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    Chapter 6   
 Infl uences of Germline Cells on Organismal 
Lifespan and Healthspan                     

     Francis     R.  G.     Amrit     and     Arjumand     Ghazi    

    Abstract     Historically, research has focused on the detrimental effects of ageing on 
fertility, but studies in the last two decades have shown that reproductive status pro-
foundly impacts the length and quality of life. The nematode  C. elegans  has been at 
the forefront of these discoveries that have led to a fundamental transformation in 
our understanding of the relationship between procreation and lifespan in metazo-
ans. In  C. elegans , removing a population of proliferative germline- stem cells 
(GSCs) confers long life and enhances stress resilience. Germline loss is a major 
physiological challenge that compels the animal to arrest reproduction and reorga-
nize its metabolic profi le, so the phenomenon also provides a unique platform to 
understand how complex metazoans cope with changes in fertility and age. Recent 
studies have shown that GSC depletion triggers the activation of a group of con-
served transcription factors in somatic cells. The transcriptional changes orches-
trated by these proteins alter lipid metabolism, proteasomal function, autophagy and 
stress resistance, events that likely facilitate the adaptation to germline loss and lead 
to improved health and longevity. Here, we review the current literature on this 
longevity paradigm and the contributions made by  C. elegans  to understanding the 
molecular basis of the reproductive control of ageing.  

  Keywords     Ageing   •   Reproduction   •   Germline   •   Lipid metabolism   •    glp - 1    • 
  Longevity   •   Transcription Factor   •   Autophagy   •   Proteostasis  

6.1       Introduction 

 As animals grow older, their somatic tissues undergo deterioration that is mani-
fested as symptoms of  ageing  . However, the germline is passed on to the next gen-
eration in an immaculate condition for the  maintenance   of the species. This 
dichotomy between the preservation of the two tissues underscores the complex 
association between  reproduction   and  ageing  . This relationship is fascinating 

        F.  R.  G.   Amrit    •    A.   Ghazi      (*) 
  Department of Paediatrics, Rangos Research Centre ,  University of Pittsburgh , 
  4401 Penn Avenue ,  Pittsburgh ,  PA   15224 ,  USA   
 e-mail: Arjumand.Ghazi@chp.edu  

mailto:Arjumand.Ghazi@chp.edu


110

because both are such central, intimately linked aspects of an animal’s life history. 
Traditionally, research has focused on the lamentable, but well-documented, reduc-
tion in fertility associated with increasing maternal age. But, in recent years, there 
has been emerging evidence that the germline and soma exchange signals that help 
coordinate the health of both tissues. In this article, we provide an overview of the 
existing knowledge on how signals emanating from the proliferating germline infl u-
ence the rate of somatic ageing in  C.    elegans   . Studies on ageing of the reproductive 
system are addressed in Chap.   7    . 

 The relationship between  reproduction   and ageing has proven to be intractable 
partly because it is rife with paradoxical observations. The mating process is known 
to have a negative impact on the lifespan and healthspan of females, not only due to 
the physical damage caused by copulation but also by the presence of mortality- 
inducing chemicals in the males’ seminal fl uid. In  Drosophila , males transfer  pep-
tides   along with sperm that reduce female lifespan [ 1 ], whereas, in many 
 Caenorhabditis  species, mating causes hermaphrodites and females to undergo 
shrinkage [ 2 ] and reduces stress resistance and lifespan [ 3 ]. Similar observations 
have been made in other organisms [ 4 ,  5 ]. However, in numerous other species, 
especially arthropods, males are known to donate edible or glandular products dur-
ing copulation that provide direct benefi ts to the female. These ‘nuptial gifts’ can 
range from simple food and energy supplies to seminal secretions that are immuno-
protective to the recipient and its progeny, and even extend the females’ lifespan [ 6 , 
 7 ]. Even in  C .   elegans   , the deleterious impact of male pheromones on lifespan is 
accompanied with enhanced thermotolerance in the hermaphrodite [ 8 ]. Such para-
doxes illustrate the complexity of the mutual interactions between germline and 
somatic health and have made it diffi cult to arrive at simplistic principles about the 
relationship between  reproduction   and  ageing  . This is particularly applicable to the 
effect that sterility has on the lifespan and healthspan of animals. 

 Correlative studies in many animal and some plant species have found sterility to 
be associated with increased lifespan [ 9 – 11 ], and these have informed the ‘Somatic 
Maintenance’ or ‘Disposable Soma’ theory of ageing [ 12 ]. It is founded on the con-
sideration that reproduction is an energy intensive process that consumes cellular 
resources that could otherwise be devoted towards somatic repair and maintenance. 
This ‘trade off’ is postulated to be fundamental for the survival of the species but 
detrimental to the individual by increasing post-reproductive mortality. However, 
recent data negate this simplistic interpretation. Field studies on thirty mammalian 
and bird species showed either no correlation or even a positive correlation between 
fertility and  longevity   [ 13 ]. While some evaluations of human genealogical data 
have supported a ‘trade off’ phenomenon [ 14 ], there have been many more that have 
either found no association or detected positive correlations between fertility and 
lifespan [ 15 ]. In fact, both contemporary and historical data from European popula-
tions have revealed signifi cant positive correlation in this relationship in both men 
and women [ 16 – 18 ]. Overall, observational human and animal studies provide a 
growing body of evidence that fails to support the theoretical notion of a cost of 
 reproduction   in fertile animals. Instead, recent experimental approaches in labora-
tory animals have suggested a complex, nuanced relationship between reproduction 
and ageing [ 9 ,  19 ]. In particular, studies in  C. elegans  have revealed a wealth of 
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knowledge on the molecular underpinnings of this association, identifying numer-
ous  genes  , cellular processes and metabolic pathways that are altered in response to 
 germline removal   and that consequently impact the rate of ageing.  

6.2     The Infl uence of Germline Stem Cells on  Ageing   
of Somatic Tissues 

 One of the fi rst studies demonstrating a direct molecular-genetic link between 
germline status and longevity came from the observation that removing the germ-
line increased  C .   elegans    lifespan by ~60 % [ 20 ]. The worm was an excellent plat-
form to explore the details of this phenomenon because of its invariant lineage and 
transparent body. Using temperature sensitive mutants of a gene,   glp - 1   , (essential 
for germline proliferation) [ 21 ] that lose select germ-cell types when exposed to 
non-permissive temperatures at different developmental stages, the Kenyon lab 
elegantly demonstrated that simply making the worms sterile did not confer longev-
ity. Instead, removal of the  germline  , in particular a population of proliferating, 
totipotent germline stem cells (GSCs), while retaining the somatic structures 
required for  reproduction   (such as the uterus and spermatheca, collectively called 
the ‘somatic gonad’), was the key for extending the animal’s lifespan [ 22 ].   glp - 1    
mutants lived longer and were active for a greater fraction of life, and this enhance-
ment was completely dependent on the presence of known lifespan-regulatory 
genes [ 22 ]. These observations undermined the ‘trade off’ hypothesis and opened 
up the possibility that signals from the germline may act on specifi c somatic tissues 
to infl uence overall organismal ageing. Shortly thereafter, eliminating GSCs in 
 Drosophila melanogaster  was found to cause a similar life lengthening, dependent 
on homologues of worm proteins needed for GSC-less longevity [ 23 ]. Subsequent 
studies have shown that transplanting ovaries of young mice into older ones 
increases their lifespan and reduces susceptibility to cardiovascular disease (CVD) 
observed in post-menopausal female mammals [ 24 ,  25 ]. Together, these studies pro-
vide compelling support to the worm data and suggest that the reproductive control 
of ageing is not unique to nematodes or invertebrates but a conserved aspect of the 
relationship between germline and somatic tissues of  metazoans  .  

6.3     A Network of  Transcription    Factors   Mediates Germline- 
Less Longevity 

6.3.1     DAF-16/ FOXO3A   and TCER-1/TCERG1 

 The discovery, that reproductive signals refl ective of the procreative status of the 
animal modulate lifespan, led to the inevitable search for genes involved in this 
soma-germline dialogue. Early observations suggested that GSC removal produces 
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widespread transcriptional changes in the animal because two of the genes essential 
for longevity,  daf - 16  and  daf - 12 , encode transcription factors [ 20 ]. DAF-16 is the 
worm homologue of FOXO3A and is the main pro-longevity factor repressed by 
insulin/IGF1  signalling   (IIS), the conserved and most well known lifespan- 
regulatory pathway [ 26 ]. A detailed discussion of the role of IIS in  ageing   can be 
found in Chap.   4    . DAF-16/FOXO3A involvement initially indicated that reproduc-
tive signals modulate IIS to alter ageing. But, DAF-16/FOXO3A relocates to the 
nuclei of intestinal cells in GSC-less young adults, whereas, upon reduced IIS, 
nuclear localization occurs in many tissues [ 27 ]. Similarly, GSC-less worms 
expressing DAF-16/FOXO3A only in the  intestine   undergo lifespan extension to the 
same extent as worms that have DAF-16/FOXO3A in all tissues, but the intestinal 
protein is not suffi cient to increase lifespan in IIS mutants [ 28 ]. Other such observa-
tions suggested that reproductive cues and IIS are independent physiological stimuli 
that share DAF-16/FOXO3A as a downstream effector. 

 The discovery of two genes,  kri - 1  and  tcer - 1 , that selectively enhance the longev-
ity of   glp - 1    mutants was especially instrumental in consolidating this premise.  kri - 1 , 
encoding an Ankyrin-repeat containing protein homologous to the human disease 
gene KRIT1/CCM1, is expressed only in gut cells and  stimulates   the nuclear local-
ization of DAF-16/FOXO3A [ 29 ]. It also mediates the transcriptional upregulation 
of TCER-1/TCERG1 [ 30 ] (Fig.  6.1 ). We identifi ed  tcer - 1 , encoding the worm 
homologue of a human transcription elongation and splicing  factor  , TCERG1, in a 
screen designed to isolate genes essential for lifespan extension following GSC loss 
[ 30 ]. In exploring the role of TCER-1/TCERG1, it became apparent that DAF-16/
FOXO3A regulated overlapping but distinct targets in GSC-less animals and IIS 
mutants, and that TCER-1/TCERG1 increased lifespan specifi cally following germ-
line loss by facilitating a distinct pattern of DAF-16-dependent gene expression. 
TCER-1/TCERG1 is widely expressed in nuclei of somatic tissues and its expres-
sion is elevated following germline loss in intestinal cells and (unlike DAF-16/
FOXO3A) in  neurons  . Elevating TCER-1/TCERG1 in the soma of fertile animals 
augments their lifespan without loss of fertility and is accompanied with increased 
expression of DAF-16/FOXO3A target genes [ 30 ]. This is an important discovery 
because it implies that TCER-1/TCERG1 serves as a switch that connects germline 
signals to the activity of a broadly deployed transcription factor such as DAF-16/
FOXO3A, and because it opens up the possibility that health benefi ts accrued by 
GSC removal can be obtained by activating this pathway without  loss   of fertility. 
Recent experiments, including ours, with other pro-longevity genes acting in this 
pathway (discussed below) have further substantiated this beguiling  possibility  .

6.3.2        DAF-12/VDR, microRNAs and Steroid Signalling 

 DAF-16/ FOXO3A   intestinal nuclear localization in   glp - 1    mutants is also governed 
by DAF-12 [ 29 ], a nuclear hormone receptor (NHR) homologous to vertebrate vita-
min D receptor (VDR) [ 31 ]. DAF-12/VDR, similar to other NHRs, responds to 
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  Fig. 6.1     Transcription factors   activated by GSC removal in  C .   elegans ’   intestinal cells and cellular 
processes modulated by them. Proteins undergoing nuclear relocation (DAF-16/ FOXO3A  ,  SKN-1/
NRF2  , HLH-30/TFEB and MML-1) are shown on membrane of, and within, the nucleus;  upward 
arrow  next to proteins indicates transcriptional upregulation upon GSC loss (TCER-1/TCERG1, 
 PHA-4  /FOXA, NHR-80/HNF4 and NHR-49/PPARα). DAF-16/FOXO3A nuclear localization is 
governed by multiple inputs including the dafachronic-acid (DA) cascade (featuring DAF-12/VDR 
and its miRNA targets), a  neuronal   miRNA, mIR71, and KRI-1/KRIT1. KRI-1 also enhances 
TCER-1/TCERG1 transcription and  SKN-1/NRF2   nuclear entry. NHR-80/HNF4 upregulation is 
controlled by DAF-12/VDR and, in part, by DAF-16/FOXO3A. NHR-49/PPARα upregulation is 
partially triggered by DAF-16/FOXO3A and TCER-1/TCERG1. NHR-49/PPARα participates in a 
positive feed-back loop, possibly in collaboration with NHR-71/HNF4, to potentiate DAF-16/
TCER-1 activity by altering the subcellular localization of KRI-1/KRIT1. The main cellular pro-
cesses modulated by these factors include  lipid metabolism  ,  autophagy   and  protein homeostasis  . 
DAF-16/FOXO3A acts with TCER-1/TCERG1 to elevate both lipid-synthetic and lipid- degradative 
pathways. SKN-1/NRF2 shares the regulation of some of these processes. NHR-49/PPARα (likely 
in cooperation with MDT-15) stimulates β-oxidation and fatty-acid desaturation, whereas, NHR- 
80/HNF4 promotes fatty-acid desaturation alone.  SKN-1/NRF2   and DAF-16/FOXO3A enhance 
proteasomal activity, while autophagy is augmented by PHA-4/FOXA, HLH-30/TFEB and the 
MML-1/MXL-2 complex. Improved heat- and oxidative stress resistance is mediated by HSF-1/
HSF, SKN-1/NRF2 and, partly, DAF-16/FOXO3A       
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lipophilic hormones and steroids to modulate gene expression, including the expres-
sion of regulatory microRNAs (miRNAs). The Antebi lab has shown that DAF-12/
VDR infl uences the choice between normal growth and diapause during larval 
development through binding and activation by 3-keto bile acid-like steroid ligands 
called Δ 4  and Δ 7  dafachronic acids (DAs) [ 32 ]. In GSC-less worms, DAs activate 
DAF-12/VDR which in turn promotes DAF-16/FOXO3A nuclear localization [ 33 ] 
by increasing the levels of (at least) two miRNAs, mIR-84 and mIR-241 [ 34 ]. Both 
were reported to be upregulated by DAF-12/VDR in intestinal and epidermal tissues 
upon GSC ablation and were redundantly required for DAF-16/ FOXO3A   nuclear 
localization and   glp - 1    mutants’  longevity  . Genetic evidence suggests that mIR84 
and mIR241 promote DAF-16/FOXO3A nuclear traffi c by repressing the expres-
sion of (at least) two known anti-longevity proteins [ 34 ]. One of these, SGK-1, is a 
kinase that phosphorylates DAF-16/FOXO3A to inhibit nuclear entry [ 35 ]. The sec-
ond, LIN-14, a developmental timing protein has also been previously shown to 
limit lifespan by repressing DAF-16/FOXO3A [ 36 ]. In contrast, DAF-12/VDR 
exerts no infl uence on mIR-71, another pro-longevity miRNA shown by the Horvitz 
lab to act in  neuronal   cells to augment DAF-16/FOXO3A’s intestinal nuclear pas-
sage [ 37 ]. It remains to be seen if additional  miRNAs  , regulated by DAF-12/VDR 
or not, have roles in this longevity pathway. 

 In a series of exhaustive studies, the Antebi lab also identifi ed multiple genes of 
the biosynthetic pathway responsible for DA production, including  daf - 9  (encodes 
a cytochrome P450 enzyme) [ 38 ],  daf - 36  (encodes a Rieske-like oxygenase enzyme) 
[ 39 ] and  dhs - 16  (encodes a 3-hydroxysteroid dehydrogenase) [ 40 ] (Fig.  6.1 ). 
Expectedly, each of these genes is essential for lifespan extension upon GSC abla-
tion, and supplementation of DA in GSC-less  daf - 9  and  daf - 36  (but not  daf - 12 ) 
mutants extends lifespan [ 33 ]. Interestingly, worms lacking both the germline and 
the somatic gonad, that would otherwise exhibit wild-type lifespan, live signifi -
cantly longer upon DA supplementation [ 41 ]. This observation raises the possibility 
that the somatic gonad may be the site of DA production following GSC removal, 
and may partly explain the importance of the organ in GSC-less longevity. However, 
DA levels between wild- type   worms and   glp - 1    mutants have been reported to be 
similar, although the study examined whole worms and would not have detected 
localized changes in levels [ 42 ].  daf - 12  mutants expressing a nucleus-restricted ver-
sion of DAF-16/ FOXO3A   selectively in intestinal cells do not undergo life  length-
ening   suggesting that, besides regulating nuclear relocation, DAF-12/VDR is also 
required for DAF-16/FOXO3A’s transcriptional activity [ 29 ]. Unlike the well- 
characterized role of DAF-12/VDR in modulating DAF-16/FOXO3A sub-cellular 
traffi c, how it infl uences the latter’s activity within the nucleus is unknown.  

6.3.3     NHR-49/PPARα, NHR-80/HNF4 and NHR-71/HNF4 

 Besides DAF-12/VDR, the ‘NHR’ gene family in  C .   elegans    includes ~284 mem-
bers. The Aguilaniu lab showed that one of these, NHR-80, an ortholog of mam-
malian hepatocyte nuclear factor 4 (HNF4), is essential for  glp - 1  mutants’ longevity 
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[ 43 ]. Similar to TCER-1/TCERG1, NHR-80/HNF4 specifi cally promotes GSC-less 
longevity, is transcriptionally upregulated upon GSC removal in a DAF-16/
FOXO3A-independent manner, and on overexpression increases lifespan of fertile 
animals. However, unlike TCER-1/TCERG1, NHR-80/HNF4 expression is 
enhanced only in intestinal cells of   glp - 1    mutants (and not in the neurons) by DAF- 
12/VDR [ 30 ,  43 ]. 

 Recently, we identifi ed a group of 13 NHRs that are essential for GSC-less lon-
gevity [ 44 ]. NHR-80 was included in this group, but the most striking phenotypes 
were produced by NHR-49. NHR-49 is structurally similar to HNF4, but it performs 
the functions undertaken by Peroxisome Proliferator-Activated Receptor alpha 
(PPARα), a key regulator of energy  metabolism   in vertebrates [ 45 – 47 ]. In literature, 
NHR-49 is referred to as the functional homologue of PPARα [ 48 – 50 ], and we use 
the same nomenclature in this article for consistency, although the homology 
remains to be demonstrated conclusively. NHR-49/PPARα is critical for  glp - 1  
mutants’ long life as well as the lifespan of fertile worms, but has no role in the 
lifespan extension of IIS mutants [ 44 ], similar to NHR-80/HNF4 and TCER-1/
TCERG1. Both mRNA and protein levels of NHR-49/PPARα are up-regulated upon 
GSC loss, partially dependent upon DAF-16/FOXO3A and TCER-1/TCERG1 (Fig. 
 6.1 ). Overexpressing the protein in fertile animals lengthens their life signifi cantly 
without concomitant  loss   of fertility [ 44 ]. NHR-49/PPARα also appears to operate 
in a positive feed-back loop to potentiate the activity of DAF-16/ FOXO3A   and 
TCER-1/TCERG1, likely by controlling their common upstream regulator KRI-1/
KRIT1, because, in  nhr - 49 ;  glp - 1    mutants, KRI-1/KRIT1 undergoes relocation to 
intestinal membranes, especially the apical surface bordering the gut lumen [ 51 ]. In 
contrast,  glp - 1  mutants display largely diffused KRI-1/KRIT1 expression. NHR-49/
PPARα may collaborate with NHR-71/HNF4, one of the pro- longevity   NHRs we 
identifi ed, in mediating this positive feedback because inactivating either factor pre-
vents the upregulation of DAF-16/FOXO3A and TCER-1/TCERG1 targets [ 51 ].  

6.3.4      PHA-4  /FOXA, HLH-30/TFEB, MML-1 and MXL-2 

 The forkhead box, or FOX, gene family includes  transcription factors   belonging to 
subfamilies ranging from FoxA to FoxP. While DAF-16 is a member of the  FoxO   
sub-family, PHA-4 represents the FoxA branch and is orthologous to genes encod-
ing mammalian FOXA1, FOXA2 and FOXA3 proteins. PHA-4/FOXA was initially 
reported to be critical only for worms that are long lived due to reduced food intake 
or  dietary restriction   (DR), a paradigm that also extends lifespan in a variety of 
metazoan species [ 52 ,  53 ]. However, this study did not examine GSC-less mutants 
and in a subsequent report from the Hansen lab, PHA-4 was shown to be essential 
for GSC-less longevity as well [ 54 ]. PHA-4 mRNA levels rise upon GSC-removal, 
independent of DAF-16/ FOXO3A  . Although the tissues where this upregulation is 
orchestrated are not known, it is brought about by repression of the nutrient sensing 
kinase, target of rapamycin ( TOR  )   , and results in increased expression of multiple 
 autophagy   genes [ 54 ]. 
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 The Hansen lab identifi ed another autophagy-promoting transcription factor 
HLH-30, with homology to the mammalian transcription factor EB (TFEB), as 
being essential for this longevity paradigm [ 55 ]. TFEB is a key regulator of mam-
malian autophagy and translocates to the nucleus upon nutrient deprivation to 
increase the transcription of  autophagy   genes [ 56 ]. HLH-30/TFEB also exhibits 
nuclear translocation in   glp - 1    mutants. Similar to PHA-4/FOXA, HLH-30 up- 
regulates the expression of a host of autophagy genes, and it’s overexpression 
increases the lifespan of fertile animals too [ 55 ]. Unlike PHA-4/FOXA that is tran-
scriptionally upregulated in  glp - 1  mutants, HLH-30/TFEB undergoes increased 
nuclear traffi c, although both events are precipitated by  TOR   downregulation [ 54 , 
 55 ]. While PHA-4/FOXA is critical for GSC-less and DR-mediated longevity, 
HLH-30 promotes lifespan extension in multiple longevity pathways, including IIS 
signalling [ 55 ]. HLH-30/TFEB and PHA-4/FOXA co-regulate a large number of 
the autophagy-related genes [ 54 ,  55 ], but genome-scale studies are needed to defi ne 
the extent and nature of overlap between these proteins. 

 HLH-30/TFEB has been shown to share similarities with two members of the 
Mondo/Max-like transcriptional complex, MML-1 and MXL-2. MML-1 (Myc/
Mondo-like) is homologous to vertebrate Mondo/ChREBP protein and  functions   in 
an activation complex with its partner MXL-2 (Max/Max-like), homologue of Max- 
like. These proteins were previously identifi ed as promoters of longevity in IIS and 
DR mutants [ 57 ]. The Antebi lab described the necessity of both factors for  glp - 1  
longevity [ 58 ]. They reported that MML-1, that is widely expressed in somatic cells 
and shows nuclear,  mitochondrial   and cytoplasmic localization, was elevated upon 
GSC removal, in nuclei and mitochondria. MXL-2, which shows basal cytoplasmic 
expression, did not show an increased protein expression. Inactivation of either pro-
tein prevented the nuclear localization of HLH-30/TFEB. Intriguingly,  hlh - 30  RNAi 
diminished the expression of MML-1 in germline-less animals suggesting that these 
proteins mutually regulate each other. MML-1 overexpression produced variable 
but signifi cant extension of wild-type lifespan. Surprisingly,  mml - 1 / mxl - 2  did not 
impact PHA-4/FOXA (or DAF-16/ FOXO3A  ), although molecular genetic analyses 
provided strong evidence that the complex promotes  autophagy   upon GSC loss by 
repressing  TOR   and facilitating HLH-30/TFEB nuclear relocation. Amongst the 
 target   genes of MML-1/MXL-2, another member Myc/Mondo complex, MDL-1, 
was also required for   glp - 1    longevity. MDL-1 overexpression augmented lifespan in 
fertile adults suggesting that multiple  members   of this family may play roles in 
germline-less  longevity   [ 58 ].  

6.3.5      SKN-1/NRF2  , HSF-1/HSF 

  SKN-1  , homologue of mammalian NRF2 (nuclear factor-erythroid related factor 2), 
is another longevity determinant shared between multiple longevity pathways [ 53 , 
 59 ]. The Nrf family regulates cellular detoxifi cation, proteasomal degradation and 
metabolic pathways in vertebrates and invertebrates.  skn - 1 , fi rst identifi ed for its 
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role in embryonic development [ 60 ], has been shown to extensively infl uence adult 
health and longevity by regulating multiple stress-response pathways, in normal 
worms as well as in diverse long-lived mutants [ 53 ,  59 ]. SKN-1/NRF2 overexpres-
sion extends lifespan modestly as well [ 59 ]. The protein translocates to the nuclei of 
intestinal cells in IIS mutants, wherein, it  promotes   longevity and stress resistance 
in a genetically parallel pathway from DAF-16/ FOXO3A   [ 59 ]. However, in mutants 
representing DR longevity, its function in a pair of  sensory neurons   is suffi cient for 
lifespan to be augmented [ 53 ].  skn - 1  inactivation was previously reported to shorten 
  glp - 1    mutants’ longevity [ 61 ], and subsequently, the Blackwell and Kenyon labora-
tories confi rmed this observation [ 62 ,  63 ]. Both groups showed that SKN-1/NRF2 
nuclear localization occurs in intestinal cells of   glp - 1    mutants. The Blackwell lab 
reported that the nuclear entry was partially dependent upon  tcer - 1  and  kri - 1 , and 
completely under control of  pmk - 1  that encodes a p38 MAP Kinase known to phos-
phorylate SKN-1/NRF2 in other contexts [ 62 ]. However, by testing the induction of 
a SKN-1/NRF2-target gene,  gst - 4 , the Kenyon lab found that SKN-1/NRF2 is acti-
vated only marginally by the p38 MAP Kinase pathway, and strongly by the trans-
sulphuration pathway [ 63 ]. The transsulphuration pathway leads to the production 
of sulphur-containing metabolites, including hydrogen sulphide (H 2 S) and previous 
reports have shown that H 2 S extends worm lifespan via SKN-1/NRF2 activity [ 64 ]. 
Interestingly, KRI-1/KRIT1 was partially responsible for H 2 S production and  gst - 4  
induction, whereas, both events were DAF-16/FOXO3A independent, suggesting 
that KRI-1/KRIT1 has independent effects on DAF-16/FOXO3A and SKN-1/ NRF2  . 
Using both site-specifi c overexpression and loss-of-action studies, the authors also 
showed that SKN-1/NRF2 acts in the adult  intestine   to extend lifespan [ 63 ]. 

 The worm homologue of the human heat-shock factor (HSF), HSF-1, an essen-
tial component of the heat-shock response (HSR) and  proteostasis   is also required 
for  glp - 1  mutants’ longevity [ 65 ]. Similar to SKN-1/NRF2, HSF-1/HSF impacts 
multiple longevity paradigms as well as normal lifespan [ 66 ]. Other transcription 
regulators such as MDT-15 (component of the mediator complex that putatively 
works as a co-activator of NHR-49/PPARα) [ 67 ] and SBP-1 (homologue of human 
SREBP1 transcription factor) [ 68 ] have also been implicated in  glp - 1  longevity [ 69 ] 
and stress resistance [ 62 ], respectively, but details of their regulation and molecular 
 function         are as yet unaddressed.   

6.4     Cellular Processes Mobilized in Response to Germline 
Depletion 

 As evinced from the paragraphs above, eliminating the  worm   germline triggers the 
activation of a host of transcription regulators largely in intestinal cells (Fig.  6.1 ) 
suggesting that GSC removal is accompanied by a major gene-expression shift. It 
raises questions about the nature of these transcriptional changes, their physiologi-
cal outcomes and the relationships between the regulatory factors involved. 
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Contemporary studies have provided some insights into these queries, although 
there are many more questions than there are answers in the fi eld. In a microarray- 
based study, about 3440 genes were reported to be upregulated and 150 downregu-
lated (of the approximately ~18,000 genes in the worm genome) in GSC-ablated 
worms as compared to whole-gonad ablated sterile worms [ 70 ]. Similar transcrip-
tional changes accompany GSC removal in  Pristionchus pacifi cus , a related nema-
tode that exhibits GSC-less life extension too, with a signifi cant overlap between the 
transcriptomes of GSC-less worms of the two species [ 70 ]. In contrast, an RNA- 
Sequencing (RNA-Seq)-based study identifi ed a smaller group upregulated in   glp - 1    
mutants’- 1306 and 615 genes, by more than fourfold and fi vefold, respectively 
[ 62 ]. The differences in numbers between these studies notwithstanding, they sup-
port broad transcriptional remodelling upon GSC removal. Experiments aimed at 
identifying the targets of some of the  transcription factors   discussed above have 
suggested the involvement of specifi c biochemical pathways. McCormick et al. 
reported the identifi cation of 230 and 130 genes whose expression was altered in 
 glp - 1  mutants dependent upon DAF-16/ FOXO3A   and DAF-12/VDR, respectively 
[ 69 ], whereas, Steinbaugh et al. identifi ed 529  SKN-1/NRF2   targets in  glp - 1  mutants 
[ 62 ]. In a recent study, we discovered 835 and 801 downstream genes whose expres-
sion is governed by TCER-1/ TCERG1   and DAF-16/FOXO3A, respectively, in  glp - 
 1  adults. About one-third of the targets are shared between the two factors [ 71 ]. A 
similar comparison of the downstream targets of HLH-30/TFEB and the MML-1/
MXL-2 complex identifi ed a substantial number of co-regulated genes; MML-1 and 
MXL-2 shared 827 targets, whereas, 202 were common between all three factors 
[ 58 ]. In all these studies, the gene lists were strongly enriched for lipid-metabolic 
functions. In addition, proteasomal degradation,  autophagy   and stress resistance are 
also consistently represented. In the following sections, we focus on each of these 
cellular processes and discuss their impacts on the reproductive control of  ageing  . 

6.4.1      Lipid Metabolism   and the Reproductive Control 
of Longevity 

  Germline removal   in  C .   elegans    not only increases lifespan and stress resistance it 
also causes elevated fat accumulation, observed using lipid-labelling dyes as well as 
biochemical approaches [ 72 ]. At fi rst glance this is astonishing as obesity is associ-
ated with increased mortality, not better health and long life. However, gonadec-
tomy precipitates enhanced fat accumulation in many organisms besides worms, in 
both invertebrates (e.g., fruit fl ies, blow fl ies, locusts, grasshoppers) [ 73 – 77 ] and 
vertebrates (e.g., mice, rats, cats and monkeys) [ 78 – 81 ]. In humans, defi cient 
gonadal hormone production results in obesity and metabolic disorders [ 82 ]. But, 
all fat is not equal and all fat accumulation is not detrimental to the organism. Long- 
lived IIS worm mutants manifest greater adiposity but are healthier and longer-lived 
than their leaner, wild-type counterparts [ 72 ,  83 ]. In  Drosophila , interventions that 
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extend lifespan, such as reduced IIS and  TOR   inhibition, elevate fat [ 84 ,  85 ]. Obese 
mice that exhibit healthy metabolic profi les have been described too [ 86 ,  87 ]. 
Similarly, a small but striking group of ‘metabolically healthy obese’ individuals are 
notable because they retain excessive weight without developing clinical  patholo-
gies   [ 88 ]. Altogether, there is increasing awareness of the nuanced and multi- layered 
relationship between adiposity,  reproduction   and lifespan (for reviews see [ 89 ,  90 ]). 
Studies in GSC-less worms have revealed interesting answers to questions regard-
ing this  trifecta  .  

6.4.2     Coordinate Induction of Lipogenesis and Lipolysis 
Following GSC Loss 

 In our efforts to map the transcriptomes dictated by TCER-1/TCERG1 and DAF- 
16/ FOXO3A   following GSC loss, we made the intriguing discovery that the targets 
of these factors were enriched in both lipid production and degradation functions 
[ 71 ]. Overall, we found that the lipogenic classes included genes involved in  de 
novo  fatty-acid synthesis, fat desaturation and elongation and conversion of diglyc-
erides (DAGs) to the storage form, triglycerides (TAGs). Lipolytic processes were 
equally represented with the inclusion of multiple peroxisomal and mitochondrial 
β-oxidation genes as well as numerous lipases. Functional studies showed that both 
anabolic and catabolic genes contributed to longevity, but the mechanism and over-
all signifi cance of this apparent widespread lipid turnover is unknown. It likely 
refl ects an adaptive mechanism that allows the animal to preserve metabolic homeo-
stasis when faced with fertility loss, consistent with observations in other species. 
For instance, DR fl ies [ 91 ] and mice [ 92 ] display enhanced fatty-acid turnover. In 
humans, ineffi cient lipid turnover is associated with metabolic diseases [ 93 ]. 
Alternatively, endurance-trained athletes who have increased insulin sensitivity dis-
play high lipid  content   in  muscles  , a phenomenon termed ‘athlete’s paradox’ [ 94 ]. 
Such observations suggest that concordant modulation of fat buildup and break-
down may be a conserved mechanism utilized by organisms facing diverse physio-
logical challenges. We summarize below data on the different lipid-metabolic 
pathways that have been studied in GSC-less worms. A discussion of the broader 
role of lipids in  ageing   can be found in Chap.   14    . 

6.4.2.1      de novo  Fatty-Acid Synthesis and TAG Production 

 In our RNA-Seq study [ 71 ], key conserved genes encoding enzymes responsible for 
initiating  de novo  fatty acid synthesis were identifi ed as being upregulated by DAF- 
16/ FOXO3A   and/or TCER-1/TCERG1 upon GSC removal. These included  pod - 2  
(encodes acetyl CoA carboxylase, ACC),  fasn - 1  (encodes fatty-acid synthase, FAS) 
and  mlcd - 1  (malonyl CoA decarboxylase 1, MLCD). Accordingly, lipid-labelling 
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studies demonstrated elevated  de novo  fatty-acid synthesis following GSC removal. 
This is a functionally relevant metabolic shift because inactivation of each of these 
genes suppresses   glp - 1    mutants’ longevity. Similarly, fi ve of the six genes encoding 
diacyl glycerol acyl transferase (DGAT) enzymes that catalyse the fi nal step in TAG 
production ( dgat - 2 ,  acs - 22 ,  mboa - 2 ,  Y53G8B.2  and  K07B1.4 ) were upregulated by 
DAF-16/FOXO3A and/or TCER-1/TCERG1. Expectedly, lipid staining and GC/
MS analyses showed increased TAG levels in  glp - 1  adults. Functional studies indi-
cate that this is achieved, at least partly, through DAF-16/FOXO3A and TCER-1/
TCERG1-mediated increase in expression of ‘ dgat ’ genes, each making modest and 
redundant contributions to GSC-less longevity [ 71 ].  

6.4.2.2     Fatty-Acid Desaturation 

 In  glp - 1  mutants’, both NHR-49/PPARα and NHR-80/HNF4 enhance the expres-
sion of desaturase enzymes that catalyse the conversion of saturated fatty acids 
(SFAs) into unsaturated fatty acids (UFAs), including mono- and poly- unsaturated 
fatty acids (MUFAs and PUFAs, respectively). Accordingly,   glp - 1    mutants exhibit 
increased MUFA and reduced SFA levels [ 71 ]. The expressions of  fat - 6  and  fat - 7 , 
genes encoding stearoyl-CoA 9-desaturase (SCD) enzymes that redundantly trans-
form stearic acid (SA, a SFA) to oleic acid (OA, a MUFA) are strongly altered. 
Genetic  evidence   suggests that DAF-16/ FOXO3A   and TCER-1/TCERG1 may exert 
indirect control over these genes, through upregulation of NHR-49/PPARα (but not 
NHR-80/HNF4) [ 44 ,  71 ]. GSC-less animals exhibit enhanced OA levels as com-
pared to fertile worms but the precise function performed by OA is unknown [ 43 ]. 
In the absence of NHR-49/PPARα or NHR-80/HNF4, OA supplementation does not 
rescue the long life of GSC-less worms. So, it may function as a lipid ligand for 
these factors. Indeed, OA supplementation also enhances  SKN-1/NRF2   nuclear 
localization suggesting that this protein may also be activated by lipid ligands [ 62 ]. 
Interestingly, a recent study found that an OA metabolite, oleoylethanol amide 
(OEA), binds NHR-80/HNF4 and promotes the expression of downstream targets 
of both NHR-80/HNF4 and NHR-49/PPARα in fertile animals [ 48 ]. Levels of other 
fatty acids besides OA are modulated upon GSC loss as well, and their function 
remains unknown [ 71 ]. For instance, SKN-1/NRF2 nuclear localization can also be 
triggered by treatment with coconut oil, which includes OA and many other UFAs 
and SFAs [ 62 ].   glp - 1    mutants exhibit higher levels of other UFAs, including ones 
with ≥18 carbon chains, and one or more of these may be important as well [ 71 ].  

6.4.2.3     Mitochondrial β-Oxidation 

 While NHR-80/HNF4 infl uences desaturation alone, NHR-49/PPARα also upregu-
lates the expression of genes involved in β-oxidation, a multi-step pathway that 
results in breakdown of fatty acids into Acetyl CoA moieties. Genes encoding 
enzymes operating at each of these steps are elevated in  glp - 1   mutants   in an 
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NHR- 49/PPARα-dependent manner, suggesting that fatty-acid oxidation may be 
elevated upon GSC removal [ 44 ]. This enhancement is likely to be physiologically 
important because inactivation of many of these genes reduces   glp - 1    mutants’ lon-
gevity. The DAF-16/FOXO3A and TCER-1/TCERG1 transcriptomes are also 
enriched for β-oxidation genes, and genetic evidence suggests that these proteins 
modulate the process indirectly through their effect on NHR-49/PPARα [ 44 ,  71 ]. 
Interestingly, the  SKN-1/NRF2   target list also includes many β-oxidation genes 
[ 62 ]. The adiposity of GSC-less mutants is further enhanced in a   skn - 1    mutant back-
ground, implying that it acts to limit fat accrual before it reaches toxic levels. 
Intriguingly,  nhr -  49 ; glp - 1  mutants do not show further increase in stored lipids. 
Instead, they undergo a striking depletion of fat with age [ 44 ]. In literature, similar 
phenotypes have been observed when cells and animal tissues exposed to unesteri-
fi ed ‘free’ fatty acids (FFA), undergo ‘lipotoxicity’ [ 95 ,  96 ]. It is plausible that in the 
absence of NHR-49/PPARα, the simultaneous inhibition of β-oxidation and desatu-
ration causes accumulation of FFAs and consequent lipotoxicity.  

6.4.2.4     Lipolysis 

 One of the fi rst fat-metabolic genes found to be essential for   glp - 1    mutants’ longev-
ity by the Ruvkun lab encoded a lipase, LIPL-4, orthologous to a human lipase 
LIPA.  lipl - 4  expression is  intestine   restricted and upregulated by DAF-16/ FOXO3A   
in  glp - 1  mutants; it’s overexpression lengthens fertile animals’ lifespan [ 97 ]. Besides 
LIPL-4, at least six other lipases and lipase-like proteins encoded in the  C .   elegans    
genome are upregulated (or predicted to be so) following GSC loss, dependent upon 
DAF-16/FOXO3A, TCER-1/TCERG1 or  SKN-1/NRF2   [ 62 ,  69 ,  71 ]. RNAi of many 
of these reduces   glp - 1    longevity [ 71 ]. The involvement of multiple lipases in this 
lifespan paradigm is inexplicable, especially in the light of the marked adiposity 
manifested by GSC-less animals. LIPL-4/LIPA has been shown to link  lipid metab-
olism   to autophagic fl ux upon GSC removal (discussed in the next section) [ 54 ] and 
the  SKN-1/NRF2   target LIPL-3 is postulated to prevent excess fat accumulation 
[ 62 ]. In fertile worms, OEA production is LIPL-4 dependent [ 48 ,  97 ] and in human 
cardiac cells, the cytosolic lipase ATGL-1 is essential for PPARα ligand synthesis 
[ 98 ]. Hence, it is plausible that one or more of these lipases may also facilitate the 
production of signalling molecules or ligands for factors such as NHR-49/PPARα or 
NHR-80/HNF4. But, overall little is understood about the function of the lipolytic 
genes and is likely to be a major focus of future studies. 

 The current data on  lipid metabolism   and reproductive control of  ageing   raises 
many important questions. Why does GSC-ablation increase fat content and what is 
the nature of these adipose depots? Why are lipid catabolism and  anabolism   simul-
taneously augmented and how? Lipid content is increased largely in the  intestine  , 
and to some extent, in the epidermis. However, the worm intestine is not simply a 
part of the alimentary canal and the major fat-storage depot, it also subsumes func-
tions of the liver and pancreas, is the main site for induction of immunogenic 
responses and the sole centre for yolk synthesis. Yolk, made up of lipids and pro-
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teins, is generated in gut cells, secreted into the body cavity and transported to the 
gonad to be deposited into oocytes for nourishment of the embryo. It is a logical 
supposition that the adiposity of GSC-less  animals   is derived from yolk lipids that 
can no longer be deposited into eggs, and much of it is likely to be so. Indeed, 
Steinbaugh et al. showed that GSC-less mutants continue to produce a yolk lipopro-
tein, vitellogenin 2 (VIT-2) [ 62 ]. But in this study, VIT-2 localization was predomi-
nantly in the body cavity, not the intestine. Instead, there was increased level of 
GFP-labelled DHS-3 (DHS-3::GFP), a protein that almost exclusively labels TAGs, 
in gut cells of GSC-less mutants [ 62 ]. Additionally, the gene-expression data and 
biochemical evidences showing elevated  de novo  fatty-acid synthesis [ 71 ], TAG 
production [ 44 ,  71 ,  72 ] and lipid desaturation [ 43 ,  44 ,  71 ] suggest that the excess fat 
in GSC-less worms is derived at least in part from bona fi de increase in lipid pro-
duction. But why is lipogenesis triggered when fertility is thwarted? While DGATs 
can help immure fats (normally designated for oocytes in fertile animals) into lipid 
droplets, what purpose is served by elevating  de novo  fatty-acid synthesis? The 
reason for this is unknown, but vertebrate and worm evidences suggest that it may 
serve signalling functions. Fatty acids have been known as lipid ligands for long. 
But, recent reports have begun to emphasize the importance of the ‘source’ of lipid 
 signals  . For instance, mice incapable of synthesizing ‘new fat’ due to FAS/FASN-1 
deletion in the liver or hypothalamus cannot activate PPARα [ 99 ]. So, augmenting 
 de novo  lipid synthesis may help synthesize ligands for factors activated upon germ-
line depletion. As mentioned above, PPARα ligand production in cardiac cells is 
dependent upon the lipase ATGL-1 [ 98 ], so it is equally possible that one or more of 
the lipases upregulated upon GSC removal also contributes to the synthesis of such 
ligands. 

 Why is lipid desaturation increased upon GSC loss? The elevated MUFA:SFA 
ratio observed in   glp - 1    mutants suggests that the metabolic shift involves not only 
quantitative but also a qualitative remodelling of the lipid profi le. SFAs are critical 
for reproductive health as they make up >70 % of  human   oocyte lipids, whereas, 
MUFAs make up <15 % [ 100 ]. But, SFAs are poor substrates for incorporation into 
TAGs and major causes of lipotoxicity [ 95 ,  96 ]. Alternatively, lipids with higher 
UFAs are generally associated with improved cellular maintenance [ 101 ], and with 
enhanced lifespan in human centenarian studies [ 102 ]. The transformation of a 
SFA-rich,  reproduction  -oriented lipid profi le of a fertile adult into one that is 
enriched in UFAs by proteins such as NHR-49/PPARα and NHR-80/HNF4 may 
mitigate the deleterious effects of GSC loss and organize a lipid profi le conducive 
for somatic maintenance and health. Whether this transformation is simply an adap-
tation to sterility or the bedrock for longevity remains to be discovered, and the two 
possibilities are not mutually exclusive either. Another important question emerging 
from these studies is how these  transcription factors   simultaneously elevate ostensi-
bly antagonistic lipid-metabolic steps in the same animal. Future experiments will 
address if, and how, this coordination is managed, and if the strategy is widely used 
in the animal kingdom for retaining lipid homeostasis in the face of metabolic 
challenges.   
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6.4.3     Role of  Autophagy   in Linking Germline Status 
to Lifespan 

 Autophagy is a conserved cellular recycling process in which cytosolic compo-
nents, including damaged organelles, misfolded proteins and sometimes pathogens 
are sequestered in vesicles called autophagosomes [ 103 ] (see also Chap.   15    ). The 
contents are degraded when autophagosomes fuse with lysosomes gaining access to 
the lysosomal degradative enzymes and recycling machinery. Autophagy has 
emerged as a shared mechanism for various longevity paradigms in multiple species 
[ 104 ]. In  C .   elegans   , mutants representing the IIS and DR longevity pathways 
exhibit increased autophagy and require autophagy genes for their long lives [ 55 , 
 105 ]. The Hansen lab showed that autophagic events are enhanced in   glp - 1    mutants, 
in the two main fat depots,  intestine   and  hypodermis   [ 54 ]. This enhancement is 
likely under transcriptional control because the expression of multiple autophagic 
genes, including  bec - 1 /BECN-1,  lgg - 1 /LC3 and  unc - 51 /ULK1, is increased in   glp - 1    
mutants and these genes promote  longevity  .  PHA-4  /FOXA was found to be respon-
sible for mediating this transcriptional alteration- a surprising fi nding since autoph-
agy was traditionally thought to be under post-transcriptional regulation. This study 
helped establish a  link   between autophagy and  lipid metabolism   in the long life of 
GSC-less animals. The increased autophagy of GSC-less mutants was found to be 
dependent on the lipase LIPL-4/LIPA, and conversely, autophagy genes were essen-
tial for elevated lipase activity. The lifespan extension obtained by LIPL-4/LIPA 
overexpression [ 97 ] is accompanied with increased autophagic events, and is abol-
ished when  pha - 4  or any of the autophagy genes are inactivated [ 54 ]. The down-
regulation of  TOR   is a common upstream event that triggers both enhanced lipase 
activity and autophagy. The Hansen lab provided further proof for the instrumental 
role of autophagy in this longevity paradigm through identifi cation of HLH-30/
TFEB [ 55 ]. As described above, it is a conserved transcription  factor   that upregu-
lates autophagic and lysosomal genes, via a  TOR  -dependent pathway. In  glp - 1  
mutants, HLH-30/TFEB mediates enhanced expression of numerous predicted 
orthologues of TFEB targets involved in autophagosome formation and autophagic 
fl ux (e.g.,  lgg - 1 /LC3 and  sqst - 1 /SQSTM1/p62) as well as genes with lysosomal 
functions (e.g., vacuolar ATPase subunits, cathepsin peptidases and sulphatases). 
Conversely, HLH-30/TFEB impairment prevents autophagy augmentation. The 
Antebi lab’s studies added MML-1/MXL-2 to this select group of factors augment-
ing autophagy upon germline loss [ 58 ]. Several autophagy genes were identifi ed 
amongst MML-1/MXL-2 downstream targets. The MML-1/MXL-2 complex was 
shown to transcriptionally regulate the  TOR   pathway by repressing  lars - 1 , a gene 
encoding a leucine t-RNA synthetase that stimulates TOR. TOR repression triggers 
HLH-30/TFEB nuclear localization, in part, initiating the autophagy cascade. 
Accordingly,  mml - 1 / mxl - 2  knockdown causes diminished appearance of autophagy 
markers such as LGG-1 puncta in worm tissues. However, neither HLH-30/TFEB 
overexpression nor TOR downregulation restored longevity in  glp1mml1  or  glp - 
 1mxl -  2  mutants. Although the three factors regulate autophagy, they control distinct 
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autophagic gene sets suggesting the existence of overlapping genetic networks 
rather than a linear pathway [ 58 ]. 

 In fasted worms, HLH-30/TFEB elevates the  expression   of multiple lipases in 
addition to up-regulating autophagy genes, but in this activity it is antagonized by 
MXL-3, another Mondo family member [ 106 ]. Interestingly, the increased lipolysis 
observed during starvation also leads to enrichment of PUFAs, such as arachidonic 
acid (AA) and di-homo-γ-linoleic acid (DGLA). Genetic evidence implies that 
these PUFAs, in turn, activate autophagy to confer resistance against nutritional 
deprivation [ 107 ]. HLH-30/TFEB and MML-1/MXL-2 may perform similar func-
tions in response to GSC removal. Indeed, many lipid-metabolic genes were 
included in the genomic targets of these proteins [ 58 ]. Alternatively,  autophagy   may 
be required for lipid hydrolysis, or ‘lipophagy’. Recent evidence suggests that lipo-
phagy serves multiple functions, depending on physiological context, including the 
large-scale hydrolysis of neutral lipids by lysosomal lipases, and production of sig-
nalling lipids, as seen in pancreatic β cells [ 108 ]. In GSC-less worms, the process 
may be utilized to catalyse the production of signalling lipids that activate one of the 
many ligand-activated  transcription factors   involved in this pathway. It may also 
promote lifespan by simply ensuring advantageous yolk repartitioning or by pre-
venting the accumulation of toxic lipid intermediates, including FFAs. Interestingly, 
autophagy genes have been reported to be important for maintaining adequate TAG 
levels in fertile animals, although reducing their functions does not shorten wild- 
type lifespan [ 54 ,  109 ]. This further substantiates that this catabolic process has 
broad and possibly interlinked roles in infl uencing lipid homeostasis and lifespan, 
and the relationship may be physiological-context dependent. Much remains 
obscure about the intriguing  links   between autophagy, lifespan and  lipid metabo-
lism   and is likely to be the focus of current and future efforts in the fi eld.  

6.4.4     Proteasome Activity in Germline-Less Animals 

 One of the major quality control mechanisms that infl uence cellular homeostasis is 
the ability to degrade proteins.  Autophagy   and the ubiquitin proteasome system 
(UPS) are the two main proteolytic systems, the UPS being the primary pathway for 
protein degradation in eukaryotic cells. The most well-known function of UPS is the 
spatially and temporally controlled destruction of regulatory proteins that inform 
various cellular processes. Regulatory proteasomal activity has been implicated in 
the lifespan extension of  C .   elegans    mutants, including GSC-less worms [ 110 – 112 ] 
(see also Chap.   12    ). In addition, the ‘housekeeping’ function of UPS in destroying 
damaged, misfolded, old and aggregation-prone proteins is critical for maintenance 
of the  proteostasis    network  . Loss of proteostasis is one of the hallmarks of  ageing   to 
which numerous age-related pathologies are attributed [ 113 ]. In  C. elegans , the abil-
ity to retain proteostasis falls dramatically once peak reproductive age is reached, 
and  declines   over time [ 114 ]. Conversely, germline-defi cient animals exhibit 
enhanced resistance to conditions that tax the  proteostasis   machinery such as high 
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temperatures or toxic protein  aggregates   [ 115 ]. This striking resilience is dependent 
on many of the  transcription factors   discussed here, including DAF-16/ FOXO3A  , 
NHR-80/HNF4,  PHA-4  /FOXA, DAF-12/VDR and  SKN-1/NRF2   [ 62 ,  115 ]. 
Expectedly, proteostasis and UPS are highly represented gene-categories in   glp - 1    
genomic studies. In particular, SKN-1/NRF2 targets include a large number of pro-
teasomal subunits [ 62 ]. The Dillin lab fi rst showed that  glp - 1  mutants exhibit ele-
vated proteasomal activity in their somatic tissues as compared to fertile worms 
[ 61 ]. This enhancement could be attributed to elevated expression of the gene  rpn - 
 6.1. rpn - 6.1  encodes the worm ortholog of PSMD11, a protein that stabilizes the 
interactions of the 20S proteasomal core with the 19S regulatory cap, a critical step 
for proteasomal activity [ 61 ,  116 ]. In this report,  rpn - 6.1  expression was found to be 
elevated in   glp - 1    mutants in a DAF-16/FOXO3A-dependent manner and, surpris-
ingly, independent of  SKN-1/NRF2   and HSF-1/HSF. RPN-6.1/PSMD11 overex-
pression augments overall UPS activity, increases lifespan and confers protection 
against toxic aggregates in Huntington’s Disease (HD) models [ 61 ]. Strikingly, 
immortal human embryonic stem cells (hESCs) also manifest high PSMD11 levels 
and elevated UPS activity, dependent upon  FOXO4  , one of DAF-16 orthologs [ 116 ]. 
Data from the Blackwell lab confi rmed the elevated proteasomal activity of  glp - 1  
mutants, but found it to be strongly dependent upon SKN-1/NRF2. Indeed,  rpn - 6.1  
appears to be a direct target of  SKN-1/NRF2   [ 62 ]. The discrepancies notwithstand-
ing, these studies have provided strong evidence that improved  protein homeostasis   
is one of the consequences of GSC removal and very possibly a major contributing 
factor to the ensuing enhancement in  lifespan   and health.  

6.4.5     Stress-Response Mechanisms and GSC-Less Longevity 

 Many interventions that prolong life also confer tolerance to environmental stress-
ors, in worms and in many other species, though exceptions exist [ 117 ].   glp - 1    
mutants also exhibit this positive correlation between longevity and stress resis-
tance. In  C .   elegans   , the most commonly studied stress paradigms include oxidative 
stress, heat shock, protein misfolding in the endoplasmic reticulum (ER) and  mito-
chondria   that evokes an unfolded protein response (UPR) in these organelles 
(UPR ER and UPR mt , respectively) and immuno-competence, or ability to combat 
pathogen attack [ 118 ]. Arantes-Oliveira et al. fi rst reported the enhanced oxidative- 
stress resistance of  glp - 1  mutants [ 22 ]. Steinbaugh et al. substantiated this data and 
characterized the vital role for  SKN-1/NRF2   in mediating this resilience [ 62 ]. Wei 
and Kenyon linked GSC removal to altered redox signalling and showed that GSC 
removal causes elevation in the levels of  reactive oxygen species   (ROS) and H 2 S 
cell non-autonomously [ 63 ]. These events are important because quenching ROS 
with anti-oxidants or inhibiting the transsulphuration pathway responsible for H 2 S 
production curtailed longevity. Interestingly, ROS and H 2 S appear to activate differ-
ent stress-response paradigms during adulthood; ROS leads to UPR mt , whereas, H 2 S 
causes  SKN-1/NRF2   activation. Using two chemical redox sensors, it was found 
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that ROS production was induced in two waves. The fi rst one, a mitochondrial sig-
nal, was detected late in larval life, just before the animal reaches adulthood. The 
second cytoplasmic ROS  signal   appeared during early adulthood and activated 
UPR mt  (as evidenced by the induction of the UPR mt  reporter,  hsp - 6 ) through upregu-
lation of the  transcription factors   DVE-1 that mediates UPR mt , and its co-activator 
UBL-5 [ 63 ]. Interestingly,  atfs - 1 , that encodes the key mediator of UPR mt , is 
included in the list of genes upregulated by DAF-16/FOXO3A and its RNAi knock-
down suppresses  glp - 1  longevity [ 71 ], but  hsp - 6  induction was found to be DAF- 
16/ FOXO3A   independent [ 63 ]. The fi nding that  SKN-1/NRF2  -dependent 
detoxifi cation systems and DVE-1-dependent UPR mt  are induced by different redox 
systems is highly intriguing, and may refl ect the response of somatic tissues to loss 
of individual aspects of germ-cell physiology. How the other transcription factors of 
the network play into these stress-response initiatives remains to be described. 

 Studies focusing on the interaction between reproductive fi tness and somatic 
endurance have revealed considerable information on the ability of GSC-less 
mutants to mount a chaperone-driven heat-shock response (HSR) following  expo-
sure   to high temperatures. In  C. elegans , thermo-resistance  declines   with the onset 
of  reproduction  , at least in part due to diminished expression of a histone H3 tri-
methyllysine- 27 (H3K27me3) demethylase, JMJD-3.1, that antagonizes 
transcription- repressive chromatin marks [ 119 ].   glp - 1    mutants are exceptionally 
thermotolerant, dependent upon many of the genes discussed here, including  daf - 
 16 ,  tcer - 1 ,  kri - 1 ,  hsf - 1  and  jmjd - 3.1  [ 115 ,  119 ]. However, other mutants that exhibit 
sterility due to gonadogenesis defects (not GSC loss) and have normal lifespan (e.g. 
 glp - 4 ,  gon - 2 ) are also thermotolerant, although genetic evidence hints that GSC 
removal (not just arresting reproduction) may trigger their HSR. 

 As with  ageing  , immuno-competence also manifests an inverse correlation with 
reproduction in many organisms, including  C. elegans . Expectedly,  glp - 1  mutants 
exhibit superior resistance against gram-negative pathogens such as  Salmonella 
enterica  [ 120 ],  Pseudomonas aeruginosa  [ 121 ,  122 ] and  Serratia marcescens  [ 122 ], 
the gram-positive pathogen  Enterococcus faecalis  [ 120 ], and the fungal pathogen 
 Cryptococcus neoformans  [ 120 ]. Of these, the response to  P. aeruginosa  has been 
well studied. Alper et al. reported that DAF-16/ FOXO3A’s   requirement for  glp - 1  
mutants’ immunoresistance was infl uenced by worm-culture conditions, indicating 
that nutrient status may have an impact on the reproduction-immunity relationship 
as well [ 122 ]. Interestingly, the DAF-16/FOXO3A-driven immuno-resistance 
appears to be associated with sterility and not especially GSC status, as similar 
resistance is exhibited by other gonadal mutants that are sterile but not long lived 
(e.g., the feminized mutant,  fog - 2  and the somatic-gonad defective mutant,  glp - 4 ) 
[ 122 ,  123 ]. DAF-16/FOXO3A also undergoes nuclear relocation in many gonadal 
mutants not just those lacking GSCs. However, GSC removal seems essential to 
confer broader and stronger immunity, because both  glp - 1  and  glp - 4  mutants are 
resilient against  P. aeruginosa , whereas, only  glp - 1  mutants are resistant to  S. 
enterica  infection [ 120 ]. Altogether, these fi ndings reiterate that GSCs may signal 
to inhibit immunocompetence, and upon their removal innate immunity is enhanced. 
In few cases, the genetic basis of this improved immunity has been dissected and 
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appears to be partially DAF-16/FOXO3A dependent. But, it remains to be seen if 
the other  transcription factors   that are important for longevity have similar  roles  , 
and if so, whether they are stress specifi c or shared.  

6.4.6     Pathways Repressed Upon GSC Loss 

 Fertile, young adults are highly invested in macromolecular synthesis to support 
their reproductive physiology. Loss of the germline induces a fundamental change 
in this metabolic state, and an inability to suppress the growth programmes already 
in place can be detrimental to the animal. Thus, genes that are downregulated fol-
lowing GSC ablation are likely as crucial as those that are upregulated. However, 
these factors have received little attention so far. In examining the targets  repressed  
by DAF-16/ FOXO3A   and TCER-1/TCERG1, we noted high enrichment of molec-
ular pathways associated with active procreation such as protein translation and 
 reproduction  , respectively. Indeed, DAF-16/FOXO3A appears to repress the tran-
scription of at least 18 genes involved in translation including those encoding ribo-
somal subunits and translation initiation factors [ 71 ]. Since protein synthesis is a 
key requirement for a proliferating germline, it is plausible that GSC removal trig-
gers DAF-16/ FOXO3A  -dependent translation repression. On the other hand, the list 
of genes repressed specifi cally by TCER-1/TCERG1 is enriched for factors with 
predicted roles in reproduction [ 71 ], suggesting that that upon GSC loss, TCER-1/
TCERG1 actively represses the somatic programme of reproduction. Thus, DAF- 
16/FOXO3A and TCER-1/TCERG1 may together facilitate the adaptation to GSC 
depletion by terminating the somatic gene-expression programmes that support 
reproductive physiology. The repressive functions undertaken by other proteins in 
this longevity network remain to be described.   

6.5     Contributions from  C .   elegans    to the Reproductive 
Control of  Ageing   

 The initial observations of Hsin and Kenyon that demonstrated the  control   exerted 
by the germline on the lifespan of the animal [ 20 ], and challenged the simplistic 
‘trade off’ interpretation, laid the groundwork for a fi eld that has burgeoned into 
great signifi cance and mainstream science interest. The early worm studies led to a 
renewed examination of the germline-soma dialogue in other model organisms and 
species. The remarkable ease of molecular-genetic analysis and large-scale RNAi 
screening in worms allowed the identifi cation of innumerable genetic players with 
roles in this dialogue, many of them with conserved functions in lifespan regulation. 
These studies have not only revealed knowledge about ageing but have also led to 
important discoveries in the fi elds of metabolism,  autophagy   and  proteostasis  . The 
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mechanisms found to be operating in GSC-less worms, at least with respect to pro-
teostasis and  lipid metabolism  , appear to be recapitulated in higher organisms in 
other physiological contexts [ 116 ,  124 ]. Recent human studies have begun to closely 
examine the effect of reproductive status on health and longevity. Age at menarche 
and timing of menopause in women have both been found to impact susceptibility 
to age-linked diseases such as cancer, cardiovascular disease (CVD) and osteoporo-
sis [ 125 ]. Early gonadal failure is associated with reduced life span and increased 
morbidity from  CVD   in both men and women [ 126 ,  127 ]. Thus, worm studies have 
provided greater urgency and impetus to emerging evidence that the infl uence of 
germline on overall health has signifi cant biomedical relevance. Indeed, it is diffi -
cult to overstate the contributions of  C. elegans  research to the understanding of the 
relationship between procreation and  lifespan  .     
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