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Abstract

Acting in the interfaces between environment and membrane compartments, membrane ion
channels and receptors transduce various physical and chemical cues into downstream signaling
events. Not surprisingly, these membrane proteins play essential roles in a wide range of cellular
processes such as sensory perception, synaptic transmission, cellular growth and development, fate
determination, and apoptosis. However, except insulin and insulin-like growth factor receptors, the
functions of membrane receptors in animal lifespan modulation have not been well appreciated.
On the other hand, although ion channels are popular therapeutic targets for many age-related
diseases, their potential roles in aging itself are largely neglected. In this review, we will discuss
our current understanding of the conserved functions and mechanisms of membrane ion channels
and receptors in the modulation of lifespan across multiple species including Caenorhabditis
elegans, Drosophila, mouse, and human.
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11 INTRODUCTION

Many cellular structures are enclosed by distinct biomembranes. In order to communicate
with the environment, multiple types of ion channels, transporters, and membrane receptors
function as signal detectors, relayers, and amplifiers. It has been estimated that ion channels,
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transporters, and membrane receptors account for 20-30% of human proteome (Fagerberg,
Jonasson, von Heijne, Uhlen, & Berglund, 2010). These membrane proteins have been well
established to be essential players in many cellular processes including sensory perception,
synaptic transmission, cellular growth and development, fate determination, and apoptosis.
However, relatively little is known about their functions in aging, a fundamental biological
process present in nearly all animal species.

The traditional view attributes aging to the passive accumulation of DNA mutations,
damaged proteins, and reactive oxygen species (ROS). However, pioneering genetic studies
in Caenorhabditis elegans have clearly shown that single gene mutations, such as age-1 (a
phosphoinositide 3-kinase) and gaf-2 (an insulin receptor), can dramatically affect lifespan,
supporting that aging is actively modulated by intrinsic genetic programs (Friedman &
Johnson, 1988; Kenyon, Chang, Gensch, Rudner, & Tabtiang, 1993). In addition to genetic
factors, various environmental cues also have profound impacts on aging, as human twin
studies have suggested that environmental factors may determine 70-80% of human
lifespans (Barzilai et al., 2012). Since many membrane ion channels and receptors act as
cellular sensors for various environmental and intrinsic cues, one would expect that they
must play important roles in aging. So far, insulin and insulin-like growth factor receptors
remain the best studied membrane proteins that modulate aging across species (Finch &
Ruvkun, 2001; Kenyon, 2010; Riera, Merkwirth, De Magalhaes Filho, & Dillin, 2016). A
reduced function in insulin and insulin-like growth factor receptors has been linked to
extended lifespan in C. elegans, Drosophila, rodent, and probably human (Finch & Ruvkun,
2001; Kenyon, 2010; Riera et al., 2016).

lon channels are pore-forming membrane proteins that conduct ion exchanges and convert
chemical and physical inputs into electrical signals. As popular therapeutic targets, ion
channels have been targeted to treat many age-related diseases, including Alzheimer’s
disease, cardiovascular diseases, and pain (Bagal et al., 2013; Mathie, 2010; Skaper, 2011).
However, the functions of ion channels in aging itself have not been well studied. As many
ion channels play key roles in sensory transduction, some ion channels have recently
emerged as important players in the sensory modulation of longevity (Linford, Kuo, Chan,
& Pletcher, 2011). Below, we discuss the important findings on the functions and
mechanisms of membrane ion channels and receptors in lifespan modulation.

ION CHANNELS IN LIFESPAN MODULATION

lon channels are widely expressed in both excitable cells such as neurons and muscle cells
as well as non-excitable cells such as epithelial cells and adipocytes. As a prominent
component of the nervous system, distinct types of ion channels play essential roles in the
neuronal modulation of aging.

TRP channel

The first transient receptor potential (TRP) channel was cloned from a mutant Drosophila
that exhibits a transient instead of plateau elevation of potential upon light stimulation
(Cosens & Manning, 1969; Montell & Rubin, 1989). Next to the potassium channels, TRP
channels form the second largest ion channel superfamily in the animal kingdom, which
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includes TRPC (TRP-Canonical), TRPV (TRP-Vanilloid), TRPM (TRP-Melastatin), TRPN
(TRP-NompC), TRPA (TRP-Ankyrin), TRPP (TRP-Polycystin), andTRPML(TRP-
MucoL.ipin)subfamilies (Venkatachalam & Montell, 2007). As important cellular sensors,
TRP channels function as the transduction channels in many sensory modalities including
thermosensation, mechanosensation, vision, smell, and taste (Clapham, 2003;
Venkatachalam & Montell, 2007).

It has been reported nearly one century ago that temperature modulates animal aging with an
apparent inverse correlation between temperature and lifespan (Loeb & Northrop, 1916).
However, its underlying mechanisms are little understood. TRP channels are best-studied
thermosensitive ion channels (Patapoutian, Peier, Story, & Viswanath, 2003; Xiao & Xu,
2009; Xiao, Liu, & Xu, 2015). Among all thermosensitive TRP channels, TRPAL is unique
in that its temperature sensitivity is species-dependent. Namely, it is a cold-activated channel
in C. elegans and mouse but functions as a heat-activated channel in Drosophila and snake
(Chatzigeorgiou et al., 2010; Gracheva et al., 2010; Story et al., 2003; Viswanath et al.,
2003; Xiao et al., 2013). TRPA-1 plays an important role in the cold-promoted longevity in
C. elegans as trpa-1(0k999)-null mutant exhibits shortened lifespan only at low, but not high,
temperatures (Xiao et al., 2013). Upon activation by the low temperatures, TRPA-1 initiates
a genetic program to actively promote longevity. This program includes Ca?* influx,
calcium-sensitive kinase PKC-2, FOXO kinase SGK-1, and FOXO family transcription
factor DAF-16 (Fig. 1A) (Xiao et al., 2013). Interestingly, mammalian TRPAL can
functionally substitute for its worm homolog in lifespan extension, suggesting that TRPA1
might have a conserved role in mammalian aging. Notably, although adulthood low
temperature extends lifespan, larval low temperature actually shortens it. Again, TRPA-1 is
required for this developmental stage-dependent differential effects of low temperature on
lifespan (Zhang et al., 2015). It is possible that TRPA-1 might activate distinct sets of
transcriptional target genes during larval stage and adulthood (Zhang et al., 2015).

TRPV1 is another well-characterized thermosensitive TRP channel that is activated by heat
and the pungent ingredient capsaicin from hot chili pepper (Caterina et al., 1997). A recent
study in mice showed that animals lacking TRPV1 are long-lived and exhibit improved
metabolic health at the advanced ages (Riera et al., 2014). In-depth characterization of
TRPV1-deficient mice revealed that the loss of TRPV1 alters downstream Ca?* signaling
and blocks the nuclear shuttling of CRTC1 (CREB-regulated transcriptional coactivator 1)
that will otherwise lead to the reduced longevity (Fig. 1A) (Riera et al., 2014). Notably, the
functions of TRPV1 in shortening lifespan appears to be evolutionarily conserved. In C.
elegans, osm-9and ocr-2 encode two TRPV channels (Colbert, Smith, & Bargmann, 1997,
Tobin et al., 2002). Consistent with results from TRPV1 knockout mice, loss of osm-9and
ocr-2in worms results in an increased lifespan (Lee & Ashrafi, 2008; Riera et al., 2014).
Mechanistically, the opening of OSM-9 and OCR-2 facilitates Ca2* influx and activates
UNC-31, a calcium-activated regulator of neural dense-core vesicle release. This leads to the
release of insulin, neuropeptides, and biogenic amines and activates insulin signaling
pathway, which ultimately inhibits the FOXO transcription factor DAF-16 and suppresses
longevity (Fig. 1A) (Lee & Ashrafi, 2008). However, it should be noted that, unlike TRPV1,
neither OSM-9 nor OCR-2 has been established to be heat-activated. Additionally, it remains
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elusive whether TRPV1, OSM-9, and OCR-2 are involved in the high temperature-
suppressed lifespan observed in many species.

CNG channel

Another type of ion channel involved in animal lifespan modulation is cyclic nucleotide-
gated (CNG) channels that are activated upon binding of cyclic nucleotides. In C. elegans,
CNG channels TAX-2 and TAX-4 play essential roles in sensory transduction (Bargmann,
2006). Mutations in fax-2and tax-4 extend lifespan at low (15 and 20°C), but not high
(25°C), temperatures (Apfeld & Kenyon, 1999; Lee & Kenyon, 2009). The extended
lifespan of tax-2and fax-4 mutants at low temperatures is dependent on DAF-16 since the
loss-of-function of daf-16 almost completely abolishes the longevity phenotype of fax-2and
tax-4 mutants (Fig. 1B) (Apfeld & Kenyon, 1999). Furthermore, studies showed that TAX-2
and TAX-4 might modulate DAF-16 activity by regulating the expression of various insulin-
like peptides (ILPs) including INS-6 and DAF-28 (Fig. 1B) (Artan et al., 2016).
Interestingly, the effect of fax-2and fax-4 mutations on lifespan is opposite at high
temperatures—they shorten lifespan at 25°C (Lee & Kenyon, 2009). This lifespan
shortening effect of fax-2and fax-4 mutations at high temperatures requires a steroid
signaling pathway, but not DAF-16 (Fig. 1B) (Lee & Kenyon, 2009). Specifically, the
activation of the heat-sensitive neuron AFD (a pair of amphid sensory neuron involved in C.
elegans thermosensation and CO, sensing) by high temperatures promotes cGMP
production and activates TAX-2 and TAX-4, which lead to an increase in DAF-9/cytochrome
P450 level and alter the activity of nuclear hormone receptor DAF-12 (Fig. 1B). Eventually,
it causes accelerated aging at high temperatures. Taken together, CNG channels might utilize
distinct mechanisms to modulate the rate of aging under different temperatures.

Calcium channel

Calcium channels play critical roles in normal neuronal and muscular functions.
Dysregulation of intracellular Ca2* homeostasis may contribute to age-related decline in
brain functions. For example, aging is accompanied by increased surface/total protein ratio
of two L-type Ca2* channels (Ca,1.2 and Ca,1.3) in the hippocampus region (Nunez-
Santana et al., 2014). The loss of Ca, 1.2 can prevent animals from age-related memory loss
in a sex-dependent manner (Zanos et al., 2015). By contrast, transgenic mice with
overexpressed Cay1.3 has been used as a model to study brain aging (Krueger et al., 2016).
The dysfunctions of calcium channels may also contribute to the age-related vascular
disorders since calcium channel blockers are commonly used to treat hypertension in the
elderly (Caballero-Gonzalez, 2015). For instance, the calcium channel blocker nifedipine
can delay senescence and prevent telomerase activity decline in human endothelial cells
(Hayashi et al., 2014). These anti-senescence effects are likely achieved by reducing the
production of ROS and enhancing the activity of nitric oxide synthase (eNOS) (Hayashi et
al., 2014).

The mechanisms through which calcium channels modulate aging and age-related
conditions remain largely unknown. Transcription factor-mediated transcriptional
reprogramming might be a key mechanism. For example, many calcium channels can
modulate the expression and function of the tumor suppressor p53 which plays an important
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role in integrating diverse physiological signals and balancing tumor suppression and
longevity (Fig. 1C) (Rodier, Campisi, & Bhaumik, 2007). Alternatively, calcium channels
could influence aging through modulating telomerase activity. As an important modulator
for replicative lifespan (Riera et al., 2016), telomere length is regulated by Ca2* homeostasis
and the activities of telomerase are enhanced by the increased extracellular Ca2* level (Fig.
1C) (Alfonso-De Matte, Moses-Soto, & Kruk, 2002).

2.41 Sodium channel

The Degenerin/Epithelial sodium channels (DEG/ENaC) Pickpocket (PPK) represent a large
family of ion channels in Drosophila (Zelle, Lu, Pyfrom, & Ben-Shahar, 2013). PPK28 is an
osmo-sensitive ENaC channel that mediates the behavioral responses to water (Cameron,
Hiroi, Ngai, & Scott, 2010). The loss-of-function of ppk28increases lifespan and promotes
health performance in fly. The lifespan extension of ppk28 mutant requires both FOXO
transcription factor and AKH signaling which regulates lipid metabolism (Fig. 1D)
(Waterson et al., 2014). The activation of another ENaC channel PPK23, which is a receptor
for female pheromones, decreases male lifespan through neuropeptide signaling (Gendron et
al., 2014).

251 Potassium channel

The voltage-gated potassium channel Shakerwas originally cloned from a mutant
Drosophila with atypical leg-shaking phenotype (Tempel, Papazian, Schwarz, Jan, & Jan,
1987). The loss-of-function mutations in Shaker disrupt sleep patterns and reduce lifespan in
Drosophila (Cirelli et al., 2005). As the disturbance of circadian rhythm and sleep
contributes to aging, Shaker might modulate lifespan through regulating circadian rhythm
(Fig. 1E). Other types of potassium channels are also associated with aging. For example,
mutations in KCNQ channels cause cardiac arrhythmias in young Drosophila, a phenotype
typically observed in aged animals (Ocorr et al., 2007). In addition, mutations in KCNQ
channels accelerate age-dependent memory impairment and this memory defect can be
rescued by overexpressing KCNQ in a specific subset of neurons in Drosophila (Cavaliere,
Malik, & Hodge, 2013). Importantly, a similar effect of KCNQ channels in brain aging has
been reported in primates (Wang et al., 2011), indicating the conserved roles of KCNQ
channels in aging (Fig. 1E). On the other hand, aging also has a profound influence on the
functions of potassium channels. Studies in C. elegans revealed the age-dependent oxidation
of potassium channel KVS-1 due to the accumulated ROS (Cai & Sesti, 2009). The oxidized
KVS-1 contributes to the age-associated decline in sensory functions (Cai & Sesti, 2009).

2.6 1 Otherion channels

In addition to the channels discussed above, other types of ion channels are also involved in
lifespan modulation. In C. elegans, cup-4 encodes an ion channel with high homology to
mammalian nicotinic acetylcholine receptors (NAChRS). Interestingly, CUP-4 is required for
the dietary restriction-mediated lifespan extension in C. efegans through NLP-7 signaling
and transcription factors SKN-1 and PHA-4 (Park, Link, & Johnson, 2010). In Drosophila,
the broadly expressed odorant receptor Or83b6 encodes a non-selective cation channel for
odorant perception. Mutations in Or83b extend lifespan (Libert et al., 2007). However, since
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most insulin signaling components are unchanged in Or83b mutant, insulin-independent
signaling might underlie the Or83b-modulated longevity (Libert et al., 2007).

GPCRs IN LIFESPAN MODULATION

G protein-coupled receptors (GPCRs) constitute a large family of membrane receptors that
sense various environmental and intrinsic signals. As molecular receptors for
neurotransmitters, hormones, chemokines, and neuromodulators, GPCRs make up
approximately 5% of eukaryotic genome (Bargmann, 1998; Marchese, George, Lynch, &
O'Dowd, 1999). Ligand-binding causes conformational changes in GPCRs which promote
the exchange of GDP for GTP and activate heterotrimeric G proteins. Activated G proteins
modulate the activities of downstream effector proteins such as adenylyl cyclase (AC),
phospholipase C (PLC), and some ion channels, which in turn regulates the activities of
second and third messengers, and eventually generates both acute and prolonged responses
to distinct stimuli.

Although GPCRs are widely involved in nearly every aspect of cellular physiology, their
roles in lifespan modulation have not been well recognized. C. elegans GBB-1 is a
metabotropic receptor (GABAR) for the inhibitory neurotransmitter GABA. Deficiency in
GABA signaling or loss-of-function of gbb-1 extends lifespan through PLCP which
transduces the longevity signal to DAF-16 via protein kinase D (PKD) (Fig. 2A) (Chun et
al., 2015). str-2encodes a putative chemosensory GPCR (Troemel, Sagasti, & Bargmann,
1999) and str-2 RNA interference (RNAI) extends lifespan (Fig. 2A) (Alcedo & Kenyon,
2004). However, the agonist for STR-2 is yet to be determined and the mechanism of how
str-2 influences aging also remains elusive (Alcedo & Kenyon, 2004).

GPCRs also modulate lifespan in other species. In Drosophila, GPCR methuselah (mth)
mutants display a substantial increase in mean lifespan and enhanced resistance to diverse
stressors (Fig. 2B) (Lin, Seroude, & Benzer, 1998; McGarrigle & Huang, 2007). In yeast S.
pombe, the inhibition of Git3, a GPCR for glucose, extends lifespan while constitutive
activation of Git3 signaling accelerates aging and abolishes the lifespan extension due to
dietary restriction (Fig. 2C) (Roux et al., 2009).

GPCRs trigger downstream signaling through heterotrimeric G proteins. Therefore, distinct
G proteins might mediate the effects of GPCRs in lifespan modulation. A genetic screen was
conducted in C. elegans to investigate the role of sensory G proteins in longevity regulation
(Lans & Jansen, 2007). The loss-of-function mutations in G, subunits oar-3and gpa-1, G,
subunit goc-1, and the overexpression of G, subunit gpa-11 all extend lifespan (Lans &
Jansen, 2007). It appears that sensory G proteins regulate lifespan through FOXO signaling
because the loss-of-function of DAF-16/FOXO completely abolishes the longevity
phenotype of these G protein mutants (Fig. 2A) (Lans & Jansen, 2007). Among the G
protein subunits that affect lifespan, gpa-1 regulates longevity by influencing DAF-2 activity
while odr-3, gpc-1, and gpa-11 may signal to DAF-16 in a DAF-2-independent fashion (Fig.
2A). In a separate study, the activation of G, subunit GPA-3 extended lifespan by inhibiting
neuronal cGMP level through cGMP-specific phosphodiesterases (PDEs) (Fig. 2A) (Hahm,
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Kim, & Paik, 2009). Again, DAF-16 acts downstream of GPA-3 in the cGMP signaling-
dependent lifespan extension (Hahm et al., 2009).

RECEPTOR TYROSINE KINASES IN LIFESPAN MODULATION

As membrane receptors for various polypeptide growth factors, cytokines, and hormones,
receptor tyrosine kinases (RTKSs) are essential for many aspects of cellular physiology
including cell growth, proliferation, differentiation, and tissue repair. After activation, RTKs
either transiently exert their kinase activity or recruit intracellular tyrosine or serine/
threonine kinases to form a multiprotein complex. Among all RTKSs, insulin and insulin-like
growth factor receptors are probably the best studied modulators of longevity. Additionally,
epidermal growth factor receptor (EGFR) also plays a role in aging. Below, we will focus
our discussion on these two types of growth factor receptors in lifespan modulation.

Insulin and insulin-like growth factor receptor

Insulin/insulin-like growth factor signaling (11S) modulates lifespan in an evolutionarily
conserved manner (Kenyon, 2010). Upon agonist binding, insulin/insulin-like growth factor
receptors dimerize and activate their intracellular tyrosine kinase domain, which will then
bind and activate phosphoinositide 3-kinases (PI13Ks) through their SH2 domain. The
activated P13Ks can convert the membrane phosphatidylinositol 4,5-bisphosphate (P1P2) to
phosphatidylinositol 3,4,5-triphosphate (PIP3), which leads to the activation of protein
kinase B (PKB, also called AKT) through phosphoinositide-dependent kinase (PDK). By
phosphorylating multiple downstream aging-related effectors such as FOXOs and
mechanistic target of rapamycin (mTOR), AKT functions as a key regulator of animal
longevity (Fig. 3).

The core components of 11S pathway, including DAF-2/insulin receptor, AGE-1/P13K,
PDK-1/PDK, AKT-1 and AKT-2/AKT, all negatively modulate C. elegans lifespan by
inhibiting the FOXO transcription factor DAF-16 (Fig. 3) (Finch & Ruvkun, 2001; Kenyon,
2010). Very interestingly, human insulin can activate DAF-2 and suppress C. elegans
lifespan through DAF-16 (Kimura, Tissenbaum, Liu, & Ruvkun, 1997; Pierce et al., 2001),
strongly supporting that 11S modulates aging in an evolutionarily conserved fashion. In line
with this notion, a mutant Drosophila insulin receptor extends the adult lifespan up to 85%
in female flies and reduces the late age-specific mortality in male flies (Tatar et al., 2001).
Furthermore, the loss of CHICO, a Drosophila insulin receptor substrate protein, also
significantly extends lifespan in flies (Clancy et al., 2001). In mice, a reduced level in
plasma growth factor or IGF-1 can cause up to 50% of lifespan extension (Brown-Borg,
Borg, Meliska, & Bartke, 1996; Coschigano, Clemmons, Bellush, & Kopchick, 2000;
Holzenberger et al., 2003), indicating that IGF-1 receptor might suppress longevity in
mammals in a similar fashion as their C. elegans and Drosophila counterparts. Although
homozygous deletion of IGF-1 receptor in mice leads to embryonic lethality, heterozygous
IGF-1 knockout mice (/gfir+/-) are long-lived, particularly in females (Holzenberger et al.,
2003). Moreover, the disruption of insulin receptor substrate 1 (IRS-1), a major intracellular
effector of the IGF receptor, also extends lifespan in female mice (Selman et al., 2008;
Selman, Partridge, & Withers, 2011). Lastly, genetic variations in FOXO3, a homolog of C.
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elegans DAF-16 and Drosophila FOXO, are strongly associated with human longevity in
multiple ethnic groups (Flachsbart et al., 2009; Li et al., 2009; Morris, Wilicoxa, Donlon, &
Willcox, 2015; Wilicox et al., 2008). Taken together, the genetic evidence from multiple
species strongly suggest that insulin and insulin-like growth factor receptors play very
important roles in regulating animal longevity.

EGFR (also called ErbB-1 or HER1) is another important RTK involved in lifespan
modulation. After binding to its agonists EGF or transforming growth factor a (TGFa),
EGFR forms homodimers and auto-phosphorylates several key intracellular tyrosine
residues. These activated tyrosine residues bind the SH2 domain of PI3K and activate AKT-
FOXO signaling pathway. Additionally, Grb2 and Shc also bind to the activated EGFR via
their phosphorylated tyrosine residues, which then serve as an adaptor for the downstream
Ras signaling and STAT signaling, respectively (Fig. 3). The last major signaling output of
EGFR is through PLC gamma (PLCy), which triggers calcium release from endoplasmic
reticulum (ER) calcium store and PKC activation.

Studies in C. elegans suggest that EGFR can promote longevity and healthspan independent
of 11S pathway (lwasa, Yu, Xue, & Driscoll, 2010; Liu, Rogers, Murphy, & Rongo, 2011).
The LET-23/EGFR gain-of-function mutant /et-23(sa62) is long-lived (Iwasa et al., 2010)
and EGFR may promote lifespan through ubiquitin proteasome system (UPS)-mediated
protein homeostasis (Liu et al., 2011). UPS is known to regulate both FOXO transcription
factor DAF-16 and FOXA transcription factor PHA-4 (Carrano, Liu, Dillin, & Hunter, 2009;
Ghazi, Henis-Korenblit, & Kenyon, 2007; Li, Gao, Lee, Bennett, & Fang, 2007). Thus, the
signaling outputs of EGFR in lifespan modulation might converge on DAF-16 and PHA-4,
two well-established master regulators of C. elegans lifespan (Kenyon, 2010; Riera et al.,
2016). In Drosophila, EGFR signaling plays a crucial role in intestinal stem cell (ISC)
proliferation and promotes longevity and maintains tissue health during organismal aging in
homeostatic and stress conditions (Biteau & Jasper, 2011; Park, Kim, & Yoo, 2009). In
rodents, impaired EGFR signaling has also been linked to the age-related decline in
hepatocytes (Chen et al., 2000; Hutter et al., 2000). In human, reduced EGFR signaling is
associated with age-related decline in stress response (Enwere et al., 2004). Nevertheless,
the precise roles and mechanisms of EGFR in animal lifespan modulation are less
understood compared to that of insulin/insulin-like growth factor receptors.

OTHER MEMBRANE ION CHANNELS AND RECEPTORS IN LIFESPAN

MODULATION

511

Many plasma membrane accessory proteins and intracellular organelle ion channels and
receptors also participate in lifespan regulation. Here, we will discuss the functions of these
aging-related membrane proteins based on their subcellular localization.

Klotho

klotho was originally discovered as a suppressor of several aging-related phenotypes and
klotho-defective mice display short lifespan, infertility, arteriosclerosis, skin atrophy,
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osteoporosis, and emphysema (Kuro-o et al., 1997). There are two forms of Klotho proteins:
membrane Klotho and secreted Klotho. The membrane Klotho functions as an obligate co-
receptor for fibroblast growth factor-23 (FGF23) (Consortium, 2000; Kurosu et al., 2006).
As FGF23 does not have a heparan sulfate-binding domain, it needs the membrane-bound
Klotho for high affinity binding to the ubiquitously expressed FGFRs in target tissues
(Kurosu et al., 2006; Urakawa et al., 2006).

The interaction between Klotho and FGF23 plays a key role in systemic phosphate
homeostasis (Razzaque, 2009). Upon activation, Klotho and FGFR trigger a signaling
cascade involving ERK1/2 and SGK1 kinases. SGK1 will phosphorylate Na*/H* exchange
regulatory cofactor (NHERF-1) which leads to the internalization and degradation of
NaPi-2a, an important sodium/phosphate co-transporter required for phosphate homeostasis
(Erben & Andrukhova, 2016). Excessive phosphate accelerates aging and phosphatopathy is
commonly observed in patients with chronic kidney disease (CKD) (Ohnishi, Nakatani,
Lanske, & Razzaque, 2009; Stubbs et al., 2007). The clinical outcomes of CDK include
increased mortality, vascular calcification, cardiac hypertrophy, osteopenia, and sarcopenia
(Tonelli et al., 2006). Remarkably, all these outcomes are linked to Klotho decrease
(Shimamura et al., 2012) and the exogenous Klotho administration can exert protective
effects in animal models of CDK (Razzaque, 2009). Therefore, the anti-aging protein Klotho
may provide an attractive drug target for certain age-associated diseases.

ER membrane proteins

The endoplasmic reticulum (ER) has many essential cellular functions including protein
folding, lipid biosynthesis, and calcium storage. Disrupted ER functions are linked to many
age-related diseases including Alzheimer's disease (AD), Parkinson's disease (PD),
amyotrophic lateral sclerosis (ALS), Huntington's disease, and type 2 diabetes mellitus.

Presenilins are multi-transmembrane domain proteins involved in AD (Annaert et al., 1999).
It has been reported that more than 40% of familial AD are caused by mutations in the
presenilin 1 and presenilin 2 (Tandon & Fraser, 2002). Presenilins act as catalytic subunits of
y-secretase that is a key enzyme for amyloid precursor protein (APP) processing and
amyloid B-peptide Ap) release (De Strooper et al., 1998; Wolfe et al., 1999). Mutations of
presenilins in familiar AD also cause deranged calcium signaling (Smith, Green, & LaFerla,
2005) and presenilins may function as passive ER Ca?*-leak channels (Tu et al., 2006).
Another ER membrane protein stromal interaction molecule (STIM) acts as an ER calcium
sensor and gates the Ca?* release-activated Ca2* (CRAC) channel. In mouse cortical
neurons, the knockdown of STIM1 promotes neuronal survival after traumatic neuronal
injury (Hou, Liu, Li, Cheng, & Guo, 2015), indicating that STIM1 may play a role in
maintaining neuronal functions during aging. Nevertheless, the precise roles of both
presenilins and STIM in lifespan modulation have yet to be determined.

Mitochondrial membrane proteins

The functional decline in mitochondria is considered as a hallmark of aging. As the cellular
power plant, mitochondria generate ROS, metabolites, iron-sulfur clusters (1SC), and protein
and DNA fragments, all of which are involved in animal aging. The aged, dysfunctional,
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damaged, or excessive mitochondria present a big challenge for cells and can accelerate
cellular senescence. To defend themselves, cells mainly rely on mitochondrial fusion and
fission as well as mitophagy (Leonov & Titorenko, 2013; Richard et al., 2013). These
mitochondria-related cellular processes all actively modulate longevity.

Several mitochondrial membrane ion channels and transporters have been reported to be
involved in lifespan modulation. The mitochondrial permeability transition pore (mPTP) is
composed of adenine nucleotide translocator (ANT) at the inner mitochondrial membrane
and voltage-dependent anion channel (VDAC) at the outer mitochondrial membrane. During
aging, the production of ROS and calcium overload open mPTP and promote cellular
senescence via apoptosis (Kroemer, Galluzzi, & Brenner, 2007). Another mitochondrial
membrane transporter involved in lifespan modulation is uncoupling protein 2 (UCP2)
(Rousset et al., 2004). UCP2 plays an important role in glucose and lipid metabolism that is
critical for aging. Mice carrying a hypocretin promoter-driven UCP2 transgene have a longer
lifespan while UCP2 knockout mice exhibit a significantly shortened lifespan (Andrews &
Horvath, 2009; Conti et al., 2006), strongly supporting that UCP2 is a prolongevity factor.
Consistent with the findings in mice, polymorphisms in UCP2 are also associated with
human longevity (Barbieri et al., 2012; Rose, Crocco, De Rango, Montesanto, & Passarino,
2011). Mechanistically, UCP2 knockout increases the circulating IGF-1 level, indicating a
crosstalk between UCP2 and IS pathway (Hirose et al., 2016).

Lysosomal membrane proteins

Lysosome is the major intracellular organelle to break down various biomolecules including
proteins, nucleic acids, carbohydrates, and lipids. In addition, lysosome is required to
recycle other damaged organelles and large cellular structures during autophagy. The
lysosomal membrane receptor LAMP2 regulates the chaperone-mediated autophagy through
substrate binding and selective uptake of cytosolic proteins (Majeski & Dice, 2004).
LAMP2-deficient mice have a very short lifespan and exhibit massive accumulation of
autophagic structures in many tissues (Tanaka et al., 2000). Similarly, LAMP2 deficiency in
human causes the Danon's disease which is associated with the accumulation of autophagic
materials in striated myocytes (Nishino et al., 2000). Although the detailed mechanism
remains elusive, LAMP2 seems to modulate lifespan through autophagy pathway.

CONCLUSION

Human twin studies suggest that environmental factors are equally, if not more, important
for lifespan modulation compared to genetic factors (Christensen, Johnson, & Vaupel, 2006;
vB Hjelmborg et al., 2006). However, considering the extensively studied genetic programs
involved in lifespan modulation, relatively little is known about how distinct environmental
factors modulate aging. Many membrane ion channels and receptors are expressed in
distinct tissues to sense various environmental stimuli. For example, TRP channels, CNG
channels, and many GPCRs play essential roles in temperature sensation, smell and taste,
light sensation, and chemesthesis. Consistent with their roles in sensing environmental
physical and chemical cues, these ion channels and receptors have been shown to play
important roles in the environmental modulation of longevity (e.g., TRPA-1, TAX-2 and
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TAX-4, PPK23, PPK28, and Or83b) (Gendron et al., 2014; Libert et al., 2007; Waterson et
al., 2014; Xiao et al., 2015). Since membrane ion channels and receptors in both olfactory
and gustatory systems are known to modulate lifespan in C. elegans and Drosophila, it
would be interesting to examine whether sensory ion channels and receptors have similar
roles in mammalian aging.

In addition to the environmental cues, membrane ion channels and receptors also detect and
relay many internal signals such as neurotransmitters, hormones, cytokines, and metabolites.
In this regard, these membrane proteins may integrate systemic signals and coordinate the
aging processes among distinct tissues and organs. Insulin and insulin-like growth factor
receptors are well established to act in a cell-non-autonomous fashion and play important
roles in systemic aging across taxa (Alic et al., 2014; Apfeld and Kenyon, 1998). In addition,
several neurotransmitters and neuropeptides are also involved in the cell-non-autonomous
regulation of lifespan. In C. elegans, the neurotransmitter octopamin mediates the neuronal
CRTC-1 modulation of intestinal mitochondrial metabolism and longevity (Burkewitz et al.,
2015). Additionally, serotonin and neuropeptide FLP-2 mediate the cell-non-autonomous
mitochondrial unfolded protein response and lifespan modulation from neurons to the
intestine (Berendzen et al., 2016; Shao, Niu, & Liu, 2016). Lastly, serotonin and its intestinal
membrane receptor SER-7 are required for the cell-non-autonomous modulation of lifespan
by neuronal hypoxia-inducible factor-1 (HIF-1) (Leiser et al., 2015). Nevertheless, it should
be noted that the aging-related membrane receptors for most neurotransmitters and
neuropeptides discussed above are not known yet. Genetic and molecular characterization of
these receptors could provide important insights into the mechanisms of systemic aging.

Many aging-related signaling pathways converge on several key transcription factors
(FOXO/DAF-16, Nrf2/SKN-1, HSF1/HSF-1, and FOXA/PHA-4), nuclear hormone
receptors (DAF-12 and NHR-49), and histone modifiers (sirtuins and histone demethylases)
to regulate animal lifespan (Finch & Ruvkun, 2001; Kenyon, 2010; Riera et al., 2016).
Interestingly, multiple G protein subunits, GABARg receptor, CNG channels, and TRP
channels all modulate lifespan in a somewhat FOXO/DAF-16-dependent fashion in C.
elegans (Artan et al., 2016; Chun et al., 2015; Lans & Jansen, 2007; Xiao et al., 2013).
These results support an important role of FOXO transcription factors in animal aging.
Remarkably, some membrane ion channels and receptors may use distinct nuclear factors to
regulate longevity under different cellular contexts. For example, TAX-2/TAX-4 CNG
channels sense environmental temperature changes in AFD neuron and modulate lifespan
through a DAF-12 steroid signaling pathway (Lee & Kenyon, 2009). In contrast, TAX-4
suppresses lifespan in a subset of sensory neurons through FOXO/DAF-16 signaling. Except
a few cases, the signaling cascades from membrane ion channels and receptors to nuclear
modulators of aging are largely unknown. The identification of the aging-related signaling
pathways downstream these membrane sensors may reveal novel regulators of animal
lifespan.

In summary, membrane ion channels and receptors function in the forefront to detect various
environmental inputs and intrinsic growth signals. As a result, they may initiate distinct
downstream signaling pathways involved in lifespan modulation. Studying the functions and
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mechanisms of membrane ion channels and receptors in lifespan regulation may provide
important information about the environmental modulation of longevity.
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FIGURE 1.
lon channels in lifespan modulation. A: C. elegans TRPA-1 channel mediates the cold-

promoted longevity through FOXO transcription factor DAF-16, while mouse TRPV1
shortens lifespan through transcription co-factor CRTC1. B: CNG channels TAX-2 and
TAX-4 are involved in the odorant- and heat-modulated lifespan through FOXO
transcription factor DAF-16 and nuclear hormone receptor DAF-12, respectively. C:
Multiple voltage-gated calcium channels modulate brain aging. D: ENaC channels PPK-28
and PPK-23 suppress longevity in Drosophila. E: Potassium channel Shaker may influence
aging through circadian clock
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G protein-coupled receptors in lifespan modulation. A: Metabotropic GABAB receptor

GBB-1 and odorant receptor STR-2 modulate C. elegans longevity through G protein

signaling and DAF-16. B: Methuselah (Mth) suppresses lifespan in Drosophila. C: Glucose

receptor GIT3 suppresses Schizosaccharomyces pombe longevity through G protein

signaling and protein kinase A
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FIGURE 3.
Receptor tyrosine kinases in lifespan modulation. Insulin and insulin-like growth factor

receptors and EGFR modulate lifespan in an evolutionarily conserved manner. AKT plays a
central role downstream of growth factor receptors in lifespan modulation
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