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multiple comparison approach using

whole genome transcriptional arrays
was used to identify genes and pathways
involved in calorie restriction/dietary
restriction (DR) life span extension in
Drosophila. Starting with a gene centric
analysis comparing the changes in com-
mon between DR and two DR related
molecular genetic life span extending
manipulations, Sir2 and p53, lead to a
molecular confirmation of Sir2 and p53’s
similarity with DR and the identification
of a small set of commonly regulated
genes. One of the identified upregulated
genes, takeout, known to be involved in
feeding and starvation behavior, and to
have sequence homology with Juvenile
Hormone (JH) binding protein, was
shown to directly extend life span when
specifically overexpressed. Here we show
that a pathway centric approach can be
used to identify shared physiological
pathways between DR and Sir2, p53 and
resveratrol life span extending interven-
tions. The set of physiological pathways
in common among these life span extend-
ing interventions provides an initial step
toward defining molecular genetic and
physiological changes important in life
span extension. The large overlap in
shared pathways between DR, Sir2, p53
and resveratrol provide strong molecular
evidence supporting the genetic studies
linking these specific life span extending
interventions.
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Introduction
Calorie  restriction/dietary  restriction
(DR) is one of the most robust and well-
known life span and health span extend-
ing interventions so far described. Despite
DR’s clear efficacy in a wide range of
organisms including yeast, nematodes,
flies, spiders, fish and mammals, the diffi-
culty in maintaining a DR diet in humans
has severely limited its practical therapeu-
tic use."!® The search for more applicable
DR-like

understanding the molecular and physi-

interventions has focused on

ological changes underlying DRs life span
extending effects. One such approach is
through the examination of transcrip-
tional changes." Whole genome transcrip-
tional arrays provide an unbiased method
for investigating the molecular mecha-
nisms of complex biological phenomena.

Results and Discussion

Comparative whole genome transcrip-
tional profiling identifies takeout as a
new gene involved in longevity deter-
mination. Whole genome transcriptional
profiling of DR flies shows a large number
of changes in gene expression (>2,000)."
Among this large group of genes are those
associated with life span extension as well
as genes that change in response to the
reduction in caloric or dietary intake, but
are not involved in mediating life span.
For example, the nearly universal decrease
in fertility that accompanies DR is not
directly related to life span extension in
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Figure 1. DR is a highly pleiotropic process that influences a variety of biological processes,
including physiology, fertility, behavior and life span. While the nature of most of these pathways
remains unknown, a molecular framework for at least some aspects of DR-dependent life span
regulation can be constructed. Under DR conditions (red), rpd3 is down and dSir2 is upregulated.
dSir2 activity inhibits Dmp53 (@amongst other targets), leading to a portion of the DR related life
span extension seen. DR life span extension is larger than life span extension of rpd3, dSir2 or
Dmp53 manipulation. Thus each of these interventions define only a portion of the DR life span

flies, but a response to the reduction in
caloric or dietary intake.!> Methods that
can enrich for the transcriptional changes
that are related to life span extension have
been sought.

The use of a multiple comparison
approach based upon a molecular genetic
pathway associated with DR life span
extension has shown great promise in
identifying a subset of genes that may be
important in life span determination."
A comparative transcriptional approach
was performed making use of the knowl-
edge that increased neuronal expression of
Sir2 or decreased neuronal activity of p53
extends life span in Drosophila in a DR
dependent manner.”" These molecular
genetic manipulations have been proposed
to be part of the downstream DR life
span extending pathway (Fig. 1, reviewed
in ref. 14).

The primary benefit of this approach is
that these specific molecular genetic inter-
ventions (Sir2, p53) would be expected
to share changes in gene expression
important in DR life span extension, but
not necessarily share the changes in DR
induced gene expression that are unrelated
to life span extension. For example, DR
flies have a reduction in fertility, while
Sir2 and p53 long-lived flies do not reduce
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fertility.™'® Thus, selecting genes that
are shared between all three of these DR
related life span extending interventions
may help identify genes more specifically
involved in life span extension.

Comparison of whole genome tran-
scriptional arrays between DR flies, Sir2
and p53 long-lived flies resulted in signifi-
cant overlap in the genes that were upreg-
ulated and downregulated. According to
the molecular genetic model proposed
(Fig. 1), Sir2 might be more closely related
to DR than p53 is related to DR. As pre-
dicted, there was a larger overlap of the
total number of genes in DR and Sir2 then
with DR and p53. Of the 782 genes that
are altered in the Sir2 long-lived flies 72%
of the upregulated and 61% of the down-
regulated genes were shared with DR. In
p53 long-lived flies, of the 235 genes that
were significantly affected 63% of genes
upregulated were shared with DR, but
only 4% of the downregulated genes were
shared with DR.

The three-way comparison of DR
with Sir2 and p53 long-lived flies
revealed an overlap of 21 genes, 20
upregulated and one downregulated. The
20 genes upregulated included several
with interesting relationships to chroma-
tin structure, circadian rhythm, neural
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activity, detoxification/chaperone activ-
ity, muscle maintenance, immune func-
tion, growth factor activity and feeding
behavior/response to starvation. One of
these genes, takeout, which is involved in
feeding behavior and response to starva-
tion'”"® was found to be upregulated in
another DR related life span extend-
ing genetic intervention, Indy long-lived
flies.'”?° takeout was found to be upreg-
ulated in all other specific genetically
altered long-lived flies tested including
rpd3, chico and methuselah.*'* Finally,
confirmation of the power of the whole
genome  transcriptional  comparative
approach for identifying genes important
in life span extension was directly dem-
onstrated by showing that specific over-
expression of takeout alone extends life
Span.ll,24

Gene set analysis reveals that changes
in important physiological systems are
conserved in DR, Sir2 and p53 life span
extending conditions. A primary goal of
the comparative whole genome transcrip-
tional approach is to identify physiological
pathways important in extending life span
in DR that can be targeted for therapeutic
intervention. The identification of changes
in specific genes shared by related life span
extending interventions is one method for
identifying physiological systems impor-
tant in life span determination. However,
the criteria that the same intervention in
different genetic backgrounds or related
interventions in the same genetic back-
ground alter the exact same genes may
be too stringent a requirement, resulting
in the omission of important genes and
pathways.?

Different strains of flies may alter the
same physiological pathways to achieve
life span extension, but do so by modi-
fying different specific genes within a
pathway. To test this we selected two dif-
ferent wild type fly strains, each known to
respond to DR with a 40% increase in life
span, and examined their whole genome
transcriptional profile in response to DR.
One strain (yw, w'"®) had 2461 changes in
gene expression and the other (Canton-S)
had 2721 changes. The shared overlap
between the strains was 1473 changes."
Although the shared overlap is greater than
50% (60 and 54% respectively), nearly
50% of the changes in the expression of
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specific genes in response to DR are differ-
ent between these similar strains.

We determined the functional groups
that are affected in each strain by identi-
fying which gene ontologies were overrep-
resented in each strain using GOstat with
the Drosophila gene ontology pathway

118 strain revealed

database.”® The yw, w
754 gene ontology categories and the
Canton-S strain 793 gene ontology cat-
egories with a shared overlap of 551. The
shared overlap of gene ontology catego-
ries is approximately 75%." If instead of
determining the GOstat categories for the
two strains on DR and calculating the
intersection of the pathways we determine
the intersection at the level of genes and
then analyze these genes with GOstat we
find 10% less GOstat categories. These
studies suggest that approaches that can
go beyond the comparison of single genes
to the level of gene sets or pathways may
be advantageous.

Gene set enrichment analysis (GSEA)
identifies additional functional groups
conserved in DR, Sir2 and p53 life span
extending conditions. An alternative
method for functional group analysis
which does not require pre-selecting dif-
ferentially expressed genes according to
arbitrarily set thresholds is the Gene Set
Enrichment Analysis (GSEA). GSEA is
a bioinformatics tool that identifies gene
sets (pathways) that are enriched for up or
downregulated genes within a given gene
expression experiment.”” This algorithm
ranks genes from an RNA transcriptional
microarray by the fold-change between
treatment and controls, looking for func-
tional categories in which genes are pref-
erentially at the top or at the bottom of
the ranked gene list. The GSEA system
also makes use of a Monte Carlo strategy
to test that the observed up or downregu-
lation is statistically significant, not just a
consequence of random noise in the data.

We compared the GSEA approach to
the GOstat approach on the two strains
treated with DR. The GOstat system
requires the experimenter to first deter-
mine which genes are changed between
the experimental and control group (in this
case high calorie food versus low calorie
food) by defining a cut off for fold change
and statistical confidence (e.g., p value).
The subset of genes determined to be
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“changed” by fold change and p value
between the two conditions are then
processed in GOstat to determine which
physiological pathways are associated
with that specific group of genes. This
approach does not perform any analy-
sis to weigh the relative significance of a
gene’s enrichment in the initial data set. It
determines what the likelihood of associa-
tion is between a particular pathway and
the group of genes that are specifically
provided by the experimenter. Thus, the
genes for GOstat analysis first have to be
identified by a standard fold enrichment
and statistical significance measure. The
GSEA approach uses statistical methods
directly to examine the ranking of genes
based upon fold change and other features
of the data. GSEA is designed to look for
all changes in gene expression within a
pathway, small or large, and bypasses the
need to determine a cutoff value for the
fold change and statistical significance of
individual genes.

The outputs of GSEA and GOstat
were compared using the Drosophila gene
ontology category data set. As noted above
using the GOstat approach we deter-
mined a fold change cutoff and p value
for each of the two different strains on
DR, determined the overlap of significant
genes from the two different strains on
DR and then examined the set of shared
genes with GOstat and found 551 cat-
egories.'’ Using GSEA we independently
analyzed each of the two DR raw data sets
and found an overlap between the two
strains of 713 gene ontology categories.
Comparison of the gene ontology cat-
egories found between GOstat and GSEA
showed an overlap of only 240 gene ontol-
ogy categories, 44% of the GOstat derived
sets and 34% of the GSEA derived sets
(Sup. Table 1). 311 gene ontology sets
were found only in GOstat and 473 gene
ontology sets found only in GSEA. This
analysis suggests that the use of both
GOstat and GSEA approaches may be
advantageous for identifying gene sets
important in complex biological phenom-
ena such as DR.

We had previously used GOstat to
examine the gene ontology pathways
associated with DR, Sir2 and p53."" We
now used GSEA with the KEGG (Kyoto
Encylopedia of Genes and Genomes)
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Drosophlia database to perform a com-
parative transcriptional pathway analy-
sis between the two different strains on
DR.* The KEGG dataset is particularly
well curated for metabolic related path-
way categories. Using GSEA on KEGG
we found that the Canton-S strain on DR
identified 54 categories that were statisti-
cally significant, while the yw, w'* strain
identified 72 categories that were statisti-
cally significant. All of the 54 KEGG cat-
egories in DR Canton-S were included in
the 72 categories found in yw, w''® DR.

We designated the 54 KEGG categories
overlap between these two strains as a DR
signature and examined the relationship
between this DR signature and Sir2 and
p53 long-lived flies. As seen in Figure 2 we
found a strong overlap between the statis-
tically significant physiological pathways
of DR, Sir2 (49 out of 54) and p53 (35 out
of 54) (Sup. Table 2). The large overlap
in shared pathways between Sir2 and DR
signature (91%) and p53 and DR signa-
ture (65%) complement previous genetic
epistasis experiments™'®* and provide
further evidence that Sir2 and p53 life
span extending manipulations are closely
related to DR.

Tissue specific whole genome tran-
scriptional arrays show a strong associa-
tion between DR and resveratrol. Since
specific tissues and organs may respond
differentially to DR and other life span
extending interventions we examined
the overlap in KEGG pathways from
whole genome transcriptional arrays of
DR studies on Canton-S whole body
female flies with those from combined
head and thorax of Canton-S female
flies. Despite the large number of statis-
tically significant KEGG categories in
response to DR in whole female bodies
(54) and female head/thorax (83) less
than 50% (26) of these categories were
shared (Fig. 3) (Sup. Table 3). Of par-
ticular note are the strong opposite effects
on pathways of special interest including
KEEG defined pathways such as: DNA
polymerase, nucleotide excision repair,
mismatch repair, base excision repair, pro-
teasome, ubiquitin mediated proteolysis,
glycosylphosphatidylinositol GPI anchor
biosynthesis and fatty acid elongation in
mitochondria. While whole body females
showed a statistically significant decrease
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Figure 2. Heat map of KEGG gene sets from Sir2 and p53 long-lived flies show similarity with a DR signature gene set. Red are gene sets that are sta-
tistically significantly upregulated, blue are gene sets that are statistically significantly downregulated and black are gene sets that are not statistically
significantly changed. RNA is from 10-day old whole body of females." Sir2 are flies expressing Sir2 in adult neurons and p53 are flies expressing DN-
Dmp53 in adult neurons. yw, w'""® DR flies are genetically identical to Sir2 flies, but without RU486 and genetically very similar to the DN-Dmp53 flies.

KEGG categories and scores are in Supplemental Table 2.

in these pathways, head/thorax females
showed a statistically significant increase
in these pathways. Interestingly, oxidative
phosphorylation was statistically signifi-
cantly increased in whole body, but down
in head/thorax (Fig. 3).

The complete reversal in the direction
of these pathways when comparing whole
body and head/thorax on DR highlights
the importance of also examining life
span extending interventions on a tissue
specific level. We therefore examined the
relationship between DR and resveratrol
treatment using RNA from only head/
thorax females. Canton-S female flies
from the same cohort were grown on
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high calorie food, low calorie food and
high calorie food with resveratrol. GSEA
analysis showed that of the 83 KEGG cat-
egories that were statistically significant in
head/thorax DR, 81% (67 pathways) were
shared with resveratrol (Sup. Table 4).
This large overlap is similar to that seen in
mice where resveratrol treatment showed
an 82% overlap in gene pathways with DR
in the liver®” (Fig. 4).

To further demonstrate the useful-
ness of a pathway approach, a gene centric
analysis of the same data for resveratrol
and DR was performed. Based upon the
same fold and p value cutoff as above

(1.5-fold, 0.01 p, threshold were validated
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using qPCR, reviewed in ref. 11) there
were only 28 genes that changed with
resveratrol treatment and 152 genes that
changed with DR with a significant over-
lap of 12 (12/28 or 43% of the genes
found with resveratrol are also found in
DR, Fisher’s exact test p < 1077). If the
stringency in fold change and p value is
reduced to 1.2-fold change and 0.05 p
value 237 genes are seen to change in the
head/thorax with resveratrol and 1,708
with DR. The overlap is 150 genes show-
ing that 63% of the genes changing with
resveratrol are now found in DR (Fisher’s
exact test p < 107%). While the gene cen-
tric approach also supports the close
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Figure 3 Heat map of KEGG gene sets from DR of female whole body and female head and thorax appear very different. Red are gene sets that are
statistically significantly upregulated, blue are gene sets that are statistically significantly downregulated and black are gene sets that are not statisti-
cally significantly changed. RNA is from Canton-S (C-S) DR and high calorie fed 10-day old female whole bodies" or only heads and thoraces. KEGG

categories and scores are in Supplemental Table 3.
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Figure 4. Heat map of KEGG gene sets from DR and resveratrol female head and thorax appear very similar. Red are gene sets that are statistically
significantly upregulated, blue are gene sets that are statistically significantly downregulated and black are gene sets that are not statistically signifi-
cantly changed. RNA is from the same cohort of Canton-S (C-S) 10-day old female heads and thoraces on a DR diet, high calorie food or fed resveratrol.

association between resveratrol and DR,  genes that may lead to significant changes
these results demonstrate that gene set in physiological pathways.

analysis strategies such as GSEA may be Juvenile hormone (JH) regulated
more efficient at assessing small changesin  genes are altered in DR, Sir2, p53 and
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resveratrol. The identification of take-
out as a gene involved in lifespan exten-
sion combined with the fact that takeout
has Juvenile Hormone (JH) binding like
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domains and JH is thought to be involved
in life span determination'®*%3-2 led us to
use the GSEA system to test the hypoth-
esis that Juvenile Hormone (JH) may
be important in DR and DR related life
span extending interventions (e.g., Sir2,
p53, resveratrol). We curated two gene
set pathways consisting of genes down-
regulated by JH or upregulated by JH
(reviewed in ref. 33-36, Sup. Table 1).
We found that in whole body DR both the
JH downregulated and JH upregulated
categories were statistically significantly
upregulated, although the JH downregu-
lated gene set (scores of 2.14 and 2.02) was
much more affected then the JH upregu-
lated gene set (scores of 1.24 and 1.27).
An increase in expression of JH down-
regulated genes implies a decrease in JH,
while an increase in JH upregulated genes
implies an increase in JH. It is known that
ecdysone, the other major insect hormone,
works in conjunction with JH to regulate
expression of some of these genes and a
simultaneous change in JH and ecdysone
may account for the apparent contradic-
tory results concerning the state of JH sig-
naling in DR of whole female fly bodies.
Interestingly, in whole body female Sir2
and p53 long-lived flies and head/thorax
from resveratrol treated females only the
JH downregulated pathway is statistically
significantly increased. An increase in
the JH downregulated pathway was also
found in the DR head/thorax female flies,
but it was just below the level of statisti-
cal significance. These data suggest that
similar to grasshoppers and butterflies, JH
signaling may be decreased in long-lived
flies.

Conclusions
These data demonstrate that whole
genome transcriptional profiles from

molecular genetic components of the DR
life span extending pathway (Sir2, p53)
can be used to identify individual genes
and gene pathways that may be impor-
tant in DR life span extension. The value
of whole genome approaches to directly
identify genes important in life span
extension was confirmed by using a gene
centric approach to identify a small set of
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candidate genes and then examining one
of the identified genes, takeout, known
to be important in feeding behavior'” but
not previously known to affect life span.
takeout was found to be increased in other
molecular genetic life span extending
interventions (Indy, Rpd3, chico and mth)
and when selectively overexpressed takeout
alone extended life span."

Bioinformatic studies using GOstat
and GSEA approaches that emphasize
the identification of physiological and
metabolic pathways illustrate the value of
using both of these pathway centric sys-
tems to identify life span extending gene
pathways. In addition to identifying spe-
cific genes and pathways, comparative
studies employing GOstat or GSEA can
be used to assess the molecular related-
ness between different interventions. The
GOstat and GSEA analyses demonstrated
the strong molecular relationship between
DR, Sir2 and p53 life span extending
interventions that had been suggested by
genetic epistasis studies and confirmed in
flies the molecular association between the
life span extending small molecule resve-
ratrol and DR previously shown in mice.”
These studies show that bioinformatic
methods utilizing a comparative approach
on whole genome transcriptional pro-
files associated with experimentally well-
defined molecular genetic pathways can
serve to identify targets for subsequent
molecular genetic and pharmacologi-
cal therapeutic interventions designed to
extend healthy life span.
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