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Introduction

Adult tissues rely largely on the activity of stem cells to maintain tissue homeostasis and orchestrate a regenerative response to injury. 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 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 agerelated functional decline. Here, we present an amuse bouche, where we briefly summarize the major advances in this field with a focus on recent publications; it is meant as both an overview and a prelude for the reader towards a deeper exploration of many of the creative studies cited herein.

ISC identity and cell lineage decisions

Previous studies have characterized the ISC lineage and division properties allowing for differentiation and stem cell self-renewal. 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), respectively [START_REF] Micchelli | Evidence that stem cells reside in the adult Drosophila midgut epithelium[END_REF][START_REF] Ohlstein | The adult Drosophila posterior midgut is maintained by pluripotent stem cells[END_REF][START_REF] He | Mechanical regulation of stem-cell differentiation by the stretch-activated Piezo channel[END_REF][START_REF] Chen | Transient Scute activation via a self-stimulatory loop directs enteroendocrine cell pair specification from self-renewing intestinal stem cells[END_REF]. Here we highlight recent findings advancing our understanding of cell fate and lineage decisions in ISCs (Figure 1).

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 acquisition [START_REF] Goulas | The Par Complex and Integrins Direct Asymmetric Cell Division in Adult Intestinal Stem Cells[END_REF], recent work has clarified this further: Jun Kinase (JNK) signaling directly controls the spindle regulatory components Kif1a, Wdr62, and Mud [START_REF] Hu | Control of Intestinal Cell Fate by Dynamic Mitotic Spindle Repositioning Influences Epithelial Homeostasis and Longevity[END_REF]. Planar spindle orientations correlate with symmetric ISC fate acquisition and are more prevalent during regeneration, adaptive resizing, and aging [START_REF] Hu | Control of Intestinal Cell Fate by Dynamic Mitotic Spindle Repositioning Influences Epithelial Homeostasis and Longevity[END_REF]. As cell fate acquisition in the two ISC daughter cells depends largely on Notch/Delta signaling, future studies will determine how JNK-driven planar ISC divisions may alter ISC fate via Notch/Delta signaling and how they relate to studies indicating a contribution of Bmp signaling on symmetric ISC divisions [START_REF] Tian | Injury-stimulated and self-restrained BMP signaling dynamically regulates stem cell pool size during Drosophila midgut regeneration[END_REF].

Maintenance of ISC identity and early lineage decisions

ISC lineage decisions rely heavily on Notch signaling promoted by its ligand Delta (Dl). We cover current models for functions of Notch signaling and open questions on its role in the lineage in BOX 1.

Independent of Dl/Notch signaling, additional 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 genes [START_REF] Khaminets | Cohesin controls intestinal stem cell identity by maintaining association of Escargot with target promoters[END_REF]. Tramtrack69, a transcriptional repressor, is also required to maintain ISC identity; its inactivation converts ISCs to neural stem celllike state [START_REF] Li | A Switch in Tissue Stem Cell Identity Causes Neuroendocrine Tumors in Drosophila Gut[END_REF]. 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 mRNAs encoding differentiation genes such as Pdm1, expressed at low levels in ISCs [START_REF] Buddika | Intestinal progenitor P-bodies maintain stem cell identity by suppressing pro-differentiation factors[END_REF]. These findings highlight the necessity of transcriptional and post-transcriptional coordination required to preserve stem cell identity.

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 1). 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 expression of septate junction components, such as Tsp2A and Mesh required for EB integration in the epithelium [START_REF] Hung | A cell atlas of the adult Drosophila midgut[END_REF][START_REF] Xu | The Septate Junction Protein Tsp2A Restricts Intestinal Stem Cell Activity via Endocytic Regulation of aPKC and Hippo Signaling[END_REF][START_REF] Antonello | Robust intestinal homeostasis relies on cellular plasticity in enteroblasts mediated by miR-8-Escargot switch[END_REF]. Previous studies indicated that EB differentiation requires coordinated activity of numerous transcription factors, including Esg, Sox21a, GATAe, and Pdm1 (reviewed in [START_REF] Miguel-Aliaga | Anatomy and Physiology of the Digestive Tract of Drosophila melanogaster[END_REF]). New findings demonstrate that an early event in the EB differentiation is the expression of the transcription repressor, Klumpfuss (Klu), which inhibits EE determinant genes [START_REF] Hung | A cell atlas of the adult Drosophila midgut[END_REF][START_REF] Korzelius | The WT1-like transcription factor Klumpfuss maintains lineage commitment of enterocyte progenitors in the Drosophila intestine[END_REF]. In addition, Sox100B has a direct role activating transcription of Sox21a in EBs, essential for EC fate acquisition [START_REF] Doupé | Drosophila intestinal stem and progenitor cells are major sources and regulators of homeostatic niche signals[END_REF][START_REF] Jin | The Drosophila Ortholog of Mammalian Transcription Factor Sox9 Regulates Intestinal Homeostasis and Regeneration at an Appropriate Level[END_REF][START_REF] Meng | Sox100B Regulates Progenitor-Specific Gene Expression and Cell Differentiation in the Adult Drosophila Intestine[END_REF][START_REF] Villa | zfh2 controls progenitor cell activation and differentiation in the adult Drosophila intestinal absorptive lineage[END_REF]. Further EB morphological changes and growth are promoted by the zinc finger transcription factor Zfh2 [START_REF] Villa | zfh2 controls progenitor cell activation and differentiation in the adult Drosophila intestinal absorptive lineage[END_REF]. Future studies will be needed to understand the regulatory interplay between Klu, Zfh2, Sox100B, and previously identified transcription factors.

Interestingly, there is an emerging role for organelle activity and metabolic state in specific steps of differentiation (Figure 1). 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 expression [START_REF] Du | Peroxisome Elevation Induces Stem Cell Differentiation and Intestinal Epithelial Repair[END_REF]. Defects in the metabolism of mitochondria also inhibit EB growth and EC differentiation via activation of FOXO which prevents mTor signaling [21]. How other metabolic processes impinge on cell states will be an important future direction of study.

Another critical aspect of EB differentiation is the shift from the mitotic cell cycle in ISCs, to the endocycle in differentiating EBs, resulting in polyploid ECs (Figure 1). 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 endocycles [START_REF] Willms | Myt1 Kinase Couples Mitotic Cell Cycle Exit with Differentiation in Drosophila[END_REF]. In addition, Klu is also proposed to inhibit the mitotic cell cycle in EBs through binding to and repressing CycE and CycB [START_REF] Korzelius | The WT1-like transcription factor Klumpfuss maintains lineage commitment of enterocyte progenitors in the Drosophila intestine[END_REF]. Alteration of nucleotide metabolism has also been suggested to be critical for EC differentiation, likely through control of endocycle [START_REF] Arnaoutov | IRBIT Directs Differentiation of Intestinal Stem Cell Progeny to Maintain Tissue Homeostasis[END_REF].

It was recently established that EB fate is also under the control of cell death pathways. In 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, Diap1 [START_REF] Reiff | Notch and EGFR regulate apoptosis in progenitor cells to ensure gut homeostasis in Drosophila[END_REF]. A balance of EB survival versus apoptosis is accomplished by Notch signaling priming EBs for cell death and EGFR signaling promoting cell survival. This mechanism ensures that in healthy, homeostatic tissue, excess numbers of EBs are culled, whereas in regenerative conditions, EB survival is enhanced [START_REF] Reiff | Notch and EGFR regulate apoptosis in progenitor cells to ensure gut homeostasis in Drosophila[END_REF]. Additional non-apoptotic functions of the initiator caspase Dronc also promote EB differentiation [START_REF] Arthurton | Non-apoptotic caspase activation preserves Drosophila intestinal progenitor cells in quiescence[END_REF][START_REF] Lindblad | Non-apoptotic enteroblast-specific role of the initiator caspase Dronc for development and homeostasis of the Drosophila intestine[END_REF].

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 ISCs [START_REF] Erez | A Non-stop identity complex (NIC) supervises enterocyte identity and protects from premature aging[END_REF][START_REF] Brodsly | The transcription factor Hey and nuclear lamins specify and maintain cell identity[END_REF]. The inactivation of Hey in the EC favors the expression of the lamin, LamDmO, which is usually only expressed in ISCs. Conversely, EC-specific LamC is reduced in these conditions, ultimately modifying the EC transcriptional profile. Similarly, inactivation of Non-STOP leads to a downregulation of EC genes and upregulation of non-EC programs. 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 elsewhere [START_REF] Miguel-Aliaga | Anatomy and Physiology of the Digestive Tract of Drosophila melanogaster[END_REF][START_REF] Gervais | Tissue homeostasis and aging: new insight from the fly intestine[END_REF]. The transcriptional program leading to EE differentiation relies on the bHLH factor Scute that primes ISCs toward EE fate (Figure 1 and BOX 1).

Upon cell division, the EE primed ISC will give rise to an EE precursor cell (EEP) along with a renewed ISC (see BOX 1 for additional details). Single-cell RNA-seq data has provided additional evidence that EE cells originate through distinct EEPs [START_REF] Hung | A cell atlas of the adult Drosophila midgut[END_REF][START_REF] Guo | The Cellular Diversity and Transcription Factor Code of Drosophila Enteroendocrine Cells[END_REF]. It was recently suggested that EE priming in progenitor cells is epigenetically regulated by Polycomb complex proteins [START_REF] Tauc | Age-related changes in polycomb gene regulation disrupt lineage fidelity in intestinal stem cells[END_REF]. 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 cells [START_REF] Hung | A cell atlas of the adult Drosophila midgut[END_REF][START_REF] Guo | The Cellular Diversity and Transcription Factor Code of Drosophila Enteroendocrine Cells[END_REF]. 10 major subtypes of EEs were identified with strong regional specialization. The differentiation of most of the characterized subtypes relies on the expression of 14 different transcription factors and arise from distinct sub-lineages with differential requirements for Notch signaling [START_REF] Guo | The Cellular Diversity and Transcription Factor Code of Drosophila Enteroendocrine Cells[END_REF][START_REF] Beehler-Evans | Generation of enteroendocrine cell diversity in midgut stem cell lineages[END_REF]. 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 known [START_REF] Miguel-Aliaga | Anatomy and Physiology of the Digestive Tract of Drosophila melanogaster[END_REF],

undoubtedly future studies will elucidate additional activities of these molecules.

Fine-tuning ISC proliferation

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, noncell 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, 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 [START_REF] Miguel-Aliaga | Anatomy and Physiology of the Digestive Tract of Drosophila melanogaster[END_REF][START_REF] Gervais | Tissue homeostasis and aging: new insight from the fly intestine[END_REF]). How these different pathways are integrated in ISCs to balance cell proliferation rates is still somewhat elusive. We discuss here recent advances in our understanding of cell-autonomous and non-cellautonomous regulation (Figure 2).

Cell-autonomous regulation of proliferation

Recent studies indicate that the trafficking and degradation of signaling receptors are exquisitely regulated in ISCs (Figure 2). Upon tissue damage, internalization of the BMP receptor, Tkv, in ISCs requires Awd, a facilitator of dynamin endocytic function; this promotes Mad activation driving ISC return to quiescence [START_REF] Cai | AWD regulates timed activation of BMP signaling in intestinal stem cells to maintain tissue homeostasis[END_REF]. 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 damage [START_REF] Johansson | RAL GTPases Drive Intestinal Stem Cell Function and Regeneration through Internalization of WNT Signalosomes[END_REF][START_REF] Naszai | RAL GTPases mediate EGFR/MAPK signalling-driven intestinal stem cell proliferation and tumourigenesis upstream of RAS activation[END_REF].

Likewise, under homeostatic conditions, EGFR protein levels are tightly regulated in ISCs and limited through SH3PX1-dependent autophagic degradation [START_REF] Zhang | An SH3PX1-Dependent Endocytosis-Autophagy Network Restrains Intestinal Stem Cell Proliferation by Counteracting EGFR-ERK Signaling[END_REF]. EGFR protein levels are also controlled indirectly by the chromatin remodelers, Kismet and Trithorax-related, that promote expression of Cbl, an E3-ligase that degrades EGFR, thereby restraining ISC proliferation during homeostasis [START_REF] Gervais | Stem Cell Proliferation Is Kept in Check by the Chromatin Regulators Kismet/CHD7/CHD8 and Trr/MLL3/4[END_REF].

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 2). Interestingly, the transcription factor Lola, limits ISC proliferation by downregulation of cell cycle regulators and seems to act downstream of Hippo/Wts, yet independently of the canonical component Yki [START_REF] Hao | Lola regulates Drosophila adult midgut homeostasis via non-canonical hippo signaling[END_REF]. 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 signaling [39]. Finally, a novel role on ISC proliferation was found for Adenosine receptor (AdoR) signaling that stimulates Ras [START_REF] Xu | An in vivo RNAi screen uncovers the role of AdoR signaling and adenosine deaminase in controlling intestinal stem cell activity[END_REF]. Acting during homeostasis, AdoR signaling is amplified after tissue damage due to enhanced extracellular adenosine levels [START_REF] Xu | An in vivo RNAi screen uncovers the role of AdoR signaling and adenosine deaminase in controlling intestinal stem cell activity[END_REF]. 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 2). Tissue damage induces ROS via Nox and Duox enzymes activating the Ask1-MJJ3-p38 pathway [START_REF] Patel | This study precisely dissects the role and genetic interactions of the Ask1-p38 signaling pathway in enterocytes upon ROS production in response to different epithelial stress[END_REF]. However, ROS can also activate JNK signaling, whose downstream effects in ECs rely at least in part on the transcription factor Ets21c [42]. Ets21c induces Upd3 expression in ECs, which mediates Jak/STAT-dependent proliferation in adjacent ISCs. ROS production can also arise due to defects in mitochondrial metabolism activating JNK signaling in ECs [START_REF] Dai | Drosophila Caliban preserves intestinal homeostasis and lifespan through regulating mitochondrial dynamics and redox state in enterocytes[END_REF]. 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 ISCs [START_REF] Ngo | Disruption of EGF Feedback by Intestinal Tumors and Neighboring Cells in Drosophila[END_REF]. JNK, therefore, is a broad sensor of numerous types of tissue damage and can also be activated by alteration in pyruvate metabolism [START_REF] Wisidagama | Regulation of Drosophila Intestinal Stem Cell Proliferation by Enterocyte Mitochondrial Pyruvate Metabolism[END_REF]. 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 pathway [START_REF] Perochon | Dynamic adult tracheal plasticity drives stem cell adaptation to changes in intestinal homeostasis in Drosophila[END_REF][START_REF] Tamamouna | Remodelling of oxygen-transporting tracheoles drives intestinal regeneration and tumorigenesis in Drosophila[END_REF]. ROS produced in dying ECs cells can also recruit hemocytes, which themselves produce ROS leading to JNK activation in nearby ECs [START_REF] Amcheslavsky | Transiently "Undead" Enterocytes Mediate Homeostatic Tissue Turnover in the Adult Drosophila Midgut[END_REF].

In addition to tissue damage per se, diverse cellular defects in ECs cause a stress response that non-autonomously stimulates ISC proliferation (Figure 2). Functional septate junctions (SJ) are essential sensors of EC health; their perturbation leads to activation of Yki and Upd3 expression [START_REF] Xu | The Septate Junction Protein Tsp2A Restricts Intestinal Stem Cell Activity via Endocytic Regulation of aPKC and Hippo Signaling[END_REF][START_REF] Izumi | Septate junctions regulate gut homeostasis through regulation of stem cell proliferation and enterocyte behavior in Drosophila[END_REF][START_REF] Chen | The Snakeskin-Mesh Complex of Smooth Septate Junction Restricts Yorkie to Regulate Intestinal Homeostasis in Drosophila[END_REF][START_REF] Izumi | The novel membrane protein Hoka regulates septate junction organization and stem cell homeostasis in the Drosophila gut[END_REF]. Mechanistically, the SJ component, Tsp2A, promotes endocytosis and lysosomal degradation of aPKC [START_REF] Xu | The Septate Junction Protein Tsp2A Restricts Intestinal Stem Cell Activity via Endocytic Regulation of aPKC and Hippo Signaling[END_REF]. Since aPKC antagonizes Hippo, its accumulation upon Tsp2A knockdown results in activation of Yki. SJs likely have sensor functions during stress, aging, and defective trafficking or autophagy, conditions in which loss of SJ proteins occur [START_REF] Xu | The Septate Junction Protein Tsp2A Restricts Intestinal Stem Cell Activity via Endocytic Regulation of aPKC and Hippo Signaling[END_REF][START_REF] Ngo | Disruption of EGF Feedback by Intestinal Tumors and Neighboring Cells in Drosophila[END_REF][START_REF] Resnik-Docampo | Tricellular junctions regulate intestinal stem cell behaviour to maintain homeostasis[END_REF][START_REF] Nagai | Homeostatic Regulation of ROS-Triggered Hippo-Yki Pathway via Autophagic Clearance of Ref(2)P/p62 in the Drosophila Intestine[END_REF]. 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 contexts [START_REF] Nagai | Homeostatic Regulation of ROS-Triggered Hippo-Yki Pathway via Autophagic Clearance of Ref(2)P/p62 in the Drosophila Intestine[END_REF].

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, and gonads. In particular, mating provokes physiological and behavioral changes in females that are mediated by Sex peptide, Juvenile Hormone and Ecdysone allowing an increase in nutrient intake required to fulfill the energy-demanding egg production (further detailed in Figure 3).

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 stem cell overproliferation and results in dysplasia. Studies of aging and its impact on Drosophila ISCs have been recently comprehensively reviewed [START_REF] Rodriguez-Fernandez | Hallmarks of agin+g Drosophila intestinal stem cells[END_REF]. Here, we highlight the newest findings in this area of study.

DNA damage and genome instability

Previous work has demonstrated increased of marks for oxidative DNA damage and DNA breaks during aging intestinal stem cells [START_REF] Park | Age-and oxidative stressinduced DNA damage in Drosophila intestinal stem cells as marked by Gamma-H2AX[END_REF]. 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 stress [START_REF] Na | Nutrient-Driven O-GlcNAcylation Controls DNA Damage Repair Signaling and Stem/Progenitor Cell Homeostasis[END_REF]. This O-GlyNacylation in part mediates DNA damage upregulation in ISCs upon oxidative stress and high sugar diet, therefore linking nutrient uptake and glucose metabolism to DNA damage [START_REF] Na | Nutrient-Driven O-GlcNAcylation Controls DNA Damage Repair Signaling and Stem/Progenitor Cell Homeostasis[END_REF].

In addition to increased marks of DNA damage in ISCs during aging, our previous studies found a rise in somatic mutations in the gut [START_REF] Siudeja | Frequent Somatic Mutation in Adult Intestinal Stem Cells Drives Neoplasia and Genetic Mosaicism during Aging[END_REF]. 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 Notch [START_REF] Siudeja | Frequent Somatic Mutation in Adult Intestinal Stem Cells Drives Neoplasia and Genetic Mosaicism during Aging[END_REF]. Recently, we have expanded our characterization of the genome alterations affecting aged intestinal stem cells [START_REF] Riddiford | Evolution and genomic signatures of spontaneous somatic mutation in Drosophila intestinal stem cells[END_REF][START_REF] Siudeja | Unraveling the features of somatic transposition in the Drosophila intestine[END_REF]. Whole-genome sequencing of male neoplasia reveal that structural variants and point mutations occur genome-wide [START_REF] Riddiford | Evolution and genomic signatures of spontaneous somatic mutation in Drosophila intestinal stem cells[END_REF]. In addition to structural variants and point mutations, de novo insertion of transposable elements (TEs) are also detected genome-wide as well as within the Notch locus, likely responsible for neoplasia formation in some instances [START_REF] Siudeja | Unraveling the features of somatic transposition in the Drosophila intestine[END_REF]. Our finding suggested tissue-specific variation in TE subclass mobility, with some TEs being more mobile in the gut than the brain or germline [START_REF] Siudeja | Unraveling the features of somatic transposition in the Drosophila intestine[END_REF]. Altogether, this demonstrates that the ongoing DNA damage in ISCs during aging can have significant genomic consequences and alter tissue homeostasis.

Nuclear organization and epigenetic regulation during aging

The nuclear organization and chromatin structure were shown to be altered upon aging in different model systems [60]. ECs were shown to undergo alteration of chromatin organization with changes in histone H3K9me3 and HP1 [START_REF] Jeon | Effect of heterochromatin stability on intestinal stem cell aging in Drosophila[END_REF]. Similarly, 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 structures [START_REF] Erez | A Non-stop identity complex (NIC) supervises enterocyte identity and protects from premature aging[END_REF][START_REF] Brodsly | The transcription factor Hey and nuclear lamins specify and maintain cell identity[END_REF].

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 suggest that changes in ISC H3K27me2 levels, catalyzed by the Polycomb Repressive Complex 2 (PRC2), lead to a bias toward EE fate by upregulation of EE-specific gene expression [START_REF] Tauc | Age-related changes in polycomb gene regulation disrupt lineage fidelity in intestinal stem cells[END_REF]. Further characterization of chromatin states in young and aged stem cells would be required to establish the full extent of epigenetic alterations in ISC and differentiated cells.

Metabolic alteration with age

Loss of proteostasis has been associated with aging in numerous tissues and organisms [60]. Upon induction of protein aggregates thought to disrupt proteostasis, ISCs undergo cell cycle arrest, which depends on Keap1-Nrf2/CncC and the cyclin-dependent kinase inhibitor, Dacapo. Interestingly, this "proteostatic checkpoint" is defective in aged ISCs. Overexpression of Nrf2/CncC pathway improves age-related increase in cell proliferation and decline in gut barrier function [START_REF] Rodriguez-Fernandez | Loss of a proteostatic checkpoint in intestinal stem cells contributes to age-related epithelial dysfunction[END_REF].

As mention above, mitochondria have important roles in ISCs; their quality control during aging is essential in Drosophila ISCs [START_REF] Koehler | Pink1 and Parkin regulate Drosophila intestinal stem cell proliferation during stress and aging[END_REF] as well as in a wide variety of cell types in many species [60].

Mitochondrial metabolism is crucial for ISC proliferation and differentiation [21,[START_REF] Schell | Control of intestinal stem cell function and proliferation by mitochondrial pyruvate metabolism[END_REF][START_REF] Bensard | Regulation of Tumor Initiation by the Mitochondrial Pyruvate Carrier[END_REF]. Upon tissue damage, ISC proliferation requires an intensification of mitochondrial activity [START_REF] Morris | Warburg-like Metabolic Reprogramming in Aging Intestinal Stem Cells Contributes to Tissue Hyperplasia[END_REF]. In aged ISCs, mitochondrial Ca 2+ levels as well as ATP production are reduced marking a switch from mitochondrial respiration to aerobic glycolysis [START_REF] Morris | Warburg-like Metabolic Reprogramming in Aging Intestinal Stem Cells Contributes to Tissue Hyperplasia[END_REF]. This Warburg-like metabolic reprogramming drives ISC hyperproliferation and resembles the metabolic rewiring of oncogene-transformed cells [START_REF] Morris | Warburg-like Metabolic Reprogramming in Aging Intestinal Stem Cells Contributes to Tissue Hyperplasia[END_REF].

Additional studies will be required to understand how changes in mitochondria and their metabolic function during aging feedback on cell-cell signaling pathways.

Conclusions future questions:

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 additional genomic 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 dynamic nature of cell death, cell proliferation and tissue remodeling in real time [START_REF] Koyama | Bellymount enables longitudinal, intravital imaging of abdominal organs and the gut microbiota in adult Drosophila[END_REF][START_REF] Martin | Long-term live imaging of the Drosophila adult midgut reveals real-time dynamics of division, differentiation and loss[END_REF]. 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 interaction with diverse microbiota influences intestinal stem cell function and tissue regeneration [START_REF] Ferguson | Differential effects of commensal bacteria on progenitor cell adhesion, division symmetry and tumorigenesis in the Drosophila intestine[END_REF][START_REF] Von Frieling | A high-fat diet induces a microbiota-dependent increase in stem cell activity in the Drosophila intestine[END_REF][START_REF] Zhou | JNK-dependent intestinal barrier failure disrupts hostmicrobe homeostasis during tumorigenesis[END_REF]. While we only alluded to this here, a large body of literature focuses on the effects of commensal and pathogenic bacteria on metabolism and immunity of the gut and organism [START_REF] Grenier | How commensal microbes shape the physiology of Drosophila melanogaster[END_REF][START_REF] Lesperance | Microbiomes as modulators of Drosophila melanogaster homeostasis and disease[END_REF]. 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 and human pluripotent cell culture systems. Studies over the years have implicated different levels of Notch signaling in regulating the ISC lineage [START_REF] Perdigoto | Distinct levels of Notch activity for commitment and terminal differentiation of stem cells in the adult fly intestine[END_REF][START_REF] Guo | Bidirectional Notch signaling regulates Drosophila intestinal stem cell multipotency[END_REF][START_REF] Ohlstein | Multipotent Drosophila Intestinal Stem Cells Specify Daughter Cell Fates by Differential Notch Signaling | Science[END_REF]. A complete understanding of how Notch signaling 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 stem cell and further divides once to make 2 EE cells. Notch signaling was previously thought to be off in ISCs, though recent data suggest that low levels of Notch signaling and activation of a subset of target genes may have essential functions in ISCs to regulate their maintenance, proliferation, and lineage decisions.

Earlier studies proposed that a low level of Notch signal was activated in ISCs coming from Delta (Dl) ligand in adjacent EEs or EE precursor cells (panel A) [START_REF] Guo | Bidirectional Notch signaling regulates Drosophila intestinal stem cell multipotency[END_REF]. Support for this model came from genetic experiments in which the overexpression the proneural transcription factor, asense (ase), was used to prime all ISCs for the EE cell fate. The authors detected pairs of cells, in which one cell expressed the Notch ligand, Delta as well as the transcription factor Prospero (Dl+ Pros+) and the other adjacent cell had an activated reporter for Notch-driven transcription (NRE-LacZ), suggesting signaling from the Dl+ cell to its neighbor. The ISC was presumed to be the cell with Notch transcription activity (NRE-LacZ+). The adjacent cell expressing both the stem cell marker Dl+ and the EE associated transcription factor Pros (Dl+ Pros+) was considered to be an EE (see panel A). The authors proposed a model in which Notch signaling is activated in ISCs by Dl ligand in adjacent EEs (or EEPs) and promotes ISC survival and multipotency. The genetic experiments supporting these findings are consistent with those of Chen and colleagues, though the interpretations of the underlying role of Notch and in which cell it is activated, differ [START_REF] Chen | Transient Scute activation via a self-stimulatory loop directs enteroendocrine cell pair specification from self-renewing intestinal stem cells[END_REF][START_REF] Hung | A cell atlas of the adult Drosophila midgut[END_REF][START_REF] Guo | The Cellular Diversity and Transcription Factor Code of Drosophila Enteroendocrine Cells[END_REF].

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 EEPs [START_REF] He | Mechanical regulation of stem-cell differentiation by the stretch-activated Piezo channel[END_REF][START_REF] Chen | Transient Scute activation via a self-stimulatory loop directs enteroendocrine cell pair specification from self-renewing intestinal stem cells[END_REF][START_REF] Hung | A cell atlas of the adult Drosophila midgut[END_REF][START_REF] Guo | The Cellular Diversity and Transcription Factor Code of Drosophila Enteroendocrine Cells[END_REF]. A careful dissection in ISCs and their daughters of the gene regulatory network previously described during lateral inhibition in peripheral nervous system, suggested an alternative model for low level of Notch activation and its function (panel B): Notch signaling occurring between the two ISC daughter cells leads to low level activation of bHLH E(spl)-C target genes (not detectable by NRE-LacZ reporters) [START_REF] Guo | The function of the transcriptional co-repressors Groucho and CtBP in stem cells and enteroblasts is investigated here. It refines our understanding of the Notch dependent expression of E(spl)-C genes regulating proliferation and differentiation[END_REF]. bHLH E(spl)-C proteins with their corepressor, Groucho, act to repress cell cycle genes [START_REF] Guo | The function of the transcriptional co-repressors Groucho and CtBP in stem cells and enteroblasts is investigated here. It refines our understanding of the Notch dependent expression of E(spl)-C genes regulating proliferation and differentiation[END_REF]. 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, consistent with reports of high levels of Scute upregulation when Notch is inactivated [START_REF] Chen | Transient Scute activation via a self-stimulatory loop directs enteroendocrine cell pair specification from self-renewing intestinal stem cells[END_REF]78].

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 loop [START_REF] Chen | Transient Scute activation via a self-stimulatory loop directs enteroendocrine cell pair specification from self-renewing intestinal stem cells[END_REF]. When a sufficient level of Scute is present, the ISC becomes EE-primed and will divide and produce an ISC and an EEP, which upon further cell division will make EE cells (panel C).

Many questions remain unanswered here: How exactly is the choice between ISC and EEP made? Can ISCs convert into EEPs in some contexts, leading to their direct production of EEs and loss? Some EE cell sub-types require Notch signaling -does this signaling occur directly between EE cells? If not, are there multiple divisions of EEPs in these sub-lineages, some having Notch-dependent binary decisions? How may Notch cell fate decisions between daughter cells be coupled with the cell division angle? 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 signaling, Numb, and mechanical input [START_REF] He | Mechanical regulation of stem-cell differentiation by the stretch-activated Piezo channel[END_REF][START_REF] Chen | Transient Scute activation via a self-stimulatory loop directs enteroendocrine cell pair specification from self-renewing intestinal stem cells[END_REF][START_REF] Hung | A cell atlas of the adult Drosophila midgut[END_REF][START_REF] Miguel-Aliaga | Anatomy and Physiology of the Digestive Tract of Drosophila melanogaster[END_REF][START_REF] Guo | The Cellular Diversity and Transcription Factor Code of Drosophila Enteroendocrine Cells[END_REF]. Future work will undoubtedly reveal addition surprises of cell fate control in the ISC lineage. 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-cellautonomously. 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 references. After mating, Sex Peptide (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 Juvenile hormone production by the corpus allata through a neuronal relay [START_REF] Ameku | Midgut-derived neuropeptide F controls germline stem cell proliferation in a mating-dependent manner[END_REF][START_REF] White | Drosophila melanogaster sex peptide regulates mated female midgut morphology and physiology[END_REF]. Both SP and Ecdysone directly promote ISC proliferation and gut expansion [START_REF] Reiff | Endocrine remodelling of the adult intestine sustains reproduction in Drosophila[END_REF][START_REF] Zipper | Ecdysone steroid hormone remote controls intestinal stem cell fate decisions via the PPARγ-homolog Eip75B in Drosophila[END_REF]. Mechanistically, Ecdysone induces the expression of EGFR pathway genes (spi, krn, rho) via Eip75B [START_REF] Ahmed | Fitness trade-offs incurred by ovary-to-gut steroid signalling in Drosophila[END_REF] and promotes the Pri mediated post-translational modification of the mitogenic factor Shavenbaby [START_REF] Hayek | Steroid-dependent switch of OvoL/Shavenbaby controls self-renewal versus differentiation of intestinal stem cells[END_REF]. Ecdysone also stimulates food intake through myosuppressin (Ms) expressing neurons mediated crop enlargement [START_REF] Hadjieconomou | Enteric neurons increase maternal food intake during reproduction[END_REF]. In addition, the enteroendocrine cell (EE) pool increases upon mating. EE secretion of the neuroendocrine peptide Bursicon drives: (1) Ms neuron activation responsible for food intake [START_REF] Hadjieconomou | Enteric neurons increase maternal food intake during reproduction[END_REF], revealing a brain-gut-brain axis regulated by Ecdysone; and (2) lipid metabolism and energy catabolism in the Enterocytes and in the fat body [START_REF] White | Drosophila melanogaster sex peptide regulates mated female midgut morphology and physiology[END_REF][START_REF] Scopelliti | A Neuronal Relay Mediates a Nutrient Responsive Gut/Fat Body Axis Regulating Energy Homeostasis in Adult Drosophila[END_REF]. Through different pathways, enteroendocrine cells modulate organismal metabolism [START_REF] Zhou | Physiological and Pathological Regulation of Peripheral Metabolism by Gut-Peptide Hormones in Drosophila[END_REF]. EE cells feedback to the ovaries and promote germline stem cells division via production of neuropeptide F in response to SP signaling [START_REF] Ameku | Midgut-derived neuropeptide F controls germline stem cell proliferation in a mating-dependent manner[END_REF]. In males as well midgut metabolic changes are linked to sperm production and food intake regulation [START_REF] Hudry | Sex Differences in Intestinal Carbohydrate Metabolism Promote Food Intake and Sperm Maturation[END_REF].
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