are particularly sensitive to low levels of MCM complex proteins13. 

However, the factors contributing to replication stress, as well as the 

consequences of replication stress and its contribution to genome instability in 

adult stem cells remain unclear. Particularly, whether adult stem cells and cancer 

stem cells show tissue-specific susceptibility to replication stress has not been 

investigated.  

 Here, we use the Drosophila adult intestine and developing wing disc to 

characterize the consequences of replication stress on adult stem cells, and to 

uncover tissue-specific responses to replication stress. The Drosophila intestine 

as proven to be a useful model to study stem cell regulation and genome instability. 

Homeostasis of the adult Drosophila midgut is maintained by multipotent intestinal 

stem cells (ISCs) that can self-renew and differentiate into absorptive Enterocytes 

(ECs) and hormone-secreting enteroendocrine cells (EEs)14,15. Importantly, 

extensive work over the last 15 years has led to an understanding of many of the 

factors regulating stem cell proliferation and differentiation16. In addition, age-

related functional changes occur in the intestine and the consequences of aging 

on stem cell function have also been partially described17. In particular, we 

previously demonstrated that somatic mutations arise frequently in aging intestinal 

stem cells (see Chapter 2 and 18,19). Furthermore, somatic mutation events 

displayed hallmarks of replication stress, suggesting a role for replication stress 

in stem cell-specific DNA damage and genome instability20.  
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Here we investigate the consequences of induced replication stress on stem 

and progenitor cells. We find that intestinal stem cells are highly sensitive to 

replication stress. HU feeding and depletion of RnrL induced high levels of DNA 

damage in the stem cells, and was associated with stem cell loss in the tissue. 

However, RnrL depletion did not cause DNA damage in the developing wing disc. 

We identified a novel tissue-specific buffering mechanism, depending on gap 

junctions, that can limit stem and progenitor cells exposure to replication stress. 

Our data demonstrate that differences in cell-cell junctions and communication 

impact DNA damage susceptibility having important implications for 

understanding replication stress in healthy tissues and cancers. 

 

II. RESULTS 

Stem cell-specific induction of replication stress by RnrL knockdown 

 Our previous data suggested a potential role for replication defects in stem 

cell mutagenesis18,20; we therefore wanted to examine how replication stress 

affects adult stem cell viability and DNA damage in vivo. To address these 

questions, we aimed to induce replication stress in Drosophila intestinal stem cells. 

As nucleotide depletion is a main cause of replication stress in cancer, we chose 

to induce replication stress by feeding flies with Hydroxyurea (HU). HU is a well-

known inhibitor of the ribonucleotide reductase (Rnr), an enzyme of the nucleotide 

de novo synthesis pathway that reduces ribonucleotides into deoxyribonucleotides 

(dNTPs), the building blocks of DNA. Consequently, in cell culture and in vivo, HU 

limits the pool of deoxyribonucleotides available for DNA replication leading to 

replication fork stalling. 

Feeding adult female flies with HU efficiently induced replication stress in 

ISCs, as seen by the accumulation of both gH2Av and RpA-70 foci (Fig. 1A-C). 

gH2Av is the Drosophila homologue for gH2AX, a histone modification deposited 

at sites of DNA damage21,22, while RpA-70 is part of the Replication Protein A 

(RPA) complex that binds to single-stranded DNA, notably present at sites of 
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replication stress where replication forks are stalled and ssDNA is exposed23. HU 

feeding increased gH2Av in ~40% of the intestinal stem cells (Fig. 1D). Stem cells 

with strong gH2Av staining had brighter RPA70 foci (Fig. 1C). HU also decreased 

ISC proliferation as observed by a fewer phospho-Histone 3 (PH3) positive ISCs 

per guts (Fig. 1 supp 1A). Thus, HU can efficiently induce replication stress in 
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ISCs. However, the response to HU feeding was highly variable, with some guts 

showing no apparent impact on DNA damage (Fig. 1 supp 1B), likely due to 

differences in feeding between the flies and HU incorporation in the ISC. In 

addition, HU also targets other replicating cells in the gut such as endocycling 

enterocytes (Fig. 1 supp 1C, supp 2), and potentially other proliferating organs 

like the ovaries. For these reasons, we explored additional methods to induce 

replication stress in a stem cell-specific manner. 

Since HU inhibits Rnr, we reasoned that depleting RNA encoding 

components of the Rnr complex would phenocopy the effect of HU. Therefore, 

we depleted RnrL, the large subunit of the Rnr complex, in a stem cell-specific 

manner by driving RNA interference (RNAi) expression using the DeltaGal4 driver. 

After 4 days of RnrL knockdown, ISC showed increased levels of DNA damage as 

measured by gH2Av (Fig. 1E-G). This effect was validated by two independent 

RNAi lines (Fig. 1H). Comparable to HU feeding, RnrL RNAi also induced RpA-70 

foci formation in the ISCs (Fig. 1 supp 1D-E"). Thus, RnrL RNAi efficiently induced 

DNA damage in the intestinal stem cells. In addition, it was also more consistent 

than HU feeding (Fig. 1 supp 1B). 

To investigate the influence of RnrL depletion on the cell cycle, we 

combined RnrL RNAi with the FUCCI system (Fig. 1I-J"). The FUCCI 

transgenes24,25 allow cell cycle phase determination of the cell in which they are 

expressed: GFP+ alone marks cells in G1, RFP+ alone marks cell in S phase, and 

GFP+/RFP+ cells indicates cells in G2 or mitosis. ISC-specific expression of RnrL 

Figure 1. Stem cell-specific induction of replication stress by RnrL knockdown. A-B’’. Deltats>RFP, RpA70-GFP 
female midguts fed with control (A-A’’’) or HU-containing food (B-B’’’) for 2 days and stained for DAPI, RFP, 
gH2Av, and GFP. Scale bar: 20µm. C. gH2Av mean and RpA70 max intensity in each ISC (RFP+) nuclei in Control 
or HU condition. Normalized to the mean value in the control. Welch’s test. D. Proportion of ISC (RFP+) with high 
levels of gH2Av (>2) or RpA70 (>3). Fisher’s test. E-F’’. Deltats>GFP midguts expressing no RNAi or RnrL RNAi-2, 
stained with DAPI, GFP and gH2Av. Scale bar: 25µm. G. gH2Av mean intensity in stem cell nuclei (GFP+) without 
or with RnrL RNAi, two different RNAi lines were tested, normalized to control mean. Red cross = mean of all 
cells. Welch’s test. H. Proportion of ISC (GFP+) with high levels of gH2Av (>2). Fisher’s test. I-J’’. FUCCI;Deltats 
with or without RnrL RNAi. K. Proportion of cells in each cell cycle phase from FUCCI;Deltats with or without RnrL 
RNAi. Chisquare test. L. gH2Av mean intensity in each cell cycle phase after 2 days of RnrL RNAi or control in 
FUCCI;Deltats. Normalized to mean of the control. Welch’s test. Red cross = mean. M. Proportion of cells with 
high levels of gH2Av staining (>2) and their cell cycle phase. Fisher’s test. *: p < 0.05; **: p <0.01; ***: p<0.001; 
****: p<0.0001. N = guts, n = cells 
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RNAi along with FUCCI using the DeltaGal4 driver led to an increased proportion 

of intestinal stem cells in S phase and a reduction of G1 and G2 phases (Fig. 1K). 

Specifically, the proportion of S-phase ISCs increased from 17.9% in the controls 

to 35.1% and 39.9% after 2 days of RnrL RNAi. This increase was even stronger 

after 4 days of knockdown. The increased proportion of cells in S-phase is likely 

due to a longer S-phase because replication is slowed down or blocked, as has 

been described upon HU treatment of cells in culture26. 

We then assessed the level of DNA damage in each cell cycle phase. In the 

control conditions, stem cells in each cell cycle phase had low levels of gH2Av. 

As observed before, RnrL RNAi induced DNA damage in stem cells (Fig. 1I-J"). 

The increased levels of gH2Av were stronger in S phase cells (Fig. 1L, Fig. 1 supp 

1H) and the majority of cells with high levels of DNA damage were in S phase (Fig. 

1M), suggesting that DNA damage is induced in S-phase. A smaller proportion 

of cells in G2 also showed an increase in gH2Av levels (Fig. 1L, Fig. 1 supp 1H), 

which could be S-phase induced DNA damage inherited in G2. Alternatively, DNA 

damage in G2 could also be induced during DNA synthesis in G2 as in conditions 

of replication stress, DNA replication is often prolonged after S phase into G2 and 

even in mitosis. Thus, RnrL RNAi induced longer S phase and S phase-linked DNA 

damage in the stem cells. Altogether these data imply that reduction of RnrL 

activity induces replication stress, likely through nucleotide depletion, consistent 

with our knowledge of how HU affects cells. This genetic method to induce 

replication stress allows cell type-specific nucleotide depletion and is less variable 

than HU feeding.  

 

RnrL knockdown drives stem cell loss and affects differentiating progenies 

Upon DNA damage, depending on its extent,  stem cells can undergo 

transient cell-cycle arrest, differentiation, programmed cell death, or 

senescence1,2. We already observed that DNA damage induced by X-ray 

irradiation induced a transient blockage of mitosis (see Chapter II), likely through 

activation of the cell cycle checkpoints via activation of ATR and ATM, which are 
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also known to be required for stem cell proliferation27. However, the consequences 

of replication stress induced DNA damage on ISCs and tissue homeostasis are 

unknown. Thus, we asked what are the consequences of nucleotide depletion 

induced by RnrL RNAi on stem cell proliferation, maintenance and differentiation. 

 To understand the consequence of replication stress on the intestinal stem 

cells and lineage decisions, we generated GFP labelled stem cell clones using the 

Mosaic Analysis with a Repressible Cell Marker system (MARCM) (Fig. 2A-B”, Fig 

2 supp 1). Cell types were identified based on specific markers and nuclear size 



 107 

(Fig. 2 supp 2A). Control clones showed low amounts of gH2Av (Fig. 2A-A", C, 

Fig. 2 supp 2B) whereas depletion of RnrL in clones resulted in high levels of DNA 

damage as shown by gH2Av accumulation, which was especially prominent in 

ISCs and EBs (Fig. 2B-B", C, Fig. 2 supp 2B), but also affected ECs and EEs. 

These findings are consistent with our above results using an ISC-specific Gal4 

driver (Fig. 1).  

To further examine how the different cell types are sensitive to nucleotide 

depletion-induced DNA damage, we expressed RnrL RNAi with the ubiquitous 

daughterless-Gal4-GeneSwitch driver (daGS) (Fig. 2 supp 2E-F"). After 4 days 

of induction, ISCs (Delta-LacZ expressing cell), and EBs (identified by their 

nuclear size), had extensive DNA damage (Fig. 2 supp 2G-J). While 

enteroendocrine cells did not have a significant difference in gH2Av compared to 

the control (Fig. 2 supp 2K), ECs had increased gH2Av staining (Fig. 2 supp 2L). 

ECs with the smaller nuclei, likely young ECs recently produced in the tissue, were 

more affected (Fig. 2 supp 2M). While in the MARCM experiments, we assess 

DNA damage in newly formed progeny in the clones, the analysis here also 

included cells that are terminally differentiated and no longer mitotically active, 

which could account for the differences observed regarding the effect of RnrL 

RNAi on the EE cells. Enteroendocrine cells differentiate from ISCs through an 

Enteroendocrine Precursor (EEP) that divide one last time to generate two EEs.  

In contrast, EB differentiation into ECs requires several endocycles, during which 

the cells replicate their DNA to become polyploid cells. Thus, both EC and EE 

lineages rely on DNA replication in the early steps of their differentiation and likely 

Figure 2. RnrL knockdown drives stem cell loss and affects differentiating progenies. A-B’’. MARCM40A GFP 
clones 4 days after heat-shock with or without RnrL RNAi, stained for DAPI, GPF, gH2Av, Delta (Dl) and Pros. Scale 
bar: 20µm. C. gH2Av mean intensity in each cell types in the clones, normalized to control mean. Red cross = 
mean. Welch’s test. D. Clone size 4 days or 8 days after heat-shock in Control or RnrL RNAi conditions. Welch’s 
test. E. PH3+ cells per gut in Control or Deltats>RnrL RNAi flies without infection or 15hrs after Ecc15 bacterial 
infection by feeding. F. Proportion of clones with or without stem cells, 4 days after clone induction in Control 
and RnrL RNAi conditions. Stem cells were detected with Dl staining (see A’’,B’’). The clones with cells for which 
the Dl staining was not clearly positive or negative were classified as “unclear”. Fisher’s test. G-H’. Deltats>GFP 
midguts aged for 25 days with or without RnrL RNAi. Stem cell are seen with GFP expression. I. Proportion of 
anterior and posterior midguts with dysplasia or stem cell loss. 
*: p < 0.05; **: p <0.01; ***: p<0.001; ****: p<0.0001. N = guts, n = cells or clones (D,F).  
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the number of rounds of replication impacts the degree to which DNA damage is 

induced. Alternatively, DNA damage induced by RnrL RNAi in the differentiating 

progenies may have been inherited from the stem cell division. 

To gain insight on the consequences of RnrL depletion on differentiation, 

we examined the composition of MARCM clones. RnrL RNAi led to a reduction of 

EEs and polyploid ECs proportions compared to the control (Fig. 2 supp 2C). The 

ECs in RnrL knockdown clones also had smaller nuclei (Fig. 2 supp 2D), 

suggesting an impairment of polyploidization. These observations are in 

agreement with a requirement of RnrL for proper differentiation of EEs and ECs, 

likely for EEP division and EC endocycles respectively. However, we cannot 

exclude that EE and EC proportion reduction were due to cell death in the clones. 

Since we observed extensive DNA damage in the stem cells following RnrL 

RNAi and an increased proportion of ISCs in S phase, we hypothesized that ISC 

proliferation potential would be changed in this context. Measuring the clone size 

gives us insight on the cell division rate of ISCs. RnrL RNAi clones were smaller 

than control clones 4 days AHS, and did not grow more within 8 days (Fig. 2D). 

Thus, ISC proliferation is altered in condition of RnrL RNAi. We also analyzed the 

proliferation consequent to DeltaGal4 driven RnrL depletion. The proliferation in 

the whole gut is low in young flies and short term RnrL RNAi expression did not 

decrease the amount of PH3 positive cells per gut (Fig. 2E). Tissue damage 

following Ecc15 bacterial infection in known to increase ISC proliferation rates to 

promote tissue regeneration28. Consistent with this, untreated guts had a mean of 

3 PH3+ cells per gut versus 71 PH3+ cells for Ecc15 treated (Fig. 2E). 2 days 

after expression of RnrL RNAi, stem cell proliferation upon Ecc15 treatment was 

still increased relative to RnrL RNAi controls and wild-type controls, but to a much 

lesser extent than that of wild-type controls (21 PH3+ cells per gut). Therefore, 

ISC proliferation in homeostasis and regeneration is blocked in conditions of 

nucleotide depletion induced by RnrL RNAi. 

 We then wanted to understand why loss of stem cell proliferation occurred 

upon accumulation of DNA damage. We presumed that it could result from cell 
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cycle arrest or stem cell loss. In the MARCM clones, 40% of the RnrL RNAi clones 

did not have ISC (Fig. 2F), a much higher proportion compared to the control. 

Furthermore, to assess stem cell maintenance in the tissue, we compare aged 

control guts to those in which RnrL was expressed in ISCs for 25 days. Previous 

studies showed that during normal midgut ageing, ISCs increase proliferation rates 

in response to dysbiosis of commensal bacteria leading to accumulation of stem 

cell and progenitor cells, so-called "dysplasia"29. Consistent with this occurring, 

we detected ~40% guts with large and ~30% guts with small dysplasia in the 

posterior midgut (Fig. 2G, 2I). However, after RnrL depletion guts rarely developed 

dysplasia. Conversely, ISCs were lost in almost all midguts in both anterior and 

posterior regions (Fig. 2H-I). Therefore, replication stress induced by RnrL 

depletion causes stem cell loss. 

 To conclude, we find that inactivation of RnrL limits proliferation in the gut 

by causing S phase delays and inducing stem cell loss after DNA damage 

accumulation. Moreover, differentiating progeny are also affected by the loss of 

RnrL in the gut, with ECs having small nuclei suggestive of defective 

endoreplication.  

 

Non-autonomous rescue of DNA damage upon RnrL knockdown in the 

developing wing disc 

Our data thus far indicate that intestinal stem cells are highly sensitive to 

replication stress induced by cell-autonomous nucleotide depletion. However, it 

is not clear whether other proliferating cells would be similarly susceptible to RnrL 

depletion or if sensitivity to nucleotide depletion is a specific feature of the gut 

cells. Using the cell-type specific RnrL knock-down, assessed how progenitors 

are affected by nucleotide depletion another tissue, the developing wing disc.  

 In order to determine the effect of induced replication stress via inactivation 

of RnrL in the developing wing, we first used the engrailed-Gal4 driver to 

knockdown RnrL in the posterior half of the wing disc in larvae. Both RnrL RNAi 

lines induced high levels of DNA damage in the wing disc (Fig. 3A-C'). However, 
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the cells accumulating DNA damage were only located at the posterior edge of 

the wing disc. The cells closer to the border of the engrailed domain, in the middle 

of the disc, did not display increased gH2Av levels (Fig A-C'). The RnrL RNAi-
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mediated DNA damage induction was only seen 50 µm posteriorly away from the 

engrailed domain border (Fig. 3D). We speculated that this could be explained by 

a non-cell autonomous rescue of RnrL RNAi, possibly by nucleotide transfer from 

the anterior part of the disc. 

 To further test a potential rescue mechanism from non-autonomous wild-

types tissue, we then used the MARCM system to induce clones in the developing 

wing disc. If, indeed, RnrL depletion is rescued non-cell autonomously by the 

neighboring tissue, clones expressing RnrL RNAi should have DNA damage 

restricted to the center of the clone, since the edge of the clone would benefit 

from rescue by the surrounding wild-type tissue. Clones were induced by heat-

shock at the first larval stage, the discs were dissected 4 days later and stained 

for gH2Av. As a positive control for cell-autonomous induction of replication stress, 

we induced MCM4 RNAi clones. MCM4, known as dpa in Drosophila, is part of 

the helicase complex important for replication origin firing and DNA unwinding 

during DNA synthesis. In Drosophila, loss of MCM4 is known to create mitotic 

abnormalities and defects in BrdU incorporation30,31. In budding yeast and in 

human cells, depletion of MCM4 creates a S-phase block32,33. MCM4 RNAi clones 

showed an increase of gH2Av levels throughout the clone, consistent with a cell-

autonomous induction of replication stress (Fig. 3E-F’, 3J). In contrast, however, 

RnrL RNAi clones had no increase in gH2Av staining compared to the wild type 

tissue and to the control clones (Fig. 3G-G’, 3J), suggesting that RnrL depletion 

could be rescued by the wild-type tissue. High levels of DNA damage were 

occasionally observed in RnrL RNAi clones, but exclusively localized in spots at 

Figure 3. Non-autonomous rescue of DNA damage by gap junctions in the wing disc. A-C. enGal4>GFP control 
discs (A-A’) or disc expressing two different RnrL RNAi (B-C’). The discs were dissected at late larval L3 stage and 
stained for gH2Av. The border of the engrailed domain is showed with a red line. Scale bar: 100µm. D. gH2Av 
intensity along the anterio-posterior axis and relative to the engrailed domain border in control and RnrL 
expressing wing discs. For each disc, the gH2Av level is normalized to the level outside the engrailed domain. E-
I’. MARCM GFP+ clones 4 days after induction in the wing disc and stained for gH2Av, with control clones (E-E’), 
MCM4 RNAi (F-F’), RnrL RNAi (G-G’), Inx2 RNAi (H-H’) and RnrL/Inx2 RNAi (I-I’). Scale bar: 100µm. J. Quantification 
of gH2Av levels inside and outside the clones, normalized to control non-clonal tissue mean intensity. N=Discs. 
Welch’s test, red cross = mean. K. Model for the non-cell autonomous rescue of DNA damage in the disc through 
gap junctions by providing dNTPs. 
*: p < 0.05; **: p <0.01; ***: p<0.001; ****: p<0.0001. 
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the center of the clone, far from the wild-type tissue (Fig. 3 supp 1A-B). 

Altogether, this supports the idea that RnrL RNAi is non-cell autonomously 

rescued in the wing disc. 

 

Gap junctions are required for non-autonomous rescue of RnrL inactivation 

 Considering the relationship between the location of DNA damage and the 

proximity to wild-type tissue, we hypothesized that nucleotides or nucleotide 

precursors could be transferred from wild-type cells to RnrL knockdown cells, 

through intercellular junctions. Gap junctions are intercellular channels that allow 

the passage of small metabolites (<1kDa), such as ions, sugars and nucleotides34 

between cell cytoplasms. In Drosophila, eight Innexins proteins (Inx1-8) have been 

identified to contribute to gap junctions. They form homotypic or heterotypic 

transmembrane octameric hemichannels. The joining of two hemichannels from 

adjacent cells makes a gap junction connection35. Previous work in the wing disc 

suggested that a sugar, GDP-L-fucose, was transported between cells in a 

manner that relied on the gap junctions component Inx236. In addition, the GDP-

L-fucose transfer between cells was sufficient to rescue fucosylation activity in 

clones deficient for Gmd, an enzyme necessary for de novo GDP-L-fucose 

synthesis. We wondered if a similar process could explain the non-autonomous 

rescue of the RnrL phenotype. Could gap junctions allow the passage of 

nucleotides or nucleotide precursors between cells?  

If gap junctions participate in non-autonomous rescue of DNA damage, the 

combined loss of RnrL and gap junctions should result in high levels of DNA 

damage in clones. As described previously, control clones and RnrL RNAi clones 

did not display higher levels of DNA damage (Fig. 3E-G’, 3J). Importantly, Inx2 

RNAi alone did not induce DNA damage in the clones (Fig. 3H-H’, 3J). However, 

clones with co-depletion of RnrL and Inx2 had bright gH2Av staining throughout 

and appeared smaller than control clones (Fig. 3I-I’, 3J). To confirm these results, 

we also co-expressed RnrL RNAi with a RFP-tagged version of Inx2, acting as a 

dominant negative form37. Consistent with our inx2 RNAi data, RFP-Inx2DN RnrL 
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RNAi clones were small and had higher levels of DNA damage compared to the 

wild-type surrounding tissue (Fig. 3 supp 1C-G). To conclude, in the wing disc, 

gap junctions rescue DNA damage induced by RnrL RNAi, likely by allowing 

nucleotide transfer between cells for DNA replication.  

 

Inx2 and Inx7 are not expressed in ISCs and are restricted to enterocytes in the 

Drosophila midgut 

We showed before that intestinal stem cells were highly sensitive to RnrL 

depletion, but wing discs epithelial cells were not because of non-cell 

autonomous mechanism that depends on gap Junction. To understand better 

these different responses between ISCs and wing disc progenitor cells, we 

investigated gap junction proteins expression and localization in the adult midgut. 

 We first, surveyed the expression of gap junction encoding genes in the 

different cell types of the midgut using an available RNAseq dataset38. We found 

that only Inx2 and Inx7 were expressed in the midgut (Fig. 4A) with very low 

expression in ISCs, weak expression in EBs and highest level of expression in ECs.  

 We then determined the localization of gap junctions and their contribution 

to the epithelial tissue architecture of the intestine. We examined the localization 

of Inx 7 and Inx2 in the gut by immunofluorescence. First, we found a strong 

membrane staining for Inx7 in the midgut epithelium (Fig. 4B-B’). In particular, 

Inx7 staining was prominent at the membrane of large nucleated cells. In contrast, 

Inx7 was absent from the membranes of small nuclei progenitor cells (ISCs and 

EBs) where the staining for Armadillo, an adherens junction component, was 

enriched (Fig. 4B-C"). Similarly, Inx7 was absent at the membrane of the 

Prospero-expressing enteroendocrine cells (Fig. 4B-B", 4D-D"). Thus, Inx7 

localizes at EC membranes but is absent from EE, ISC and likely EB membranes. 
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Confirming these results, Inx7 was detected at the cell membranes of ECs marked 

by MyoA-Gal4-driven GFP expression (Fig. 4E-E’), but was lacking from the cells 

with ISC-specific DeltaGal4-driven GFP expression (Fig. 4F-F’). Similar to Inx7 

staining, the gap Junction protein, Inx2 was also found at the membrane of ECs 

but was lacking from the membranes of other cell types (Fig. 4G-G’’’).  

 Interestingly, thus far, the coexpression or colocalization of Inx7 and Inx2 

has not been reported in any other tissues. In order to test whether Inx7 and Inx2 

Figure 4. gap junctions in the gut are restricted to ECs. A. Expression levels of the 8 Innexin genes in the intestinal 
cell types (data from Dutta et al. 2015). B-D’’’. w1118 female midguts stained for DAPI, Innexin 7, Armadillo and 
Prospero. E-E‘. MyoAts>GFP midguts stained for DAPI, GFP and Inx7. MyoAGal4 drives GFP expression in the ECs. 
F-F’. Deltats>GFP midguts stained for DAPI, GFP and Inx7. DeltaGal4 drives GFP expression in the ISCs. G-G’’’. 
Female midguts stained for DAPI, Innexin 2, Armadillo and Prospero. Dissection and staining done by M. El-Hajj. 
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form heterotypic gap junctions, we assessed Inx7 localization in the absence of 

Inx2. In clones expressing Inx2 RNAi or an Inx2 mutant protein (Inx2A), Inx7 

staining was lost (Fig. 5A-C’). Consequently, Inx2 is required for Inx7 localization 

and Inx7 cannot form hemijunction without Inx2. Inx7 is likely forming heterotypic 

gap junctions with Inx2 between ECs. Although expressed in ECs, both Inx2 and 

Inx7 were lacking from EC membranes in contact with other cells that did not 

express them (Fig. 4, Fig.5A-C’). This suggests that to be stabilized at the 

membrane, gap junction hemichannels need to find a partner to connect with on 

the adjacent membrane. 

 We then investigated the relationship of gap junctions with intercellular 

junctions of the gut epithelium. We observed that gap junctions were localized in 

the basal section of the epithelium in the same plane as stem cells, but they were 

lost apically where septate junctions were found (Fig. 5D-E’). Thus, gap junctions 

are localized baso-laterally between ECs (Fig 5D-E’). Septate junction component 

expression increases in EBs and is required during EC differentiation for the 

integration in the epithelium39,40. We investigated, whether like septate junctions, 

gap junctions were established during EB to EC differentiation41. We used the EB 

reporter line Su(H)GBE-LacZ to address this question. LacZ was exclusively 

expressed in the EBs, but the LacZ protein persisted into newly-made ECs. We 

found that Inx2 was not localized on EB membranes or in newly formed ECs as 

opposed to older ECs (Fig. 5F-F’’). Thus, unlike septate junctions, gap junctions 

were likely formed in differentiated ECs and not required for integration in the 

epithelium of differentiating EBs. 

 To conclude, we find that gap junctions in the adult midgut are restricted to 

differentiated ECs and are absent from intestinal stem cells. This could explain 

the vulnerability of ISC to replication stress induced by nucleotide depletion 

compared to disc progenitor cells. Indeed, without gap junctions, ISCs may solely 

rely on cell-autonomous production of dNTP for DNA replication.  
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Figure 5. Inx2 is required for Inx7 localization and gap junction are established in differentiated ECs. A-C’. 
MARCM GFP+ clones in midguts stained for Inx7. Control clone (A-A’), Inx2 RNAi clone (B-B’), Inx2A mutant 
clone (C-C’). D-E’. Deltats>GFP midguts stained for Inx7 for gap junctions and Coracle for septate junctions. 
Different views of the epithelium, basal (D), intermediate (D’) and apical (D’’), as well as orthogonal 
reconstitution from the Z-stack (E-E’). F-F’’. Su(H)GBE-LacZ midguts stained for Inx2. LacZ is expressed in EBs 
(yellow arrows) and persists in newly made ECs (asterisks). H. Model of non-cell autonomous rescue of DNA 
damage in the wing disc through the gap junction, while ISC are isolated from the ECS because they do not 
express gap junction proteins. Thus, ISCs do not have a nucleotide level buffering via gap junction in condition 
of RnrL RNAi. 
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III. DISCUSSION 

Our findings highlight important tissue-specific differences in regulating 

responses to replication stress and suggest a role for gap junctions in this process. 

By limiting dNTP production through genetic inactivation of the critical nucleotide 

metabolizing enzyme, Ribonucleotide reductase, we find that ISCs but not wing 

disc precursor cells acquire DNA damage. Our results indicate that wing disc 

precursors require Gap Junctions to prevent DNA damage. We further observe that 

gap junction proteins are lacking in ISCs, EBs, EEs, and young ECs. Altogether, 

these findings lead us to propose a model whereby transport of dNTPs or dNTP 

precursors through gap junctions allows tissue-buffering of replication stress: a 

lack of gap junctions in ISCs may make them exquisitely sensitive to changes in 

nucleotide levels (Fig 5G).  

 The wing disc was previously shown to have active gap junctions that can 

allow fucose transport between cells36, here we provide evidence that Gap 

Junctions are also involved in buffering the effects of nucleotide depletion. Two 

lines of evidence support this: First, upon knockdown of RnrL, we find that cells 

adjacent to wild-type cells do not acquire DNA damage. Upon co-inactivation of 

Gap Junction components, DNA damage was now detected throughout the entire 

region of RnrL knockdown, suggesting that Gap Junctions participate in non-

autonomous rescue. It is formally possible that hemi-junctions of innexin 2 

between wing disc cells and the hemolymph, as opposed to Gap Junctions 

between wing disc cells, could support dNTP uptake and rescue. However, this 

would not explain the rescue adjacent to wild-type cells that is seen at the junction 

of RnrL knockdown tissue. Therefore, we favor a model in which Gap Junctions 

allow passage of metabolites necessary for dNTP production helping to buffer 

changing nucleotide pools. 

 Our data show that the Gap Junction proteins Inx2 and Inx7 are co-

expressed in the gut but only in mature ECs. They apparently form molecular 

complexes that localize to basolateral EC membranes as Inx7 requires Inx2 for 

both cell-autonomous as well as non-autonomous membrane localization. The 
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lack of gap junctions in ISCs and progenitor cells may have important 

physiological basis as gap junctions are known to transport small molecules such 

as reactive oxygen species (ROS) and calcium (Ca2+) as well as to electrically 

couple of cells such as neurons. Interestingly, both ROS and Ca2+ have been 

previously shown to have essential function in regulating stem cell proliferation16. 

We speculate that the lack of gap junction is important for isolating stem cells 

from Ca2+ or ROS production in neighboring EC cells and may be necessary to 

prevent erroneous activation of proliferation cascades. A negative consequence 

of the lack of gap junctions, however, may be the inability to ISCs to properly 

buffer nucleotide levels resulting in replication stress. Whether the lack of gap 

junctions in ISCs promotes replication stress contributing to endogenous DNA 

damage and spontaneous mutation needs to be further investigated. The lack of 

gap Junctions in young ECs is also intriguing. Mechanistically, it is possible that 

the EC lateral membranes require time to mature and can only then insert gap 

junctions. This difference in gap junctions plays a role in preventing ROS passage 

from damaged ECs undergoing turnover to adjacent, newly made ECs. Further 

studies will be required to test whether there are functional consequences of gap 

junction difference between young versus old ECs, such as control of EC turnover 

through ROS passage.  

 Oncogene-driven replication stress in human cancers is associated with low 

nucleotide pools, and is an significant driver of genome-instability6,42. Our findings 

that gap junctions may be important regulators of nucleotide pools has important 

implications for our understanding of replication stress in vivo in healthy tissues 

as well as in contexts of oncogene-driven tumor growth. In humans, 21 genes 

encode Connexins, the functional equivalent of Innexins in flies, which assemble 

into multimeric complexes and form intercellular gap junctions. We hypothesize 

that different normal as well as cancer cell types vary greatly in their ability to 

buffer dNTP pools through gap junctions. Buffering capacity could be dramatically 

different depending on the expression levels of connexins, gap junction activation 

state, and distinct multimeric complexes exhibiting different gating properties. 
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Consistent with the notion that cancer cells may have altered gap junctions, a 

classic study demonstrated that while healthy liver cells were electrically coupled, 

liver cancer cells lacked electrically coupling43. In addition, over the years, 

connexins have been reported to have both pro- and anti-tumorigenic 

properties44,45, though many of these studies are correlative. Our findings suggest 

that an important future direction is to gain a better understanding of the role of 

gap Junctions and their potential to buffer nucleotide levels and prevent replication 

stress in normal and cancer contexts.  

 

 

IV. MATERIALS AND METHODS 

Fly Stocks – Aging 

The experiments presented in this manuscript used the following fly lines. 

From the Bloomington stock center: w; UAS-2XGFP (BL6874); w;UAS-RFP 

(BL30556); UAS-RnrL RNAi #1 (BL51418); UAS-RnrL RNAi #2 (BL44022); UAS-

MCM4 RNAi (BL28620); Delta-LacZ (BL11651); MARCM40A (BL5192); 

MARCM82B (BL5135); FRT82B (BL2050); Inx2A FRT19A (BL54481)  

 

The following stocks were gifts: w1118 (M. McVey); RpA70-GFP (E. Wieschaus)23; 

FUCCI (w1118; QUAS-GFP-E2F11-230
#2, QUAS-mRFP1-NLS-CycB1-266

#3B/CyO 

wg-lacZ; MKRS/TM6B, B. Edgar)24; En-Gal4 (Y. Bellaiche); UAS-Inx2RNAi & 

UAS-RFPInx2DN (P. Spéder)37; MyoAts (J. Jiang); Su(H)GBE-LacZ (S. Bray); daGS 

(M. Rera); MARCM19A and FRT19A (A.Gould); FRT40A (A. Bardin); 

The Deltats line was generated by recombination of the DeltaGal4/TM6TbHu (S. 

Hou), and the tub-Gal80ts from another line. It was used to generate: UAS-

2xGFP;Deltats/TM6TbHu; UAS-RFP;Deltats/TM6TbHu; FUCCI;Deltats/TM6TbHu 

 

Unless indicated the flies were kept at 25°C on standard medium with yeast. 
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For the temperature sensitive experiments, flies were crossed at 18°C and the 

progeny kept at 18°C until 2-3 days old adult were collected for experiments and 

transferred at 29°C for the time indicated on the figures before dissection. 

For the aging experiment, the adult flies were aged in tubes with 15-20 females 

and 3-5 males and transferred to fresh medium every 3-4 days. 

 

HU/RU feeding 

For the hydroxyurea feeding experiments, 3-4 days old flies were shifted in food 

supplemented with 10mg/mL of HU diluted in water or water alone.  

For the GeneSwitch experiments, 3-4 days old flies were shifted on food 

containing 50µg/mL of RU486 diluted in EtOH, or EtOH alone. 

 

MARCM Clone Induction 

For the clone induction in the gut, adult flies were heat-shocked (HS) at 36.5°C 

for 30mins at 2-3 days old and the kept at 25°C on yeasted food for the time of 

the experiment. 

For the clone induction in the discs, flies were left on yeasted food to lay egg for 

24hrs, and the progeny was HS 24hrs later, at larval stage 1, at 37°C for 45mins. 

The wing disc were dissected 4 days later from late L3 larvae. 

 

Immunostaining 

The tissues were fixed and stained following a previously published protocol46. 

Briefly, the flies were dissected in PBS and the tissues were fixed at room 

temperature in 4% paraformaldehyde for 2hrs (female guts) or 30mins (discs). 

They were then washed in PBS+ 0.1% Triton X-100 (PBT). To remove the content 

of the gut lumen, the fixed gut were equilibrated 30mins in PBS 50% Glycerol and 

then washed in PBT. The primary antibody staining was performed overnight at 

4°C. After washing with PBT 20 mins 3 times, the secondary antibody was 

incubated 3-4hrs at room temperature. After washing with PBT, DAPI staining was 

done in PBT for 30 mins (1µg/ml). 
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The antibodies used were: Chicken anti-GFP (1:2000, Invitrogen #A10262), 

Rabbit anti-RFP (1:1000, Clonentech #632496), Rabbit anti-gH2Av (1:2000, 

Rockland 600-401-91), Mouse anti-gH2Av (1:200, DSHB UNC93-5.2.1), Rabbit 

anti-Inx7 (1:100, H. Bauer47), Guinea Pig anti-Inx2 (1:1000, G. Tanentzapf48), 

mouse anti-Delta (1:1000, DSHB C594.9B), mouse anti-Pros (1:2000, DSHB 

MR1A-c), Goat anti-LacZ (1:200,F. Schweisguth), mouse anti-Arm (1:200, 

DSHB N2 7A1), anti-Cora (???), rabbit anti-PH3 (ser10, 1:2000, Merck Millipore 

#06-570). 

The secondary antibodies were all from Jackson Laboratory, raised in Donkey with 

different fluorophores (DyLigth 488, 549, 649)  

 

Microscopy and Image Analysis 

Pictures showed here were taken using the Zeiss confocal microscope LSM900 

with 40x objective (most of the gut pictures) or 63x objective (gap junction close 

up); Zeiss confocal microscope LSM780 with 25x objective (discs pictures); Zeiss 

Apotome microscope 10X (whole-gut pictures) 

The images were processed and the quantification performed using Fiji, with 

manual detection of cells or automatic detection of cells with a macro that we 

designed. Exceptionally Imaris(c) software was used for the quantification 

presented in Fig. 1 Supplementary 1D). 

gH2Av quantification represents the mean intensity in gH2Av staining for each 

nucleus. For the RpA70-GFP intensity, the maximum intensity for each nucleus is 

considered, it corresponds to the brighter foci of RpA70-GFP nuclei. 

 

Data Processing and Statistics 

Data Analysis was performed on Excel, Prism (version 9.0.1) or R (version 4.0.2) 

using the Rstudio interface (version 1.3.1073) and ggplot2 package (version 

3.3.3). Initial training for the use of the ggplot2 package for data visualization was 

obtained by the U900 Bioinformatics unit of the Institute. 
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V. SUPPLEMENTARY FIGURES 

 

Figure 1 Supplementary 1. Stem cell-specific induction of replication stress by RnrL knockdown. A. PH3+ cells 
per gut in female flies fed with control or HU food for 2 or 4 days. Welch’s test. B. Proportion of gH2Avhigh cells 
per gut in HU or RnrL RNAi condition, the response to HU is much more variable. C. gH2Av mean intensity in EC 
and EEs after HU feeding for 2 days. Welch’s test. D-E’’’. Deltats>RFP, RpA70-GFP female midguts without or with 
RnrL RNAi, stained for DAPI, RFP, gH2Av, GFP. Scale bar: 20µm. F. gH2Av mean and RpA70 max intensity in each 
ISC (RFP+) nuclei in Control or RnrL RNAi condition. Normalized to the mean value in the control. Welch’s test. G. 
Proportion of ISC (RFP+) with high levels of gH2Av (>2) or RpA70 max (>3). Fisher’s test. H. gH2Av mean intensity 
in each cell cycle phase after 4 days of RnrL RNAi or control in FUCCI;Deltats. Normalized to mean of the control. 
*: p < 0.05; **: p <0.01; ***: p<0.001; ****: p<0.0001. N = guts, n = cells. Red cross = mean 
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Figure 1 Supplementary 2. HU is not stem cell specific. A-C’’ RpA70-GFP female midguts fed with control (A-
A’’’) or HU-containing food (B-C’’’) for 2 days and stained for DAPI, gH2Av, GFP and Pros (not shown). D. gH2Av 
mean intensity in EC and EEs after HU feeding for 2 days. Welch’s test. EC were determined based on nuclear 
volume and EE with Pros staining. 
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Figure 2 Supplementary 1. Control (A-B’’) and RnrL 
RNAi (C-H’’) MARCM clones. Stem cell are marked 
with Dl and EEs with Pros. yH2Av indicates DNA 
damage 
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Figure 2 Supplementary 2. RnrL knockdown affects stem cell and differentiating progenies. A. MyoAts>GFP flies 
were used to estimate the difference in nuclear area between EB and EC. MyoAGal4 drives expression in ECs. 
Most cells with a nucleus > 20µm2 were GFP+ while cells with nuclei <20µm2 were progenitors or EEs marked 
with Pros. Thus, we used this limit 20µm2 to distinguish EB and EC. B. Proportion of cells with high levels of gH2Av 
(>2) in MARCM clones with or without RnrL RNAi. Fisher’s test. C. Cell composition of MARCM clones with or 
without RnrL RNAi. Chisquare test. The cells for which the Dl staining was not clearly positive or negative were 
classified as “ISC?”. D. Proportion of EC with the indicated nuclear size in MARCM clones with or without RnrL 
RNAi. Chisquare test. E-F’’. Delta-LacZ; daGS>RnrL RNAi without (E-E’’) or with (F-F’’) RnrL knockdown induction. 
The guts were stained for gH2Av, the stem cells are marked by the LacZ, and EEs by Pros. Scale bar:20µm. G. 
Mean gH2Av intensity in ISCs, normalized to the Control.  Welch’s test. H. Proportion of ISC with high levels of 
gH2Av (>2). Fisher’s test. I. Mean gH2Av intensity in EBs, normalized to the Control.  Welch’s test. J. Proportion 
of EB with high levels of gH2Av (>2). Fisher’s test. K. Mean gH2Av intensity in EEs, normalized to the Control.  
Welch’s test. L. Mean gH2Av intensity in ECs, normalized to the Control.  Welch’s test. M. Proportion of EC with 
high levels of gH2Av (>2), depending on their nuclear size. Fisher’s test. 
*: p < 0.05; **: p <0.01; ***: p<0.001; ****: p<0.0001. N = guts, n = cells. Red cross = mean value 
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Figure 3 Supplementary 1. Non-autonomous rescue of DNA damage by gap junctions in the wing disc. A-B’. 
RnrL RNAi MARCM clones displaying higher levels of DNA damage at the center of the clone. Scale bar: 50µm. C-
F’. MARCM GFP+ clones 4 days after induction in the wing disc and stained for gH2Av, with control clones (C-C’), 
RnrL RNAi (D-D’), RFP-Inx2DN (E-E’) and RnrLRNAi/RFP-Inx2DN RNAi (I-I’). Scale bar: 100µm. G. Quantification of 
gH2Av levels inside and outside the clones, normalized to control non-clonal tissue mean intensity. N=Discs. 
Welch’s test, red cross = mean. 
*: p < 0.05; **: p <0.01; ***: p<0.001; ****: p<0.0001. 
 



 129 

VI. REFERENCES 

 1. Blanpain, C., Mohrin, M., Sotiropoulou, P. A. & Passegué, E. DNA-

Damage Response in Tissue-Specific and Cancer Stem Cells. Cell Stem Cell 8, 

16–29 (2011). 

2. Al zouabi, L. & Bardin, A. J. Stem Cell DNA Damage and Genome 

Mutation in the Context of Aging and Cancer Initiation. Cold Spring Harb. 
Perspect. Biol. a036210 (2020) doi:10.1101/cshperspect.a036210. 

3. Weeden, C. E. & Asselin-Labat, M.-L. Mechanisms of DNA damage 

repair in adult stem cells and implications for cancer formation. Biochim. 
Biophys. Acta BBA - Mol. Basis Dis. 1864, 89–101 (2018). 

4. Hills, S. A. & Diffley, J. F. X. DNA Replication and Oncogene-Induced 

Replicative Stress. Curr. Biol. 24, R435–R444 (2014). 

5. Macheret, M. & Halazonetis, T. D. DNA Replication Stress as a Hallmark 

of Cancer. Annu. Rev. Pathol. Mech. Dis. 10, 425–448 (2015). 

6. Bester, A. C. et al. Nucleotide Deficiency Promotes Genomic Instability in 

Early Stages of Cancer Development. Cell 145, 435–446 (2011). 

7. Mannava, S. et al. Depletion of Deoxyribonucleotide Pools Is an 

Endogenous Source of DNA Damage in Cells Undergoing Oncogene-Induced 

Senescence. Am. J. Pathol. 182, 142–151 (2013). 

8. Kotsantis, P., Petermann, E. & Boulton, S. J. Mechanisms of Oncogene-

Induced Replication Stress: Jigsaw Falling into Place. Cancer Discov. 8, 537–

555 (2018). 

9. Primo, L. M. F. & Teixeira, L. K. DNA replication stress: oncogenes in the 

spotlight. Genet. Mol. Biol. (2019) doi:10.1590/1678-4685gmb-2019-0138. 

10. Macheret, M. & Halazonetis, T. D. Intragenic origins due to short G1 

phases underlie oncogene-induced DNA replication stress. Nature 555, 112–116 

(2018). 

11. Kotsantis, P. et al. Increased global transcription activity as a mechanism 

of replication stress in cancer. Nat. Commun. 7, (2016). 

12. Flach, J. et al. Replication stress is a potent driver of functional decline in 

ageing haematopoietic stem cells. Nature 512, 198–202 (2014). 

13. Alvarez, S. et al. Replication stress caused by low MCM expression limits 

fetal erythropoiesis and hematopoietic stem cell functionality. Nat. Commun. 6, 

(2015). 

14. Micchelli, C. A. & Perrimon, N. Evidence that stem cells reside in the adult 

Drosophila midgut epithelium. Nature 439, 475–479 (2006). 

15. Ohlstein, B. & Spradling, A. The adult Drosophila posterior midgut is 

maintained by pluripotent stem cells. Nature 439, 470–474 (2006). 

16. Miguel-Aliaga, I., Jasper, H. & Lemaitre, B. Anatomy and Physiology of 

the Digestive Tract of Drosophila melanogaster. Genetics 210, 357–396 (2018). 

17. Rodriguez-Fernandez, I. A., Tauc, H. M. & Jasper, H. Hallmarks of 

agin+g Drosophila intestinal stem cells. Mech. Ageing Dev. 190, 111285 (2020). 

18. Siudeja, K. et al. Frequent Somatic Mutation in Adult Intestinal Stem Cells 

Drives Neoplasia and Genetic Mosaicism during Aging. Cell Stem Cell 17, 663–



 130 

674 (2015). 

19. Siudeja, K., Wurmser, A., Stefanutti, M., Lameiras, S. & Bardin, A. J. 

Unraveling the features of somatic transposition in the Drosophila intestine. 

EMBO J. 19 (2021). 

20. Riddiford, N., Siudeja, K., van den Beek, M., Boumard, B. & Bardin, A. J. 

Evolution and genomic signatures of spontaneous somatic mutation in 

Drosophila intestinal stem cells. BioRxiv (2020) 

doi:10.1101/2020.07.20.188979. 

21. Rogakou, E. P., Pilch, D. R., Orr, A. H., Ivanova, V. S. & Bonner, W. M. 

DNA Double-stranded Breaks Induce Histone H2AX Phosphorylation on Serine 

139 *. J. Biol. Chem. 273, 5858–5868 (1998). 

22. Madigan, J. P., Chotkowski, H. L. & Glaser, R. L. DNA double-strand 

break-induced phosphorylation of Drosophila histone variant H2Av helps prevent 

radiation-induced apoptosis. Nucleic Acids Res. 30, 3698–3705 (2002). 

23. Blythe, S. A. & Wieschaus, E. F. Zygotic Genome Activation Triggers the 

DNA Replication Checkpoint at the Midblastula Transition. Cell 160, 1169–1181 

(2015). 

24. Zielke, N. et al. Fly-FUCCI: A Versatile Tool for Studying Cell Proliferation 

in Complex Tissues. Cell Rep. 7, 588–598 (2014). 

25. Sakaue-Sawano, A. et al. Visualizing Spatiotemporal Dynamics of 

Multicellular Cell-Cycle Progression. Cell 132, 487–498 (2008). 

26. Yan, Z. A., Li, X. Z. & Zhou, X. T. The effect of hydroxyurea on the 

expression of the common fragile site at 3p14. J. Med. Genet. 24, 593–596 

(1987). 

27. Park, J.-S. et al. Requirement of ATR for maintenance of intestinal stem 

cells in aging Drosophila. Aging 7, 307 (2015). 

28. Buchon, N., Broderick, N. A., Poidevin, M., Pradervand, S. & Lemaitre, 

B. Drosophila Intestinal Response to Bacterial Infection: Activation of Host 

Defense and Stem Cell Proliferation. Cell Host Microbe 5, 200–211 (2009). 

29. Biteau, B., Hochmuth, C. E. & Jasper, H. JNK Activity in Somatic Stem 

Cells Causes Loss of Tissue Homeostasis in the Aging Drosophila Gut. Cell 
Stem Cell 3, 442–455 (2008). 

30. Feger, G. et al. dpa, a member of the MCM family, is required for mitotic 

DNA replication but not endoreplication in Drosophila. EMBO J. 14, 5387–5398 

(1995). 

31. Crevel, G. et al. Differential Requirements for MCM Proteins in DNA 

Replication in Drosophila S2 Cells. PLoS ONE 2, e833 (2007). 

32. Labib, K., Tercero, J. A. & Diffley, J. F. X. Uninterrupted MCM2-7 

Function Required for DNA Replication Fork Progression. Science 288, 1643–

1647 (2000). 

33. Ekholm-Reed, S. et al. Deregulation of cyclin E in human cells interferes 

with prereplication complex assembly. J. Cell Biol. 165, 789–800 (2004). 

34. Beyer, E. C. & Berthoud, V. M. Gap junction gene and protein families: 

Connexins, innexins, and pannexins. Biochim. Biophys. Acta BBA - Biomembr. 



 131 

1860, 5–8 (2018). 

35. Güiza, J., Barría, I., Sáez, J. C. & Vega, J. L. Innexins: Expression, 

Regulation, and Functions. Front. Physiol. 9, (2018). 

36. Ayukawa, T. et al. Rescue of Notch signaling in cells incapable of GDP-l-

fucose synthesis by gap junction transfer of GDP-l-fucose in Drosophila. Proc. 
Natl. Acad. Sci. 109, 15318–15323 (2012). 

37. Spéder, P. & Brand, A. H. Gap Junction Proteins in the Blood-Brain 

Barrier Control Nutrient-Dependent Reactivation of Drosophila Neural Stem 

Cells. Dev. Cell 30, 309–321 (2014). 

38. Dutta, D. et al. Regional Cell-Specific Transcriptome Mapping Reveals 

Regulatory Complexity in the Adult Drosophila Midgut. Cell Rep. 12, 346–358 

(2015). 

39. Xu, C. et al. The Septate Junction Protein Tsp2A Restricts Intestinal Stem 

Cell Activity via Endocytic Regulation of aPKC and Hippo Signaling. Cell Rep. 
26, 670-688.e6 (2019). 

40. Hung, R.-J. et al. A cell atlas of the adult Drosophila midgut. Proc. Natl. 
Acad. Sci. 117, 1514–1523 (2020). 

41. Chen, H.-J., Li, Q., Nirala, N. K. & Ip, Y. T. The Snakeskin-Mesh 

Complex of Smooth Septate Junction Restricts Yorkie to Regulate Intestinal 

Homeostasis in Drosophila. Stem Cell Rep. (2020) 

doi:10.1016/j.stemcr.2020.03.021. 

42. Halazonetis, T. D., Gorgoulis, V. G. & Bartek, J. An Oncogene-Induced 

DNA Damage Model for Cancer Development. Science 319, 1352–1355 (2008). 

43. Loewenstein, W. R. & Kanno, Y. Intercellular Communication and the 

Control of Tissue Growth: Lack of Communication between Cancer Cells. Nature 

209, 1248–1249 (1966). 

44. Aasen, T. et al. Connexins in cancer: bridging the gap to the clinic. 

Oncogene 38, 4429–4451 (2019). 

45. Aasen, T., Mesnil, M., Naus, C. C., Lampe, P. D. & Laird, D. W. Gap 

junctions and cancer: communicating for 50 years. Nat. Rev. Cancer 16, 775–

788 (2016). 

46. Bardin, A. J., Perdigoto, C. N., Southall, T. D., Brand, A. H. & 

Schweisguth, F. Transcriptional control of stem cell maintenance in the 

Drosophila intestine. Development 137, 705–714 (2010). 

47. Ostrowski, K., Bauer, R. & Hoch, M. The Drosophila Innexin7 Gap 

Junction Protein Is Required for Development of the Embryonic Nervous System. 

Cell Commun. Adhes. 15, 155–167 (2008). 

48. Smendziuk, C. M., Messenberg, A., Vogl, A. W. & Tanentzapf, G. Bi-

directional gap junction-mediated soma-germline communication is essential 

for spermatogenesis. Development 142, 2598–2609 (2015). 

 

 

 

 



 132 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 : DISCUSSION AND 

PERSPECTIVES 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 133 

In this part, I wanted to discuss freely some of the work I did during my PhD, 

and some of the limitations I encountered. Interestingly, this work also contributed 

to raise several additional questions that are currently being further studied in other 

projects in the lab. In addition, I wanted to discuss some of the questions I am 

quite interested in, although highly hypothetical at this point, and for which the 

experimental set up would sometimes rely on the development of techniques not 

yet available in our model system. However, I believe they represent great 

perspectives for future work in the next 5 years. 

 

I. On replication stress and genome instability in ISCs 

This PhD work started from the observation that genome complex 

rearrangements were spontaneously arising in adult intestinal stem cells. We 

investigated the consequences of replication stress on tissue homeostasis, as 

mutational signature of replication stress could be found. 

 

Evidence for endogenous replication stress in ISCs 

I demonstrated above, that we could artificially induce replication stress in 

the stem cells using RnrL RNAi or hydroxyurea. But, is there replication stress in 

the stem cells in vivo? Since we observed somatic structural variants with a 

specific signature, we suspected that there was some level of replication stress 

occurring in ISC. However, can we find evidence of replication stress and is 

replication stress affecting stem cells in vivo? 

We reasoned, that we would likely detect replication stress in conditions of 

forced proliferation of the stem cells. This work is still in progress, but I wanted to 

list some evidence that could suggest an effect of endogenous replication stress 

on Drosophila intestinal stem cells: 

 

- Detection of somatic mutations with hallmarks of replication stress1,2 in 

our previous studies.  
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- It has been shown by Park et al. that the DNA damage response kinase 

ATR, specialized in replication fork protection and replication stress 

signaling, is required for stem cell maintenance in the gut3. 

- Upon Ecc15 infection, proliferation increased in the gut and we observed 

increased levels of DNA damage (gH2Av) in the stem cells. (L. Alzouabi 

personal communication) 

- Repetitive regenerative responses after Ecc15 infection drove depletion 

of the stem pool in Haller et al.4 . 

- Ecc15 infection promoted a transient increase of DNA repair gene 

expression5, including WRNexo. Interestingly, WRNexo Drosophila 

mutants displayed higher somatic genome instability6,7, including 

increased tumor incidence8. WRNexo was specifically showed to be 

important for the repair of replication stress-induced DNA damage in 

Drosophila, while dispensable for other types of DNA damage9. Thus, 

WRNexo expression in the stem cells might be essential to limit 

replication stress upon Ecc15 infection. Consistent with this role, 

WRNexo RNAi limited stem cell proliferation in response to bacterial 

infection in the midgut10 

  

Altogether, it supports the idea that WRNexo has a particular role in dealing 

with endogeneous levels of replication stress in the stem cells, more likely upon 

forced proliferation following tissue injury. To investigate the influence of 

endogenous replication stress, I started to examine the consequences of WRNexo 

RNAi and ATR RNAi on the progenitor’s cell-cycle properties and DNA damage 

upon Ecc15 infection. This work is still in progress. 

 

Cell-specific nucleotide depletion by RnrL RNAi 

 We demonstrated that knock-down of RnrL leads to high levels of DNA 

damage in the stem cells, likely responsible for stem cell loss. I think that the 

levels of replication stress induced in our experiments are very high. It likely does 
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not correspond to endogenous levels that would be encountered physiologically 

by the cells in the midgut, but could mimic pathological conditions such as cancer. 

However, the RnrL RNAi system could be fined-tuned to induce lower levels of 

replication stress, for example by performing the temperature sensitive experiment 

with the Deltats driver at 25°C instead of 29°C. It could give us more insight on 

how stem cells respond to low levels of replication stress. 

Nevertheless, the main advantage of the RnrL RNAi is that we can target 

specifically cell types in different tissues using the UAS/Gal4 system, and we can 

investigate tissue specificity in the response to replication stress. More interestingly, 

we can also decipher cell autonomous and non-cell autonomous consequences 

of nucleotide depletion. This is new, as previous systems investigating the cellular 

consequences of replication stress were using hydroxyurea or aphidicolin 

systemically or onto the whole cell culture. Because of the cell-specific targeting 

of RnrL RNAi we could identify the role of gap junctions in buffering nucleotides 

levels. This could have further implication in our understanding of cell-specific 

susceptibility to DNA damage in stem cells and cancer. 

 

dNTP synthesis pathways  

Rnr produces dNTPs as part of the de novo synthesis pathway with the 

reduction of NTPs to dNTPs. Another pathway, the salvage pathway, can also 

produce dNTP in the cell by recycling and phosphorylating deoxyribonucleoside 

(dN), which are the products of DNA degradation. In Drosophila, this pathway 

requires the Deoxyribonucleoside kinase (Dnk)11. Knock-down of dnk in the ISC 

or in the wing disc did not induce DNA damage (B. Boumard, M. El Hajj, data not 

shown). Thus, it suggests that the de novo pathway is the main dNTP production 

pathway. It seems that the loss of Rnr activity cannot be rescued by dNTP 

production by the salvage pathway. We also tested some other enzymes, like 

Adenylosuccinate Synthetase (AdSS), Dihydroorotate dehydrogenase (DHOD) or 

the GMP synthetase burgundy (bur/GMPS), implicated in purine or pyrimidine 

synthesis and so far, we could not see any increase of DNA damage in the wing 



 136 

disc after knock-down, likely suggesting redundancy at this level of the 

metabolism. 

   

RnrL RNAi and genome stability 

 We wanted to determine the effect of induced replication stress on mutation 

accumulation and characterize the type of mutations it produced. The idea was 

to first evaluate the effect of RnrL RNAi on neoplasia formation in male guts and 

potentially sequence the neoplasia to identify mutational events induced by 

replication stress. We used the RU-inducible 5961GeneSwitch driver line to 

express RnrL RNAi in the progenitor cells, aged them and quantify neoplasia 

frequency in old flies. RnrL RNAi expression abolished neoplasia formation in aged 

male midgut (not shown). Since we observed a strong increase of DNA damage 

and the depletion of stem cells in our previous experiments, we suspected that 

the absence of neoplasia was likely due to the loss of stem cells in the tissue. In 

addition, we could detect significant levels of DNA damage in the stem cells even 

without induction by RU, suggesting that this driver is leaky and that some 

expression is induced without RU (not shown). 

 We could still assess the mutagenicity of RnrL RNAi by using a non-leaky 

driver (daGS), and potentially inducing replication stress only through short pulses. 

The other possibility would be to reduce the levels of RnrL RNAi as suggested 

before using the Deltats driver at 25°C. This could be used to first assess the 

consequences on neoplasia development in the aging midgut. 

 

II. Genome fragile sites and chromosomes rearrangements 

 

Notch, a chromosome fragile-site? 

 As mentioned many times now, previous work in the lab had identified 

spontaneous inactivation of Notch leading to neoplasia formation. The sequencing 

of more than 50 neoplastic samples from different genetic backgrounds (in part 
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presented here) confirmed that Notch was mutated through deletion and complex 

rearrangement mostly. However, is Notch a mutational hot-spot? Is it more prone 

to be mutated than most of the other genes? This question is difficult to answer 

for us for one simple reason, our mutation analysis is biased toward Notch 

phenotype detection. Notch mutation drives stem cell and enteroendocrine cell 

accumulation, which is a very specific and highly recognizable phenotype. In 

addition, Notch is on the X chromosome, a single-hit is sufficient to provoke the 

gene inactivation. But are there any other frequently mutated genes? From the 

neoplasia sequencing of different samples, a few genes were found to be mutated 

in more than one sample, for example Egfr, pointed and puckered. However, 

those were rare. In addition we have a limited amount of sequencing and lack 

statistical support for mutational hot-spots. 

 Notch mutation by structural variant resemble the types of events found at 

chromosome fragile sites of the genome12. Could Notch be considered a fragile 

site of the genomes? Fragile sites are genome sequence sensitive to replication 

stress (see Introduction) and often found in large genes and sequence enriched 

in AT repeats. Notch is quite a large gene in Drosophila (~28kb) and it is 

surrounded by two genes much larger kirre (~295kb) and dunce (~177kb) which 

are among the largest genes of the Drosophila genome. How this affects the 

genome organization and the replication program in the intestinal stem cells is not 

known. 

In addition, N. Riddiford in the lab, found that >60% of the breakpoints of 

structural variants affecting Notch fell close to poly(dA:dT) sequences2, already 

known to be associated to replication fork collapse13. 

 Although it seems that Notch is very frequently mutated, I think we would 

need unbiased approaches to truly determine whether Notch is a Fragile Site in 

the ISC genome. It would require a genome-wide profiling of replication stress 

sites and an unbiased whole-genome sequencing to determine the mutational 

landscape of ISC independently of Notch.  
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Genome-wide profiling of replication timing and sites of replication stress 

Genome fragile sites are either found at late replicating region, thus far from 

replication origins12, or when replication origins are found in genic region and 

activated early in S-phase, creating a conflict between replication and 

transcription14,15. The determination of the replication program of ISCs could be 

interesting to estimate the regions potentially susceptible to replication stress.  

Replication timing has been investigated in different cell types in Drosophila16–18. 

It is known that replication program are highly cell-type specific, for example 

different mammalian cell lineages showed that 50% of the genome had cell 

specific replication timing19,20. Between wing disc cell and follicular cells in the 

ovary, the difference was 30%21. We could compare Drosophila replication timing 

datasets with the mutations that we identified in the genomes, to extract potential 

correlations between replication timing and mutagenesis. The determination of the 

ISC-specific replication program would be possible by whole-genome sequencing 

of S-phase cells21,22, however the required cell number is consequent. 

We also investigated genome-wide the potential sites of replication stress. 

We know that RpA70 binds to ssDNA at sites of replication stress. We designed a 

RpA70-Dam construct to perform DamID-seq23 profiling of RpA70 binding sites 

to the genome (K. Siudeja, B. Boumard, unpublished data). Briefly, Dam is a 

methylase that methylates adenosine at GATC sites in the genome, thus a fused 

version of the Dam methylates the genome at site of binding of the protein of 

interest, here RpA70. Although I believe that this technique can give a good profile 

of transcription factor or chromatin regulator binding regions24, I think that the 

interpretation for RpA70 binding is difficult, the correlation between the replicates 

was quite low (~0.6), and we only found 500 sites genome-wide with significant 

binding in 3 replicates, including one site close to Notch (not shown). However, 

importantly, we are lacking good control in which we artificially induce replication 

stress, to conclude on this experiment. 

Nevertheless, I think that the development of new techniques like and 

Cut&Tag25 could be useful to establish the genome-wide binding profile of 
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replication stress and DNA repair proteins in different conditions. I think it will 

definitely give us more insight on the mechanisms driving DNA damage and 

mutation accumulation in vivo. However, these techniques are not yet validated in 

our model system. Importantly, these techniques seem adaptable to a low amount 

of cellular material. 

 I believe that in the next few years we could be able to determine more 

precisely the replication timing in ISC and whether it changes with forced 

proliferation and aging. We could also be able to map genome-wide the sites of 

replication stress and DNA damage in the ISC. 

 

Site-specific induction of replication fork collapse 

With the discovery of structural variants in the genome with signature of 

replication stress, we wondered if we could artificially induce the same type of 

genome rearrangements to gain insights into how collapsed replication fork are 

transformed into structural variants responsible for Notch inactivation. After 

reading the work of N. Willis in R. Scully’s 

lab on the Tus/Ter replication blockage 

system (please refer to the 

introduction26), I hypothesized it would be 

possible to adapt the system in 

Drosophila to investigate structural 

variant formation upon fork collapse. 

With the help of M. Stefanutti in the 

lab, we generated 4 fly lines carrying 

6xTer sequences inserts at the Notch 

locus. These lines are homozygotes 

viable. We also made UAS-Tus lines to 

allow the expression of the fork blocking 

protein under the control of the Gal4/UAS 

system. We have 3 different versions of 

Figure 12. Model of the Tus/Ter system with Ter 
inserted before Notch 
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Tus lines, with inactive, active or hyperactive Tus proteins, known to have different 

efficiency in blocking incoming replication fork.  

We were planning to use these lines to induce specific replication fork 

collapse near Notch, by expressing Tus with an intestinal stem cell specific Gal4 

driver. The fork collapse would likely result in Notch inactivation and neoplastic 

growth. Thus, we could sequence the neoplasia and identify the type of structural 

variants generated by replication fork collapse. Unfortunately, we did not have 

time yet to fully validate the system and get any neoplasia generated by this 

system. However, when expressed during larval and pupal development, I could 

observe wing phenotypes potentially reminiscent of clonal Notch inactivation, such 

as notched wing, and extra veins. This is very preliminary, but this phenotype 

seemed also more penetrant with the hyperactive form of Tus. 

 I think this system is very interesting to decipher the type of rearrangements 

induced after replication fork collapse. In the way it was adapted, we have a cell-

type specific and controllable timing of induction. The mutations generated can 

give rise to a detectable neoplasia for sequencing. In addition, if this system is 

proven to be functional, it could be combined with different DNA repair mutants 

to assess the contribution of different pathways in structural variant formations. 

It might help for example to establish the contribution of NHEJ, Polq or Pol32-

dependent MMBIR in the complex rearrangements and deletion formation. All 

these pathways have been implicated in structural variant formation and genome 

rearrangements in cancer genomes, however the contribution of each in different 

cancer genome alteration is unclear. The contribution of these pathways could 

also be established in the same way I presented for Polq before since mutants for 

Pol32 and NHEJ are homozygotes viables. 

 

A complete catalogue of mutations? 

 I described in this thesis work the identification of several types of mutations, 

many of which had already been described by other members of the lab in other 

experiments: deletions, translocation and complex rearrangements1,2; 
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transposable elements insertions27; Loss of Heterozygosity1,28 (and Alzouabi et al. 

in prep). I am very proud I could contribute to the extension of the repertoire of 

structural variants mutations in Drosophila intestinal stem cell. Interestingly, data 

from L. Alzouabi suggest a potential role for replication stress in inducing 

spontaneous mitotic recombination at transcription-replication conflict sites. All 

these types of mutations were also largely described in cancer genomes. The 

sequencing data presented in this thesis also provide the first evidence for two 

other mutational events, that could be linked to replication stress as well: 

- Point mutation and indel accumulation at a specific site, likely due to 

Break-Induced Replication, and possibly promoted in a Polq mutant 

context29. This will be investigated by L. Alzouabi. 

- Loss of the X-chromosome.  

A. Suisse in the lab, is now working on understanding the frequency of X-

chromosome loss and the mechanism leading to spontaneous aneuploidy. I briefly 

presented in the introduction mechanisms by which replication stress can lead to 

aneuploidy, for example, when unreplicated DNA creates chromosomes bridges 

during cell division. Concerning the X chromosome in Drosophila, two interesting 

facts could link replication stress to the loss of the chromosome: it has only one 

chromosome arm as its centromere is located at one extremity, and it contains 

the rDNA locus close to the centromere. The rDNA locus contains a series of 

repeated sequences coding for the ribosomal RNA, it is highly transcribed and 

highly susceptible to replication stress because of conflict between transcription 

and replication30,31. Interestingly, previous data from the lab found high frequency 

of mitotic recombination involving a large segment of the X-chromosome, 

suggesting frequent DNA DSB close to the centromere28. Thus, aneuploidy could 

be linked to replication stress. There are a lot of assumptions being made here, 

but I think the coincidences are interesting to be investigated. Of course, other 

mechanisms of aneuploidy have been described, for example failure in mitotic 

spindle assembly driving erroneous segregation32. 
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III. On the functions of gap junctions 

 

We have demonstrated the role of gap junction in buffering replication stess, 

likely through nucleotide levels, and protects from replication stress in the wing 

disc. I also characterized gap junction localization in the midgut. Inx2 and Inx7 

localize at the baso-lateral membrane of enterocytes. However, the function of 

gap junctions in the intestine is unknown, here we speculate on gap junction 

functions in the enterocytes and why their absence in intestinal stem cells could 

be essential to isolate them from mitogenic and apoptotic signals. 

 

Gap junction functions 

 In Drosophila, 8 innexin genes have been characterized, with different 

expression patterns33. For example, Inx7 and Inx2 were found in the embryonic 

intestinal epithelium. Different gap junctions proteins have been implicated in 

epithelial embryonic organization34, neurogenesis and synapse function, 

coordinated muscle contraction35, stem cell activation in the brain36 and 

reproduction37. They were not described in the Drosophila midgut, although 

previous reports had identified gap junction structure in the baso-lateral 

membrane of absorptive cells in the worm Sagitta setosa38.  

 Gap junctions have been implicated in intercellular communication via 

transfer of small metabolites (<1kDa) such as ions (Ca2+), reactive oxygen species, 

amino-acids or various nucleotides like cAMP and GDP-fucose35,39. However, we 

have not characterized gap junction function in the midgut. 

 

Gap junctions in the midgut 

 We showed before that only Inx2 and Inx7 are expressed in the adult midgut, 

and that they are restricted to ECs. I performed preliminary analysis to investigate 

the role of gap junction in ECs and tissue homeostasis. This is not shown here as 

it will require future work. I expressed Inx7 and Inx2 RNAi in the EC using the 

MyoAGal4 driver and did not detect obvious changes in the epithelium structure 
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although gap junction staining was lost. In addition, EC-specific KD of Inx7 and 

Inx2 did not induce stem cell proliferation, which suggests that loss of gap junction 

proteins does not perturb epithelium structure and homeostasis. I also noticed a 

region-specific localization of both Inx7 and Inx2 that could be indicative of 

particular function. Gap junctions were found in the region R2 and R4 of the gut 

but not in the most anterior (R1) and posterior (R5) regions. The staining was 

weaker in the acidic copper cell region (R3) of the gut, however a clear 

demarcation was made between R2-R3 and R3-R4, with a few layers of cells 

without detectable staining. 

 In many systems, gap junctions are important for Ca2+ signaling. Reactive 

oxygen species also have an important function in response to stress40. We think 

that gap junctions could be important to coordinate EC response to stress and 

cell death35 through exchange of ROS, Ca2+ and potentially other metabolites. 

Further investigations are required to decipher gap junction function in the midgut. 

 

 We also showed before that intestinal stem cells are isolated from the 

epithelium because they lack gap junctions. This could explain their susceptibility 

to replication stress induced DNA damage. However, stem cell isolation could 

also be beneficial to the stem cells. Several mitogenic signals rely on Ca2+ or ROS 

signaling in the stem cells41. Keeping those pathways separated in the stem cells 

from the EC could be essential to limit stem cell proliferation or to ensure stem 

cell maintenance. We are very interested in testing these hypotheses, and we are 

currently working on trying to add gap junction between stem cells and EC via 

UAS-Inx7 and UAS-Inx2 expression using the progenitor specific EscargotGal4 

driver. We will examine how this expression affect stem cell proliferation and 

differentiation in the tissue. Importantly, we would like to test whether having gap 

junctions would protect ISCs from replication stress induced by nucleotide 

depletion. 

 

Gap junction and tumor growth 
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 We demonstrated the role of gap junctions in limiting DNA damage in the 

developing wing disc. We now wonder how gap junction could affect tumor growth 

in this tissue. Several tumor models induced by oncogene expression are used in 

the wing disc, and mechanisms regulating tumor growth and cell competition with 

non-tumoral tissue have been investigated there. Increased levels of DNA damage 

have been described in RasV12 expressing cells42. Because of increased 

proliferation, we assume that tumor cells would require higher levels of dNTPs to 

complete replication. Is the neighboring tissue contributing to tumor growth by 

providing nucleotides required for DNA synthesis? How would gap junction loss in 

the tumor impact its growth and levels of DNA damage? We are setting up a new 

project to address these questions. 

 

Gap junctions, tissue specific mutations and cancer  

 Finally, we think that gap junction expression could be an indicator of stem 

cell or cancer cell susceptibility to replication stress and genome instability. In 

mammals, gap junctions are formed by hexameric channels composed of 

Connexins (Cx). In humans, 20 connexin isoform have been identified. Different 

effects of gap junction on carcinogenesis and tumor progression have been 

described43–45. Some data support the idea that gap junctions act as tumor 

suppressors in the early steps of tumorigenesis, loss of Cx26 a or Cx43 increases 

breast tumor incidence44. However, other data indicate that gap junction could be 

required for later stages of tumor progression, Cx26 is often highly expressed in 

lymph node metastasis of breast cancer and lung metastasis of colorectal 

cancer46,47. Cx43 expression is increased in brain metastasis48. Several evidence 

suggest that gap junction promote epithelial to mesenchymal transition and 

metastasis growth43. 

Thus, the contribution of gap junction to tumorigenesis is still quite unclear, 

and how different levels of gap junction expression relates to difference in genome 

instability has not been investigated. Similarly, whether gap junctions play a role 

in different stem cell population is understudied. 
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IV. Final statement 

This PhD work participated in the description of somatic mutations in 

intestinal stem cells and in the study of the contribution of replication stress and 

Polq in mutation formation in our system. We believe that it contributes to the 

general understanding of the mechanisms driving genome instability in stem cells 

and cancer cells. This work also provided the basis for future studies on 

mechanisms of chromosome alterations and has proposed a model for possible 

tissue-specific susceptibility to replication stress. 
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MOTS CLÉS 
Stress de réplication, Dommages à l’ADN, Cellules Souches, Drosophile 

RÉSUMÉ 
L'intégrité du génome dans les cellules souches des tissus à longue durée de vie est 

essentielle pour maintenir la fonction des tissus et prévenir l'apparition de cancers. Comment 
les cellules souches font face aux lésions de l'ADN détermine leur taux de mutation, leur 
susceptibilité au cancer, et leur déclin fonctionnel avec l'âge. Ma thèse visait à comprendre les 
facteurs causant des dommages à l'ADN, et les mécanismes agissant dans les cellules 
souches adultes pour prévenir les mutations spontanées. Il est proposé que le stress de 
réplication provoqué par l'appauvrissement en nucléotides augmente l'instabilité du génome 
dans les cellules cancéreuses, car il peut conduire à des réarrangements du génome. 
Cependant, on ne sait pas encore dans quelle mesure le stress de réplication est responsable 
des altérations génomiques dans les cellules souches adultes. De même, les mécanismes de 
réparation de l'ADN qui agissent pour réparer les lésions de l'ADN et qui sont liés aux 
réarrangements du génome ne sont pas complètement compris. L'intestin de la drosophile est 
un bon modèle pour étudier les cellules souches et l'homéostasie des tissus et répondre à ces 
questions.  

L’équipe de A. Bardin a précédemment montré que différents types de mutations 
somatiques apparaissent dans les cellules souches intestinales au cours du vieillissement. 
Notamment, les intestins mâles âgés développent fréquemment des néoplasies spontanées 
dues à l'inactivation du gène suppresseur de tumeur Notch par de petites ou grandes délétions 
ou des réarrangements génomiques plus complexes. Au cours de ma thèse, j'ai d'abord 
examiné comment les cellules souches âgées font face aux dommages à l'ADN. J'ai également 
contribué à caractériser la formation spontanée de néoplasies dans différents contextes 
génétiques. La microdissection et l'extraction de l'ADN des néoplasies pour le séquençage 
ultérieur du génome (avec K. Siudeja) et le développement de pipelines bioinformatiques (par 
N. Riddiford), ont permis la caractérisation des mutations somatiques des cellules souches 
intestinales. Comme de nombreux variants structurels identifiés suggéraient un mécanisme de 
réparation de l'ADN reposant sur les microhomologies, j'ai étudié le rôle de Pol Theta - une 
polymérase impliquée dans la réparation de l'ADN médiée par les microhomologies - dans les 
mutations somatiques et la formation de néoplasies dans les cellules souches intestinales.  

Plusieurs éléments du séquençage ont suggéré que le stress de réplication pourrait être 
une cause importante de mutation somatique dans les cellules souches. J'ai donc examiné les 
conséquences du stress de réplication induit par la déplétion de nucléotides sur les cellules 
souches. J'ai développé une approche cellule-spécifique pour induire le stress de réplication 
par le knockdown de RnrL (une enzyme essentielle pour la production de dNTPs). Dans 
l'intestin, le knockdown de RnrL a induit une accumulation de dommages à l'ADN dans les 
cellules souches en phase S et des défauts de prolifération, conduisant probablement à la 
perte de cellules souches. Cependant, j'ai observé que le knockdown de RnrL dans le disque 
d’aile en développement induisait rarement des dommages à l'ADN. Ensuite, j'ai démontré le 
rôle des jonctions GAP dans la limitation du stress de réplication, probablement en ajustant les 
niveaux de nucléotides entre cellules adjacentes. Enfin, j'ai montré que les jonctions GAP sont 
uniquement localisées entre les entérocytes dans l'intestin de drosophile mais pas dans les 
cellules souches. Les différences d'expression des jonctions GAP pourraient expliquer les 
différences de sensibilité des tissus et des cellules au stress de réplication et aux dommages 
à l'ADN. 



 

 

 

ABSTRACT 
Genome integrity in long-lived tissue stem cells is essential to maintain tissue 

function and prevent cancer initiation. How stem cells cope with DNA lesions determines 
their mutation rate, susceptibility to cancer, and likely age-related functional decline. My 
thesis aimed to understand what are the DNA damage causing factors, and what 
mechanisms are acting in adult stem cells to prevent spontaneous mutation. Replication 
stress driven by nucleotide depletion is proposed to increase genome instability in cancer 
cells, as it may lead to genome rearrangements. However, to what extent replication stress 
is responsible for genomic alterations in adult stem cells remains unclear. Likewise, the 
erroneous DNA repair mechanisms acting to repair DNA damage and linked to genome 
rearrangements are not completely understood. The Drosophila intestine is a good model 
system to study stem cells and tissue homeostasis and address these questions.  

The Bardin lab previously showed that different types of somatic mutations are 
arising in aging intestinal stem cells. Notably, wild type aged male guts frequently develop 
spontaneous neoplasias due to the inactivation of the tumor suppressor gene Notch by 
small or large deletions or more complex genomic rearrangements. During my thesis, I first 
examined how aged stem cells cope with DNA damage. I also helped to characterize the 
spontaneous formation of neoplasias in different genetic background. Microdissection and 
DNA extraction of neoplasias for subsequent whole-genome sequencing (work with K. 
Siudeja) and the development of bioinformatic pipelines (by N. Riddiford), allowed the 
characterization of the somatic mutations of intestinal stem cells. Since many structural 
variants identified suggested a DNA repair mechanism relying on microhomologies, I 
investigated the role of Pol Theta, a polymerase involved in microhomology mediated DNA 
repair, in somatic mutations and neoplasia formation in intestinal stem cells.  

Several evidence from the sequencing suggested that replication stress might be an 
important cause of somatic mutation in the stem cells. Therefore, I examined the 
consequences of nucleotide depletion-induced replication stress on stem cells. Importantly, 
I developed a cell specific approach to induce replication stress by RnrL knockdown (an 
enzyme essential for the production of dNTPs). In the gut, the knockdown of RnrL induced 
DNA damage accumulation in S phase stem cells and proliferation defects, likely leading 
to stem cell loss. However, I observed that knockdown of RnrL in the developing wing disc 
rarely induced DNA damage cell autonomously. Following this, I demonstrated a role for 
GAP junctions in non-cell autonomously limiting replication stress, likely by buffering 
nucleotide levels between adjacent cells. Finally, I showed that GAP junctions are only 
localized between enterocytes in the midgut but not in stem cells. Differences in GAP 
junctions expression could explain tissue and cell specific sensitivity to replication stress 
and DNA damage. 

KEYWORDS 
Replication Stress, DNA damage, Stem Cells, Drosophila 


