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Temporal and tissue-specific alterations in gene expression have profound effects on aging of multicellular organisms.
However, much remains unknown about the patterns of molecular changes in different tissues and how different
tissues interact with each other during aging. Previous genomic studies on invertebrate aging mostly utilized the
whole body or body parts and limited age-points, and failed to address tissue-specific aging. Here we measured
genome-wide expression profiles of aging in Drosophila melanogaster for seven tissues representing nervous, muscular,
digestive, renal, reproductive, and storage systems at six adult ages. In each tissue, we identified hundreds of
age-related genes exhibiting significant changes of transcript levels with age. The age-related genes showed clear
tissue-specific patterns: <I0% of them in each tissue were in common with any other tissue; <20% of the biological
processes enriched with the age-related genes were in common between any two tissues. A significant portion of the
age-related genes were those involved in physiological functions regulated by the corresponding tissue. Nevertheless,
we identified some overlaps of the age-related functional groups among tissues, suggesting certain common molecular
mechanisms that regulate aging in different tissues. This study is one of the first that defined global, temporal, and
spatial changes associated with aging from multiple tissues at multiple ages, showing that different tissues age in
different patterns in an organism. The spatial and temporal transcriptome data presented in this study provide a
basis and a valuable resource for further genetic and genomic investigation of tissue-specific regulation of aging.

[Supplemental material is available online at www.genome.org.]

For multicellular organisms, different tissues or organs perform
distinct but coordinated physiological functions to ensure proper
function of the whole organism. Virtually all physiological func-
tions of tissues or organs in a multicellular organism decline with
increasing age (Timiras 2003). Despite the apparent complexity
of aging, a number of genetic and environmental factors have
been identified to play an important role in aging in organisms
ranging from the yeast, Saccharomyces cerevisiae, the nematode,
Caenorhabitis elegans, the fly, Drosophila melanogaster, to the mice
and rats (Kenyon 2005). The lifespan-related genetic factors fall
into a number of biological pathways, including the evolution-
arily conserved insulin/insulin-like growth factor signaling (IIS)
pathway, the Jun kinase (JNK) pathway, and the sirtuin pathway.
Lifespan is modulated not only at the molecular level but also at
the tissue level in a temporal manner. For instance, reducing
expression of genes in the IIS pathway, such as the insulin-like
receptor daf-2, in the adult stage alone extends lifespan in C.
elegans (Dillin et al. 2002). Modifications of the IIS pathway by
overexpression of the forkhead transcription factor foxo in the
adult adipose tissue alone prolong lifespan in D. melanogaster
(Giannakou et al. 2004; Hwangbo et al. 2004). These findings
suggest that tissue-specific alterations of gene expression in a
temporal fashion can dramatically influence aging of the whole
organism.

The multifactorial and temporal features of aging can be
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analyzed efficiently by genome-wide transcriptional profiling,
which has been conducted in various model organisms and hu-
mans (Melov and Hubbard 2004). Aging is associated with alter-
ations in transcript levels of many genes, including those in-
volved in evolutionarily conserved mitochondrial and protea-
somal functions (McCarroll et al. 2004), some of which have
been shown to be directly involved in regulating lifespan in C.
elegans (Dillin et al. 2002). However, little is known about expres-
sion patterns of aging across different tissues or organs and how
they interact with each other during aging.

In all the previous genome-wide transcriptional studies on
aging in invertebrates, including C. elegans and D. melanogaster,
gene expression was monitored with the whole body or body
parts, such as fly head and thorax (Zou et al. 2000; Lund et al.
2002; Pletcher et al. 2002; Landis et al. 2004; Wang et al. 2004;
Kim et al. 2005; Girardot et al. 2006). Many of these studies
sampled only two age-points, e.g., young and old. Although a
number of age-related genes with diverse functions were identi-
fied, these previous studies missed a significant part of spatial
and/or temporal expression profiles of aging. Since individual
tissues were not examined separately, these studies offered little
opportunities for comparative analyses among different tissues
and with mammalian data, which largely focused on individual
tissues. Even in mammals, only a few studies compared expres-
sion profiles of aging among different tissues (Fraser et al. 2005;
Zahn et al. 2006). Therefore, it is important to build up a resource
with temporal and spatial expression profiles of aging from mul-
tiple tissues at multiple ages from one organism, especially a
genetically tractable model system to facilitate further genetic
studies. Here we made a first step toward systematic investigation
of tissue-specific aspects of aging by measuring genome-wide
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changes of gene expression in seven individual tissues or organs
at six adult ages in D. melanogaster. This study provides a valuable
resource for aging research and particularly for cross-species com-
parison with mammals to identify shared or public aging signa-
tures.

Results

In this study, we analyzed gene expression profiles of aging for
seven fly tissues or organs, collectively referred as tissues. These
tissues represented various physiological systems in flies: brain
representing the nervous system, thoracic muscle representing
the muscular system, gut representing the digestive system, mal-
pighian tubule (MT) equivalent to the mammalian kidney rep-
resenting the renal system, accessory gland (Acg) equivalent to
the mammalian prostate and testis representing the reproductive
system, and, finally, abdominal adipose tissue (i.e., fat) represent-
ing the storage and secretory system (Fig. 1A) (Demerec 1994). In
our design of microarray experiments, the RNA sample for each
array came from four individual flies, which allowed efficient
cover of genetic variations and minimized the masking of intra-
individual variability associated with the stochastic nature of ag-
ing (Golden and Melov 2004). As shown in Figure 1B, each type
of tissue was examined by measuring temporal changes of gene
expression for w!'’® adult males at five ages, 15-, 20-, 30-, 45-,
and 60-d-old flies, compared with 3-d-old flies. The survival rates
of males at these age-points ranged from 100% to ~50% based on
the observation that the mean lifespan of w’?’® males was ~60 d
under the culture conditions used in this study (Fig. 1B).

Age-related transcriptional and functional signatures

We first identified age-related genes as those showing significant
changes with age (P < 0.05). The identification was made using
the Extraction of Differential Gene Expression (EDGE) algorithm,
which is suitable for analysis of time-series array data (Storey et
al. 2005). The muscle had the largest number of age-related genes
(1255 genes), followed by Acg (1112), brain (832), testis (823),
MT (819), and fat (662), while the gut had the smallest number
(587) (Table 1; Supplemental Tables 1-7). The age-related genes
represented 4%-9% of all the genes (~14,000) recognized from
the Drosophila genome (Adams et al. 2000), suggesting that a
significant portion of genes in the genome change their expres-
sion with age in different tissues, especially when considering
that not all the genes are expressed in every tissue.

Next, we examined the temporal patterns of tissue-specific
gene expression by conducting unsupervised hierarchical cluster-
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Figure 1. Fly tissues for microarray experiments. (A) RNA samples for
microarray experiments were prepared from seven tissues shown in the
fly image. (B) Lifespan curve of w'’’8, The mean lifespan of w'’’® at 25°C
was 59.2 += 2.3 d. The age-points labeled on the curve represent ages of
males when tissues were collected for microarray experiments.

ing analysis on the age-related genes. In each tissue, the age-
related genes formed three to eight clusters that showed a gradual
or transient increase or decrease of transcript levels from young
to old ages (Fig. 2; Supplemental Tables 8-14). In general, ap-
proximately half of these genes were up-regulated and the other
half were down-regulated with age in each tissue (Table 1). The
critical changes of the transcriptional levels generally occurred
after 30 d of age, some as late as 60 d, suggesting that alteration
of gene expression in aging is a gradual process.

We then conducted functional analysis for each cluster of
the age-related genes based on Gene Ontology (GO) (Ashburner
et al. 2000). We found that >500 biological processes were altered
in aging in at least one tissue (P < 0.05) (Supplemental Table 17).
A significant part of these biological processes correlated with
functional or physiological roles specific to the corresponding
tissue where the alternations were identified. The age-related
genes and GO terms provided a basis to identify molecular sig-
natures of aging in each tissue as follows.

Signatures of aging in brain

In brain or the nervous system, four distinctive clusters of age-
related genes were identified (Fig. 2A; Supplemental Table 8).
Aging in brain was associated with up-regulation of genes (Clus-
ters 1 and 2) involved in neurotransmitter secretion and ubiqui-
tin-dependent protein catabolism as represented by Plenty of
SH3s (POSH). POSH was previously shown to extend lifespan of
flies by 14% when it was overexpressed specifically in neurons
(Seong et al. 2001). Aging in brain was also associated with down-
regulation of genes (Clusters 3 and 4) participating in microtu-
bule-based processes, immune functions, oxidative stress re-
sponse, and tricarboxylic acid cycle (TCA). The results indicate
that neuronal functions related to neurotransmitter release, pro-
tein degradation, and energy production are preferentially af-
fected during aging of brain in D. melanogaster.

Signatures of aging in muscle

For the muscular system, six clusters of age-related genes with
significant enrichment of functional annotation were identified
(Fig. 2B; Supplemental Table 9). Aging in muscle was associated
with an increase of transcript levels of genes (Clusters 1, 2, and 3)
involved in a number of biological processes, including antimi-
crobial humoral response, ubiquitin-dependent protein catabo-
lism, autophagic cell death, prosthetic group metabolism, pro-
tein membrane targeting, secretion pathway, transmembrane re-
ceptor protein tyrosine kinase signaling pathway, cell motility,
and response to toxin as represented by glutathione S transferase.
On the other hand, aging in muscle was found to be associated
with decreased transcript levels of genes (Clusters 4-6) involved
in generation of energy derived by oxidation of organic com-
pounds as represented by succinate dehydrogenase B (SdhB), in
oxidative phosphorylation as represented by ATPase coupling
factor 6, in protein kinase cascade as represented by Jun-related
antigen, and in metal ion transport as represented by ferritin 1
heavy chain homolog and I'm not dead yet (Indy). It has been
shown that SdhB, ATP synthase, ferritin, and aconitase in C. el-
egans (Hamilton et al. 2005; Hansen et al. 2005) and Indy and
SdhB in D. melanogaster (Rogina et al. 2000; Walker et al. 2006)
modulate lifespan in these organisms, respectively. Overall, these
findings suggest that a prominent feature of aging in muscle is
the alteration of expression of genes involved in proteasomal and
mitochondrial functions.
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Table 1. Age-related genes in each tissue and in common between any two tissues
No. of age-related genes
Tissues Acg Fat Gut MT Brain Muscle Testis
Acg 11122 (477/635)°
Fat 74¢ 662 (339/323)
Gut 68 37 587 (305/282)
MT 92 52 57 819 (387/432)
Brain 91 56 55 75 832 (380/452)
Muscle 147 96 80 115 98 1255 (613/612)
Testis 95 46 48 68 54 91 823 (429/394)

*Number of age-related genes in a tissue.

PNumbers of down-regulated and up-regulated genes with age [formatted as (down/up)].
“Number of the age-related genes in common between the corresponding two tissues.

Signatures of aging in gut

For gut or the digestive system, six clusters of age-associated
genes had significant enrichment of functional annotations (Fig.
2C; Supplemental Table 10). Aging in gut was found to be asso-
ciated with down-regulation of genes (Clusters 1, 2, 3, and 4)
participating in oxidative phosphorylation, aromatic compound
metabolism, muscle contraction, amino sugar metabolism, regu-
lation of apoptosis, and vesicle transport. Aging was also associ-
ated with up-regulation of genes (Clusters 5 and 6) involved in
regulating various physiological processes, amino acid metabo-
lism, and regulation of transport. These results suggest that meta-
bolic pathways, especially nutrient intake and energy produc-
tion, are primarily affected during aging of gut, which are the
fundamental function of the digestive system.

Signatures of aging in malpighian tubule

For MT or the renal system, eight clusters of age-related genes had
significantly enriched functional annotations (Fig. 2D; Supple-
mental Table 11). Aging in MT was associated with up-regulation
of genes (Clusters 1-6) involved in anion transport, metal ion
homeostasis, tRNA metabolism, chromosome organization and
biogenesis, and amino acid metabolism. In contrast, aging was
associated with down-regulation of genes (Cluster 7) involved in
aromatic compound metabolism, vesicle exocytosis, and polysac-
charide metabolism. This suggests that nutrient transport and
excretion are prominently altered during aging of MT, which are
related to kidney-like functions of MT.

Signatures of aging in Acg and testis

The reproductive system was represented by Acg and testis in this
study. In Acg, three clusters of age-related genes showed signifi-
cant enrichment of functional categories (Fig. 2E; Supplemental
Table 12). The Acg-related genes (Clusters 1 and 2) up-regulated
in aged flies were those involved in cytoskeleton organization
and biogenesis, cell homeostasis, protein targeting, stress-
activated protein kinase signaling pathway, oxygen and reactive
oxygen species metabolism, cytoskeleton-dependent intracellu-
lar transport, and anti-microbial humoral. On the other hand,
the Acg-specific genes (Cluster 3) down-regulated in older flies
included those involved in protein targeting and glycoprotein
biogenesis. These patterns suggest that cytoskeleton structure,
nutrient transport, and stress resistance are significantly changed
during aging of Acg.

In testis, five clusters of age-related genes had significantly
enriched functional terms (Fig. 2F; Supplemental Table 13). Ag-

ing in testis was associated with down-regulation of genes (Clus-
ters 1 and 2) participating in regulation of catabolism and aro-
matic compound metabolism. Aging in testis was also associated
with up-regulation of genes (Clusters 3, 4, and 5) involved in
cellular morphogenesis, mRNA metabolism, protein folding, and
tRNA aminoacylation. These findings suggest that metabolism
and cell cycle-related processes are prominently altered during
aging of testis, which is correlated well with a decrease of repro-
duction during aging.
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Figure 2. Heat map presentation of expression patterns of the age-
related genes in each tissue. (A) Brain; (B) muscle; (C) gut; (D) MT; (E)
Acg; (F) testis; (G) adipose tissue. Each column represents an age-point.
Each row represents the expression pattern of one gene across all the
age-points. The ratios of transcript levels between experiment and refer-
ence samples are color-coded in red and green. Red represents an in-
crease of the transcript level of a gene in the experiment samples aged
15-60 d compared with the 3-d-old reference sample, and green repre-
sents a decrease. The age-related genes in each tissue are grouped to
three to eight clusters (labeled as C1 to C8) by hierarchical clustering
analysis based on their similarities in expressional profiles.
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Signatures of aging in adipose tissue

In fat or adipose tissue, five clusters showed significant enrich-
ment of functional annotation (Fig. 2G; Supplemental Table 14).
Aging in fat was associated with down-regulation of genes (Clus-
ters 1, 2, and 3) involved in JNK cascade, glucose catabolism,
ubiquitin-dependent protein catabolism, and regulation of signal
transduction. Aging in fat was also associated with up-regulation
of genes (Clusters 4 and 5) involved in humoral immune re-
sponse, second messenger mediated signaling, and coenzyme
metabolism. Overall, these patterns suggest that protein degra-
dation, immune response, and energy metabolism pathways are
prominently altered in aging of adipose tissue.

Comparison of transcriptomes of aging
among different tissues

Differences and similarities of transcriptional profiles among tissues

To investigate the relatedness of transcriptional profiles of aging
among different tissues, we first conducted principle component
analysis (PCA) on age-related genes along the time course (age-
points) in all the tissues. PCA, as an unsupervised dimension
reduction method, is robust in capturing and presenting the ma-
jor variations of expression profiles. The distance between data-
points shown on the PCA maps visually reflects the relatedness of
the tissue samples. As shown in the PCA map (Fig. 3) and from
the pairwise correlation coefficients of expression profiles be-
tween any two tissues (Supplemental Table 15), Acg, testis, brain,
and MT were relatively close to each other, while gut, fat, and
muscle were distant from others and formed three distinct clus-
ters. The PCA based on all the expressed genes showed similar
results to that based on the age-related genes (Supplemental Fig.
3). These results suggest that different tissues in general have
distinct age-related transcriptomes.

Age-related genes in common among tissues

To further examine differences and similarities of age-related
changes among tissues, we sought to identify the age-related
genes that were shared by two or more tissues (Table 1). We
found that muscle and Acg had the largest number of age-related
genes in common (147 genes), while gut and fat tissue had the
smallest common age-related genes (37 genes). Overall, only 3%-
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Figure 3. PCA maps were generated with the age-related genes show-
ing relationships of transcriptional profiles of aging among different tis-
sues. The amount of variation covered by the top three principle com-
ponents are as follows: (#1) 8.71%; (#2) 7.91%; (#3) 5.12%. The samples
of seven tissues are color-coded. Each small sphere represents projection
of one age sample from one tissue in the three-dimensional space formed
by the top three principle components. Each large oval represents the
area covered by all the samples of one tissue formed by the small spheres.

10% of age-related genes in any given tissue overlapped with
those in any other tissue. Only 16 genes were found in common
in four or more tissues (Supplemental Table 16). We confirmed
the expression patterns for three of these 16 genes with quanti-
tative RT-PCR (Supplemental Fig. 4). Overall, this suggests that
aging is associated with a high degree of tissue-specific regulation
of gene expression.

Age-related biological processes in common among tissues

Next we compared age-related GO terms identified in each tissue.
Among 531 age-related biological processes in all tissues
(P < 0.05), none of them were shared among four or more tissues,
only 22 were in common among three tissues (Table 2), and 103
were in common among at least two tissues (Supplemental Ta-
ble 17).

Brain shared its age-related GO terms mostly with Acg and
gut but none with adipose tissue. Most GO terms shared between
brain and Acg belonged to categories of morphogenesis, iron and
protein transport, and immune response. Most GO terms shared
between brain and gut contained genes participating in aerobic
respiration, coenzyme metabolism, and exocytosis.

Muscle shared its significant GO terms relatively evenly
with other tissues except testis. Muscle shared the aerobic respi-
ration and coenzyme catabolism categories with brain; the ion
homeostasis and immune response categories with Acg; stress
response and protein degradation categories with fat; amine bio-
genesis and amino acid biogenesis categories with MT; and
amine biogenesis, amino acid biogenesis, coenzyme catabolism,
ATP synthesis, and muscle contraction categories with gut. These
findings indicate that changes in expression of genes involved in
metabolism are the prominent feature shared between muscle
and other tissue.

Gut and MT shared seven GO terms. Most of these GO terms
were related to amine biosynthesis, amino acid biosynthesis, and
vesicle transport, which are part of nutrient absorption and pro-
cess functions in the digestive and renal systems. Acg and testis,
representing the reproductive system, shared 11 GO terms, nine
of which were not found in any other tissues. Genes in these
terms were mostly involved in germ line biogenesis, intercellular
bridge organization and biogenesis, and regulation of actin fila-
ment formation. This suggests that expression of genes involved
in cell cycle and cytoskeleton structure is coordinately altered in
different tissues of the reproductive system.

Comparison of temporal expression profiles

As indicated above, most of the age-related genes displayed
gradual alterations of expression from young to old ages. To fur-
ther examine the temporal patterns, we performed hierarchical
cluster analysis and PCA for the time course data in each tissue.
The results are shown in Figure 4. Three distinct aging clusters
were visible in each tissue in most cases: The first was formed by
day 15 and 20 data, the second by day 30 and 45 data, and the
third by day 60 data. However, the relatedness among the three
clusters was different in different tissues as indicated by the dis-
tances between clusters. The farther the distance is between clus-
ters, the lesser correlation or the more difference the clusters
have. In gut, the second cluster with day 30 and 45 data was
farthest away from the third cluster with day 60 data (distance
>0.8, Fig. 4A). This was followed by brain and testis, in which the
second cluster, to a lesser degree, was also far from the third
cluster (~0.8, Fig. 4B,C). On the other hand, in Acg and muscle,
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Table 2. Age-related biological processes in common among three or more tissues

GO term Acg Brain Fat Gut MT MU Testis
Regulation of cell shape <0.012 (1/17)® 0.01 (4/9) 0.03 (6/3)

Behavior <0.01 (17/35) 0.01 (21/17) 0.02 (13/21)
Tube fusion 0.02 (0/4) 0.04 (2/1) 0.04 (0/3)

Tracheal branch fusion 0.02 (0/4) 0.04 (2/1) 0.04 (0/3)

Pole plasma protein localization 0.03 (1/3) 0.03 (2/1) 0.03 (1/2)

Regulation of cell organization 0.04 (1/4) 0.05 (3/1) 0.04 (1/3)
Sulfur amino acid biosynthesis 0.05 (1/1) 0.01 (0/2) 0.03 (1/1)

Amine biosynthesis 0.03 (1/7) <0.01 (7/6) 0.02 (7/7)

Amino acid biosynthesis 0.04 (1/6) 0.01 (5/5) 0.03 (6/6)

Exocytosis 0.02 (8/7) 0.02 (6/6) 0.01 (3/12)
Synaptic vesicle exocytosis <0.01 (3/6) <0.01 (5/3) 0.03 (2/5)
Asymmetric protein localization 0.04 (4/2) 0.05 (3/2) 0.04 (2/3) 0.04 (0/6)

Tricarboxylic acid cycle 0.01 (4/4) 0.03 (6/0) 0.01 (14/0)

Aerobic respiration 0.01 (4/4) 0.03 (6/0) 0.01 (14/0)

Cellular respiration 0.01 (4/4) 0.03 (6/0) <0.01 (14/0)

Acetyl-CoA catabolism 0.01 (4/4) 0.03 (6/0) <0.01 (14/0)

Acetyl-CoA metabolism 0.02 (4/4) 0.03 (6/0) <0.01 (15/0)

Coenzyme catabolism 0.02 (4/4) 0.03 (6/0) <0.01 (14/0)

Synaptic vesicle transport 0.05 (3/7) <0.01 (7/4) 0.02 (4/7)

Cofactor catabolism 0.02 (4/4) 0.03 (6/0) <0.01 (14/0)

Synaptic vesicle priming 0.01 (1/3) <0.01 (2/2) 0.05 (1/2)

Oxidative phosphorylation 0.05 (7/6) <0.01 (14/3) <0.01 (25/2)

2P values of an age-related GO term in a tissue.

PNumbers of down-regulated and up-regulated genes with age [formatted as (down/up)] in a GO term.

the second cluster was close to the third cluster (~0.4, Fig. 4D,E).
In fat or MT, the distances between the second and third clusters
were modest in between (~0.6, Fig. 4F,G). Similar temporal pat-
terns of age-related transcriptomes in individual tissues were ob-
served by the PCA (Supplemental Fig. 2). This finding indicates
that the expression profiles at the middle ages (30 and 45 d) were
more similar to those at the old age (60 d) in Acg and muscle and
less similar in brain and gut. The results suggest that different
tissues have different temporal patterns of transcriptomes during
aging, physiological ages are not the same among different tis-
sues of the same chronological ages, and diverse molecular
mechanisms regulate aging in different tissues. Zheng et al.
(2005) found that muscle cells showed a gradual increase of ap-
optosis with age, but brain-containing heads showed no or little
signs of apoptosis. The temporal and spatial expression profiles
of aging revealed in our study are consistent with the age-related
patterns of apoptosis and provide possible molecular mecha-
nisms for tissue-specific regulation of aging processes.

Discussion

In this study, we measured genome-wide expression profiles of
aging in seven tissues representing the nervous, muscular, diges-
tive, renal, reproductive, and storage systems at six adult ages in
D. melanogaster. Hundreds of the age-related genes were identi-
fied in each tissue, most of which displayed a gradual increase or
decrease of transcript levels with age, which is consistent with
the gradual decline of physiological functions in aging. In each
tissue, a significant portion of the age-related genes was com-
posed of those involved in physiological functions specific to the
corresponding tissue. We found that a number of biological pro-
cesses were prominently affected during aging in a tissue-specific
fashion, which included neuronal function, protein degradation,
and energy production in brain; proteasome and mitochondrial
function in muscle; nutrient intake and energy production in
gut; nutrient transport and excretion in MT; cytoskeleton struc-
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Figure 4. Hierarchical clustering analysis of temporal transcriptional
profiles of individual tissues using the age-related genes. In each tissue,
the difference of transcriptomic data at different ages is reflected by the
distance scale bar shown at the bottom of each cluster dendrogram. Each
branch represents one age-point labeled in the order of age, tissue type,
and data set identification. (A) Gut; (B) brain; (C) testis; (D) Acg; (E)
muscle; (F) fat; (G) MT.

1240 Genome Research
www.genome.org



Tissue-specific expression profiles of aging

ture, nutrient transport, and stress resistance in Acg; metabolism
and cell cycle-related processes in testis; and protein degrada-
tion, immune response, and energy metabolism in adipose tis-
sue. The multi-tissue data allowed us to examine differences and
similarities of age-related changes among tissues. We found that
<10% of the age-related genes were common between different
tissues, and <20% of the age-related biological processes were in
common among no more than three tissues. Our results suggest
that the age-related genes are generally regulated in a tissue-
specific manner, and different tissues have different temporal
patterns of transcriptomes in aging.

So far, we presented a comprehensive transcriptomic study
on aging of invertebrates, which revealed spatial and temporal
expression patterns of aging from multiple tissues at multiple
ages. Previous genomic studies of aging used the whole body or
body parts in invertebrates, including D. melanogaster (Golden
and Melov 2004), and some of these studies only compared tran-
script levels of two ages, young and old, which missed valuable
information regarding temporal and/or spatial expression pat-
terns of aging. Girardot et al. (2006) attempted to investigate
spatial expression profiles of aging by comparing age-related
changes among the whole body and two body parts, head and
thorax, in D. melanogaster between two age-points, 3 and 40 d.
They identified more than 1000 age-related genes in each body
part but found that only a small percentage (<7%) of the age-
related genes were shared among the whole body and two body
parts, and ~18% of the age-related genes were common between
head and thorax, despite the fact that these body parts share a
number of similar tissue types, such as fat cells and muscles. The
relative homogenous tissues used in our study offered an im-
proved resolution for tissue comparison and showed much less
overlaps of age-related genes (<10%) between any two tissues.

In mammals, including humans, although gene expression
profiles of aging were normally measured with individual types
of tissues, only a few studies compared age-related expression
patterns among tissues. Fraser et al. (2005) compared age-related
changes among different human and chimpanzee brain regions,
including cerebellum, caudate nucleus, and several regions of
cortex. Different regions of cortex displayed remarkable similar-
ity in expression profiles of aging among each other. Cortex,
however, showed dramatically different expression patterns from
other brain regions, cerebellum, and caudate nucleus. This sug-
gests that aging patterns are generally region specific in primate
brains. This study, however, did not evaluate whether there are
age-related genes or pathways in common among brain regions.
In another study, Zahn et al. (2006) compared aging patterns of
three different tissues, human muscle, kidney, and brain. Direct
comparison of the age-related genes did not reveal any signifi-
cant overlaps among these tissues. By analyzing 624 gene sets,
Zahn and colleagues found that only six age-related gene sets
were shared among the three human tissues. Our study in D.
melanogaster supported and expanded these findings. We found
very limited overlaps of the age-related genes and little overlaps
of the age-related pathways among tissues. We also found that
individual genes in the common age-related biological processes
appeared to have different expression patterns during aging
(Table 2). For example, all the age-related TCA genes were down-
regulated in gut and muscle, while half of the age-related TCA
genes were up-regulated and the other half were down-regulated
in brain. These observations suggest that shared age-related regu-
lation is mostly operated at the level of pathways and is not at the
level of individual genes. The tissue-specific expression profiles of

aging also stress the importance of using relatively homogenous
tissues for gene expression studies.

A central question in aging research is what the public sig-
natures of aging are among different species. Several studies ad-
dressed this question by comparing expression profiles between
evolutionarily divergent species. One study compared C. elegans
and D. melanogaster and found that alterations of mitochondrial
energy production and proteasome pathways were conserved ag-
ing patterns (McCarroll et al. 2004). The other study compared
human, mouse, and fly and found that the mitochondrial elec-
tron transfer chain pathway was shared among these three spe-
cies (Zahn et al. 2006). The low commonalities observed in these
studies may be due to the fact that the data from the whole body
of flies and worms were used in the aging studies. The tissue-
specific data in our study should offer a better resolution to iden-
tify public aging patterns between invertebrates and mammals by
comparing tissues of similar types. The data generated by our
study are valuable for future research on genetic and nongenetic
interventions of aging and for a broad range of studies in systems
biology in large.

Methods

Fly culture and RNA sample preparation

The fly strain w’??® was cultured on standard Caltech corn-meal

fly food at 25°C (Ashburner 1989). Adult males were collected
within 24 h after eclosion and maintained in vials with 20 flies
per vial, transferred to fresh food once every 2-3 d. For the
lifespan assay, the number of dead flies was recorded at the time
of transfer. For microarray experiments, seven types of tissues—
Acg, testis, brain, gut, MT, dorsal thoracic muscle, and abdominal
fat body—were hand-dissected out of flies at ages of 3, 15, 20, 30,
45, and 60 d in the Ringer’s buffer under a dissection microscope
(Ashburner 1989). Each tissue was carefully examined for mor-
phology and rinsed twice with the Ringer’s buffer to minimize
contamination of fat cells after hand-removing the fat cells at-
tached to the nonfat tissues. To minimize the effect of circadian
rhythm on gene expression and ensure consistence, the dissec-
tion was always conducted in the morning by one researcher (S.
Zou). The oldest age (60 d) is comparable to the oldest age (61 d)
for normal aging previously published in D. melanogaster (Landis
et al. 2004). Individual tissues from four males of the same age
were pooled together and used for each RNA sample preparation.
Total RNA was extracted using miniRNA preparation kit from
Zymo Research Inc. RNA was then amplified by a one-step linear
amplification protocol to generate amplified RNA (aRNA) as de-
scribed (Klebes et al. 2002). Quality and quantity of RNA was
assessed using Agilent Bioanalyzer from Agilent Technologies Inc.

Microarray experiments

A library of PCR amplicons, each with a 100- to 600-bp-long
fragment representing 14,151 predicted or known genes in D.
melanogaster, was kindly provided by Dr. Thomas Kornberg (Uni-
versity of California San Francisco) and used for constructing
DNA microarrays as described (Klebes et al. 2002). PCR products
were spotted on three-dimensional slides purchased from Full
Moon Biosystems Inc. Experimental aRNA refers to amplified
RNA from flies that were 15, 20, 30, 45, and 60 d old; reference
aRNA, flies that were 3 d old using a modified one-round linear
amplification protocol as described (Klebes et al. 2002). Two to
four micrograms of experimental and reference aRNAs were used
to generate cDNA for labeling with fluorescent dye Cy3 and CyS$,
respectively, and purified using the PowerScript labeling kit from
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Clontech according to the protocol suggested by the manufac-
turer (Clontech). Concentrations of labeled cDNA and labeling
efficiency were measured using Nanodrop ND-1000 (Nanodrop
Technologies). Equal amount of labeled experimental and refer-
ence samples (1 or 2 pg) were then cohybridized to microarrays at
42°C using the cDNA Hyb Buffer from Full Moon Biosystems Inc.
Hybridized slides were washed and then scanned with an Axon
GenePix Scanner (Axon Instruments). For each tissue, RNA from
the corresponding tissue of 3-d-old flies was used as the reference
RNA, and expression profiles at each of the five age-points were
measured twice by using two independently prepared RNA
samples. Therefore, there are two biologically independent data-
points for each age-point and a total of 10 time course samples
for each tissue. In total, 70 sets of microarray data were collected
for data analysis.

Microarray data analysis

Raw microarray data were first processed by conducting within-
slide normalization of signal intensities using the LOWESS curve-
fitting method followed by between-slide scaling using Median
Absolute Deviation method using Bioconductor (Supplemental
Fig. 1; Dudoit et al. 2003;Gentleman et al. 2004). Each microarray
contained 17,664 probes. Only those with at most four missing
values in the 10 time course samples for each tissue were in-
cluded for further analysis. After filtering the low-quality data,
there remained 15,263 probes for Acg, 14,292 for brain, 11,962
for adipose tissue, 10,950 for gut, 15,197 for MT, 14,205 for
muscle, and 15,541 for testis. Remaining missing values were
imputed using k-nearest neighbor algorithm (Troyanskaya et al.
2001). Age-related genes were identified by the EDGE algorithm
with a P cutoff value of 0.05 (Storey et al. 2005). PCA was con-
ducted using Partek (Partek Inc.), and hierarchical clustering was
performed using the Euclidean distance and displayed using the
Cluster and TreeView software (Eisen et al. 1998). Functional
annotations and Fisher exact test for clustered genes were carried
out using GoMiner, and age-related GO terms were defined as
those with a P cutoff value of 0.05 (Zeeberg et al. 2003).
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