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direction) at the same chronological age and the same physiological age should represent the

primary true targets of MnSOD.

Transcriptional profiling was used to determine the extent to which the data match or depart from
this simple predicted pattern. In flies of the same chronological age, MnSOD over-expression caused
the up-regulation of 656 genes, and the down-regulation of 642 genes, while at the same

physiological age MnSOD resulted in 858 and 1,471 genes being up and down-regulated,
respectively (Figure 4b and Additional data file 4). In line with the prediction that these genes
include the true targets of MnSOD, none was found to have opposing patterns of expression between
the two sampling time points, while 412 and 390 were up or down-regulated in both cases. A
number of genes were only differentially expressed at one of the time points assayed. For example,
of the 656 and 642 genes up and down-regulated at the same chronological age, 244 and 252,
respectively, were not identified as differentially expressed at the same physiological age . Such
genes may consist of both potential biomarkers of aging as well as true MnSOD targets that are not
detected at the later time point because they demonstrate complex time-dependent modes of
regulation. Likewise, 446 and 1,081 genes were identified as up and down-regulated, respectively,
when flies were sampled at the same physiological age , but not at the same chronological age.
These genes may represent aspects of normal aging that are not delayed by MnSOD as well as any

targets of MnSOD that have delayed induction.

These genes were mapped onto the Gene Ontology (GO) [45] classification of molecular function,
biological process, and cellular compartment as a means of assessing functional profiles.
Statistically overrepresented functional categories were identified using GOstat [46, 47] which

calculates an FDR-corrected p-value based on a Chi-square test of whether the observed numbers of




































MnSOD(2)12-DOX = 9130631 +/- 509194, +DOX = 118636517 +/- 4449685, fold induction~13;
MnSOD(2)20-DOX = 9786260 +/- 612061, +DOX = 135629576+/-18497585 , fold induction~14;
MnSOD(2)22-DOX =14089283 +/- 1569894, +DOX = 210419748 +/- 2779774, fold induction~15;
MnSOD(2)38-DOX = 10211365+/-1113851, +DOX = 57845424 +/- 2076761, fold induction~6
hsp22probe data:

MnSOD(2)4-DOX = 2077692 +/- 33078, +DOX = 5122305 +/- 576188, fold induction ~2.5;
MnSOD(2)12-DOX = 2565603 +/- 274446, +DOX = 5256513 +/- 91162, fold induction ~2.0;
MnSOD(2)20-DOX = 3479575 +/- 346431, +DOX = 5679243+/-710345 , fold induction ~1.6;
MnSOD(2)22-DOX = 4684510 +/- 14391, +DOX = 9017229 +/- 1220, fold induction ~1.9;

MnSOD(2)38-DOX = 2528625+/- 100005 , +DOX = 2288297 +/- 279032, fold induction ~0.9

Statistical analysis of the effect of DOX induced MnSOD oveexpression on lifespan, stress
resistance, desiccation, metabolism, and aconitase leveBee Additional data file 1 for a

complete description of the analyses performed and Additional data file 2 for the results.

Assaying the effect of MNnSOD over-expression during developmeand adulthood MnSOD
males of the indicated lines were mated to rtTA[33]E2 virgins and their progeny allowed to develop
in bottles containing food plus and minus DOX. At eclosion, age-synchronized cohorts of MnSOD/
rtTA[33]E2 males were transferred to vials containing five flies each. Both the progeny from the

DOX and +DOX bottles were split into two groups, one in +DOX vials, and one in -DOX vials,
resulting in four sets of lifespan assays of 100 males each: +DOX in adulthood only, +DOX in
development only, +DOX throughout lifespan, and no DOX. The plus DOX vials and bottles
included 240 mg/ml Doxycycline. The flies were transferred into fresh vials every other day and

survival was determined by counting the number of dead flies in each vial. A description of the
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reagents were from Sigma-Aldrich.

RNA isolation and microarray data analysis. An average of 3%y RNA was isolated from
groups of 30 adult malBrosophilausing the RNAqueous kit (Ambion), and a portionn)

was fractionated on 1.0% agarose gels to determimgy. 10 ng of total RNA was used as
substrate to generate biotinylated cRNA accordingtémdard Affymetrix protocol (Childrens

Hospital, Los Angeles, CA).

DrosGenomel Arrays were used to monitor the expression of 13,500 tedeBimsophila
transcripts in response to specific MNSOD over-expression undecotiiteol of a tetracycline
inducible promoter. In total, 20 gene chips were employed with fouicaggs for each of five
conditions. To control for the effect of a 20% delay in aging caugediiSOD over-expression,
cohorts of MNSOD transgenic flies were sampled at the sanoaaogical age (~50% survival of
- DOX flies, day 73) as well as at the same “physiologigal’ §~50% survival for both +DOX and
- DOX flies, day 83 and day 73, respectively). To control for theee&ieDOX, control flies treated
with or without DOX were sampled at the same chronological €5@% survival of- DOX flies,
day 78) since DOX does not dramatically delay aging. Thusptloeving samples were hybridized
to the GeneChips: ContrgDOX) sampled at 50% survival, contrptDOX) sampled at DOX
50% survivalMnSOD(2)22- DOX) sampled at 50% surviva)nSOD(2)22(+DOX) sampled at

—DOX 50% survival, aninSOD(2)22+DOX) sampled at 50% survival.

Gene expression measures were computed using the Robust Multiemgg@\{RMA) [124] in the
Affy package for the R statistical programming language [1RBJear modeling and empirical

Bayes analysis [126] was performed using thdinna : Linear _Mbdels for_Mcroaray data
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the DrosGenomel Array. Each motif was considered separately, and only genes for which the
significance associated with finding that motif had a p-value < 0.05 were employed in the
subsequent enrichment analysis. At the second stage, the number of genes for which a given motif
was found to be significant (p-value < 0.05) in the set of MnSOD regulated genes (test set) was then
tested for enrichment based on the hypergeometric distribution by comparison to the reference set
(genes represented on the DrosGenomel Array). In particular, MnSOD regulated genes were
queried for the following motifs: the antioxidant response element (ARE) core motif,
TGACNNNGC [66, 67]; hydrogen peroxide response element (HRE), GGAAGC [65]; DNA
replication-related element (DRE), TATCGATA [69, 70]; hypoxia induction factor (HIF-1) response
element (HIF-RE), TCACGTCC [68]; DAF-16 binding element (DBE), TTGTTTAC [71]; DAF-16

associated element (DAE), CTTATCA [23].

Functional annotation and statistical overrepresentation of GeneDdntology classifications.
Lists of differentially expressed genes were mapped onto the Gene Ontology classification [45] to
allow for the examination of specific molecular functions, biological processes, and cellular
components that were influenced by MnSOD over-expression or other interventions. Comparisons of
the distribution of MnSOD and age-dependent changes across the functional categories described by
Gene Ontology allowed for the identification of statistically and biologically relevant patterns of
gene expression, as it did for the other comparisons of interest. To this end, GOstat [46, 47] was
employed to translate lists of differentially expressed genes into functional characterizations of the
effect of the condition being examined. Briefly, the number of appearances of each GO term
annotated to a gene differentially expressed in a particular condition or group was determined and
compared to the number of appearances in a reference list based either on the DrosGenomel Array

or some subset thereof. Statistically overrepresented GO categories were identified by the
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Figure legends

Figure. 1. Northern analysis of MNSOD andhsp22expression in control and transgenic lines.
Northern analysis for controls and transgenic lines MNSOD(2)22 38, 4, 12, 20demonstrates the
induction of MnSOD transgene expression by DOX administration and the increased expression of

hsp22due to MnSOD over-expression. Rp49represents the loading control, 1X =5 mg RNA, 2X =

10 mg RNA.

Figure. 2.MnSOD over-expression extends Drosophilbifespan and alters metabolic rates.

For these assays four lines were used: Control, MNSOD(2)22 MnSOD(2)20 and MnSOD(2)12a)
The percentage of animals alive is plotted against animal age. (b) Plots of log mortality rate against
age.(c) CO, production as measured by the average nl of CO, produced per minute plotted against

age.

Figure 3. MnSOD over-expression during adulthood is necessary and sufficient faféspan
extension and does not result in increased oxidative stress.

(a, b, c) Aconitase enzyme activity measured in mU/mg plotted against age for the following lines:
Control, MnSOD(2)22 MnSOD(2)12,respectively. (d, e, f) The effect of timing of MnSOD

induction on lifespan for the Control, MNSOD(2)22and MnSOD(2)12respectively.

Figure 4. Similarities and differences in the gene expression prééis of MnSOD over-
expressing and aging irDrosophila.
(a) Diagram of sampling points for the transgenic and control flies used in the gene expression

profiling studies. For the control, treated (+DOX) and untreated (-DOX) flies were sampled at the
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