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TITLE OF THE INVENTION
INCREASING LIFESPAN BY MODULATING CRTC EXPRESSION OR
LOCALIZATION, AND METHODS OF SCREENING FOR MODULATORS OF SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of priority of U.S. provisional application Serial
No. 61/220,981, filed June 26, 2009, and U.S. provisional application Serial No. 61/299,812,
filed January 29, 2010. The foregoing applications are incorporated herein by reference in

their entirety.

FIELD OF THE INVENTION

The invention relates to the field of longevity enhancement. More particularly, the

invention provides compositions and methods relating to CRTC modulation.

BACKGROUND OF THE INVENTION

The last decade has seen a dramatic increase in the discovery of genetic,
environmental and pharmacological perturbations that slow aging and decrease age-related
pathology of model organisms. Although many of these interventions seem to function
through non-overlapping mechanisms?, one commonality is that lifespan extension is often
coupled to reductions in energy requiring processes and the rate at which energy stores are
depleted. Decreasing food intake, which increases longevity in species ranging from yeast to
primates, also reduces growth and reproductive rates'. Similarly, many of the genetic
manipulations that extend lifespan involve disruption to key energy sensing, growth or
metabolic pathways. These include mutations that reduce Insulin/Insulin like growth factor
signalling (IIS) or amino acid-sensing target of rapamycin (TOR) signalling, both of which
increase lifespan in the nematode worm Caenorhabditis elegans, the fruit fly Drosophila
melanogaster, and mice>**. Furthermore, disruption of respiratory chain complex

333 and mutations that reduce an organism’s ability to perceive food™ also increase

function
longevity.

One mechanism by which programmed transcriptional responses can be initiated by
environmental change is via post-translational modification of transcription cofactors®®, yet
this mode of regulation has not been explored in the context of aging. Modification of

cofactors, by phosphorylation, acetylation, glycosylation or ubiquitination can alter their
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ability to bind transcription factors or to recruit transcriptional machinery, prompting
activation/repression of downstream target genes in response to environmental cues>®.

Many interventions that extend lifespan involve perturbations to nutrient sensing that
initiate changes in downstream transcriptional regulation. Varying energy intake can trigger
programmed transcriptional responses through post-translational modification of transcription
factors and their cofactors, resulting in activation/suppression of target genes.

Citation or identification of any document in this application is not an admission that

such document is available as prior art to the present invention.

SUMMARY OF THE INVENTION

Described herein are methods and compositions related to increasing lifespan by
modulating CRTC expression or localization.

In certain embodiments, the invention provides a recombinant C.elegans that
expresses a detectable marker operably linked to a CRTC protein in intestinal cells. In some
embodiments, the detectable marker is visually detected. In other embodiments, the
detectable marker is spectroscopically detected. In yet other embodiments, the detectable
marker is a green fluorescent protein, a yellow fluorescent protein, a blue fluorescent protein,
or a red fluorescent protein.

In some embodiment, the invention relates to a method of screening test compounds
to determine whether such compounds affect the activity of an AMP-activated kinase or an
LKB1 kinase, said method comprising determining the effect of test compound on the
localization of a CRTC protein. In further embodiments, the invention provides a method of
identifying a compound that affects the activity of an AMP-activated kinase or an LKB1
kinase, comprising contacting a non-human animal with a test compound; and measuring the
localization of a CRTC protein in the presence and absence of the test compound in the non-
human animal, wherein a test compound that modulates the localization of the CRTC protein
in the non-human animal indicates a compound that affects the activity of an AMP-activated
kinase or an LKBI1 kinase.

In other embodiments, the invention relates to a method of increasing lifespan in an
organism, comprising modulating expression of a CRTC protein. In certain embodiments,
the expression of the CRTC protein is reduced. In some embodiments, the method comprises
administering an inhibitorvof CRTC to the organism. In certain embodiments, the inhibitor is

an siRNA.
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In some embodiments, the invention relates to a method of increasing lifespan in an
organism, comprising modulating localization of a CRTC protein. In certain embodiments,
the method comprises modulating phosphorylation of the CRTC protein. In further
embodiments, the method comprises inhibiting calcineurin activity. In some embodiments,
the method comprises administering an inhibitor of calcineurin to the organism. In certain
embodiments, the inhibitor is an siRNA. In yet other embodiments, the method comprises
enhancing AMPK activity.

In another embodiment, the invention relates to a method of increasing lifespan in an
organism, comprising modulating expression of a CREB protein.

In yet other embodiments, the invention provides a composition comprising an
isolated C. elegans CRTC protein. In a further embodiment, the invention provides a
composition comprising isolated nucleic acid encoding a C. elegans CRTC protein. In a
particular embodiment, the CRTC protein is CRTC-1.

In some embodiments, the invention provides a method of screening test compounds
to determine whether such compounds affect the activity of calcineurin, said method
comprising determining the effect of the test compound on the localization of a CRTC
protein. In further embodiments, the invention provides a method of screening test
compounds to determine whether such compounds enhance longevity, said method
comprising determining the effect of the test compound on the localization of a CRTC
protein. In further embodiments, the invention provides a method of identifying a compound
that affects the activity of calcineurin, comprising contacting a non-human animal with a test
compound; and measuring the localization of a CRTC protein in the presence and absence of
the test compound in the non-human animal, wherein a test compound that modulates the
localization of the CRTC protein in the non-human animal indicates a compound that affects
the activity of calcineurin.

In other embodiments, the invention provides a method of screening test compounds
to determine whether such compounds enhance longevity, said method comprising
determining the effect of the test compound on the localization of a CRTC protein. In further
embodiments, the invention provides a method of identifying a compound that modulates
longevity, comprising contacting a non-human animal with a test compound; and measuring
the localization of a CRTC protein in the presence and absence of the test compound in the
non-human animal, wherein a test compound that modulates the localization of the CRTC

protein in the non-human animal indicates a compound that modulates longevity.
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It is noted that in this disclosure and particularly in the claims, terms such as
“comprises”, “‘comprised”, “comprising” and the like can have the meaning attributed to it in
U.S. Patent law; e.g., they can mean “includes”, “included”, “including”, and the like; and
that terms such as “consisting essentially of” and “consists essentially of” have the meaning
ascribed to them in U.S. Patent law, e.g., they allow for elements not explicitly recited, but
exclude elements that are found in the prior art or that affect a basic or novel characteristic of
the invention.

These and other embodiments are disclosed or are obvious from and encompassed by,
the following Detailed Description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 shows that CRTC-1 regulates longevity in response to changes in the
environment. a. CRTC-1 is the sole C. elegans CRTC family member, with conserved CREB,
calcineurin and 14-3-3 binding domains and nuclear export signals (NES). Conserved AMPK
phosphorylation sites are found at serines 76 & 179. b. CRTC-1 is expressed throughout the
intestine of the worm and in neurons in the head (inset) and tail. c. RNAI inhibition of crtc-1
and tax-6 increases C. elegan wild type median lifespan by 53% and 60% respectively
(P<0.0001, Log rank, in each case). d. Overexpressing aak-2c (aal-321) increases lifespan
(P<0.0001, Log rank). e-g. Coexpression of NUP-160::GFP nuclear pore complex subunit
(green), CRTC-1::RFP (red) and merge. e. Under well fed conditions CRTC-1::RFP is found
throughout intestinal cells . O/N starvation (f) or 33 °C O/N (g) induce cytosolic translocation
of CRTC-1::RFP. h. DAPI staining (far left panel, light gray), CRTC-1::RFP localization
(center left panel, light gray) and merge after heat stress. DIC image shows intestinal tract.
Black arrows indicate nuclei. i. DAPI staining of C. elegans intestinal nuclei. White arrow
indicates nucleolus. j. Con-focal image of NUP-160::GFP (left panel, very light gray)
marking nuclear membrane and CRTC-1::RFP (right panel, light gray) after 33 °C O/N
showing nuclear exclusion of CRTC-1::RFP after heat stress.

FIGURE 2 shows that activation of AAK-2 and reduction of fax-6 inactivate CRTC-1
a. CRTC-1::RFP (light gray) is excluded from the nucleus of intestinal cells when
coexpressed with a constitutively active AMPK catalytic subunit AAK-2c::GFP (aal-321,
T181D) but localised throughout the cell in the presence of kinase dead AAK-2c::GFP (aal-
321, T181A). b. tax-6 RNAI results in nuclear exclusion of CRTC-1::RFP (light gray). c.
Combined RNAI for the two C. elegans 14-3-3 proteins results in nuclear localization of

CRTC-1::RFP. All the experiments in this figure were under fed conditions at 20 °C and

white arrows indicate intestinal nuclei.
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FIGURE 3 shows that AMPK and TAX-6 regulate CRTC-1 by shared
phosphorylation sites. a. Localization of CRTC-1::RFP with mutations to conserved AMPK
target serines shows double mutations of S76A, S179A together are sufficient to retain
CRTC-1::RFP in the nucleus. Insets are magnification of intestinal region. b. TAX-6
regulates CRTC-1 by dephosphorlyation of AMPK target serines. Each panel depicts the
posterior region of the intestine with CRTC-1::RFP localization in light gray (main). Insets
are CRTC-1::RFP localization (white) in one intestinal cell along with corresponding DIC
imagine with nucleus marked with dashed line. CRTC-1::RFP is present in both the nucleus
and cytosol under normal conditions. tax-6 RNAI results in nuclear exclusion of CRTC-
1::RFP. Serine>Alanine substitutions in CRTC-1::RFP at Ser179 and Ser76 result in
increased retention of CRTC-1 within the nucleus but this is reduced by tax-6 RNAi. Double

- S76A, S179A mutations in CRTC-1::RFP result in strong nuclear localization that is not .

reduced by tax-6 RNA..

FIGURE 4 shows pharmacological activation of CRTC-1. a. 120 minutes in M9 (non-
food containing buffer) results in CRTC-1::RFP (white) nuclear export in a wild type
background. Addition of tricaine induces rapid CRTC-1::RFP nuclear localization within 30
minutes. This effect is dependent upon TAX-6 as CRTC-1 expressed in a tax-6 (0k2065)
mutant is constitutively cytosolic and does not respond to tricaine treatment. b. DIC and
CRTC-1::RFP (white) after 60 minutes of tricaine treatment showing nuclear localization of
CRTC-1::RFP but no effect on CRTC-1::RFP in which the TAX-6 binding site has been
mutated. ¢. Tricaine induced nuclear localization of CRTC-1::RFP is expedited in aak-1
(tm1944); aak-2 (ok524) mutants (AMPK null), while re-location to the cytosol upon drug
removal is delayed. X axis represents time in minutes post tricaine removal. d. The effect of
RNAi of AMPK family kinases on CRTC-1::RFP localization in aak-1 (tm1944); aak-2
(0k524) mutants. Three panels represent 60, 120 and 180 min after tricaine removal.
Relocation of CRTC-1::RFP to the cytosol in aak-1 (tm1944); aak-2 (0k524) mutants is
delayed by RNAi of MARK-3 (par-1).

FIGURE 5 shows that calcineurin regulated longevity functions via CRTC-1. a. RNAi
for crtc-1 or tax-6 has no effect in a tax-6 (0k2065) mutant background (Log Rank, P=0.28
and P= 0.73 respectively). b. tax-6 RNAIi induced lifespan extension seen in wild type worms
is completely suppressed in transgenic worms expressing constitutively nuclear CRTC-1
(S76A, S179A)::RFP. Lifespan of CRTC-1 (S76A, S179A)::RFP worms fed empty vector is
not significantly different from wild type (Log Rank, P=0.07). Lifespan of CRTC-1 (S76A,
S179A)::RFP is not significantly different on empty vector or tax-6 RNAi (Log Rank, P=
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0.74). c. Suppression of tax-6 RNAI lifespan is specific to nuclear localised CRTC-1::RFP,
since RNAI of fax-6 extends lifespan of worms expressing wild type CRTC-1:::RFP (Log
rank, P<0.0001), but has no effect on the S76A, S179A double mutant (Log Rank P= 0.57).
There is no significant difference between lifespans of CRTC-1::RFP and CRTC-1 (S76A,
S179A) fed empty vector (Log Rank, P= 0.48).

FIGURE 6 depicts CRTC-1 and CRH-1. a. Promoter regions of crtc-1 and crh-1
driving RFP (top panel, gray) or GFP (bottom panel, gray and light gray shades) respectively
show expression in overlapping tissues. b. Co-IP in 293T cells transfected with FLAG tagged
CRTC-1 and HA tagged CRH-1 showing C. elegans CRTC-1 and CRH-1 bind in vivo.
Control blocking with excess FLAG peptide shows enrichment of HA::CRH-1 is FLAG
CRTC-1 specific. ¢. RNAI of crh-1 either from hatch or day one of adulthood extended
lifespan in the RNAI sensitive rrf-3 (pkl426) mutants, (Log Rank, P= 0.003 and P=0.0001
respectively). d. RNAI of gluconeogenic genes increases wild type lifespan: PEPCK
W05G11.6 (P<0.0001), PEPCK R11A5.4 (P<0.0001), PEPCK H04MO03.1 (P<0.0001), gpi-I
(P<0.001), pyc-1 (P=0.01). Log Rank in each case. None of the RNAI treatments extended
longevity by indirectly imposing dietary restriction since they did not affect feeding rates of
C. elegans as measured by pumping rates of the pharynx (Figure 11). e. Model depicting
AMPK & TAX-6’s antagonistic regulation of CRTC-1 and its effects on longevity.
Mammalian orthologues in parentheses.

FIGURE 7 shows: a. Amino acid sequence of CRTC-1. Translated sequence not
contained in wormbase or genebank in unhighlighted bold (i.e., LQSPNHMMTPMYG).
Serines 76 and 179 are identified in bold and highlighted gray (see second and fourth rows
from top). Putative CREB binding domain determined by sequence homology to human
CRTC2 underlined’. Putative NES sequences are bolded and highlighted very light gray (see
penultimate and last rows): aa 420-427 and aa 446-454. Putative calcineurin binding site
partially overlaps with NES1 and is highlighted in dark gray (see penultimate row). Putative
14-3-3 binding sites are highlighted in light gray (see second and fourth rows from top). b.
Alignment of C. elegans CRTC-1 and human CRTC2 showing conserved phosphorylation
sites at serines 76 & 179 with residues selected for in AMPK substrates shown in bold'®. c.
aak-2c promoter driving RFP shows aak-2c is expressed in intestine and head neurons. d.
RNAIi knockdown via feeding bacteria expressing crtc-1 double stranded RNA reduced crec-

1::RFP expression in the intestine but does not deplete expression in the neurons.
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FIGURE 8 shows: aak-1 (tm1944); aak-2 (0ok524) double mutants (aak -/-) are
sensitive to heat stress but this sensitivity can be rescued by expression of truncated gain-of-
function aak-2c (aal-321), which confers heat resistance when expressed in wild type worms.

FIGURE 9 shows: Heat stress results in nuclear exclusion of CRTC-1::RFP (top) but
this effect in not seen in worms subjected to par-5 & fit-2 (14-3-3) RNAI, in which CRTC-
1::RFP is constitutively nuclear. Arrows indicate nucleus.

FIGURE 10 shows: Food intake, measured as rate of pharyngeal pumping, is not
significantly affected by any of the RNAI treatments used (Wilcoxon Test Rank Sum,
P=0.17).

FIGURE 11 shows: a. Wild type lifespan is increased by tax-6 RNAI either from
hatch or from larval stage 4 (Log Rank P<0.0001 in both cases). b. #7/-3 (pk1426) lifespan is
increased by fax-6 RNAI either from hatch or from larval stage 4 (Log Rank P<0.0001 in
both cases). c. tax-6 RNAi has no significant effect on the lifespan of worms expressing
CRTC-1::RFP (876A, S179A), either from hatch (Log Rank, P=0.38) or from L4 (Log Rank,
P=0.26).

FIGURE 12 is a graph depicting additional CRTC-dependent transcription factors and
their effect on longevity in the worm.

FIGURE 13 depicts nucleic acid sequence encoding a CRTC-1 protein.

DETAILED DESCRIPTION

In mammals, CRTCs (CREB regulated transcriptional coactivators) are a family of
cofactors involved in energy homeostasis.

Applicants have identified the sole C. elegans CRTC family member, CRTC-1, and
find that it is repressed by AMP-kinase activation, or de-activation of the phosphatase
calcineurin, two conditions that extend longevity in the worm. Notably, Applicants have
found that lifespan extension resulting from reduced calcineurin activity functions
exclusively through CRTC-1 via conserved phosphorylation sites. In addition, reduction of
CRTC-1 itself, its binding partner CREB homologue-1 (CRH-1) as well as CRH-1 target
genes also slows aging. Taken together, these data demonstrate how the phosphorylation
status of a single transcription cofactor can have profound effects upon energy homeostasis
and ultimately organismal aging.

cAMP response element binding protein (CREB)-regulated transcriptional
coactivators (CRTCs) represent a family of cofactors whose activity state is determined by

energy status’’. Mammals have three CRTC family members, first identified as coactivators
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of CREB due to their ability to induce CREB target gene expression in the absence of a
cAMP stimulus®®*’, and more recently reported to also interact with other transcription
factors such as AP-1 and ATF-6*>', CRTCs bind as tetramers to the bZIP domain of CREB
and facilitate recruitment of the transcriptional apparatus®®. CRTCs are negatively regulated
through phosphorylation by AMP-activated protein kinase (AMPK) family kinases, including
salt-inducible kinase 2 (SIK2)?, AMPK'® and microtubule affinity regulating kinase 2
(MARK2)?, Phosphorylation by these kinases facilitates 14-3-3 protein binding and
retention of CRTCs in the cytoplasm®. Conversely, CRTCs are activated via
dephosphorylation by the serine/threonine phosphatase calcineurin, which induces CRTC
nuclear translocation and consequent activation of CREB targets®®. Recently, CRTC2 has
been suggested to be a key target of AMPK in maintaining energy homeostasis via nutrient
sensing in the hypothalamus®®.

In C. elegans, manipulations to both AMPK and calcineurin delay aging and are
responsive to changes in nutritional status. AMPK is activated under low energy conditions
when intracellular AMP:ATP ratios are high'®. When active, AMPK functions to shut down
key energy requiring processes such as growth, translation and gluconeogenesis via a range
of targets including mTOR, SIRT1, CRTCs and FOXOs'® and functions as a nutrient sensor
in the hypothalamus™. C. elegans expressing gain of function (GOF) components of the
AMPK heterotrimer are long-lived® !>, and AMPK is required for the longevity of dauer
larvae, a long-lived spore-like alternative larval stage induced in worms under low nutrient
conditions®®. TAX-6 is the C. elegans orthologue of the calcineurin catalytic A subunit®® and
plays a key role in chemo/thermotaxis and growth®®, and is a target of IIS signalling’. In
contrast to AMPK, tax-6 negatively regulates lifespan and loss of function (LOF) of tax-6
either by RNAi or genetic mutation results in long-lived worms’.

Applicants tested if the mechanism by which these separate longevity factors extend
lifespan in response to changes in nutrition is by control of transcription through regulation of
CRTC activity. If doing so, Applicants reasoned they might be able to uncover the conserved
transcriptional targets that link the metabolic function of CRTCs and CREB to longevity
assurance and demonstrate for the first time how nutritionally induced post translational
changes to a cofactor can regulate aging.

As detailed herein, the results of the experiments presented herein illustrate how post-
translational modification of a transcription cofactor can modulate transcriptional regulation
of aging initiated by changes to nutritional status. Furthermore, Applicants have found that

CRTC-1 activity can modulate aging and that CRTC-1 is a key longevity target of AMPK
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and calcineurin. Cofactor binding to transcription factors can both increase and repress
expression of target genes, and this regulatory mechanism may also be involved in the pro-
longevity effects of other transcription factors such as DAF-16, PHA-4 and SKN-1.

CRTC-1 represents a central node integrating different longevity pathways, since
calcineurin is an IIS target and AMPK has been shown to be involved in diet restriction’®’.
Furthermore, gain of function of the histone deacetylase sir-2.1 increases lifespan in the
worm®, and in mice SIRT1 deactivates CRTC2 by deacetylation, allowing ubiquitination and
degradation by the proteosome'’. Collectively, these data establish the conservation of this
key pathway from worms to mammals.

Results of the experiments presented herein identify a pivotal role for CREB regulated
transcription coactivators in mediating longevity in response to environmental cues. In
addition, Applicants find that pro-longevity effects of activating AMPK and inactivating
TAX-6 converge to suppress CRTC-1 and that this is sufficient to slow ageing (Figure 6¢).
Furthermore, Applicants identify CRTC-1 as the sole target of calcineurin mediated longevity
and provide a novel role for CREB in controlling the balance between energy homeostasis
and longevity assurance via regulation of its gluconeogenic target genes.

Collectively these data identify CRTC-1 as a central node by which an organism’s
nutritional and environmental status can mediate its rate of ageing, linking AMPK and
calcineurin via a shared signalling transduction pathway and demonstrating that post-
translational modification of a single transcriptional cofactor can significantly modulate

longevity. As is true for both insulin and TOR signalling>*”

, work in the worm can greatly
advance knowledge of conserved longevity pathways and Applicants have established C.
elegans as a complementary model system that is directly applicable to mammalian studies of
CRTCs. Applicants’ data, coupled with recent findings on the health benefits of reducing
components of the CRTC pathway in mice'®*>*¢, highlight CRTCs not only as novel ageing
regulators but also as potential therapeutic targets for patients with metabolic disorders.
Mammals CRTCs are expressed in multiple tissues including brain and liver and both
CRTC1 and 2 are involved in energy balance! %!’ Additionally, the same CRTC can have
separable roles in distinct tissue types; CRTC2 regulates energy homeostasis in the liver'®
and has been shown to be an energy sensor in the hypothalamus®®, the area of the brain
responsible for nutrient sensing. The sole C. elegans CRTC may therefore fulfil multiple
roles that have diverged during mammalian evolution. CRTC-1 is expressed in the nerve ring

in the head of C. elegans and the intestine, which, along with digestive function also plays an
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endocrine ‘liver-like’ role in the worm. Identifying the spatial and temporal requirements for
the longevity effects of CRTC-1 will therefore be vital to understanding its mode of action.

Although reducing crh-1 expression increased lifespan, this effect was not as great as
those seen by reductions to the upstream components tax-6 or crtc-1. CRTC family members
were first identified as coactivators of CREB due to their ability to induce CREB target gene
expression in the absence of a cAMP stimulus®*®, but recently have been reported to also
interact with other transcription factors such as AP-1 and ATF-6'**. Without wishing to be
bound to theory, Applicants believe CRTC-1 may therefore complex with other transcription
factors besides CRH-1 in the worm, the targets of which may contribute to the lifespan
effects. Alternatively, CRTC-1 may have cytosolic function enhanced by its confinement to
the cytoplasm during tax-6 RNAI, but not seen in knockdown of either crtc-1 or crh-1. Such
a bifunctional role has recently been shown for the mammalian diabetes and obesity regulated
(DOR) protein, which acts in the nucleus as a cofactor for the hormone receptor TRal, but
shuttles to the cytosol under starvation where it enhances autophagy and protein
degradation®'. Similarly, p53, a key transcription factor implicated in tumorigenesis and
ageing has recently been shown to have distinct cytoplasmic functions separable from its
nuclear role*, including inhibition of autophagy via AMPK and mTOR®.

Both diet restriction and reduced IIS have been reported to increase

44454647 making it counter-intuitive that

transcription/activity of gluconeogenic genes
reducing levels of gluconeogenic enzymes increases lifespan. However, starvation does not
increase expression of the PEPCKs R11A5.4 or W05G11.6 in adult worms™ and in mice,
although fasting initially activates glucose production in the liver, gluconeogenesis is later
diminished after prolonged nutrient deprivation via the inhibition of CRTC2 by AMPK and
SIRT1 '®!'. RNA] for at least one PEPCK (R11A5.4) has previously been shown to further
increase the lifespan of long-lived worms carrying mutations to the gene encoding the
insulin/IGF-1-like receptor DAF-2", while a whole genome RNAI screen for genes that
increased C. elegans lifespan identified gpi-1*°. Moreover, feeding worms glucose shortens
lifespan®, while glucose restriction extends it*’.

The data presented herein demonstrate a new level of complexity in the way an organism
regulates its rate of ageing in response to the environment and have broader implications for
the ability to manipulate only the pro-longevity functions of other transcription factors such
as DAF-16, HSF-1, PHA-4 and SKN-1'. For example, the effect of DAF-16 on reproduction,
dauer formation and longevity can be uncoupled®?, raising the possibility that regulation by

alternative cofactors separates the roles of DAF-16 in each of these physiological processes.
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An aim of ageing research is to distinguish between the pro-health effects of long-lived
mutants and their detrimental pleiotropic side effects, in order to treat age-related disorders.
In certain embodiments, targeting interventions that modify the activity of specific cofactors
may therefore allow translating ageing research into treatments that yield only positive
therapeutic effects.

As used herein, the term "amino acid sequence" is synonymous with the terms
"polypeptide," "protein," and “peptide,” and are used interchangeably. Where such amino
acid sequences exhibit activity, they may be referred to as an “enzyme.” The conventional
one-letter or three-letter code for amino acid residues are used herein.

The term “nucleic acid” encompasses DNA, RNA, heteroduplexes, and synthetic
molecules capable of encoding a polypeptide and includes all analogs and backbone
substitutes such as PNA that one of ordinary skill in the art would recognize as capable of
substituting for naturally occurring nucleotides and backbones thereof. Nucleic acids may be
single stranded or double stranded, and may be chemical modifications. The terms “nucleic
acid” and “polynucleotide” are used interchangeably. Because the genetic code is
degenerate, more than one codon may be used to encode a particular amino acid, and the
present compositions and methods encompass nucleotide sequences which encode a
particular amino acid sequence.

Unless otherwise indicated, nucleic acids are written left to right in 5' to 3’
orientation; amino acid sequences are written left to right in amino to carboxy orientation,
respectively.

As used herein, "hybridization" refers to the process by which one strand of nucleic
acid base pairs with a complementary strand, as occurs during blot hybridization techniques
and PCR techniques.

Hybridization conditions are based on the melting temperature (Tm) of the nucleic
acid binding complex, as taught, e.g., in Berger and Kimmel (1987, Guide to Molecular
Cloning Techniques, Methods in Enzymology, Vol 152, Academic Press, San Diego CA),

and confer a defined "stringency"” as explained below.

Maximum stringency typically occurs at about Tm-5 °C (5 °C below the Tm of the
probe); high stringency at about 5 °C to 10 °C below Tm; intermediate stringency at about 10
°C to 20 °C below Tm; and low stringency at about 20 °C to 25 °C below Tm. As will be
understood by those of ordinary skill in the art, a maximum stringency hybridization can be

used to identify or detect identical nucleotide sequences while an intermediate (or low)
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stringency hybridization can be used to identify or detect similar or related polynucleotide
sequences.

In one aspect, the present invention covers nucleotide sequences that can hybridize to
another nucleotide sequence under stringent conditions (e.g., 65 °C and 0.1xSSC {1xSSC =
0.15 M NaCl, 0.015 M Na3 Citrate pH 7.0). Where the nucleotide sequence is double-
stranded, both strands of the duplex, either individually or in combination, are encompassed
by the present invention. Where the nucleotide sequence is single-stranded, it is to be
understood that the complementary sequence of that nucleotide sequence is also included
within the scope of the present invention.

Stringency of hybridization refers to conditions under which polynucleic acid hybrids

are stable. Such conditions are evident to those of ordinary skill in the field. As known to

those of ordinary skill in the art, the stability of hybrids is reflected in the melting

temperature (Tm) of the hybrid which decreases approximately 1 to 1.5 °C with every 1 %
decrease in sequence homology. In general, the stability of a hybrid is a function of sodium
ion concentration and temperature. Typically, the hybridization reaction is performed under
conditions of higher stringency, followed by washes of varying stringency.

As used herein, high stringency includes conditions that permit hybridization of only
those nucleic acid sequences that form stable hybrids in 1 M Na+ at 65-68 °C. High
stringency conditions can be provided, for example, by hybridization in an aqueous solution
containing 6x SSC, 5x Denhardt's, 1 % SDS (sodium dodecyl sulphate), 0.1 Na+
pyrophosphate and 0.1 mg/ml denatured salmon sperm DNA as non specific competitor.
Following hybridization, high stringency washing may be done in several steps, with a final
wash (about 30 min) at the hybridization temperature in 0.2 - 0.1x SSC, 0.1 % SDS.

It is understood that these conditions may be adapted and duplicated using a variety of
buffers, e.g., formamide-based buffers, and temperatures. Denhardt's solution and SSC are
well known to those of ordinary skill in the art as are other suitable hybridization buffers (see,
€.g., Sambrook, et al., eds. (1989) Molecular Cloning: A Laboratory Manual, Cold Spring
Harbor Laboratory Press, New York or Ausubel, et al., eds. (1990) Current Protocols in
Molecular Biology, John Wiley & Sons, Inc.). Optimal hybridization conditions have to be
determined empirically, as the length and the GC content of the hybridizing pair also play a
role.

As used herein, a "synthetic" molecule is produced by in vitro chemical or enzymatic

synthesis rather than by an organism.
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The term “heterologous” with reference to a polynucleotide or protein refers to a
polynucleotide or protein that does not naturally occur in a host cell.

As used herein, the term “expression” refers to the process by which a polypeptide is
produced based on the nucleic acid sequence of a gene. The process includes both

transcription and translation.

A “gene” refers to the DNA segment encoding a polypeptide.
“Antisense” nucleic acids are DNA or RNA molecules that are complementary to at

least a portion of a specific mRNA molecule (Weintraub, Scientific American 262 40, 1990).
In the cell, the antisense nucleic acids hybridize to the corresponding mRNA, forming a
double-stranded molecule. This interferes with the translation of the mRNA since the cell
will not translate an mRNA that is double-stranded. Antisense oligomers of at least about 15,
about 20, about 25, about 30, about 35, about 40, or of at least about 50 nucleotides are
preferred, since they are easily synthesized and are less likely to cause non-specific
interference with translation than larger molecules. The use of antisense methods to inhibit

the in vitro translation of genes is well known in the art (Marcus-Sakura Anal. Biochem. 172:

© 289, 1998). In the present case, animals transformed with constructs containing antisense

fragments of a CRTC gene, such as for example, CRTC-1 in Caenorhabditis elegans and
homologs thereof, would display a modulated phenotype such as altered longevity.

The invention provides for nucleic acids complementary to (e.g., antisense sequences
to) cellular modulators of CRTC activity. Antisense sequences are capable of inhibiting the
transport, splicing or transcription of protein-encoding genes, €.g., nucleic acids encoding
CRTC-1 in Caenorhabditis elegans. The inhibition can be effected through the targeting of
genomic DNA or messenger RNA. The transcription or function of targeted nucleic acid can
be inhibited, for example, by hybridization and/or cleavage. One particularly useful set of
inhibitors provided by the present invention includes oligonucleotides which are able to either
bind gene or message, in either case preventing or inhibiting the production or function of the
protein. The association can be through sequence specific hybridization. Another useful
class of inhibitors includes oligonucleotides that cause inactivation or cleavage of protein
message. The oligonucleotide can have enzyme activity which causes such cleavage, such as
ribozymes. The oligonucleotide can be chemically modified or conjugated to an enzyme or
composition capable of cleaving the complementary nucleic acid. One can screen a pool of
many different such oligonucleotides for those with the desired activity.

Short double-stranded RNAs (dsRNAs; typically <30 nucleotides) can be used to
silence the expression of target genes in animals and animal cells. Upon introduction, the

long dsRNAs enter the RNA interference (RNAi) pathway which involves the production of
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shorter (20-25 nucleotide) small interfering RNAs (siRNAs) and assembly of the siRNAs into
RNA-induced silencing complexes (RISCs). The siRNA strands are then unwound to form
activated RISCs, which cleave the target RNA. Double stranded RNA has been shown to be
extremely effective in silencing a target RNA. Introduction of double stranded RNA
corresponding to, e.g., a CRTC gene, would be expected to modify the CRTC-related
functions discussed herein including, but not limited to, longevity.

General methods of using antisense, ribozyme technology and RNAi technology, to
control gene expression, or of gene therapy methods for expression of an exogenous gene in
this manner are well known in the art. Each of these methods utilizes a system, such as a
vector, encoding either an antisense or ribozyme transcript. The term "RNAi" stands for
RNA interference. This term is understood in the art to encompass technology using RNA
molecules that can silence genes. See, for example, McManus, et al. Nature Reviews
Genetics 3: 737, 2002. In this application, the term "RNAi" encompasses molecules such as
short interfering RNA (siRNA), small hairpin or short hairpin RNA (shRNA), microRNAs,
and small temporal RNA (stRNA). Generally speaking, RNA interference results from the
interaction of double-stranded RNA with genes.

"Small interfering RNA" (siRNA) refers to double-stranded RNA molecules from
about 10 to about 30 nucleotides long that are named for their ability to specifically interfere
with protein expression through RNA interference (RNAi). Preferably, siRNA molecules are
12-28 nucleotides long, more preferably 15-25 nucleotides long, still more preferably 19-23
nucleotides long and most preferably 21-23 nucleotides long. Therefore, preferred siRNA
molecules are 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27 28 or 29
nucleotides in length.

RNAI is a two-step mechanism (Elbashir et al., Genes Dev., 15: 188-200, 2001).
First, long dsRNAs are cleaved by an enzyme known as Dicer in 21-23 ribonucleotide (nt)
fragments, called small interfering RNAs (siRNAs). Then, siRNAs associate with a
ribonuclease complex (termed RISC for RNA Induced Silencing Complex) which target this
complex to complementary mRNAs. RISC then cleaves the targeted mRNAs opposite the
complementary siRNA, which makes the mRNA susceptible to other RNA degradation
pathways.

siRNAs of the present invention are designed to interact with a target ribonucleotide
sequence, meaning they complement a target sequence sufficiently to bind to the target
sequence. The present invention also includes siRNA molecules that have been chemically

modified to confer increased stability against nuclease degradation, but retain the ability to
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bind to target nucleic acids that may be present.

The invention provides antisense oligonucleotides capable of binding messenger
RNA, e.g., mRNA encoding CRTC-1 in C. elegans, that can inhibit polypeptide activity by
targeting mRNA. Strategies for designing antisense oligonucleotides are well described in
the scientific and patent literature, and the ordinarily skilled artisan can design such
oligonucleotides using the novel reagents of the invention. For example, gene walking/RNA
mapping protocols to screen for effective antisense oligonucleotides are well known in the
art, see, €.g., Ho, Methods Enzymol. 314: 168-183, 2000, describing an RNA mapping assay,
which is based on standard molecular techniques to provide an easy and reliable method for
potent antisense sequence selection. See also Smith, Eur. J. Pharm. Sci. 11: 191-198, 2000.

Naturally occurring nucleic acids are typically used as antisense oligonucleotides.
The antisense oligonucleotides can be of any length; for example, in alternative aspects, the
antisense oligonucleotides are between about 5 to 100, about 10 to 80, about 15 to 60, about
18 to 40. The optimal length can be determined by routine screening. The antisense
oligonucleotides can be present at any concentration. The optimal concentration can be
determined by routine screening. A wide variety of synthetic, non-naturally occurring
nucleotide and nucleic acid analogues are known which can also be used. For example,
peptide nucleic acids (PNAs) containing non-ionic backbones, such as N-(2-aminoethyl)
glycine units can be used. Antisense oligonucleotides having phosphorothioate linkages can
also be used, as described in Mata, Toxicol Appl Pharmacol. 144: 189-197, 1997; Antisense
Therapeutics, ed. Agrawal, Humana Press, Totowa, N.J., 1996. Antisense oligonucleotides
having synthetic DNA backbone analogues can also include phosphoro-dithioate,
methylphosphonate, phosphoramidate, alkyl phosphotriester, sulfamate, 3'-thioacetal,
methylene(methylimino), 3'-N-carbamate, and morpholino carbamate nucleic acids, as
described above.

Combinatorial chemistry methodology can be used to create vast numbers of
oligonucleotides that can be rapidly screened for specific oligonucleotides that have
appropriate binding affinities and specificities toward any target, such as the sense and
antisense polypeptides sequences of the invention (see, e.g., Gold, J. of Biol. Chem. 270:
13581-13584, 1995).

By "homolog" is meant an entity having a certain degree of identity with the subject
amino acid sequences and the subject nucleotide sequences. As used herein, the term
"homolog" covers identity with respect to structure and/or function, for example, the expression

product of the resultant nucleotide sequence has the inhibitory or upregulatory activity of a
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subject amino acid sequence. With respect to sequence identity, preferably there is at least 70%,
75%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, or even 99% sequence identity. These terms also encompass allelic
variations of the sequences. The term, homolog, may apply to the relationship between genes
separated by the event of speciation or to the relationship between genes separated by the
event of genetic duplication.

Relative sequence identity can be determined by commercially available computer
programs that can calculate % identity between two or more sequences using any suitable
algorithm for determining identity, using for example default parameters. A typical example
of such a computer program is CLUSTAL. Advantageously, the BLAST algorithm is
employed, with parameters set to default values. The BLAST algorithm is described in detail
at http://www.ncbi.nih.gov/BLAST/blast_help.html, which is incorporated herein by

reference.

The homologs of the peptides as provided herein typically have structural similarity with
such peptides. A homolog of a polypeptide includes one or more conservative amino acid
substitutions, which may be selected from the same or different members of the class to which

the amino acid belongs.

Thus, in certain embodiments, the present invention also encompasses the use of

variants, homologues and derivatives of the CRTC-1 amino acid sequence in Figure 7a.

-In one embodiment, the sequences, such as variants, homologs and derivatives of the
CRTC-1 amino acid sequence in Figure 7a, may also have deletions, insertions or substitutions
of amino acid residues which produce a silent change and result in a functionally equivalent
substance. Deliberate amino acid substitutions may be made on the basis of similarity in
polarity, charge, solubility, hydrophobicity, hydrophilicity, and/or the amphipathic nature of the
residues as long as the secondary binding activity of the substance is retained. For example,
negatively charged amino acids include aspartic acid and glutamic acid; positively charged
amino acids include lysine and arginine; and amino acids with uncharged polar head groups
having similar hydrophilicity values include leucine, isoleucine, valine, glycine, alanine,
asparagine, glutamine, serine, threonine, phenylalanine, and tyrosine.

The present invention also encompasses conservative substitution (substitution and
replacement are both used herein to mean the interchange of an existing amino acid residue with

an alternative residue) that may occur e.g., like-for-like substitution such as basic for basic,

acidic for acidic, polar for polar, etc. Non-conservative substitution may also occur e.g., from
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one class of residue to another or alternatively involving the inclusion of unnatural amino acids
such as ornithine (hereinafter referred to as Z), diaminobutyric acid ornithine (hereinafter
referred to as B), norleucine ornithine (hereinafter referred to as O), pyriylalanine,
thienylalanine, naphthylalanine and phenylglycine. Conservative substitutions that may be
made are, for example within the groups of basic amino acids (Arginine, Lysine and Histidine),
acidic amino acids (glutamic acid and aspartic acid), aliphatic amino acids (Alanine, Valine,
Leucine, Isoleucine), polar amino acids (Glutamine, Asparagine, Serine, Threonine), aromatic
amino acids (Phenylalanine, Tryptophan and Tyrosine), hydroxyl amino acids (Serine,
Threonine), large amino acids (Phenylalanine and Tryptophan) and small amino acids (Glycine,

Alanine).

Examples of homologs according to the invention include CRTC-1 homologs, such as
nucleotides with at least 70%, at least 80%, at least 90%, at least 95%, at least 98% sequence
identity to the nucleotide sequence depicted in Figure 13.

Examples of homologs according to the invention also include aak-2 (ampk alpha
subunit) homologs, such as nucleotides with at least 70%, at least 80%, at least 90%, at least
95%, at least 98% sequence identity to the nucleotide sequence depicted in GenBank Accession
No. NM_078309. Examples of homologs according to the invention also include tax-6
(calcineurin catalytic subunit) homologs, such as nucleotides with at least 70%, at least 80%, at
least 90%, at least 95%, at least 98% sequence identity to the nucleotide sequence depicted in
GenBank Accession No. NM_001083189. Examples of homologs according to the invention
also include crh-1 homologs, such as nucleotides with at least 70%, at least 80%, at least 90%, at
least 95%, at least 98% sequence identity to the nucleotide sequence depicted in GenBank
Accession No. NM_001027688.

Examples of homologs according to the invention also include ubl-5 homologs, such as
peptides with at least 70%, more preferably at least 80%, more preferably at least 90%, more
preferably at least 95%, more preferably at least 98% sequence identity to the amino acid

sequence depicted in GenBank Accession No. NP_491640.

Examples of homologs according to the invention also include aak-2 (ampk alpha
subunit) homologs, such as peptides with at least 70%, at least 80%, at least 90%, at least 95%,
at least 98% sequence identity to the nucleotide sequence depicted in GenBank Accession No.
NP_510710. Examples of homologs according to the invention also include tax-6 (calcineurin
catalytic subunit) homologs, such as peptides with at least 70%, at least 80%, at least 90%, at
least 95%, at least 98% sequence identity to the nucleotide sequence depicted in GenBank
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Accession No. NP_001076658. Examples of homologs according to the invention also include
crh-1 homologs, such as peptides with at least 70%, at least 80%, at least 90%, at least 95%, at
least 98% sequence identity to the nucleotide sequence depicted in GenBank Accession No.
NP_001022859.

In yet other embodiments, homologs according to the invention include CRTC-1
homologs, such as peptides with at least 70%, at least 80%, at least 90%, at least 95%, at least
98% sequence identity to the amino acid sequence depicted in Figure 7a.

Another embodiment of the invention relates to animals that have at least one
modulated CRTC function. Such modulated functions include among others an altered
longevity. "Longevity" refers to the life span of an animal. Thus, longevity refers to the
number of years in the life span of an animal. "Stress tolerance" refers to an animal's ability
to tolerate exposure to various internal and external environmental challenges such as
exposure to UV light, exposure to high osmolarity, exposure to infection, exposure to
oxidative damage, exposure to metal compounds, and exposure to certain toxins. Those of
ordinary skill in the art will recognize that an increase in the lifespan of an animal can readily
be measured by various assays known in the art. The field of gerontology is one such
example of a relevant art. By way of example, longevity may be assessed by various markers
such as number of generations to senescence in non-immortalized somatic cells, graying hair,
wrinkling, and other such alterations in physiological markers associated with aging. Those
of ordinary skill in the art will also recognize that alterations in an animal’s ability to tolerate
stress, i.¢., its response to stress, may be assessed by various assays, including by way of
example, by assessing changes in expression or activity of molecules involved in the stress
response by measuring expression of stress response genes, protein levels of specific stress
response proteins, or activity levels of specific stress response proteins.

Animals having a modified CRTC-related function include transgenic animals with an
altered longevity due to transformation with constructs using antisense or siRNA technology
that affect transcription or expression from a CRTC, AMPK, and/or calcineurin gene. Such
animals exhibit an altered longevity. |

Accordingly, in another series of embodiments, the present invention provides
methods of screening or identifying proteins, small molecules or other compounds which are
capable of inducing or inhibiting the activity or expression of CRTC, AMPK, and/or
calcineurin genes and proteins. The assays may be performed, by way of example, in vitro
using transformed or non-transformed cells, immortalized cell lines, or in vivo using

transformed animal models enabled herein.
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To aid in the detection of a protein or nucleic acid, labels are typically used— such as
any readily detectable reporter, for example, a fluorescent, bioluminescent, phosphorescent,
radioactive, etc. reporter. For example, labels suitable for use in the methods and
compositions of the instant invention include green fluorescent protein, yellow fluorescent
protein, blue fluorescent protein, and red fluorescent protein. Examples of such reporters
(e.g., green fluorescent protein, red fluorescent protein), their detection, coupling to

targets/probes, etc. are disclosed herein, for example, in the non-limiting examples.

The present invention further contemplates direct and indirect labelling techniques.
For example, direct labelling includes incorporating fluorescent dyes directly into a
nucleotide sequence (e.g., dyes are incorporated into nucleotide sequence by enzymatic
synthesis in the presence of labelled nucleotides or PCR primers). Direct labelling schemes
include using families of fluorescent dyes with similar chemical structures and
characteristics. In certain embodiments comprising direct labelling of nucleic acids, cyanine
or alexa analogs are utilized. In other embodiments, indirect labelling schemes can be
utilized, for example, involving one or more staining procedures and reagents that are used to
label a protein in a protein complex (e.g., a fluorescent molecule that binds to an epitope on a
protein in the complex, thereby providing a fluorescent signal by virtue of the conjugation of

dye molecule to the epitope of the protein).

In another series of embodiments, the present invention provides methods for
identifying proteins and other compounds which bind to, or otherwise directly interact with a
CRTC protein. Thus, in one series of embodiments, High Throughput Screening-derived
proteins, DNA chip arrays, cell lysates or tissue homogenates may be screened for proteins or
other compounds which bind to one of the normal or mutant CRTC genes. Alternatively, any
of a variety of exogenous compounds, both naturally occurring and/or synthetic (e.g.,
libraries of small molecules or peptides), may be screened for CRTC function modulating
capacity.

Embodiments of the invention also include methods of identifying proteins, small
molecules and other compounds capable of modulating the activity of a CRTC gene or
protein. Using normal cells or animals, the transformed cells and animal models of the
present invention, or cells obtained from subjects bearing normal or mutant CRTC genes, the
present invention provides methods of identifying such compounds on the basis of their
ability to affect the expression of a CRTC, the activity of a CRTC, the activity of proteins
that interact with normal or mutant CRTC proteins, or other biochemical, histological, or

physiological markers that distinguish cells bearing normal and modulated CRTC activity in

19



10

15

20

25

30

WO 2010/151880 PCT/US2010/040222

animals.

In accordance with another aspect of the invention, the proteins of the invention can
be used as starting points for rational chemical design to provide ligands or other types of
small chemical molecules. Alternatively, small molecules or other compounds identified by
the above-described screening assays may serve as "lead compounds" in design of
modulators of CRTC-related traits, such as longevity, in animals.

DNA sequences encoding a CRTC protein can be expressed in vitro by DNA transfer
into a suitable host cell. "Host cells" are cells in which a vector can be propagated and its
DNA expressed. The term also includes any progeny or graft material, for example, of the
subject host cell. It is understood that all progeny may not be identical to the parental cell
since there may be mutations that occur during replication. However, such progeny are
included when the term "host cell” is used. Methods of stable transfer, meaning that the
foreign DNA is continuously maintained in the host, are known in the art,

The terms "recombinant expression vector" or "expression vector" refer to a plasmid,
virus or other vehicle known in the art that has been manipulated by insertion or
incorporation of a genetic sequence. Such expression vectors contain a promoter sequence
\;vhich facilitates the efficient transcription of the inserted sequence. The expression vector
typically contains an origin of replication, a promoter, as well as specific genes that allow
phenotypic selection of the transformed cells.

Methods that are well known to those ordinarily skilled in the art can be used to
construct expression vectors containing a CRTC coding sequence and appropriate
transcriptional/translational control signals. These methods include in vitro recombinant
DNA techniques, synthetic techniques, and in vivo recombination/genetic techniques.

A variety of host-expression vector systems may be utilized to express a coding
sequence. These include but are not limited to microorganisms such as bacteria transformed
with recombinant bacteriophage DNA, plasmid DNA or cosmid DNA expression vectors
containing a coding sequence; yeast transformed with recombinant yeast expression vectors
containing a coding sequence; plant cell systems infected with recombinant virus expression
vectors (e.g., cauliflower mosaic virus, CaMV; tobacco mosaic virus, TMV) or transformed
with recombinant plasmid expression vectors (e.g., Ti plasmid) containing a coding sequence;
insect cell systems infected with recombinant virus expression vectors (e.g., baculovirus)
containing a coding sequence; or animal cell systems infected with recombinant virus
expression vectors (e.g., retroviruses, adenovirus, vaccinia virus) containing a coding

sequence, or transformed animal cell systems engineered for stable expression.
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Depending on the host/vector system utilized, any of a number of suitable
transcription and translation elements, including constitutive and inducible promoters,
transcription enhancer elements, transcription terminators, etc. may be used in the expression
vector (see e.g., Bitter et al. Methods in Enzymology 153, 516-544, 1987). For example,
when cloning in bacterial systems, inducible promoters such as pL of bacteriophage 7, plac,
ptrp, ptac-(ptrp-lac hybrid promoter) and the like may be used. When cloning in mammalian
cell systems, promoters derived from the genome of mammalian cells (e.g., metallothionein
promoter) or from mammalian viruses (e.g., the retrovirus long terminal repeat; the

adenovirus late promoter; the vaccinia virus 7.5K promoter) may be used.

The term "operably linked" refers to functional linkage between a promoter sequence
and a nucleic acid sequence regulated by the promoter. The operably linked promoter
controls the expression of the nucleic acid sequence.

The expression of structural genes may be driven by a number of promoters.
Although the endogenous, or native promoter of a structural gene of interest may be utilized
for transcriptional regulation of the gene, preferably, the promoter is a foreign regulatory
sequence. For mammalian expression vectors, promoters capable of directing expression of
the nucleic acid preferentially in a particular cell type may be used (e.g., tissue-specific
regulatory elements are used to express the nucleic acid). Tissue-specific regulatory elements
are known in the art. Non-limiting examples of suitable tissue-specific promoters include the
albumin promoter (liver-specific; Pinkert, et al., 1987. Genes Dev. 1: 268-277), lymphoid-
specific promoters (Calame and Eaton, 1988. Adv. Immunol. 43: 235-275), in particular
promoters of T cell receptors (Winoto and Baltimore, 1989. EMBO J. 8: 729-733) and
immunoglobulins (Banerji, et al., 1983. Cell 33: 729-740; Queen and Baltimore, 1983. Cell
33: 741-748), neuron-specific promoters (e.g., the neurofilament promoter; Byrne and
Ruddle, 1989. Proc. Natl. Acad. Sci. USA 86: 5473-5477), pancreas-specific promoters
(Edlund, et al., 1985. Science 230: 912-916), and mammary gland-specific promoters (e.g.,
milk whey promoter; U.S. Pat. No. 4,873,316 and European Application Publication No.
264,166). Developmentally-regulated promoters are also encompassed, e.g., the murine hox
promoters (Kessel and Gruss, 1990. Science 249: 374-379) and the a-fetoprotein promoter
(Campes and Tilghman, 1989. Genes Dev. 3: 537-546).

Promoters useful in the invention include both natural constitutive and inducible
promoters as well as engineered promoters. Examples of inducible promoters useful in
animals include those induced by chemical means, such as the yeast metallothionein

promoter, which is activated by copper ions (Mett, et al. Proc. Natl. Acad. Sci., U.S.A. 90,
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4567, 1993); and the GRE regulatory sequences which are induced by glucocorticoids
(Schena, et al. Proc. Natl. Acad. Sci., U.S.A. 88, 10421, 1991). Other promoters, both
constitutive and inducible will be known to those of ordinary skill in the art.

Animals included in the invention are any animals amenable to transformation
techniques, including vertebrate and non-vertebrate animals and mammals. Examples of
mammals include, but are not limited to, pigs, cows, sheep, horses, cats, dogs, chickens, or
turkeys.

Compounds tested as modulators of CRTC activity can be any small organic
molecule, or a biological entity, such as a protein, e.g., an antibody or peptide, a sugar, a
nucleic acid, e.g., an antisense oligonucleotide, RNAI, or a ribozyme, or a lipid.
Alternatively, modulators can be genetically altered versions of a cellular modulator of
CRTC activity. Typically, test compounds will be small organic molecules, nucleic acids,
peptides, lipids, and lipid analogs.

Essentially any chemical compound can be used as a potential modulator or ligand in
the assays of the invention, although most often compounds can be dissolved in aqueous or
organic solutions. In certain embodiments, the assays of the invention are designed to screen
large chemical libraries by automating the assay steps and providing compounds from any
convenient source to assays, which are typically run in parallel (e.g., in microtiter formats on
microtiter plates in robotic assays). It will be appreciated that there are many suppliers of
chemical compounds, including Sigma (St. Louis, Mo.), Aldrich (St. Louis, Mo.), Sigma-
Aldrich (St. Louis, Mo.), Fluka Chemika-Biochemica Analytika (Buchs Switzerland) and the
like.

In one embodiment, high throughput screening methods involve providing a
combinatorial small organic molecule or peptide library containing a large number of
potential therapeutic compounds (potential modulator or ligand compounds). Such
"combinatorial chemical libraries" or "ligand libraries" are then screened in one or more
assays, as described herein, to identify those library members (particular chemical species or
subclasses) that display a desired characteristic activity. The compounds thus identified can
serve as conventional "lead compounds"” or can themselves be used as potential or actual
therapeutics.

A combinatorial chemical library is a collection of diverse chemical compounds
generated by either chemical synthesis or biological synthesis, by combining a number of
chemical "building blocks" such as reagents. For example, a linear combinatorial chemical

library such as a polypeptide library is formed by combining a set of chemical building
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blocks (amino acids) in every possible way for a given compound length (i.e., the number of
amino acids in a polypeptide compound). Millions of chemical compounds can be
synthesized through such combinatorial mixing of chemical building blocks.

Preparation and screening of combinatorial chemical libraries is well known to those
of skill in the art. Such combinatorial chemical libraries include, but are not limited to,
peptide libraries (see, e.g., U.S. Pat. No. 5,010,175, Furka, Int. J. Pept. Prot. Res. 37: 487-
493, 1991 and Houghton et al., Nature 354: 84-88, 1991). Other chemistries for generating
chemical diversity libraries can also be used. Such chemistries include, but are not limited to:
peptoids (e.g., PCT Publication No. WO 91/19735), encoded peptides (e.g., PCT Publication
No. WO 93/20242), random bio-oligomers (e.g., PCT Publication No. WO 92/00091),
benzodiazepines (e.g., U.S. Pat. No. 5,288,514), diversomers such as hydantoins,
benzodiazepines and dipeptides (Hobbs et al., Proc. Nat. Acad. Sci. USA 90: 6909-6913,
1993), vinylogous polypeptides (Hagihara et al., J. Amer. Chem. Soc. 114: 6568, 1992),
nonpeptidal peptidomimetics with glucose scaffolding (Hirschmann et al., J. Amer. Chem.
Soc. 114: 9217-9218, 1992), analogous organic syntheses of small compound libraries (Chen
et al., J. Amer. Chem. Soc. 116: 2661, 1994), oligocarbamates (Cho et al., Science 261: 1303,
1993), and/or peptidyl phosphonates (Campbell et al., J. Org. Chem. 59: 658, 1994), nucleic
acid libraries (see Ausubel, Bérger and Sambrook, all supra), peptide nucleic acid libraries
(see, e.g., U.S. Pat. No. 5,539,083), antibody libraries (see, €.g., Vaughn et al, Nature
Biotechnology, 14: 309-314, 1996 and PCT/US96/10287), carbohydrate libraries (see, e.g.,
Liang et al., Science 274: 1520-1522, 1996 and U.S. Pat. No. 5,593,853), small organic
molecule libraries (see, e.g., benzodiazepines, Baum C&EN, January 18, page 33 (1993);
isoprenoids, U.S. Pat. No. 5,569,588; thiazolidinones and metathiazanones, U.S. Pat. No.
5,549,974; pyrrolidines, U.S. Pat. Nos. 5,525,735 and 5,519,134; morpholino compounds,
U.S. Pat. No. 5,506,337, benzodiazepines, U.S. Pat. No. 5,288,514, and the like.

Devices for the preparation of combinatorial libraries are commercially available (see,
e.g., 357 MPS, 390 MPS, Advanced Chem Tech, Louisville Ky., Symphony, Rainin,
Woburn, Mass., 433A Applied Biosystems, Foster City, Calif., 9050 Plus, Millipore,
Bedford, Mass.). In addition, numerous combinatorial libraries are themselves commercially
available (see, e.g., ComGenex, Princeton, N.J., Asinex, Moscow, Ru, Tripos, Inc., St. Louis,
Mo., ChemStar, Ltd, Moscow, R U, 3D Pharmaceuticals, Exton, Pa., Martek Biosciences,
Columbia, Md., etc.).

Candidate compounds are useful as part of a strategy to identify drugs for enhancing

longevity wherein the compounds modulate activity of cellular molecules regulated by the
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CRTC, for example, wherein the compound modulates the activity of CRH-1 or a homolog
thereof. Screening assays for identifying candidate or test compounds that bind to one or
more cellular modulators of CRTC activity, or polypeptides or biologically active portions
thereof, are also included in the invention. The test compounds can be obtained using any of
the numerous approaches in combinatorial library methods known in the art, including, but
not limited to, biological libraries; spatially addressable parallel solid phase or solution phase
libraries; synthetic library methods requiring deconvolution; the "one-bead one-compound"
library method; and synthetic library methods using affinity chromatography selection. The
biological library approach can be used for, e.g., peptide libraries, while the other four
approaches are applicable to peptide, non-peptide oligomer or small molecule libraries of
compounds (Lam, Anticancer Drug Des. 12: 145, 1997); Examples of methods for the
synthesis of molecular libraries can be found in the art, for example in: DeWitt et al., Proc.
Natl. Acad. Sci. U.S.A. 90: 6909, 1993; Erb et al., Proc. Natl. Acad. Sci. USA 91: 11422,
1994; Zuckermann et al., J. Med. Chem. 37: 2678, 1994; Cho et al., Science 261: 1303, 1993;
Carrell et al., Angew. Chem. Int. Ed. Engl. 33: 2059, 1994; Carell et al., Angew. Chem. Int.
Ed. Engl. 33: 2061, 1994; and Gallop et al., J. Med. Chem. 37: 1233, 1994.

Libraries of compounds can be presented in solution (e.g., Houghten, Bio/Techniques
13: 412-421, 1992), or on beads (Lam, Nature 354: 82-84, 1991), chips (Fodor, Nature 364:
555-556, 1993), bacteria (U.S. Pat. No. 5,223,409), spores (U.S. Pat. Nos. 5,571,698,
5,403,484, and 5,223,409), plasmids (Cull et al., Proc. Natl. Acad. Sci. USA 89: 1865-1869,
1992) or on phage (Scott et al., Science 249: 386-390, 1990; Devlin, Science 249: 404-406,
1990; Cwirla et al., Proc. Natl. Acad. Sci. USA 87: 6378-6382, 1990; and Felici, J. Mol. Biol.
222: 301-310, 1991).

This invention further pertains to novel agents identified by the herein-described
screening assays and uses thereof for treatments as described herein, for example, for the
enhancement of longevity in an animal, including humans.

In one embodiment the invention provides soluble assays using a cellular modulator
of CRTC activity, or a cell or tissue expressing a cellular modulator of CRTC activity, either
naturally occurring or recombinant. In another embodiment, the invention provides solid
phase based in vitro assays in a high throughput format, where a cellular modulator of CRTC
activity is attached to a solid phase substrate via covalent or non-covalent interactions.

"Inhibitors," "activators," and "modulators" of a CRTC activity in cells are used to

refer to inhibitory, activating, or modulating molecules, respectively, identified using in vitro
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and in vivo assays for CRTC activity, e.g., ligands, agonists, antagonists, and their homologs
and mimetics.

"Modulator" includes inhibitors and activators. Inhibitors are agents that, e.g., bind
to, partially or totally block stimulation, decrease, prevent, delay activation, inactivate,
desensitize, or down regulate CRTC activity, e.g., antagonists. Activators are agents that,
e.g., bind to, stimulate, increase, open, activate, facilitate, enhance activation, sensitize or up
regulate a CRTC activity, e.g., agonists. Modulators include genetically modified versions of
biological molecules with a CRTC activity, e.g., with altered activity, as well as naturally
occurring and synthetic ligands, antagonists, agonists, small chemical molecules and the like.

"Cell-based assays" for inhibitors and activators include, e.g., applying putative
modulator compounds to a biological sample having CRTC activity and then determining the
functional effects on CRTC activity, as described herein. "Cell based assays" include, but are
not limited to, in vivo tissue or cell samples from a mammalian subject or in vitro cell-based
assays comprising a biological sample having CRTC activity that are treated with a potential
activator, inhibitor, or modulator and are compared to control samples without the inhibitor,
activator, or modulator to examine the extent of inhibition.

"Compound" or "test compound" refers to any compound tested as a modulator of
CRTC activity. The test compound can be any small organic molecule, or a biological entity,
such as a protein, e.g., an antibody or peptide, a sugar, a nucleic acid, e.g., an antisense
oligonucleotide, RNAI, or a ribozyme, or a lipid. Alternatively, a test compound can be
modulators of biological activities that affect a CRTC activity. Typically, test compounds

will be small organic molecules, nucleic acids, peptides, lipids, or lipid analogs.

The invention will now be further described by way of the following non-limiting

examples.

Example 1: C. elegans CRTC-1 mediates longevity

Since both activation of AMPK and inactivation of calcineurin in mammals reduce
CRTC activity®'®, and these same conditions extend lifespan in the worm®™!> Applicants
hypothesised that reduction of CRTCs themselves might be sufficient to increase lifespan.
Homology search of human CRTC 1 and 2 within the completed C. elegans genome revealed
Y20F4.2 as the only CRTC family member in the worm (Figure 7a). Applicants therefore
named Y20F4.2 crtc-1 (Figure 1a, 7a). Further sequence analysis led to the identification of
conserved AMPK phosphorylation and calcineurin binding sites (Figure 1a, 7a). To
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determine if crtc-1 was expressed in the same tissues as AMPK and calcineurin, Applicants
generated worms expressing red fluorescent protein (RFP) under control of the crtc-1
promoter. crtc-1 is expressed throughout the intestine of the worm, as well as neurons in the
head and tail (Figure 1b), overlapping the expression pattern of the C. elegans calcineurin
catalytic A subunit, tax-6’ and AMPK catalytic subunit, aak-2 (Figure 7¢). Applicants then
engineered a transgenic C. elegans strain expressing recombinant CRTC-1 fused to RFP
(CRTC-1::RFP) to monitor CRTC-1 in vivo. RNA interference (RNAi) of crtc-1 by feeding
bacteria expressing crtc-1 dsRNA to transgenic worms expressing the CRTC-1::RFP fusion
protein ablated its expression through out the intestine (Figure 7d) but did not deplete
expression in neurons due to their refractory nature to RNAi'*. Applicants then tested
whether RNAi mediated knockdown of crtc-1 could increase lifespan. Strikingly, and in
accordance with the notion that CRTC-1 is central to calcineurin and AMPK regulated
longévity, inhibition of crtc-1 via RNAI extended wild type median lifespan by 53%
compared to untreated controls (Figure 1c, Table 2).

Example 2: AMPK and calcineurin regulate CRTC-1 in vivo

Mammalian calcineurin activates CRTCs® and studies in C. elegans involving tax-6
mutants have established calcineurin’s involvement in lifespan regulation’. Applicants
reduced tax-6 expression by RNAIi and found it recapitulated the lifespan extension seen by
crtc-1 knockdown. In wild type worms tax-6 RNAI increased median lifespan by 60%
(Figure 1c), presumably by reducing CRTC-1 function. Since activated AMPK inactivates
CRTCs in mammals'® Applicants generated worms expressing a truncated gain-of-function
AMPK catalytic subunit, AAK-2 (aa 1-321), a strategy that in mammalian cells exposes the
activation domain of AMPXK to activating upstream kinases due to a lack of gamma
regulatory subunit binding potential’*>'%!”. Worms expressing AAK-2 (aa 1-321) were long-
lived and displayed increased stress resistance (Figure 1d a & 8 respectively).

Because reducing crtc-1 expression resulted in increased longevity similar to reducing
tax-6 or activating AAK-2 Applicants asked whether altering AMPK or calcineurin activity
regulated CRTC-1 in vivo. Applicants first tested if environmental conditions that extend
lifespan by AMPK activation also inactivate CRTC-1. AMPK is activated when energy is
low in response to an increase in the AMP/ATP ratio'®, and in C. elegans in response to
starvation and heat stress®. Nutrient deprivation increases C. elegans lifespan', while heat
stress can induce a pro-longevity hormetic response in the worm dependent upon aak-2°. In

mammals, activated AMPK down-regulates CRTC2 by altering its cellular localization,
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rendering it cytosolic and therefore unable to activate transcription'®. Applicants therefore
tested the effect of starvation and heat stress on CRTC-1 localization. Under basal conditions
CRTC-1::RFP was present throughout the nucleus and cytosol (Figure 1e, Figure 7d).
However, both starvation and heat stress induced nuclear exclusion of CRTC-1::RFP and its
translocation to the cytosol of intestinal cells (Figure 1 f & g). Applicants confirmed nuclear
exclusion of CRTC-1 after heat stress both by DAPI staining (Figure 1h&i) and by creating a
transgenic line coexpressing CRTC-1::RFP and a GFP fused NUP160 nuclear pore subunit to
identify the nuclear envelope'® (Figure 1j). '

Since environmental conditions that activate AMPK and increase longevity caused
CRTC-1 to be retained in the cytoplasm, Applicants tested whether direct activation of
AMPK also inactivated CRTC-1 by constructing a constitutively active AAK-2. Mammalian
AMPK alpha is active when phosphorylated at threonine 172 in its activation loop and
mutation of this residue to aspartic acid (T172D) or alanine (T172A) results in a
constitutively active or kinase-dead AMPK respectively'”. Alignment of the C. elegans AAK-
2¢ and mammalian AMPK alpha 2 revealed Thr181 as the conserved activation loop
phosphorylation site in worms, allowing Applicants to constitutively activate or inactivate
AAK-2 via mutation. Expression of CRTC-1::RFP with active AAK-2c¢ (aa 1-321,
T181D)::GFP, resulted in nuclear exclusion of CRTC-1 under well-fed conditions at 20°C
(Figure 2a), confirming the ability of AMPK to inactivate CRTC-1 in vivo. In contrast,
coexpression of kinase dead AAK-2c (aa 1-321, T181A)::GFP and CRTC-1::RFP did not
result in nuclear exclusion of CRTC-1 (Figure 2a), demonstrating that catalytic activation of
AAK-2 by Thr181 phosphorylation is important for CRTC-1 nuclear exclusion.

To test if reducing tax-6 inactivated CRTC-1 in vivo, Applicants monitored CRTC-
1::RFP localization in worms subjected to tax-6 RNAi. In mammals, calcineurin
dephosphorylates CRTC2 resulting in its nuclear localization and activation®. Therefore if
reducing tax-6 extends lifespan by inactivating CRTC-1 in the worm, tax-6 RNAi would
result in CRTC-1 being sequestered to the cytosol and inactivated. In support of this
hypothesis and consistent with TAX-6 being the essential phosphatase for CRTC-1
regulation, Applicants found CRTC-1 to be nuclear excluded in tax-6 RNAI treated animals
(Figure 2b).

To further elucidate the mechanism by which AMPK and calcineurin regulate CRTC-1 in C.
elegans, Applicants tested the effect of depleting 14-3-3 proteins. In mammals
phosphorylation of CRTC2 at serine 171 by active AMPK or SIK3!? causes a conformation
change that exposes a 14-3-3 protein binding site®. 14-3-3 binding retains CRTC2 in the
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cytoplasm and as such renders it inactive®?. C. elegans have two 14-3-3 proteins, FTT-2 and
PAR-5%! and, as expected, simultaneous knock down of both 14-3-3s via RNAI resulted in
CRTC-1::RFP accumulation within the nucleus (Figure 2c). Moreover, environmentally
induced CRTC-1 inactivation requires 14-3-3 proteins, since heat stress did not result in

CRTC-1::RFP cytosolic sequestering in worms treated with 14-3-3 RNAI (Figure 9).

Example 3: AMPK/calcineurin regulate CRTC-1 via conserved phosphorylation sites

Having determined that the pro-longevity effects of increasing AMPK activity and
reducing calcineurin both inactivate CRTC-1, Applicants next tested if they did so by
antagonistically regulating the phosphorylation status of CRTC-1. Cellular localization of
CRTC2 in mammals is predominantly regulated by SIK/AMPK at Ser171%'°, although
phosphorylation by MARK2 at Ser275 has also been shown to play a role””. The conserved
worm AMPK/SIK site corresponding to mouse CRTC2 Ser171 is CRTC-1 Ser179, which
resides within a 14-3-3 binding domain (Figure 7 a & b). Surprisingly, mutation of this serine
to alanine (S179A) had nominal affect on the cellular localization of CRTC-1 (Figure 3a).
Without being bound to theory, Applicants’ believe this suggests that alternative
phosphorylation events may be essential for CRTC-1 localization. Another potential
AMPK/SIK phosphorylation site within CRTC-1 is Ser76, which also lies inside a 14-3-3
binding domain. By alignment CRTC-1 Ser76 corresponds to the mammalian CRTC2 Ser70,
which is phosphorylated by AMPK family members®*, Mutation of CRTC-1 Ser76 to
alanine (S76A) resulted in retention of CRTC-1 in intestinal nuclei (Figure 3a). Interestingly,
combination of the two point mutants in a S76A, S179A double mutant appeared to have an
additive effect that further enhanced nuclear localization of CRTC-1 (Figure 3a).

To determine if TAX-6 altered the phosphorylation status of the conserved AMPK
target residues of CRTC-1 Applicants examined the effects of tax-6 RNAI on the cellular
localization of the CRTC-1 serine mutants. tax-6 RNAI resulted in complete nuclear
exclusion of wild type CRTC-1 (Figure 3b). Localization of CRTC-1 (S179A) or CRTC-1
(S76A) showed sensitivity to tax-6 RNAi (Figure 3b). Strikingly, nuclear exclusion via tax-6
RNAIi was completely blocked in the double mutant CRTC-1 (S76A, S179A)::RFP
transgenic line, in which CRTC-1 is constitutively nuclear in both control and fax-6 RNAi
conditions (Figure 3b). Taken together these findings establish that AAK-2 and TAX-6
antagonistically regulate CRTC-1 activity in vivo through post-translational modification of
identical serine residues, reinforcing CRTC-1 as a shared longevity target of AMPK and

calcineurin.
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Example 4: Pharmacological activation of CRTC-1

Because environmental cues that inactivate CRTC-1 function through calcineurin and
AMPK, Applicants tested whether external stimuli that activate CRTC-1 function through
this shared molecular mechanism. Water-soluble local anaesthetics (LAs), such as lidocaine,
agonize transient receptor potential (TRP) channel family members and as such increase
calcium flux into sensory neurons %, Since calcineurin activity is increased in response to
calcium levels®® and overexpression of TRP channels in HeLa cells induces CRTC nuclear
translocation®, Applicants tested whether LAs could affect CRTC-1 localization via
pharmacological activation of calcineurin. Tricaine is a LA commonly used to anesthetize C.
elegans that is structurally similar to lidocaine. Tricaine administration resulted in the rapid
nuclear localization of CRTC-1 in C. elegans intestinal cells (Figure 4a). Significantly, this
effect was completely dependent on the presence of TAX-6. Without being bound to theory,
Applicants believe this supports their belief that calcineurin is the key phosphatase regulating
CRTC-1 activity in the worm. When expressed in a tax-6 (0k2065) deletion mutant, CRTC-
1::RFP was invariably cytosolic under basal conditions and after 2 hours of tricaine treatment
(Figure 4a). Furthermore, CRTC-1::RFP containing site-specific mutations in the calcineurin

binding site did not shuttle into the nucleus in response to tricaine treatment (Figure 4b).

Example 5: Redundancy of AMPK family members for CRTC-1 regulation

Applicants took advantage of the fact that the nuclear localization of CRTC-1
following tricaine administration was reversible within two hours of drug removal to
investigate whether AMPK was the sole kinase regulating CRTC-1 (Figure 4c). Since
activated AMPK drove CRTC-1 into the cytosol (Figure 2a) Applicants tested whether
AMPK was required for the cytosolic relocalization after tricaine was removed. However,
although the tricaine-induced nuclear localization of CRTC-1 was expedited in an AMPK
null mutant (Figure 4c), upon removal of the drug, CRTC-1 relocated to the cytoplasm
despite the absence of AMPK. Accordingly, in certain embodiments, additional kinases
besides AMPK may play a role in CRTC-1 regulation.

AMPK/LKB-1 family kinases are highly conserved between mammals and the worm
(Table 3), and in mammals multiple AMPK kinases can phosphorylate CRTCs *'%%2 To test
for functional redundancy between these kinases, Applicants looked for additive effects on
the rate at which CRTC-1 returned to the cytosol after removal of tricaine in AMPK null
worms subjected to RNAi of other AMPK family members. As would be expected if CRTC-
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1 were a target of more than one AMPK family kinase, Applicants found that RNAi of other
kinases, in particular the MARK3 orthologue par-1, further expedited nuclear localization of
CRTC-1 upon tricaine treatment and delayed its subsequent cytosolic relocation post drug
removal in worms lacking AMPK (Figure 4d). Interestingly, unlike other multicellular
organisms in which AMPK is critical for embryonic development”’zs, C. elegans can survive
and become viable adults without AMPK*°, supporting the notion of functional redundancy
between AMPK family kinases in the worm. This redundancy may also explain observations
that AMPXK is required for lifespan extension in C. elegans by some dietary restriction
protocols’® but not others?. Although AMPK is activated under low nutrient conditions in
wild type animals, the pro-longevity role of AMPK in dietary restriction may be compensated

for by similar kinases in AMPK null animals subjected to diet restriction®.

Example 6: Calcineurin mediates longevity via CRTC-1

As TAX-6 is important in the regulation of CRTC-1 activity (Figure 2b, 3b, 4a),
Applicants tested if the longevity effects of reducing calcineurin functioned exclusively
through inactivation of CRTC-1. CRTC-1 is rendered inactive when tax-6 is reduced, and
accordingly the already extended lifespan of tax-6 mutants was not further increased by crtc-
1 RNAI (Figure 5a, Table 2).

To further determine whether calcineurin mediated lifespan via CRTC-1 Applicants
tested the effect of tax-6 RNAi on worms expressing either wild type or constitutively active
CRTC-1. Applicants reasoned that if C. elegans subjected to tax-6 RNAI are long lived due to
inactivation of CRTC-1, reducing tax-6 should have no effect on lifespan in worms
expressing the constitutively active nuclear CRTC-1 (S76A, S179A). Consistent with this
notion, tax-6 RNAI1 robustly extended the lifespan of wild type worms (Figure 5b, Table 2),
yet had no effect on worms expressing constitutively nuclear CRTC-1 (S76A, S179A)
(Figure 5b, Table 2). This suppression was not due to general sickness or developmental
effects as there was no significant difference between the lifespan of wild type worms and
those expressing CRTC-1 (S76A, S179A) (Figure 5b, Table 2). Also, knocking down tax-6
specifically during adulthood still increased wild type lifespan but had no effect on the
CRTC-1 (S76A, S179A) phospho-mutant (Figure 11). Interestingly, the CRTC-1 (S76A,
S179A) suppression of tax-6 RNAi mediated lifespan extension was dependent upon the
nuclear localization of CRTC-1, since lifespan was increased by tax-6 RNAi in worms
expressing wild type CRTC-1::RFP, which translocates to the cytoplasm freely when

calcineurin is not present (Figure 5c, Table 2).

30



10

15

20

25

30

WO 2010/151880 PCT/US2010/040222

Example 7: CRTC-1 modulates CREB homologue 1 (CRH-1) to regulate longevity

Nutritional conditions that increase lifespan inactivate CRTC-1. Consequently
Applicants examined whether environmental regulation of longevity via this pathway acts
through downstream changes in energy homeostasis. CRTCs are well established
transcriptional coactivators of the transcription factor CREB. CRTCs bind as tetramers to the
bZIP dorﬂain of CREB and facilitate recruitment of the transcriptional apparatus’. CREB
dependent transcription is involved in a diversity of key processes in mammals including
memory, immune function, DNA repair, and in particular energy homeostasis and fat
storage3 L Unlike mammals, which possess three CREB family members, CREB, CREM and
ATF-1*', CRH-1 is the sole C. elegans CREB orthologue®2. To determine if the effects of
AMPK, TAX-6 and CRTC-1 on longevity function via CRH-1, Applicants first examined the
interaction between CRTC-1 and CRH-1. Previously, in situ hybridisation of crh-1 mRNA in
adult worms reported expression of crh-1 in neurons and the gonad®’. However, as CREB is
ubiquitously expressed in mammals, Applicants further examined the expression pattern of
crh-1 using a reporter construct containing the promoter region of the largest crh-1 isoform,
crh-1d, driving GFP. Expression of crh-1 was seen ubiquitously throughout the worm and in
overlapping tissues to crtc-1 (Figure 6a). After confirming the spatiotemporal requirements
for interaction were fulfilled, Applicants identified that Arg314, the critical residue in CREB
needed to complex with CRTCs in mammals, was conserved in CRH-1 at Arg276. To
explore the potential interaction of these proteins Applicants performed immunoprecipitation
studies in 293T cells. Coimmunoprecipitation of FLAG-tagged CRTC-1 and HA-tagged
CRH-1 indicated that these proteins interact in vivo (Figure 6b). Incubation with excess
FLAG peptide in parallel confirmed that CRH-1 enrichment was specific to FLAG-tagged
CRTC-1.

Since CRTC-1 bound to CRH-1 in vivo, and because reduction of crtc-1 extended
lifespan, Applicants next tested whether reduction of crh-1 expression might also increase
longevity. RNAI of crh-1 did not increase the lifespan of wild type worms but did result in
significant lifespan extension of rrf-3 (pk1426) mutants (Figure 6c, Table 2), which display
increased sensitivity to RNAi and allow more efficient gene knockdown in neurons than is
achievable in wild type worms'®, Lifespan extension via crh-1 RNAi was not as strong as that
seen by tax-6 or crtc-1 RNAi and was greater when applied only in adulthood rather than
throughout development (Table 2). CREB regulates transcription in both a CRTC dependent

and independent manner, consequently RNAi for crh-1 may reduce expression of non-CRTC-
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1 dependent targets that have critical roles unrelated to longevity. Applicants therefore
focused specifically on CREB targets involved in energy homeostasis, since AMPK and
calcineurin are nutrient responsive, and CRTC-1 is inactivated under low energy conditions

in the worm.

Example 8: Energy homeostasis targets of CRTC-1 and CRH-1 regulate longevity

In mammals, CREB regulates energy homeostasis in the liver, in particular by
increasing glucose production in response to fasting via activation of gluconeogenic enzymes
such as the phosphoenol pyruvate carboxykinases (PEPCKs) and G6Pase in a CRTC
dependent manner'®. CREB binds with high affinity to the cAMP responsive element (CRE)
to mediate transcriptional response of target genes’. Unlike mammals, which show positional
bias for the CRE, invertebrates can have functional CREs thousands of bases upstream of the
transcriptional start site®>. Analysis of the 2kb region 5’ to the transcriptional start site
revealed CREs in the C. elegans PEPCK orthologues R11A5.4 and HO4MO03.1. Supporting
Applicants’ belief that environmental conditions can modulate energy homeostasis to
increase lifespan via a conserved signalling pathway, RNAi of either R11A5.4 or HO4M03.1
extended lifespan (Figure 6d). In addition to regulating gluconeogenesis, PEPCKs also
function in glycolysis, carbon dioxide fixation and glyceroneogenesis**. If PEPCKs affect
ageing via their gluconeogenic role, RNAI for other gluconeogenic genes might phenocopy
their longevity effects. Applicants examined the effect on lifespan of perturbation to other
genes in the C. elegans gluconeogenic Gene Ontology (GO) category. Along with R11A5.4
and H0O4MO03.1, the worm gluconeogenic GO group comprises a third PEPCK (W05G11.6),
the pyruvate carboxylase orthologue pyc-1 and the glucose 6-phosphate isomerase (gpi-1).
RNAI of each gene in the gluconeogenic GO list increased lifespan of wild type animals
(Figure 6d). Hence at least one downstream node of CRTC-1 and CRH-1 that regulates

lifespan is the gluconeogenic module of energy homeostasis.
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Example 9: Materials and Methods:

C. elegans strains, growth, imaging, lifespan analysis and RNAi application were
performed as previously described®. Transgenic strains were generated via microinjection
into the gonad of adult hermaphrodites using standard techniques. Integrated transgenic lines
were generated using gamma irradiation and out-crossed to wild type at least four times. All
lifespans were conducted at 20°C with deaths scored and live worms transferred to new plates
every 1-2 days. JMP 8 was used for all statistical analysis.

Lifespan studies

All lifespan experiments were performed on standard 6 cm nematode growth media
plates (Hope, I. A. (ed B. D. Hames) (Oxford University Press, New York, 1999))
supplemented with 100 pg/ml carbenicillin at 20 °C. Plates were removed from 4 °C storage
2 days before seeding with 100 ul of E. coli HT'115 containing either empty vector plasmid or
RNAI inducing plasmids. RNA interference (RNAI) for a particular gene can be readily
achieved in the worm by feeding C. elegans E. coli (HT115) that express double stranded
RNA of the gene of interest (Fire, A. et al. Potent and specific genetic interference by double-
stranded RNA in Caenorhabditis elegans. Nature 391, 806-811, doi:10.1038/35888 (1998)).
Bacterial cultures were grown overnight at 37 °C under the presence of both carbenicillin
(100 pg/ml) and tetracycline (10 pg/ml) selection before seeding onto NGM plates. Once
seeded, bacterial lawns were grown at room temperature for 24 hours. RNAi was induced
with 100 pl IPTG (100 mM) 2 hours before worms were added to plates. To age-synchronize
worms, 5 gravid adults (24 hours post L.4) were placed on plates with the appropriate control
or RNAI bacteria and allowed to lay eggs for 5 hours before being removed. These eggs
were then cultured to adulthood (72 hours post egg lay at 20°C) before being moved to fresh
plates at a density of 10 worms per plate, 10 plates per treatment. Age=0 was day adults were
moved to 10 worms a plate. Worms were moved to fresh plates every 1-2 days until day 14,
after which only worms on mold contaminated plates were transferred. Worms were
censored at the first sign of any bacterial contamination. Death was scored by gentle
agitation with a worm pick and confirmed with no response after three attempts at both the
head and tail. Death was scored every 1-2 days throughout.

RNAI constructs

With exception of crtc-1, all RNAI constructs used were taken from either the Vidal
or Ahringer RNAI libraries. crtc-1 RNAi plasmid was made by cloning full length crtc-1
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cDNA between the two inverted T7 promoters in the pAD1 RNAi plasmid and transforming
into HT115 cells.

DAPI staining

Worms were washed in 1 ml M9 (Hope, I. A. (ed B. D. Hames) (Oxford University
Press, New York, 1999)) in watch glass (1-3x, until bacteria is removed). M9 was almost
completely removed before 100-200 ul DAPI (200 ng/ml in EtOH) was added. DAPI
treatment was left to sit in dark for about 20 minutes or until Ethanol is evaporated. 1ml M9
was then added to rehydrate for 1 hour (up to 5 hours at RT or O/N at 4°C). One drop (~3ul)
prolong mounting media was placed into on a slide before transferring stained worm. A
cover slip was added and sealed with nail polish. Fluorescence was examined at 358 nm.

Heat stress/ Starvation assays

Effects of heat and starvation on CRTC::RFP was measured by placing worms
expressing crtc-1::RFP onto either OP50 seeded NGM plates at 33 °C O/N or into 9 well
plates containing M9 media at 20 °C. Controls were worms on OP50 at 20 °C. Survival
under heat stress in Figure 8 was performed at 37 °C.

Microscopy

All microscopy was performed using 0.1 mg/ml tetramisole hydrochloride in M9 as
an anesthetic, which pilot experiments revealed had no effect on CRTC-1 localization.
Except for tricaine time course experiments, worms were in 5 pl anesthetic mounted on 2 %
agarose pads on glass slides under glass cover slips. All photos were taken using a Zeiss
Axiovert microscope & Axiocam. Pictures in figure 2a and 3b used apotome optical
sectioning. For the tricaine experiments (Figure 4a&b), L4 worms were placed in wells of a
96 well plate in 100 pl of tetramisole/ M9 with or without tricaine (2mg/ml). Pictures were
taken during time course through the 96 well plate.

Kinase redundancy assays

Worms were subjected to RNAi for AMPK family kinases from hatch. 24 hours post
L4 worms were then picked into M9 with tricaine (2 mg/ml) in wells of a 9 well plate.
Worms were left on a rotational shaker at 20 °C for 2 hours. Using a glass pipette (Mair, W.
A simple yet effective method to manipulate C. elegans in liquid. Worm Breeders Gazette 18
(2009)), worms were then placed onto NG plates seeded with E. coli (OP50). When tricaine
solution had evaporated (approx 20 min), worms were picked onto fresh OP50 plates, 5
worms per plate. Localization of CRTC::RFP was then scored as ‘All nuclear’ (all intestinal
cells showed only punctate nuclear CRTC-1), ‘Some cells nuclear’ (intestinal cells showed

mix of punctate nuclear CRTC and cytosolic CRTC) and ‘No cells nuclear’ (CRTC was
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dispersed evenly throughout nucleus and cytosol in all intestinal cells). Time = 0 was when
moved to fresh OP50 plates.

Transgenic strain construction

Expression constructs were based upon the pPD95.77 from the Fire lab C. elegans
vector kit. RFP in manuscript refers to tdTOMATO, which replaced the GFP in pPD95.77.
Transgenic strains were generated via microinjection into the gonad of adult hermaphrodites
using standard techniques. Integrated transgenic lines were generated using gamma
irradiation and out-crossed to wild type at least four times.

Calcineurin Binding mutant

Quik change mutagenesis was used to mutate residues within the conserved
calcineurin binding site in CRTC-1. This resulted in changing the amino acid sequence
(aa423-428) as follows:

WT: EALDIPKLTITNAEGA

Calcineurin binding mutant: EALDIAKATAANAEGA

Table 1: Strains used.

Strain Genotype Description Figure
AGD534 | N2, UthEXJCRTC-1p::RFP,ro0l-6] CRTC-1 promoter driving RFP. 1b, 6a,
AGD445 | N2, UthEx201[crtc-1p::crte-1::RFP:iunc-54 3'UTR, | CRTC-1::RFP fusion combined | 1e-g, 1j
NUP160p::NUP160::GFP, rol6] with NUP160::GFP fusion
AGD383 N2; uthls202 [aak-2cp:: aak2 (aat-321)::Tomato::unc-54 | Integrated AAK-2 GOF 1d
3'UTR, rol6]
AGD467 | N2, UthEx[aak-2 intron 1::aak2(aa1-321 T172D)::GFP; | AAK-2 CA:GFP and CRTC- | 2a
cric-1p::crtc-1::RFP; rol6] 1::RFP
AGD469 | N2, UthEx[aak-2 intron 1::aak2( aa1-321 T172A)::GFP; | AAK-2 kinase dead::GFP and | 2a
cric-1p::cric-1::RFP; rol6] CRTC-1::RFP
AGD418 | N2; uthls205 [crtc-1p::crtc-1::RFP::unc-54 3'UTR, roi-6} Integrated CRTC-1::RFP fusion | 2b&c,
3a&b, 4a,
4b, 4c, S5c,
7d,9
AGD448 | N2, UthEx[crtc-1p::cric-1 (S179A)::RFP; rol6] CRTC-1 $179A mutant 3a&b
AGD470 | N2, UthEx[crtc-1p::cric-1 (S76A)::RFP; rol6] CRTC-1 S76A mutant 3a&b
AGD466 | N2, uthEX222 [crtc-1p::crtc-1 (S76A, S179A):RFP:iunc-54 | CRTC-1 S76A, S179A mutant 3aéb,
3'UTR, rol6} 5b&c
AGD426 | tax-6 (0k2065) IV, uthls205 [crtc-1p::cric-1::RFP::unc-54 | Integrated CRTC-1::RFP fusion | 4a
3'UTR, rol-6] in fax-6 null.
AGD553 N2, uthEx[crtc-1p:icrtc-1 (cal mutant)::RFP::unc54 3'UTR, | CRTC-1 with calcineurin binding | 4b
rol-6] site mutated
AGD397 | aak-1(tm1944) lil; aak-2 (0k524) X, uthEx202{crtc-1p::crtc- | CRTC-1::RFP in AMPK nul 4c&d
1::RFP::unc-54 3'UTR, rol6]
N2 ++ Wild type 1c&d, 5b,
6d, 8, 10
RB1667 tax-6(ok2065) IV Tax-6 null 5a
AGD472 N2, uthEx[crh-1p::GFP::unc-54 UTR, rol-6] Crh-~1 promoter driving GFP 6a
NL2099 rrf-3 (pk1426) Il rrf-3 RNAI sensitive mutant 6c
AGD444 | aak-1(tm1944) lIl; aak-2 (0k524) X " AMPK nuli 8
AGD587 | N2; uthEX [aak-2cp:: aak2 (aa1-321):Tomato::unc-54 | AAK-2 GOF 8
3'UTR, rol6}
AGD591 aak-1 (tm1944) lil; aak-2 (0k524) X, uthEx [aak-2cp:: aak2 | AAK-2 GOF in AMPK null 8
(aa1-321)::Tomato::unc-54 3'UTR, rol6)
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Single worm PCR for genotyping

Single Worm Lysis Buffer: 30 mM Tris pHS8.0, 8 mM EDTA, 100 mM NaCl, 0.7 %
NP-40, 0.7 % Tween-20. Add PK to the final concentration of 100 pg/ml just before use.
Preparation of DNA template. Add one worm to a PCR tube containing 5 pl SWLB
supplemented with PK. Incubate 60 min at 60 °C. Heat inactivate PK at 95 °C for 15min.
Cool reaction to 4 °C. Setup of PCR reaction: Use 5ul of the worm lysate as template. Setup

PCR reaction as appropriate.

Expression of worm proteins in 293T cells

Full length C. elegans crtc-1 and crh-1 cDNA was cloned using the gateway
recombination into mammalian expression destination plasmids pcDNA3 containing in frame
5’ FLAG and HA tags respectively. 293T cells were transfected using lipofectamine using
standard techniques.

Immunoprecipitation

2 10 cm plates of 293T per sample. Washed 1x with 10 ml PBS and re-suspended in
500 pl PLB. Incubated 10’ at 4 °C. Sonicated 6x 10’’on 15°” off output 4. Rest on ice for 2’
and repeat. Cleared 10’ 4 °C at 10,000 g. Added 20 pl p.v prot G/A to each at 4 °C for one
hour. Centrifuged to clear. Pooled together and divided equally for each treatment. Used 1.1
ml cleared lysate for each. Added 25 pl p.v FLAG or HA beads. For controls pre-blocked
with FLAG and/or HA 25ug for 1 hour at 4 °C on ice then added 25 pg more during
immunoprecipitation (50pg total peptide). Incubated immunoprecipitates O/N at 4 °C with
rotation. Washed 4x with 1 ml PLB buffer. Eluted with HA or FLAG peptide 1 mg/ml (32
ul) RT for 30°. Collected 5° 4000 rpm (30 pl). For Western: HA & FLAG onput — 28 pl + 7
pl 5x RSB, IPs — 28 ul + 7 pl 5x RSB, Boiled IP beads — 30 pl 2X RSB.
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Having thus described in detail embodiments of the present invention, it is to be
understood that the invention defined by the above paragraphs is not to be limited to
particular details set forth in the above description as many apparent variations thereof are
possible without departing from the spirit or scope of the present invention.

Fach patent, patent application, and publication cited or described in the present
application is hereby incorporated by reference in its entirety as if each individual patent,
patent application, or publication was specifically and individually indicated to be

incorporated by reference.
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Table 2
Description Figure Sig
Lifespan Median Log Rank p N

Strain RNAI Diff? Day Onset Lifespan % Increase Value (died/total)
Wild type 1c

N2 EV Hatch 15 15 0 88/100
Wild type ic

N2 CRTC * Hatch 23 15 53.3 <.0001  85/100
Wild type ic

N2 tax-6 * Hatch 24 15 60 <.0001  55/100
wild type

N2 EV Hatch 16 16 0 88/100
Wild type

N2 CRTC * Hatch 18 16 12,5 0.0002 86/100
Wwild type

N2 tax-6 * Hatch 25 16 56.3 <.0001  36/100
Wild type 1d

N2 EV Hatch 17 17 91/100
AAK2 (aa3-321) 1d

AGD383 EV * Hatch 20 17 17.6 <0.0001
tax-6 null 5a

RB1667 EV Hatch 19 19 0 50/100
tax-6 null 5a )

RB1667 CRTC Not Sig Hatch 18 19 -5.3 0.2822  39/100
tax-6 null Sa

RB1667 tax-6 Not Sig Hatch 21 19 10.5 0.7363  45/100
rrf-3 (pk1426)

NL2099 EV Hatch 24 24 0 60/100
rrf-3 (pk1426) ’

NL2099 CRTC * Hatch 30 24 25 <.0001 71/100
rrf-3 (pk1426)

NL2099 CRTC * Day 1 30 24 25 <.0001 66/100
rrf-3 (pk1426)

NL2099 CRH-1 * Hatch 26 24 8.3 0.005  76/100
rrf-3 (pk1426)

NL2099 CRH-1 * Day 1 28 24 16.6 <.0001. 65/100
rrf-3 (pk1426)

NL2099 EV HATCH 22 22 0 81/100
rrf-3 (pk1426)

NL2099 CRTC * Day 1 27 22 22.7 <.0001  76/100
rrf-3 (pk1426)

NL2099 CRH-1 * Day 1 24 22 9.1 0.0027 76/100
rrf-3 (pk1426)

NL2099 TAX-6 * Day 1 29 22 31.8 <.0001  74/100
rrf-3 (pk1426)

NL2099 W05G11.6 * Day 1 27 22 22.7 <.0001  80/100
rrf-3 (pk1426)

NL2099 R11A5.4 * Day 1 27 22 22.7 <,0001  84/100
rrf-3 (pk1426)

NL2099 GPI-1 * Day 1 27 22 22.7 <.0001 74/100
Wild type 5b, 6d

N2 EV Hatch 20 20 0 95/100
Wild type

N2 CRTC * Hatch 25 20 25 <.0001  94/100
wild type

N2 CRH-1 Not Sig Hatch 20 20 o] 0.28 82/100
Wild type Sb

N2 tax-6 * Hatch 29 20 45 <.0001  78/100
Wild type 6d

N2 WO05G11.6 * Hatch 25 20 25 <.0001 87/100
Wild type 6d

N2 R11A5.4 * Hatch 22 20 10 <.0001  82/100
Wild type 6d

N2 HO04MO03.1 * Hatch 25 20 25 <.0001 77/100
Wild type 6d

N2 GPI-1 * Hatch 25 20 25 <.0001 68/100
Wild type 6d

N2 pyc-1 * Hatch 22 20 10 0.01  94/100
CRTC-1 5b

AGD466  (S76A, (s179A) EV Hatch 18 20 -10 0.07 37/60
CRTC-1 5b

AGD466  (S76A, (s179A) Tax-6 Not Sig Hatch 20 18 11.1 0.74  30/60
Wild type

N2 EV Hatch 20 20 0 94/100
Wild type

N2 CRH-1 Not Sig Hatch 18 20 -10 0.74 81/100
wild type

N2 CRH-1 Not Sig Day 1 21 20 5 0.11 72/100
rrf-3 (pk1426) 6¢

NL2099 EV Hatch 22 22 0 80/100
rrf-3 (pk1426) 6c

NL.2099 CRH-1 * Hatch 23 22 4.5 0.003  65/100
rrf-3 (pk1426) 6c

NL2099 CRH-1 * Day 1 24 22 9.1 0.0001  81/100
CRTC-1 5¢c

AGD418 EV Hatch 23 23 0 79/100
CRTC-1 5c

AGD418 tax-6 * Hatch 27 23 17.4 <.0001 73/100
CRTC-1 5c

AGD466  (S76A, (s179A) EV Hatch 20 23 -13.0 0.48 71/100
CRTC-1 5c

AGD466  (S76A, (s179A) tax-6 Not Sig Hatch 21.5 20 7.5 0.57  60/100
Wild type 11

N2 EV Hatch 19 19 0 95/100
Wild type 11

N2 tax-6 * Hatch 26 19 36.8 <.0001  19/100
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Table 2 (cont.)

Wild type 11

N2 tax-6 * L4 23 19 21.1 <.0001 90/100
rrf-3 (pk1426) 11

NL2099 EV Hatch 22 22 0 76/100
rrf-3 (pk1426) 11

NL2099 tax-6 * Hatch 28 22 27.3 <.0001 86/100
rrf-3 (pk1426) 11

NL2099 tax-6 * L4 28 22 27.3 <.0001 83/100
CRTC-1 11

AGD466 (S76A, (s179A) EV Hatch 20 20 0 82/100
CRTC-1 11

AGD466  (S76A, (s179A) tax-6 Hatch 20 20 0 0.38  40/100
CRTC-1 11

AGD466  (S76A, (s179A) tax-6 L4 20 20 [V} 0.26  79/100
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Table 3:
Mammalian Gene C. elegans ortholog
LKB complex LKB1 par-4
STRADa strd-1
STRADb gck-3
MO25a Y53C12A.1
MO25b RO2E12
AMPK family kinases
AMPK al aak-1
AMPK a2 aak-2
SIK kin-29
MARK2 F23C8.8
MARK3 par-1
Nuak1/2 B0496.3
SNRK ZK524.4
SAD A/B sad-1
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WHAT IS CLAIMED IS:

1. A recombinant C.elegans that expresses a detectable marker operably linked to a CRTC
protein in intestinal cells. /

2. The recombinant C. elegans of claim 1, whéfein the detectable marker is further defined
as a marker that can be visually detected.

3. The recombinant C. elegans of claim 1, wherein the detectable marker is further defined
as a marker that can be spectroscopically detected.

4. The recombinant C. elegans of claim 1, wherein the detectable marker is a green
fluorescent protein.

5. The recombinant C. elegans of claim 1, wherein the detectable marker is a yellow
fluorescent protein.

6. The recombinant C. elegans of claim 1, wherein the detectable marker is a blue
fluorescent protein.

7. The recombinant C. elegans of claim 1, wherein the detectable marker is a red fluorescent
protein.

8. A method of screening test compounds to determine whether such compounds affect the
activity of an AMP-activated kinase or an LKB1 kinase, said method comprising determining
the effect of the test compound on the localization of a CRTC protein.

9. A method of increasing lifespan in an organism, comprising modulating expression of a
CRTC protein. |

10. A method of increasing lifespan in an organism, comprising modulating expression of a
CREB protein.

11. A method of increasing lifespan in an organism, comprising modulating localizatidn ofa
CRTC protein.

12. A composition comprising an isolated C. elegans CRTC protein.

13. A composition comprising isolated nucleic acid encoding a C. elegans CRTC protein.
14. The composition of claim 12 or claim 13 wherein the CRTC protein is CRTC-1.

15. The method of claim 11, comprising modulating phosphorylation of the CRTC protein.
16. The method of claim 9, wherein the expression of the CRTC protein is reduced.

17. The method of claim 15, comprising inhibiting calcineurin activity.

18. The method of claim 15, comprising enhancing AMPK activity.
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19. A method of screening test compounds to determine whether such compounds affect the

activity of calcineurin, said method comprising determining the effect of the test compound

on the localization of a CRTC protein.
20. A method of screening test compounds to determine whether such compounds enhance

longevity, said method comprising determining the effect of the test compound on the

localization of a CRTC protein.
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ATGTCAAATTCGAATACACCACGCAAGTTCAGTGAGAAGATTGCAATACTCGAG
AGGAAACAGAATGAGGAGAATACAACGTTTGAGGATATTATGCGACAGGTGCAA
TCAATCACCCATCATCCGACGGATTCATCAGGATCATCGACGGCAACTGCACCA
ATGCCCATTCCGCAACAGGGTCTCCTTCCACCTCAACAACCATGGGGTCACAAT
CTCGGAGGATCCCTGCCGAACGTCCATCAAATGCCATCCTACTCTCCACCACAA
TGGCCACCAAATTGGCAGCACGAGATTCAACACAGACCTATCCAAGGACATCG
AAGTCGATCACCAGAGGATCACATGATCGGAAGTGCATCTGGATCACCATCACA
TCACTATCATCCGTATGGAATGAGATCGAATGGATTATCACGATCGCCCGATCG
AACGCCTCCCCAACACCCGCAGTATACGCCCTATGGACCCCCGTATAACCAAC
CTGGACAGCTTGTGCCGCCCGAGTCGTGGAATCAAATCAATCGTGCACGTTCG
GATCCTGCAATTCATAACATGGGCGGTATGGTTCCAATGCATCCACATCACCAT
CAACAACAACAAATGGCATTTCATCAAATGCCTCATTATCTTCAAAATTCGATGC
CTGGACCATCTGGAATGATGGCTCCGAACAGTCAATCACAACAACACTCACCTC
AGTTAACACCTCAAGGATCGCAGCAAGGATCACCGGTTCAGATGCATCATCAGA
TACCTCCACCATTACAAATGGGCAATAACCAACAAATGGGCGGAGGCAATAATG
GAATGTCACCGTTACAATCACCTAATCATATGATGACACCTATGTATGGGTATCA
TAATGGCTCACCACTCCATTCACCGATGGATTCACCCCATGCCTCAACATTAAT
GCTCGATGGATCAGGGACACCCTCTCCGTATATGGAAGTAAGTCCTCCCGGAA
TGCATGATTTCAATCAAGATGCCGGAAGTTTACCCAATCTTCAAAATGTGCAACA
GCAGCAGCAACAGCAACAGGAAATTTATACAAACGGGGGAGCCCCTGGTGGTG
GATACTATCATGCTCCAATTGGACCAAGACATAGTACAGGTGCATGTGGTCCGA
GGCTAGTACCCGGTCCAGCGTTGACACCCGAATCACAGTCGGCGCCGACGTCA
CCGCATAATCAATTGGATCCGAATCAACCGCCCATGTGGCCGACGAGAACATTC
TCCAATTCACCGGAGGCATTGGATATTCCGAAATTGACAATTACAAATGCTGAA
GGTGCACCTGGGCATCATGTTGATTCGTATAATGATTTTAATGATCTTGGCCTC
GACTCACTGGACAGCGTGTTATGTAACGGAGCGCCGCCACAGACAATATCCAA
CCACCAAACACCCAACAACTCATTCCATGATCCGGGCGGTACACAAATGCTCCA
AAATTAG ‘
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