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CONNECTING PROLIFERATION AND APOPTOSIS IN DEVELOPMENT AND DISEASE David R. Hipfner and Stephen M. Cohen Abstract | Cells grow and divide rapidly during embryonic and postnatal development. Net tissue growth reflects the balance between the addition of new cells and the elimination of existing cells by programmed cell death. Cells compete for growth and survival factors to ensure an appropriate balance between the addition and elimination of cells. Elaborate mechanisms ensure that cells do not evade these constraints, and thereby prevent uncontrolled proliferation.



CELL GROWTH



An increase in cell mass. ONCOGENE



A gene that is causally linked to the formation of tumours in vivo, usually as a result of mutant forms of the gene. BASIC HELIX–LOOP–HELIX LEUCINE-ZIPPER PROTEIN



A type of transcription factor with a basic domain, a ‘helix–loop–helix’ DNA-binding motif and a ‘leucine zipper’ dimerization domain. CYCLINS



A family of proteins, the levels of which fluctuate throughout the cell cycle. By activating cyclindependent kinases, they regulate the cell cycle. D- and E-type cyclins promote G1–S phase progression; A- and B-type cyclins regulate S–G2–M progression.



European Molecular Biology Laboratory, Meyerhofstrasse 1, 169117, Heidelberg, Germany. e-mails: [email protected]; [email protected] doi:10.1038/nrm1491



Much has been learned about the molecular mechanisms that control CELL GROWTH, cell division and cell death. Coordination of these processes is essential for normal embryonic development. In this review, we use the term ‘cell proliferation’ to denote the combination of cell growth and cell division. Although cell growth and cell division are distinct and separable processes, their rates are usually coordinated so that tissues grow by an increase in cell number but the size of constituent cells remains within a typical range. A notable exception to this occurs in endoreplicating tissues, which grow partly by replicating their DNA without cell division (this will not be discussed further; for a review, see REF. 1). Productive tissue growth requires the rate of cell proliferation to exceed that of cell death. At first glance, this might seem simple. In fact, in tissue culture, where conditions are conducive to cell survival and the control of cell proliferation rates predominates, it is simple. But, it has been known for nearly 30 years that cells in developing tissues compete with one another to survive and proliferate2. Increasing evidence, which is largely based on genetic studies in mice and fruitflies, indicates that the mechanisms regulating cell proliferation and apoptosis might also be intimately linked in growing animals. Recent evidence implicates these mechanisms in the competition for cell survival in vivo. This review will focus on the emerging connections between proliferation and apoptosis in the context of tissue growth during development.
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The Myc connection



Myc in cell growth and division. Although the Myc gene was originally identified as an ONCOGENE, the normal function of the Myc family of transcription factors is in the control of cell proliferation in animals (reviewed in REFS 3,4). Mammals have three Myc proteins: c-Myc, NMyc and L-Myc. These proteins are BASIC HELIX–LOOP–HELIX LEUCINE-ZIPPER (bHLH-Zip) transcription factors that bind to the bHLH-Zip protein Max. Myc–Max heterodimers regulate the transcription of target genes. Genome-wide studies indicate that Myc proteins probably ‘fine-tune’ the expression of a large number of genes, rather than turning them on or off 5,6. Recent estimates from flies and mice indicate that 10–15% of all genes might be affected by Myc activity7,8. Two important groups of genes that are induced by Myc encode metabolic enzymes and proteins that are involved in the control of protein synthesis — including ribosomal proteins, translation-initiation factors and elongation factors6,9. This indicates that Myc regulates the production of the basic cellular growth machinery. Myc proteins also regulate several genes that encode cell-cycle regulators. These include regulators of G1 progression, such as D-type CYCLINS, cyclin-dependent kinase (CDK)4 (REFS 10,11) and E-type cyclins12,13, as well as E2F PROTEINS, which are essential for the initiation of DNA synthesis 7,14 (S-phase entry; FIG. 1). In flies, Myc has been shown to drive G1–S progression in cells of the WING IMAGINAL DISCS at least in part by
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Figure 1 | Myc regulation of G1–S progression. Mitogenic signals that are mediated through Myc-family proteins promote G1–S progression by several mechanisms. Myc induces the expression of cyclin D and cyclin-dependent kinase (CDK)4, which together form an active kinase complex. Low-level phosphorylation of retinoblastoma (RB) family proteins by cyclin-D–CDK4 (or cyclin-D–CDK6, not shown) disrupts interactions between RB and E2F proteins, which relieves RB-mediated repression of E2F-target genes. Early E2F-dependent transcription of cyclin E (which might also be a Myc target) leads to the formation of active cyclin-E–CDK2 complexes. Cyclin-E–CDK2 functions in a positive-feedback loop to promote RB hyperphosphorylation. This releases E2F, which results in the full activation of E2F target genes that promote entry into S-phase. The activities of cyclin–CDK complexes are opposed by CDK inhibitors, which might be targets for Myc-mediated repression. p21CIP1 and p27KIP1 inactivate cyclin-E–CDK2 complexes. p21CIP1 and p27KIP1 are also sequestered by active cyclin-D–CDK complexes, which frees cyclin-E–CDK2 from their inhibitory effects. p16INK4a binds to, and disrupts, cyclin-D–CDK complexes, which blocks G1–S progression both by preventing the cyclin-D–CDK4-mediated RB protein phosphorylation and by releasing sequestered p21CIP1 and p27KIP1.



E2F PROTEINS



Members of a family of transcription factors that control the expression of genes that are involved in cell-cycle progression, including cyclin E, string CDC25 phosphatase and components of the DNAsynthesis machinery. WING IMAGINAL DISCS



Imaginal discs are the larval precursors of adult structures. The wing imaginal discs make the dorsal thorax and the wing appendages. HYPOMORPHIC



A mutation that reduces, but does not completely eliminate, the function of a gene. PRIMARY CELLS



Cultured cells that are derived directly from tissue (often embryonic tissue). They are distinct from transformed cell lines.
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increasing the levels of Cyclin E, although this seems to be a post-transcriptional effect15,16. Cyclin E is rate-limiting for G1–S progression in flies, but is apparently not essential in mammalian cells17,18. Myc also downregulates the genes that encode the CDK inhibitors p27KIP1, p21CIP1 and p15INK4B, which inhibit G1 progression9,19–22. The reduction of p27KIP1 levels seems to be essential for c-Myc-induced cell-cycle progression23. Interestingly, the loss of p27 KIP1 alone can trigger increased organ and organism growth24–26. So, the Myc proteins seem to regulate the rates of cell growth and G1–S progression through coordinated effects on many genes and, although some details of the mechanism might differ, this role seems to be generally conserved in different systems. Myc mutants are small. A decrease in Myc activity reduces body size in mice and flies. The expression of c-Myc in mid-gestation mouse embryos correlates with patterns of proliferation — high levels of expression are observed only in rapidly proliferating tissues 27. Complete removal of c-Myc by targeted gene disruption in mice results in impaired growth of
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the embryo and in embryonic death28, and a reduced level of c-Myc activity leads to decreased body size at birth29. c-Myc HYPOMORPHIC mice are smaller because they have fewer cells; cell size, however, is normal. PRIMARY CELLS that are derived from mice that lack c-Myc undergo cell-cycle arrest, but those that are derived from mice with reduced c-Myc levels still divide, albeit at a reduced rate that is dependent on their c-Myc levels29. Flies with decreased Myc activity are small because of a reduction in both cell size and cell number 15,30,31. Conversely, Myc overexpression in flies caused net tissue growth by increasing cell size 15. Originally, this was thought to occur without a change in cell number, which indicated that, in flies, the function of Myc was to control cell growth rather than proliferation per se. However, a more recent study has shown that Myc overexpression in flies drives net cell proliferation if apoptosis is prevented32. So, the main difference between the myc-mutant phenotypes in flies and mice is that a change in cell size is seen in the fly that is not seen in mice. It seems unlikely that these observed differences in cellular phenotypes reflect an intrinsic difference in the mouse and fly Myc proteins. Indeed, fly Myc can rescue the proliferation defects of c-Myc-mutant mouse fibroblasts29. But is there a fundamental difference in the way that Myc proteins affect cells in these systems? The impaired rate of tissue growth in mouse and fly Myc mutants indicates that there is probably an underlying reduction in the rate of biomass accumulation at the cellular level in both cases. Rat fibroblasts in which c-Myc has been disrupted accumulate protein and RNA 2–3-times more slowly than control cells, but they maintain a normal cell size33. This is apparently similar to the changes seen in c-Myc hypomorphic mice. Maintenance of cell size in vertebrates could be explained by a potential CELL-SIZE CHECKPOINT that delays division until cells reach their normal size, even though they grow more slowly34. It should be noted, however, that the existence of a strict cell-size-checkpoint mechanism has been questioned 35. In the fly, some experiments support the existence of a cell-size checkpoint; for example, MINUTE MUTATIONS reduce the rate of cell growth and proliferation owing to defects in ribosomal protein levels, but they do not affect cell size36. However, in most other cases, a decrease in the rate of cell growth is accompanied by a decrease in the size of dividing cells, whereas at an increased growth rate, cells divide at a larger size37. Cells that overexpress fly Myc progress five times more quickly through the G1 phase of the cell cycle compared with normal cells. Despite this, these cells divide at about the same rate as normal cells because of a compensatory increase in the length of G2 (REFS 15,38). In flies and mice, therefore, Myc probably promotes both cell growth and cell-cycle progression, at least during G1. So, the differences in the mutant phenotypes probably reflect a difference in the coupling of cell growth and cell proliferation during mammalian and fly development, rather than a fundamental difference in the Myc proteins.
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A mechanism that ensures that cells divide at a defined size.



Figure 2 | Simplified model of intrinsic and extrinsic apoptosis pathways. The intrinsic death pathway (left, green) is activated by the release of cytochrome c from mitochondria in response to various stresses and developmental-death cues. These deathinducing signals are sensed by BH3-ONLY-DOMAIN PROTEINS of the BCL2 family (for example, PUMA), which, in turn, bind to pro-survival family members (such as BCL2 and BCL-XL) and prevent them from interacting with pro-apoptotic family members (such as BAX). When not bound to BCL2, BAX functions, at least in part, by perturbing mitochondrial membrane permeability, thereby promoting cytochrome-c release. Cytosolic cytochrome c triggers the formation of the apoptotic-protease-activating factor1 (APAF1) and caspase-9-containing ‘apoptosome’ as well as activation of caspase-9. Once activated, caspase-9 triggers the effector-caspase cascade, which leads to cell death. The EXTRINSIC DEATH PATHWAY (right, orange) is activated by the binding of secreted ligands such as Fas ligand (FasL) to ‘death receptors’ of the tumour-necrosis-factor-receptor family, such as Fas. Receptor aggregation recruits other proteins, including the adaptor protein Fas-associated death-domain protein (FADD) and pro-caspase-8, into the ‘death-inducing signalling complex’ (DISC). Cleavage and activation of caspase-8 in the complex triggers the effectorcaspase cascade, which leads to cell death. Caspases are inactivated by inhibitor of apoptosis (IAP) proteins, which can bind to and block the active site on the caspase. IAPs are targeted for degradation by the activity of pro-apoptotic proteins like second mitochondria-derived activator of caspase (SMAC)/Diablo and its functional homologues in flies, which include Grim, Reaper and Hid.



MINUTE MUTATIONS



A class of mutations that produce a dominant growth defect. Minutes are caused by the mutation of genes that encode any of several ribosomal proteins. BH3-ONLY DOMAIN PROTEINS



Members of a class of pro-apoptotic proteins in the larger BCL2 family that contain a single ‘BCL2 homology-3’ domain. EXTRINSIC DEATH PATHWAY



An apoptotic signalling pathway that is activated by binding of secreted ligands to ‘death receptors’ of the tumournecrosis-factor-receptor family. MITOGENIC



Promotes cell proliferation. INTRINSIC DEATH PATHWAY



An apoptotic signalling pathway that is activated in response to various forms of intracellular stress.



Myc-induced apoptosis. In cell culture assays, c-Myc expression is induced in response to MITOGENIC factors3. cMyc can support proliferation even if mitogenic factors are withdrawn, but further survival cues are required to suppress apoptosis39–41. Despite stimulating cell proliferation and tissue growth rates in mice, c-Myc activation can lead to a net loss of cells through apoptosis42. Similarly, overexpression of Myc in flies induces cell proliferation and compensatory apoptosis32. It seems that c-Myc sensitizes cells to the pro-apoptotic effects of diverse cellular stresses by several means (reviewed in REF. 43). These include: partial activation of the INTRINSIC DEATH PATHWAY (FIG. 2) and the release of cytochrome c from mitochondria (possibly by suppression of levels of the pro-survival proteins BCL2 and BCL-XL and/or by induction of the proapoptotic protein PUMA)44–51; synergy with extrinsic death-receptor signalling52–54; and the generation of reactive oxygen species and damage to DNA55,56. The outcome of c-Myc activation therefore depends on whether the amount of survival factors is sufficient to prevent apoptosis41,57. Cell-culture conditions allow the proliferative response to predominate, but when
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survival factors are limiting — for example, in low serum conditions — c-Myc activation is more likely to cause apoptosis39–41. In vivo, this might provide a general safeguard against uncontrolled oncogene-induced proliferation57,58. The failure to obtain sufficient support for growth would lead to the elimination of over-proliferating cells. Indeed, c-Myc-induced tumour formation is inhibited by c-Myc-induced apoptosis42,59–62. In transgenic mice, activation of c-Myc specifically in adult pancreatic β-cells rapidly induces their proliferation, but they then undergo massive apoptosis and are eliminated. However, co-expression of the anti-apoptotic BCL-XL protein in these β-cells results in the formation of tumours42. Suppression of the intrinsic apoptosis pathway might be of direct relevance in tumour formation as increased expression of endogenous pro-survival BCL2-family members is selected for in tumours of c-Myc transgenic mice47. The p53 tumour-suppressor protein also protects against c-Myc-induced tumorigenesis. This transcription factor regulates the expression of genes that block cell-cycle progression or that promote apoptosis
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REVIEWS not expressed in embryonic tissues, and mice that lack functional ARF are viable, although they are prone to developing cancer early in adult life69,71,72. Flies do not have ARF or MDM2 genes, but have a p53 homologue that is required for apoptosis in response to radiationinduced DNA damage73. It is not known if fly p53 is responsive to strong proliferative signals, although this seems likely.
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Figure 3 | The ARF–MDM2–p53 response to activated oncogenes. The p53 transcription factor activates target genes that promote cell-cycle arrest or apoptosis in response to cellular stresses such as oncogene activation. p53 activity is counteracted by the E3 ubiquitin ligase MDM2. Under normal circumstances, MDM2 maintains low levels of p53 by targeting the protein for degradation by the proteasome, and by directly blocking p53 transcriptional activity. MDM2 is also a transcriptional target of p53, which functions as an auto-regulatory negative-feedback mechanism. MDM2 activity is counteracted by ARF, one of two alternative open reading frame tumour-suppressor products that are produced from the p16INK4A-ARF locus. The ARF promoter is responsive to strong proliferation signals, such as activated oncogenes, which increase ARF transcription and protein levels. Binding of ARF to MDM2 inhibits MDM2-mediated p53 transcriptional silencing and degradation. In this way, oncogenic activation leads to increased p53 activity and cell-cycle arrest or apoptosis. Ub, ubiquitin.



BCL2



An anti-apoptotic protein. It is the founding member of the BCL2 family of pro- and antiapoptotic proteins. E3 UBIQUITIN PROTEIN LIGASE



An enzyme that catalyses the addition of ubiquitin to target proteins, which signals their degradation via the proteasome pathway. WNT PROTEINS



A family of highly conserved secreted signalling molecules that regulate cell–cell interactions during embryogenesis. STERILE 20 KINASE



A member of a diverse family of serine/threonine protein kinases that share homology with the yeast Ste20 kinase.
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in response to DNA damage or cell stress, and that result in cell-cycle arrest or cell death. Mutations that impair the p53 response suppress c-Myc-induced apoptosis and enhance tumour formation in mice59,60,63–67, whereas increased p53 responsiveness suppresses tumour formation60,68. Proliferative signals and p53 activation in mammalian cells are linked by ARF — one of two alternative open-reading-frame products of the p16INK4A-ARF tumour-suppressor locus. The ARF promoter is responsive to strong proliferative signals, and ARF transcription and protein levels are increased when c-Myc is activated69,70. In turn, ARF promotes the p53 response by inhibiting MDM2, an E3 UBIQUITIN LIGASE that blocks p53induced transcription and targets p53 for degradation (FIG. 3). ARF induction therefore sets a threshold for productive proliferative signalling. Cells in which these signals exceed the intensity limit for ARF induction activate p53 and are prone to apoptosis. This indicates that the level of survival signals that a cell receives probably determines whether a proliferative stimulus is ‘normal’ or ‘abnormal’, and that the threshold might vary between different tissues, or at different times. ARF is
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Overcoming Myc-induced apoptosis. Cell-intrinsic mechanisms for limiting cell proliferation — such as those described above that involve c-Myc, p53 and ARF — are clearly important in preventing tumour formation. These pathways are essential for limiting the proliferative capacity of single cells that might incur an oncogenic lesion. However, they also restrict the normal physiological proliferation of cells, which then require increased survival inputs to support this process. Intestinal epithelial stem cells generate a compartment of proliferative progenitor cells in the intestinal crypts that divide rapidly as they migrate towards the intestinal epithelial surface. After they leave the intestinal crypts, these cells stop proliferating and undergo differentiation. Maintenance of the proliferative state is dependent on a WNT signal that is transduced by the β-catenin–T-cell-factor (TCF) transcriptional-regulatory complex. Mice with a targeted deletion of both copies of the Tcf-4 gene, or with transgenic intestinal expression of the secreted Wnt inhibitor Dickkopf-1, lack the proliferative crypt-cell compartment74,75. Studies indicate that c-Myc is a transcriptional target of signalling by Wnt proteins, and that they mediate their effects on crypt-cell proliferation through c-Myc75–77. Interestingly, Wnt proteins also inhibit c-Myc-induced apoptosis in cultured intestinal epithelial cells and in tumours in vivo 78. Wnt proteins seem to regulate the expression of survivin, a member of the inhibitor of apoptosis (IAP) protein family that is involved both in blocking apoptosis and in mitotic progression79–81. Like c-Myc, survivin is highly expressed in cells that are located deep in the intestinal crypts, and expression is lost as cells move out of range of the Wnt signal and undergo cell-cycle arrest. This implies that survivin might be important for maintaining survival of the proliferating cells80,81. However, it remains to be seen whether survivin mediates the effects of Wnt proteins by blocking c-Myc-induced apoptosis. Positive and negative growth regulators



It is not known whether the mechanisms that coordinate proliferation and apoptosis also have a role during embryonic growth in mammals. However, recent work on growth regulation in the fly supports this theory. The following sections outline recent progress in the understanding of mechanisms that balance proliferation and apoptosis during fly development to allow net tissue growth. Slik, a STERILE-20 (Ste20) KINASE, behaves like a conventional oncogene, promoting proliferation and apoptosis82. Hippo, another Ste20 kinase, behaves like a tumour suppressor by limiting proliferation and by promoting apoptosis83–86. Furthermore, a microRNA, bantam, promotes cell proliferation and prevents apoptosis87,88.
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microRNA



A small RNA of ~22 nucleotides that is encoded by an endogenous gene. The microRNA regulates expression of RNAs to which it is complementary in sequence.



Promoting proliferation and apoptosis: slik. The fly slik gene encodes a Ste20 serine/threonine kinase and was identified in a screen for genes that affect the rates of tissue growth82. Like E2F and Myc17,32,89, overexpression of Slik in flies promotes cell proliferation but also induces compensatory apoptosis. The extent of Slikinduced tissue overgrowth can be strongly increased by simultaneously blocking apoptosis, which indicates that apoptosis functions as a protective mechanism against excessive proliferation during development (FIG. 4). Slikinduced proliferation and apoptosis are mediated, at least in part, by Raf. Raf is a mitogen-activated protein kinase (MAPK) kinase kinase (MAPKKK) that phosphorylates and activates the MAPKK MEK (MAPK and extracellular signal-regulated kinase (ERK) kinase; known as Sor in the fly). MEK, in turn, phosphorylates and activates the MAPK, ERK. Genetic and biochemical analyses indicate that Slik can bind to Raf and can activate it by a mechanism that does not require Slik kinase activity. The effects of Slik on cell proliferation and survival do not require ERK/MAPK activity. This indicates that Raf does not require the canonical MAPK pathway to exert its effects on proliferation and survival when activated by Slik. Like fly Myc, Raf and one of its upstream activators, the small GTPase Ras, promote G1–S progression and increase the rates of cell and tissue growth in flies90. Interestingly, Ras and Raf regulate fly Myc levels90. This is consistent with previous observations in mammalian cells91, and indicates that stabilization of Myc might contribute to the proliferationpromoting effects of Slik and Raf. One intriguing feature of Slik is that cells are triggered to undergo apoptosis when Slik levels are too high and also when they are too low. Mutants with reduced slik activity show excessive apoptosis in the imaginal discs. This indicates that the level of Slik activity might be important for cell survival. Apoptosis in slik mutants is sensitive to Raf levels.Although Raf can function through ERK/MAPK to promote cell survival by reducing and/or inactivating the pro-apoptotic protein Hid92,93, ERK/MAPK does not seem to have a large role in Slikmediated survival signalling in vivo. In both flies and mammals there is evidence for ERK/MAPK-independent survival signalling downstream of Raf 94,95. For example, expression of a form of Raf1 that cannot phosphorylate MEK1 can nevertheless restore viability and rescue the excessive apoptosis phenotype of mice that lack endogenous Raf1 (REF. 96). In the fly eye, both ERK/MAPK-dependent and -independent pathways promote cell survival during differentiation97. These pathways of survival signalling might reflect different activities of Raf proteins in suppressing extrinsic (MEK1-dependent) versus intrinsic (MEK1-independent) apoptotic pathways in response to distinct signals94. Slik protein is expressed ubiquitously at a uniform level, which indicates that regulation of Slik activity might be used to convey survival and proliferative signals. It is not known how Slik activity is regulated. Promoting proliferation and suppressing apoptosis: bantam. The bantam gene was also identified in screens for loci that affect the rate of tissue growth in flies87,98.
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Figure 4 | Slik-driven growth is opposed by apoptosis. a | Fruitfly adult wing. The arrow indicates the region between veins three and four. b | A wing in which Slik is expressed specifically between veins three and four (arrows). Slik overexpression leads to modest overgrowth of this region. c | An overlay of a (in green) and b (in red) shows the increased distance between veins three and four, which is caused by Slik-induced overgrowth. d | A wing in which Slik is co-expressed with the apoptosis-inhibitor p35. When apoptosis is prevented using p35, Slik expression leads to a much greater overgrowth of the tissue. Reproduced with permission from REF. 82.



Increased bantam activity accelerates cell proliferation and causes net tissue overgrowth, whereas reduced bantam activity slows growth. In contrast to Myc, E2F and Slik, bantam promotes cell proliferation without inducing compensatory apoptosis. It encodes a microRNA that is expressed in actively proliferating tissues in the imaginal discs and in the central nervous system of the fly88. The spatial pattern of bantam expression is controlled by patterning signals such as those from Wingless, a fly Wnt-family protein. As bantam
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ORTHOLOGUE



Functionally related genes with extensive sequence similarity, which indicates a common ancestor. Orthologues are often used to indicate the most closely related members of larger gene families in different species. WW DOMAIN



A protein domain that is involved in binding to prolinerich peptide motifs. SCAFFOLD



A protein that functions as a support to assemble a multiprotein complex.
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does not affect spatial patterning per se, its function might be to mediate the effects of Wingless and other patterning cues by influencing cell-proliferation rates in distinct spatial patterns. MicroRNAs control post-transcriptional gene expression by binding to complementary sequences in target mRNAs. Computational prediction of possible bantam targets has identified the pro-apoptotic gene hid 88. bantam negatively regulates the production of Hid protein through complementary sequences in the hid mRNA 3′ untranslated region. As strong proliferative signals induce apoptosis, one likely function of bantammediated Hid repression could be to suppress apoptosis that might be induced by the proliferation-inducing activity of bantam itself. bantam can also suppress proliferation-induced apoptosis that is caused by the expression of other genes, including E2f and its cofactor Dp88. Suppression of proliferation-induced apoptosis might be essential for allowing increased tissue growth to result from cell proliferation. On the other hand, suppression of apoptosis alone is not sufficient to generate tissue overgrowth, so there are probably more bantam targets that regulate cell proliferation. Unlike the situation for Myc or the target of rapamycin (Tor) pathway in flies99,100, cell sizes remain normal during bantam-induced tissue growth. (Tor is a protein kinase that controls the capacity of cells to produce protein in response to nutritional cues and insulin signalling.) This is also the case for growth that is induced by the fly Cyclin-D–Cdk4 complex101,102. Cyclin-D–Cdk4/6 can promote cell-cycle progression by phosphorylating and inhibiting the G1–S-phase inhibitor retinoblastoma (Rb) protein. The effects of Cyclin-D–Cdk4 on cellular growth have recently been attributed to the regulation of Hypoxia-inducible factor-1 (Hif-1) prolyl hydroxylase, which controls cellular growth rates by an unknown means103. It is not known whether Cyclin-D–Cdk4 also has anti-apoptotic activity, although, by analogy to bantam, this seems likely. Similar to Cyclin-D–Cdk4, bantam must also coordinately promote cell-cycle progression and stimulate cellular growth rates. bantam probably blocks the expression of an inhibitor of cell proliferation (or it might separately block inhibitors of cell-cycle progression and cell growth). However, at present, none of the known tumour-suppressor genes or negative-regulators of growth are predicted to be direct targets for regulation by bantam. Identification of such a bantam target might therefore uncover a new growth repressor. Although there is no clear-cut bantam ORTHOLOGUE in mammals, related DNA sequences have been identified, but their functions have not yet been tested. Promoting apoptosis and suppressing proliferation: hippo. The fly hippo, salvador/shar-pei and warts/lats genes were identified in genetic screens as negative regulators of tissue growth83–86,104–107. The three proteins function together in a complex. Hippo is a Ste20 kinase and Warts belongs to the nuclear Dbf2-related (NDR) family of serine/threonine protein kinases that have been implicated in the control of cell division and
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morphogenesis108,109. Salvador is a WW-DOMAIN-containing protein that functions as a SCAFFOLD, facilitating the phosphorylation of Warts by Hippo83–86,106. The activity of this complex might be further modulated through tyrosine phosphorylation of Warts by Csk, the fly homologue of the carboxy-terminal Src kinase110. Interestingly, a mammalian homologue of Hippo (MST1) has been shown to phosphorylate histone H2B, and this modification might be involved in regulating chromatin condensation that occurs during apoptosis111. This indicates that Hippo might also function independently of Salvador and Warts. Mutants of hippo, salvador and warts have almost identical effects on the growth of the fly 83–86,104–107. The loss of any of these genes causes dramatic overgrowth of developing tissues and enlarged adult structures (FIG. 5). Mutant cells grow and proliferate faster than usual to produce enlarged tissues that have more cells of normal size. Increased proliferation of any of these mutant cells is associated with elevated levels of Cyclin-E mRNA and protein, which indicates that, in flies, these genes normally limit proliferation partly by reducing Cyclin-E levels to restrict G1–S progression83,84,86,105,106. However, the Hippo–Salvador–Warts complex must also target other growth regulators, as manipulation of the cell cycle alone is not sufficient to increase the growth rates of imaginal discs17. Proliferation that is induced in the absence of hippo, salvador or warts leads to massive tissue overgrowth because it is not accompanied by a compensatory increase in apoptosis. This is due to the increased expression of the anti-apoptotic protein Diap1, a member of the IAP family of proteins. Under normal conditions, Hippo–Salvador–Warts activity keeps the levels of Diap1 low by the suppression of diap1 transcription and by phosphorylation and destabilization of the Diap1 protein83,86 (FIG. 6). The increased Diap1 levels that result from removing Hippo–Salvador–Warts activity is sufficient to suppress apoptosis that is induced by the pro-apoptotic proteins Hid, Reaper or Grim84,86,106. Conversely, elevated levels of Hippo promote apoptosis, in part by induction of the Hid protein84. Therefore, the Hippo–Salvador–Warts complex functions during normal development to limit proliferation rates by controlling the expression of cell-cycle regulators and by promoting apoptosis. Control at the tissue level: cell competition



In addition to cell-intrinsic mechanisms that limit the growth capacity of an individual cell, growth during development relies on ‘social controls’ that are exerted at the level of tissues and organs (reviewed in REF. 112). Cells compete for survival factors in culture as well as in vivo. For instance, neuronal and glial cells are often produced in excess in the nervous system. Cells that can obtain sufficient amounts of survival signals from their respective target cells survive, whereas the remainder are eliminated by apoptosis112. Genetic studies in the fly have provided evidence that the control of proliferation and survival at the tissue level depends on CELL COMPETITION (BOX 1). Using GENETIC MOSAICS, it was shown that fasterproliferating cells out-competed slower-proliferating,
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Figure 5 | The Hippo–Salvador–Warts complex suppresses tissue growth. a | Wild-type fly. b–d | Flies in which most of the head is composed of cells that lack Hippo (Hpo) (b), Warts (Wts) (c), or Salvador (Sav) (d). Loss of any of these genes leads to dramatic overgrowth of the eye and head. e–h | Cross-sections through developing eyes of flies of the genotypes that are depicted in a–d, respectively. The cells are stained with an antibody to demarcate cell outlines. e | Non-committed precursor cells normally undergo cell-cycle arrest at an earlier stage of eye development, whereas other cell types differentiate. Later, these cells differentiate into pigment cells, which form a single layered honeycomb-like meshwork between the clusters of photoreceptor cells. Excess cells are eliminated by apoptosis. f–h | In hippo (f), warts (g) or salvador (h) mutant eyes, the non-committed cells fail to arrest, and so overproliferate, and extra cells are not eliminated by apoptosis. Therefore, the eyes are overgrown because they contain too many pigment cells. Reproduced with permission from REF. 84 © (2003) Macmillan Magazines Ltd.



CELL COMPETITION



A phenomenon that is observed in imaginal discs — slowly dividing cells are eliminated by apoptosis owing to competition with faster-dividing cells. GENETIC MOSAICS



Tissues that are composed of cells of different genotypes. They are usually generated by controlled recombination during mitosis.



but otherwise healthy, cells during the growth of imaginal discs2. It was subsequently shown that competition might be due to a difference in the rates of cell growth. Removal of one copy of any of several genes that encode ribosomal proteins caused the resultant heterozygous mutant cells (Minutes; see BOX 1) to be out-competed by wild-type cells that had two normal copies of the gene36,113. As expected, the reduced biosynthetic capacity of myc hypomorphic mutant cells renders them susceptible to competition when they are mixed with normal cells15. Conversely, increasing Myc expression levels in the fly is sufficient to induce cell competition that leads to the elimination of neighbouring wild-type cells32,114. Other mutations that have cell-intrinsic effects on proliferation can also lead to cell competition. For example, ras- or slik-mutant cells are out-competed in mosaic tissues unless they are given a compensatory growth advantage by other means16,82. Competition for survival factors that are present at limiting levels has been proposed as a mechanism that can explain cell competition112. The secreted signalling proteins Dpp (Decapentaplegic, a member of the bone-morphogenetic-protein family) and Wingless have been implicated in the control of cell survival in imaginal discs115–118. These secreted molecules are present at limiting levels in the imaginal discs, as increased expression of either molecule leads to disc overgrowth118–120. Cells that show impaired Wingless or Dpp signalling activate the Jun amino-terminal kinase (JNK) pathway, which promotes apoptosis118,121. The idea that cells compete for ligands has recently gained support from studies of Dpp signalling in cells of wing
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imaginal discs that were subjected to cell competition owing to altered expression levels of a Minute gene or of myc 114,122. In these studies, cells that proliferated more slowly showed signs of reduced Dpp-signalling activity, including a partial failure to repress brinker, a target of Dpp signalling. Increased brinker expression induced JNK activity and caused apoptosis. Survival of these cells could be improved by activating Dpp signalling or by expressing Rab5, a small GTPase that promotes endocytosis. These observations imply that slower-proliferating cells might be less efficient at acquiring or internalizing the Dpp ligand, which therefore leads to reduced signalling activity114,122. However, a similar study of cell competition that was induced by differences in myc levels came to a different conclusion32. The authors of this study found that Dpp signalling was not affected in the out-competed cells. The apoptosis that arose from competition seemed to result primarily from increased expression of hid in the slower-proliferating cells, rather than from JNK activation. The competitive effects that were induced by Myc expression were strongest when wild-type cells were in close proximity to the faster-growing Mycexpressing cells. But Myc-overexpressing cells also out-competed slower-proliferating cells located at a distance, although the competitive effects were decreased32. The induction of hid expression in these distant slower-proliferating cells could still reflect an increased ‘consumption’ of limited survival ligands by the faster-proliferating cells. However, these results might indicate that Dpp is not necessarily the relevant survival-promoting ligand.
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Figure 6 | Involvement of the Hippo–Salvador–Warts complex in apoptosis and proliferation. Hippo (Hpo), Salvador (Sav) and Warts (Wts) function in a complex to suppress tissue growth. Both Salvador and Warts are substrates for serine phosphorylation by Hippo. Salvador functions as a scaffold, binding to both Hippo and Warts and facilitating Warts phosphorylation. Warts is also phosphorylated on a conserved carboxy-terminal tyrosine residue by carboxy-terminal Src kinase (Csk), and this phosphorylation is essential for Warts function in vivo. The Hippo–Salvador–Warts complex promotes apoptosis by blocking transcription of the gene that encodes the Diap1 apoptosis inhibitor, as well as by phosphorylating and destabilizing Diap1 protein. Cells that lack Hippo–Salvador–Warts are resistant to apoptosis owing to increased levels of Diap1 protein. Hippo–Salvador–Warts regulate the cell cycle by suppressing cyclin-E transcription by an unknown mechanism, and thereby blocking G1–S-phase progression. It is not yet clear how the loss of these activities leads to increased rates of tissue growth in Hippo–Salvador–Warts mutants. P, phosphate.



These data imply that, during the growth of a tissue, there might be a complex interplay between the proliferative capacity of a cell and its ability to obtain the secreted signalling molecules that are needed for survival. When cell-proliferation rates are manipulated, cells that over-proliferate might be unable to obtain sufficient quantities of the limiting survival signals, and therefore die. Cells that proliferate too slowly might also get less of these ligands in competition with their neighbours, and so they also die. Furthermore, many secreted signalling molecules, including Dpp, Wingless, Epidermal growth factor (EGF) ligands and Hedgehog also regulate cell proliferation rates in imaginal discs. Activation of any of these pathways stimulates cell proliferation and tissue overgrowth, whereas impaired signalling reduces growth rates16,90,116–118,123. These effects on proliferation might occur partly through regulation of Myc, as Dpp90, Wingless15 and EGF-receptor signalling90 can control Myc levels either transcriptionally or post-translationally. Cells, therefore, are in competition with their neighbours for the combined proliferative and survival signals that are necessary for their continued existence. Cell competition and regulation of final organ size? Cell competition for growth factors has typically been interpreted as a quality-control mechanism.
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Elimination of slowly-dividing cells ensures that only the most ‘fit’ cells contribute to the final organism. However, more recent observations indicate that cell competition might be an important part of the mechanism that regulates the final size to which a tissue or organ can grow32. In the fly, the growth regulators Cyclin-D–Cdk4 and Phosphatidylinositol-3-kinase (Pi3k) can drive overgrowth of a tissue when they are expressed in restricted subsets of cells within the tissue, an effect not seen after expression of Myc15,101,114,124. The ability of these proteins to promote tissue overgrowth is inversely correlated with their ability to induce cell competition. For example, expression of Myc in a subset of cells induces competition in neighbouring cells, whereas Cyclin-D–Cdk4 or Pi3k expression does not32. Elimination of cells by competitioninduced apoptosis might therefore be essential for limiting tissue size. Three further observations support this conclusion. First, if the apoptosis of normal cells that is induced by competition with neighbouring Myc-overexpressing cells is blocked, then Myc overexpression leads to tissue overgrowth. Second, if cell competition is eliminated by ubiquitous expression of a myc transgene, which artificially enforces a uniform rate of proliferation in cells within a tissue, then the increased Myc activity also leads to tissue overgrowth. Third, if cell competition is reintroduced in this background by inactivation of the myc transgene in subsets of cells, the tissue overgrowth that is induced by ubiquitous expression of Myc is reduced. Competitioninduced apoptosis might therefore provide a means of regulating tissue size, and signals that induce tissue growth without competition could override the normal mechanisms that restrict tissue growth32. Apoptosis — enforcing an optimum speed?



Recent studies investigating genes that regulate growth in the fly have identified a remarkable flexibility in the coupling of proliferation and apoptosis during development. Rapid tissue growth requires both proliferation and suppression of apoptosis. Some proteins that drive proliferation, such as Myc and Slik, are dependent on survival signals to maintain the viability of proliferating cells. Other molecules, such as bantam, are capable of providing both signals. The limiting levels of survival ligands ensure that excessive activity of proliferative cues, such as Myc and Slik, leads to apoptosis rather than tissue overgrowth, and that cells are eliminated through competition. Tumour-suppressor proteins like the Hippo–Salvador–Warts complex function as a brake; they constrain growth rates by slowing proliferation and promoting apoptosis (FIG. 6). Together, these mechanisms ensure that the relative rates of cell addition and cell loss are balanced, which leads to the formation of organs that are of the appropriate size and shape. During wing growth in the fly, only 1–2% of cells undergo apoptosis at any given time125, and preventing this cell death does not increase the average final wing size. As a result of such observations, the contribution of apoptosis to tissue growth has been overlooked until
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Concluding remarks



Box 1 | Visualizing cell competition in vivo



The term ‘cell competition’ was first used to describe the behaviour of fruitfly cells that were heterozygous for mutations in individual ribosomal proteins (termed Minutes) in an otherwise wild-type fly 2. Loss of one copy of a Minute gene impairs the rate at which cells proliferate. Consequently, Minute+/– animals grow slowly. However, they typically grow to the normal final body size with only minor defects, which indicates that the Minute mutations do not have other adverse effects36. Clones of Minute+/– cells are eliminated when they are surrounded by wild-type cells as a result of their slower proliferation rate 2,113. This might reflect the inability of the slowly dividing cells to obtain sufficient levels of survival signals when in competition with their faster-dividing neighbours114,122. The competitive effects are strongest at the interface between slowerand faster-dividing cells, indicating that local cell–cell interactions might be involved113. Cells that are located at a distance from the faster-dividing cells are, however, also affected32. Other mutations that impair proliferation rates, such as loss of Slik, can also cause cells to be out-competed. The left panel shows a wing disc in which wild-type clones were generated by mitotic recombination. Wild-type cells that are induced to lose expression of their only copy of a green fluorescent protein (GFP) transgene (and therefore appear black; indicated by arrows) grow to form cell clones of the same size as the wild-type twin clones with two copies of the GFP transgene that are induced at the same time (bright green; indicated by arrowheads). All other cells contain one copy of the GFP transgene and appear light green. The middle panel shows a wing disc in which slik-mutant clones were generated by mitotic recombination. These slik-mutant cells (which lack GFP) proliferate slowly. As a result, slik-mutant clones are eliminated by cell competition and are not observed in the discs. Only the wild-type clones remain (indicated by arrowheads). The right panel shows a wing disc in which slik-mutant clones were generated by mitotic recombination and were given a proliferative advantage. When slikmutant cells (which lack GFP; as indicated by the arrow) are given a proliferative advantage relative to neighbouring cells, they are no longer subject to competition and form large clones. In this case, the surrounding cells proliferate at a slower rate than the slik-mutant cells as they are missing one copy of a Minute gene (Minute+/–), whereas the slik-mutant cells are Minute+/+. The Minute –/– twin clones are absent because the Minute mutation is lethal.



recently. However, blocking apoptosis in the developing wing does lead to an increased variability in tissue size, although the average tissue size remains unchanged. This implies that apoptosis contributes to the precision of size control32. Proliferation-induced apoptosis sets a maximum rate at which cells can proliferate, whereas elimination of slow-growing cells by competition-induced apoptosis sets a minimum proliferation rate. Together, these mechanisms might enforce an optimal rate of tissue growth to ensure the fidelity of final tissue size regulation. These mechanisms are important in the control of growth rates, but the question of how final tissue and organ size is defined remains unanswered.
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Much of the work on the links between proliferation and apoptosis in vertebrates has focused on the role of these pathways in cell transformation and tumour formation. A failure to regulate proliferation together with suppression of apoptosis are the minimal requirements for a cell to become cancerous 57. In the context of aberrant growth control, p53- and mitochondria-dependent apoptotic pathways have an important protective role against undesired cell proliferation in mammals. A similar proliferation-induced apoptosis mechanism seems to exist in flies, which protects against overgrowth of tissues during development. As there is no ARF orthologue in flies, the regulation is probably different. It will be interesting to see how proliferative signals in flies sensitize cells to apoptosis, and whether this is important for limiting tissue size during development. The recent characterization of growth regulators in flies such as Slik, bantam, and Hippo–Salvador–Warts further underscores the importance of coordinating proliferation and apoptosis for productive growth. Although some of the effectors of cell-cycle regulation and apoptosis downstream of these molecules have been identified, it is largely unknown how they regulate growth rates. Vertebrate orthologues of Slik (lymphocyte-oriented kinase (LOK) and Ste20-like kinase (SLK)), Hippo (mammalian Ste20-like-1 and -2 (MST1 and MST2)), Salvador (WW45) and Warts (large tumour suppressor (LATS)1 and LATS2) have been identified. In some cases, the conservation of function across species has been confirmed83,126. Mice that lack Lats1 are prone to developing tumours127, and both LATS1 and WW45 are mutated in some human cancers and cell lines. These observations indicate that this protein complex might also be important in diseases that are associated with dysregulated proliferation106,128. The existence of functional orthologues of these and other growth-regulatory gene products in both flies and mammals further supports the idea that the regulation of tissue growth is a conserved process, although the mechanistic details might vary across species. The data from flies indicate that growth regulation probably depends on the limitation of the levels of secreted ligands that promote proliferation and cell survival. There is clear evidence that secreted signalling proteins are involved in the control of proliferation and cell survival in mammalian cancers. For example, inappropriate regulation of Wnt, Hedgehog or EGF signalling can contribute to tumours in mice and has been implicated in human cancers129–134. Similarly, secreted signalling molecules are required to support cell survival and proliferation during mammalian embryonic growth135,136. It remains to be seen whether competition for limiting levels of signalling proteins is an important mechanism for balancing apoptosis and proliferation during growth of vertebrate embryos in a manner that is comparable to cell competition in the fly.
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