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Summary

Aging is a degenerative process characterized by declining
molecular, cell and organ functions, and accompanied by the
progressive accumulation of oxidatively damaged macromole-
cules. This increased oxidative damage may be causally related to
an age-associated dysfunction of defense mechanisms, which
effectively protect young individuals from oxidative insults.
Consistently, older organisms are more sensitive to acute oxida-
tive stress exposures than young ones. In studies on the
Drosophila Nrf2 transcription factor CncC, we have investigated
possible causes for this loss of stress resistance and its connection
to the aging process. Nrf2 is a master regulator of antioxidant
and stress defense gene expression with established functions in
the control of longevity. Here, we show that the expression of
protective Nrf2/CncC target genes in unstressed conditions does
not generally decrease in older flies. However, aging flies
progressively lose the ability to activate Nrf2 targets in response
to acute stress exposure. We propose that the resulting inability
to dynamically adjust the expression of Nrf2 target genes to the
organism’s internal and external conditions contributes to age-
related loss of homeostasis and fitness. In support of this
hypothesis, we find the Drosophila small Maf protein, MafS, an
Nrf2 dimerization partner, to be critical to maintain responsive-
ness of the Nrf2 system: overexpression of MafS in older flies
preserves Nrf2/CncC signaling competence and antagonizes age-
associated functional decline. The maintenance of acute stress
resistance, motor function, and heart performance in aging flies
overexpressing MafS supports a critical role for signal respon-
siveness of Nrf2 function in promoting youthful phenotypes.
Key words: aging; Drosophila; Keap1; Nrf2; oxidative stress;
small Maf.
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Introduction

The accumulation of macromolecules that have been damaged by
oxidative insults is widely regarded as a consequence and possibly a
cause of functional decline in aging organisms (for a recent review
see (Sohal & Orr, 2012). Such oxidation-driven degeneration is
counteracted by a number of cellular systems that serve to control
redox balance and to repair oxidative damage. Many of the genes
mediating these defense functions are tightly regulated in response
to environmental and metabolic signals. An important mediator of
this regulation is the transcription factor Nrf2 (nuclear factor
E2-related factor 2). Nrf2-regulated genes encode antioxidants,
phase-2 detoxification enzymes, mediators of glutathione synthesis,
chaperones, and other protective gene products (Sykiotis &
Bohmann, 2010). In addition to averting acute oxidative stress,
well-controlled redox homeostasis is thought to support a number
of critical cellular and organism functions such as signal transduction
(Burhans & Heintz, 2009), proteostasis (Balch et al., 2008; Christians
& Benjamin, 2011), and stem cell maintenance. Furthermore, recent
evidence supports a role of Nrf2 signaling in the control of energy
metabolism (reviewed in Sykiotis et al., 2011). It appears therefore
that Nrf2 signaling has several functions that are critical for the
maintenance of organism integrity. Correlative evidence generated
in studies on several species shows that Nrf2 signaling can decline
during aging and disease (Suh et al., 2004; Suzuki et al., 2008; Du
et al., 2009; Przybysz et al., 2009), yet the question of how
declining Nrf2 function may be causally related to aging or disease
progression is not sufficiently resolved.

Our previous work established that central components of the
Nrf2 pathway are conserved between vertebrates and flies (Sykiotis
& Bohmann, 2008). The Drosophila homolog of Nrf2 is encoded by
the cap’n’collar (cnc) gene. The protein product of the ‘C’ splice
form, CncC, is structurally and functionally homologous to verte-
brate Nrf2, and mechanisms that regulate Nrf2 are also conserved
between vertebrates and flies (Sykiotis & Bohmann, 2008; Grimberg
et al., 2011) (Fig. 1). In basal conditions, Nrf2 activity is limited by its
cognate inhibitor Keap1, which serves as an adaptor protein for a
Cul3-based ubiquitin ligase, thereby targeting Nrf2 for proteolysis
(Motohashi & Yamamoto, 2004) (Fig. 1A). In this uninduced state,
antioxidant response elements (AREs) in Nrf2 target gene promoters
are quiescent due to occupancy by small Maf (musculoaponeurotic
fibrosarcoma) proteins (Blank, 2008). Like Nrf2, small Mafs are
leucine zipper proteins, but unlike Nrf2, they lack transcription
activation domains. Upon exposure to stress, Keap1 is modified such
that it can no longer target Nrf2 for degradation, allowing the latter
to accumulate in the nucleus and to form transcriptionally compe-
tent MafS/Nrf2 heterodimers. Therefore, Maf homodimers not only
repress their associated transcription units and shield them from
spurious activation by neighboring regulatory regions (Blank, 2008),
but they can also be viewed as ‘genomic placeholders’ that mark

© 2013 John Wiley & Sons Ltd and the Anatomical Society
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Fig. 1 Physical and genetic interactions between MafS and CncC. (A) The CncC pathway in Drosophila. In non-stress conditions, the Drosophila ortholog of the Nrf2
transcription factor, CncC, is sequestered in the cytoplasm and targeted for ubiquitin-dependent proteasomal degradation by its negative regulator Keap1. Oxidative stress,
electrophiles, or drugs like oltipraz cause inhibition of Keap1-mediated CncC degradation. As a result, CncC accumulates in the nucleus and heterodimerizes with the
small Maf protein, MafS. MafS/CncC dimers bind to antioxidant response elements (AREs) and activate the transcription of stress-response genes. (B) MafS and CncC
associate in S2 cells. The cartoon shows a schematic representation of CncC and MafS proteins; the positions of their respective bZIP dimerization domains are indicated.
The DLG and ETGE motifs in CncC resemble Keap1 interaction domains that have been characterized in vertebrate Nrf2. Epitope-tagged versions of MafS and CncC
(3xHA and 3xFlag, respectively) were expressed in S2 cells as indicated. Western blots (WB) with the denoted antibodies demonstrate that MafS was co-immunoprecipitated
with CncC from a lysate of cells in which the two proteins were expressed together. (C) MafS can bind to CncC target gene promoters. 3xHA-tagged MafS was expressed in
transgenic flies under the control of the ubiquitously active arm-Gal4 driver. Chromatin from larvae of this genotype (arm-Gal4/UAS-MatS) and corresponding controls
(arm-Gal4/+) was processed for chromatin immunoprecipitation (ChIP) using anti-HA antibody. Semiquantitative PCR analyses were conducted to assess MafS binding to
ARE-containing sequences from the promoters of the CncC target genes, gstD1, keap1, and gc/C. The lanes labeled ‘input’ show PCR assays on total genomic DNA.
The promoter region of the hsp26 gene, which does not harbor ARE consensus sequences, serves as negative control. In control experiments omitting the anti-HA antibody,
no MafS binding was detected. (D) MafS can interact genetically with CncC. Transgenic Drosophila lines carrying UAS-cncC, UAS-Mafs, UAS-MafSt4' or the photorecep-
tor-specific sep-Gal4 driver display normal eye morphology (panels 1-4). Similarly, ectopic expression of MafS or MafSf¥ with sep-Gal4 does not cause any morphological
defect in fly eyes (panels 5 and 6). In contrast, ectopic expression of CncC causes a rough-eye phenotype, as previously reported (Sykiotis & Bohmann, 2008). This abnormal
eye phenotype is enhanced by co-expression of MafS (panel 8) and is suppressed by co-expression of a MafS-targeting dsRNA (panel 9). The images shown in these
panels are representative of phenotypes that are broadly uniform and consistent for a given genotype.

Nrf2 responsive genes and presumably keep them accessible for transcription. The sole Drosophila homolog of small Maf proteins is
rapid Nrf2-mediated activation. Small Mafs are the prevalent the product of the CG9954 gene, MafS (Veraksa et al., 2000). Here,
dimerization partners for Nrf2 and are critical for Nrf2-mediated we show that MafS is a CncC dimerization partner in Drosophila

© 2013 John Wiley & Sons Ltd and the Anatomical Society
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required for CncC signaling and target gene activation in cell culture
and in vivo.

In mammals, Nrf2-dependent gene expression programs coun-
teract a number of pathologies that are caused or exacerbated by
oxidative stress. Studies on mouse Nrf2 mutants have shown the
factor to be protective against cancer, respiratory disease, neurode-
generation, inflammatory and autoimmune conditions, and several
other pathologies (Osburn & Kensler, 2008). Chemical compounds
that stimulate Nrf2 activity have efficacy in numerous mouse models
of disease (Yu & Kensler, 2005). In addition, evidence published by
us and others suggests Nrf2 as an evolutionarily conserved modu-
lator of longevity (Sykiotis & Bohmann, 2008; Tullet et al., 2008;
Onken & Driscoll, 2010). Genetic activation of Nrf2 signaling can
extend lifespan in flies and worms, and the Caenorhabditis elegans
Nrf2 homolog is required for the life-extending effects of caloric
restriction (Bishop & Guarente, 2007; Onken & Driscoll, 2010). The
question of whether and how the anti-aging function of Nrf2
becomes ineffective in old organisms is not resolved. Here, we
present evidence that MafS plays a critical role in maintaining
oxidative stress resistance and extending healthspan in aging flies.

Results

MafS interacts physically with CncC

In a previous study, we had identified CncC, the signal-responsive
Drosophila Nrf2 homolog, and its cognate inhibitor, Drosophila
Keap1 (Sykiotis & Bohmann, 2008). Once released from Keap1-
mediated repression, mammalian Nrf2 accumulates in the nucleus
and binds DNA as an obligate heterodimer with members of the
small Maf protein family, such as MafF, MafG, and MafK (Blank,
2008). In contrast, the C. elegans Nrf2 homolog Skn-1 functions as
a monomer (Blackwell et al., 1994). We therefore asked whether
the Drosophila Nrf2 homolog, CncC, requires a dimerization
partner, and whether such a protein might make functional
contributions to stress defense and maintenance of organism
homeostasis.

The sole Drosophila member of the small Maf family is the 132-
amino acid MafS protein. MafS has previously been shown to form
DNA-binding heterodimers with CncB, a splice variant produced
from the same locus as CncC (Veraksa et al., 2000). The CncB
isoform controls aspects of embryonic development, but unlike
CncC, lacks DLG or ETGE motifs which mediate the interaction with
Keap1 (see Fig. 1B). As CncC and CncB share the same leucine
zipper dimerization domain, it seemed plausible that MafS would
also interact with CncC. To test this prediction, epitope-tagged
versions of MafS (MafS3xHA) and CncC (CncC3xFlag) were
expressed in Drosophila S2 cells. Co-immunoprecipitation experi-
ments confirmed that the two proteins could bind to each other, as
their mammalian homologues do (Fig. 1B). The physical interaction
between MafS and CncC suggests that heterodimers of the two
proteins might bind to target gene promoters. Consistent with this
prediction, chromatin immunoprecipitation (ChIP) experiments
showed that MafS can associate with DNA sequences comprising
predicted AREs upstream of several CncC-regulated genes (Fig. 1C).

MafS interacts genetically with CncC

To test whether MafS and CncC might cooperate functionally
in vivo, we conducted genetic interaction experiments in the
Drosophila eye, a system in which we previously documented the
regulatory relationship between CncC and Keap1 (Sykiotis &
Bohmann, 2008). Overexpression of CncC under the control of
the eye-specific sep-Gal4 driver severely disrupts eye develop-
ment, causing ommatidial loss and a rough-eye phenotype
(Fig. 1D, panel 7). This effect, presumably caused by the
inappropriate activation of CncC-dependent gene expression,
abated when MafS activity was suppressed by the simultaneous
expression of a MafS-specific RNAI construct in the developing
eye (Fig. 1D, panel 9). Conversely, overexpression of MafS along
with CncC caused a more severe ommatidial loss and rough-eye
phenotype (Fig. 1D, panel 8). MafS overexpression or knockdown,
or the presence of the sep-Gal4 driver or any of the UAS
transgenes by themselves did not elicit any noticeable phenotypic
effects in the eye (Fig. 1D, panels 1-6). We conclude that MafS is
required for CncC-dependent phenotypes in vivo in a manner
that recapitulates the described properties of mammalian Nrf2
and small Maf proteins.

Mafs is required for CncC-dependent induction of gene
expression

The results described earlier suggested cooperation between MafS
and CncC in ARE-mediated target gene activation. To directly test
this prediction, we used Drosophila lines carrying a CncC-responsive
GFP reporter transgene (Chatterjee & Bohmann, 2012). In this
system, activation of the CncC pathway, for example by feeding the
cancer chemopreventive drug oltipraz, causes increased fluores-
cence that can be monitored in live flies (Fig. 2A). To assess the
contribution of MafS to this response, a MafS knockdown transgene
was expressed under the control of the tub-GS-Gal4 driver, which is
ubiquitously inducible by RU486. Knockdown of MafS upon
exposure of the flies to dietary RU486 decreased ARE activity under
both normal and oltipraz-stimulated conditions (Fig. 2A). RU486
itself had no apparent effect (Fig. 2A). We conclude that MafS
contributes to both basal and signal-dependent activation of ARE-
mediated transcription.

Like Nrf2 factors in other species, CncC protects flies against
acute oxidative insults by regulating the expression of antioxidants
and other stress defense proteins (Sykiotis & Bohmann, 2008).
Based on the requirement of MafS for ARE activation, we expected
that loss of MafS function would cause a stress sensitive phenotype.
Indeed, when mafS™" was ubiquitously expressed in adult flies
under the control of the actin-GS-Gal4 driver, survival upon
exposure to paraquat, a reactive oxygen species-generating
chemical, was markedly reduced compared to controls (Fig. 2B).

MafS counteracts age-associated functional decline

One reason for the age-associated accumulation of oxidative
damage is that the molecular defense mechanisms against xenobi-
otic insults lose effectiveness as organisms become older (Fig. S1,

© 2013 John Wiley & Sons Ltd and the Anatomical Society
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Fig. 2 MafS is required for CncC target gene expression and oxidative stress resistance. (A) Knockdown of MafS decreases basal and inducible CncC reporter gene activity
in adult flies. MafS®™ was ubiquitously expressed in Drosophila adults under the control of the RU486-inducible driver tubulin Gene Switch Gal4 (tub-GS-Gal4). The flies
also carried the CncC-responsive ARE-GFP reporter (Sykiotis & Bohmann, 2008). Animals were treated, as indicated, with oltipraz to stimulate CncC activity and/or with
300 pm RU486 to induce the expression of MafS®™'. Both basal and induced activities of the CncC reporter were suppressed in the presence of MafS™' In a control

experiment, flies carrying the tub-GS-Gal4 driver, but not the UAS-MafS*¥ transgene showed that RU486 itself has no effect on oltipraz-induced CncC activity (upper

panels). A parallel experiment was conducted using a control reporter in which the ARE is mutated to render its unresponsive to CncC (mRE-RFP, red images). The low level
of control reporter gene activity arising from this reporter was not affected by MafS*¥4 expression, thus ruling out an unspecific effect that might have been caused by
general suppression of gene activity or viability. (B) MafS knockdown increases sensitivity to paraquat. MafS™* was expressed in Drosophila adults under the control of
actin-GS-Gal4 driver, causing a knockdown of MafS, but no lethality. The presence of 300 um RU 486 in the diet had no effect on paraquat sensitivity in flies carrying the
actin-GS-Gal4 driver only (upper graph). In contrast, flies carrying both actin-GS-Gal4 driver and UAS-MafS™* showed increased paraquat sensitivity when the expression of
the RNAI construct was induced by RU486. Error bars indicate standard deviations of three biologically independent replicates (each replicate with a cohort of ~25 flies)

arising from three independent crosses. P-values were calculated by two-way ANOVA using ai macros software (KnowWare International, Inc., Denver, CO, USA).

Heydari et al., 2000; Ben-Zvi et al., 2009; Przybysz et al., 2009;
Kourtis & Tavernarakis, 2011). It is likely that this effect contributes
to age-associated frailty and disease. To investigate whether
declining stress resistance is connected to a loss of Nrf2 function,
we asked whether boosting Nrf2 activity might delay age-associated
functional decline. Thus, we measured the effect of MafS overex-
pression on the sensitivity to paraquat exposure in young and old
flies (Fig. 3A). We exposed animals in which MafS was transgen-
ically overexpressed (genotype: arm-Gal4/UAS-MafS) as well as
matching controls without transgenic MafS expression (UAS-
MafS/+ or arm-Gal4/+) to semilethal doses of paraquat. In young
animals (10 days after hatching), MafS over-expression had no
measurable effect on surviving paraquat-induced stress, nor did it
cause any other noticeable phenotypic difference between arm-Gal4/
UAS-MafS and control flies. However, MafS over-expression had a
marked protective effect in 40-day-old animals (Fig. 3A). Evidently,
the over-expression of MafS counteracted the decline in the
resistance to acute paraquat toxicity over the organism’s lifespan.

We next investigated whether the salutary effect of MafS
overexpression on paraquat resistance in aging flies might be
paralleled by a more general gain in fitness. First, control and MafS-
expressing flies of different ages were examined in a climbing assay,
a standardized test for motor function. The performance of wild-
type flies in this test declines in the later weeks of life (Barone et al.,
2011). Similar to the effects on paraquat toxicity, MafS overexpres-
sion did not benefit newly hatched flies, but significantly delayed the
loss of motor function with age (Fig. 3B).

© 2013 John Wiley & Sons Ltd and the Anatomical Society

As a second, independent test for the effect of MafS on
healthspan, we conducted assays of heart function. As in other
species, the performance of the heart declines in Drosophila with
increasing age (Wessells & Bodmer, 2004). The deterioration of
heart function can be assessed quantitatively by measuring param-
eters such as contraction, heart rate, or arrhythmia (reviewed in
Nishimura et al., 2011). To test whether MafS might protect the
heart from the sequelae of aging, we expressed MafS under the
control myocardium- or pericardium-specific drivers. As expected,
control flies displayed a significant increase in arrhythmia suscep-
tibility with progressive age; MafS-expressing flies, however,
showed a much milder increase in arrhythmia susceptibility
with age (Fig. 3C). As in the other functional assays (Fig. 3A,B),
over-expression of MafS in young flies had no notable effect,
indicating that the overexpression of the protein counteracts an
age-dependent degenerative process.

MafS restores the inducibility of antioxidant transcriptional
responses

To explore how MafS overexpression might protect aging
organisms against oxidative stress and functional decline, we
assayed CncC/MafS-regulated gene expression in flies of different
ages. As shown previously, in young animals, CncC reporter
transgene activity is strongly inducible by oxidative stress or by
the cancer chemopreventive agent oltipraz (Sykiotis & Bohmann,
2008). In control flies (arm-Gal4/+ or UAS-MafS/+), this
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Fig. 3 MafS overexpression counteracts the loss of stress resistance, motor function, and heart performance in aging flies. (A) Ubiquitous overexpression of MafS
increases paraquat resistance in old, but not in young flies. Flies of different ages overexpressing MafS (arm-Gal4/UAS-MafS) or controls carrying the driver or the UAS
construct alone (arm-Gal4/+ and UAS-MatS/+) were treated with paraquat and their survival was recorded over a period of up to 26 h, as detailed in Experimental
Procedures. Percentage survival over time is plotted for each genotype. Error bars indicate standard deviations of three biologically independent replicates (each with a
cohort of ~25 flies) in which flies were collected from separate crosses. Statistical significance was calculated by two-way ANOVA using ai Macros software. The two asterisks
represent P-values < 0.003. Note that the protective effect of MafS overexpression in old flies is evident and statistically significant relative to both controls, the driver or the
UAS construct alone. This indicates that the effect is not influenced by different genetic backgrounds. (B) MafS expression delays the loss of motor function in aging flies. 10-
, 20-, 30-, and 40-day-old flies of the genotypes arm-Gald/+, arm-Gal4/UAS-MatS and UAS-MafS/+ were scored for their climbing ability as described in Experimental
Procedures. This assay detected no difference between the three genotypes when young flies were tested. Older arm-Gal4/UAS-MafS flies, however, performed better than
the two control groups of matched ages, with progressively larger differences. Error bars indicate standard deviations of three biologically independent replicates. Statistical
significance was calculated using two-way ANOVA. The asterisks represent P-values < 0.002. (C) MafS expression ameliorates the age-associated decline in heart
performance. Heart rhythmicity was analyzed in young flies (7 days after hatching) or in 35-day-old flies of the indicated genotypes. In control flies (Gal4 drivers or UAS-MafS
transgene alone, gray bars), the heartbeats became irregular with age, that is, the arrhythmia index increased, as previously reported (Ocorr et al., 2007). In contrast,
overexpression of MafS, either in the myocardium (GMH5-Gal4/UAS-MatS) or in the pericardial cells (Dorothy-Gal4/UAS-Mafs), prevented the decline in cardiac performance
as manifested by an incremental, not statistically significant increase in age-associated arrhythmias (green bars).

oxidative stress in young flies: the expression levels of these genes
differed significantly when comparing mock and paraquat-treated
samples. However, the same genes were only weakly responsive in

signal-dependent activation of CncC became blunted or was
completely abolished with increasing age (Fig. 4). However,
overexpressing MafS markedly ameliorated this age-associated

loss of gene activation; in old arm-Gal4/UAS-MafS flies, the
inducibility of the CncC reporter was largely preserved. We
conclude that elevated levels of MafS can maintain AREs in a
signal-responsive state in aging animals.

Next, we tested whether MafS overexpression might affect the
age-dependent response profiles of endogenous CncC target
genes in the same manner. These experiments employed para-
quat, a strong activator of Nrf2-inducible RNAs (Ishii et al., 2000;
Sykiotis & Bohmann, 2008). Consistent with the reporter gene
analyses (Fig. 4), the expression of three conserved CncC/Nrf2
target genes (gstD1, gclc, and gc/m) was strongly induced by

40-day-old flies, where the induction by paraquat was found to be
marginal or not statistically significant (Fig. 5). Notably, this loss of
responsiveness was substantially prevented in MafS overexpressing
flies. Flies overexpressing Maf-S throughout their lives retain
significant paraquat responsiveness of Nrf2 target gene expression,
even at an age of 40 days. Qualitatively similar results were
observed using oltipraz as an inducer (not shown). We conclude
that overexpression of MafS throughout the lifespan of Drosophila
ameliorates the loss of signal-responsive Nrf2 target gene expres-
sion and the age-associated decline of fitness and stress
resistance.

© 2013 John Wiley & Sons Ltd and the Anatomical Society
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Fig. 4 Age-associated decline of CncC
reporter gene activation by oltipraz is
rescued by MafS overexpression. Control
flies (arm-Gal4/+ or UAS-MafS/+) or flies
overexpressing MafS (arm-Gal4/UAS-MafS)
were maintained on standard food for

10 days (left panels) or 40 days (right
panels). All flies carried a CncC-responsive
GFP reporter (ARE-GFP, Chatterjee &
Bohmann, 2012). Young flies (10 days old,
left panels) of all genotypes showed
efficient reporter activation after transfer to
food containing 1 mm of the Nrf2 inducer
oltipraz for 48 h. This response was lost in
40-day-old UAS-MafS/+ and arm-Gal4/+
flies, which failed to efficiently induce
ARE-GFP reporter activity in response to
oltipraz feeding (middle). In contrast,
40-day-old arm-Gal4/UAS-Mafs flies
retained the ability to efficiently induce the
reporter in response to oltipraz (middle
right panel, central two flies). The lower
panels show a parallel experiment using the
control reporter, which is not responsive to
CncC. The mRE reporter was constructed
with the DSred. T4 gene that can be
visualized by its red fluorescence (mRE-RFP).
The activity of this mutant reporter did not
change with age or oltipraz exposure.
Images of the mRE reporter flies were taken
at a higher gain because the activity of the
mutant reporter is much lower than that of
the intact ARE reporter.

ARE-GFP

Discussion

A central question in the aging field is why oxidative damage
accumulates in the cells and tissues of older organisms. One possible
cause for this phenomenon would be that old organisms might
express lower levels of stress defense and antioxidant proteins than
young ones. However, published genomic analyses, in which gene
expression profiles between young and old organisms were com-
pared, as well as our own unpublished studies do not support this
explanation (Pletcher et al., 2002; Girardot et al., 2004). While the
steady-state levels of some of the relevant transcripts are low in old
compared to young animals, this trend is not consistent across
studies or uniform among genes. Antioxidant and Nrf2 target genes
do not stand out as a group in which consistent changes of steady-
state RNA levels become manifest throughout the lifespan (Pletcher
et al., 2002; Girardot et al., 2004). However, the data presented
here in concert with other recently published evidence indicate that
older organisms lose the ability to regulate Nrf2 target genes in
response to stress (Przybysz et al.,, 2009; Ungvari et al., 2011). The
loss of stress-responsive expression is a more striking and consistent
age-associated change among Nrf2 target genes than any differ-
ences in steady-state RNA levels.

Interestingly, a loss of stress responsiveness with age has also
been noted in other signaling pathways such as HSF1, Hif-1, and p38

© 2013 John Wiley & Sons Ltd and the Anatomical Society

(Frenkel-Denkberg et al., 1999; Hsieh et al., 2003; Ben-2vi et al.,
2009). Such data suggest that declining signaling competence limits
healthspan and contributes to the increased oxidative damage and
loss of vital functions during aging. The loss of stress-inducible Nrf2
target gene activation also manifests in a paradoxical phenomenon
that has been observed in a number of diseases associated with
increased oxidative load. In spite of the increased oxidative stress in
neurons from Alzheimer’s patients’ brains or in alveolar macrophag-
es from lungs of patients with COPD, the levels of Nrf2 activity are
low, suggesting that these diseases coincide with a state in which
Nrf2 can no longer be properly activated. To what extent this defect
is cause or/and consequence of such pathologies is an important
unanswered issue (reviewed in Sykiotis & Bohmann, 2010).

The phenomenon of age-associated loss of stress-responsive
gene expression raises a number of questions: at which level is the
signal flow between extracellular stimulus and gene activation
interrupted in old animals? Can this decline in signaling competence
be reversed? How important is this phenomenon for the senescent
phenotype? The data presented here suggest a potential nuclear
mechanism by which stress signaling can break down. We
presented evidence that the expression levels of MafS are critical
for the maintenance of stress resistance in older flies. Supplement-
ing the system with transgenic MafS can counteract the decline
both of Nrf2 target gene responsiveness and of fitness.
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Fig. 5 MafS over-expression amiliorates the age-associated loss of inducibility of
endogenous CncC target genes by oxidative stress. 10-day-old and 40-day-old flies
overexpressing MafS (arm-Gal4/UAS-MafS) and control flies (arm-Gal4/+ or UAS-
MafS/+) of the same ages were exposed to paraquat (red bars) or mock treated
(blue bars). After 12 h of treatment, eight flies from each group were collected for
quantitative RT-PCR analysis to measure the mRNA expression levels of the CncC
target genes gstD1, gc/C, and gc/M. These genes are known to be inducible by
pharmacological or genetic activation of CncC, and their promoters harbor CncC
binding sites as mapped by the modENCODE project. The y-axis indicates the
quantification of the respective mRNA relative to the internal reference, the mRNA
of the rp49 gene, which is not regulated by CncC. The fold induction of each
gene’s expression in response to paraquat decreases in the control flies when they
age (top and bottom panels), but the overexpression of MafS restores the
inducibility (middle panels). Error bars indicate standard deviations of three
biologically independent replicates arising from three independent crosses.
Statistical significance (P-values) was calculated using Student’s t-test.

Our findings suggest that MafS expression can extend healthspan
as indicated by beneficial effects on climbing activity or heart
rhythmicity. However, it should be noted that these are indicators
only, and not substitutes for actual measurements of the many
other aspects of both mobility and cardiac function, which may or
may not respond the same way as the indicators chosen.

The expression levels of the endogenous MafS mRNA do not
decline with age, at least when measured at the whole organism
level (Fig. S2). A possible explanation for the beneficial effect of
MafS overexpression specifically in older animals would be that
higher levels of MafS expression counteract a stochastic decline of
Nrf2 functionality or chromatin occupancy. Future studies should
investigate whether the function of MafS as a genomic placeholder
for Nrf2 is compromised in older flies causing epigenetic disorga-
nization, which might explain the loss of regulated stress defenses.
Such a loss of epigenetic organization as a cause for aging has been
discussed before (Munoz-Najar & Sedivy, 2010), and it will be
interesting to investigate a possible function for MafS in this context.

Experimental procedures

Fly stocks and maintenance

In all experiments, O- to 1-day-old flies were collected, allowed to
mate overnight, and then separated by sex. The flies were
maintained on standard cornmeal- and molasses-based food at
25°C and were transferred to fresh food every 2 days until they
reached the age at which the experiments were to be conducted.
UAS-MafS and UAS-MafS™A4 transgenic flies were generated by
standard P element-mediated transgenesis on a w1778 back-
ground. The MafS coding sequence (NM_137656.3) was amplified
by PCR from embryonic ¢cDNA and inserted into the Xbal site of
pUAST-3xHA (Sykiotis & Bohmann, 2008) to generate pUAS-Mafs,
which expresses MafS fused at its C-terminus to a 3xHA epitope
tag. The same amplicon was also cloned into the Avrll and Nhel
sites of the pWiz vector (Lee & Carthew, 2003) in opposite
orientations (sense and antisense, respectively) to generate UAS-
MafSfNA this construct expresses a hairpin encompassing the
whole coding sequence of MafS. The UAS-cncC, UAS-cncC™ and
gstD:GFP flies have been described (Sykiotis & Bohmann, 2008).
Flies carrying the sep-Gal4 driver in which the sevenless gene
enhancer and promoter confer eye-specific expression were
obtained from Marek Mlodzik; tubGS70 flies were gifts from Scott
Pletcher. arm-Gal4 and D42-Gal4 were procured from Bloomington
Stock Center (BL-1560 and BL-8816, respectively). For the analysis
of heart function, GMH5, myocardial driver, (Wessells & Bodmer,
2004) and Dorothy Gal4, pericardial driver, (Kimbrell et al., 2002)
were used.

To induce gene expression using gene switch drivers, flies were
transferred to food containing 300 um RU486 or a solvent control
for 4 days to induce transgene expression prior to conducting stress
experiments or scoring reporter activity. 10 mm RU486 was
prepared in 80% ethanol and mixed with standard fly food at
50°C to a final concentration of 300 pm. A corresponding amount
of 80% ethanol was added to control food.

Cell culture, transfection, co-immunoprecipitation and
western blot

S2 cells were cultured, and HA-tagged MafS and Flag-tagged CncC
were expressed using a calcium phosphate transient transfection
protocol. Co-immunoprecipitation and western blot were carried
out using anti-HA (Roche Diagnostics GmbH, Mannheim, Germany)
and anti-Flag (Sigma-Aldrich Co, St. Louis, MO, USA) antibodies.

Reporter induction and stress sensitivity assays

To stimulate CncC activity, flies were maintained for 48 h on food
containing 1 mm oltipraz. Oltipraz was first dissolved in DMSO
before mixing with food; control flies were given food with 2%
DMSO. Wings and legs were dissected for easier inspection before
observing the flies under a fluorescence microscope. For stress
sensitivity assays, flies were subjected to dry starvation for 1 h and
then exposed to different concentrations of paraquat dissolved in a
5% sucrose solution. Because the sensitivity to paraquat increases
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with age (Fig. S1), its dose was adjusted such that ~50% of treated
animals died within 24 h (25 mwm for 10-day-old flies and 10 mwm for
40-day-old flies). Flies were scored as live or dead at multiple time
points over 24 h.

Transcript quantification

RNA extraction, cDNA preparation, and quantitative RT-PCR were
performed as described previously (Sykiotis & Bohmann, 2008). The
following primer pairs were used for amplifying specific transcripts:
MafS, 5'-agcaggtagagaggaagaagaagaca-3' and 5-acatggcgaaagtgg
tgcct-3',9clC,
5’-ataccgaccataacgaagaagtaccaga-3’
attctcegt-3',gstD1,
5’-ccgtgggegtcgagcetgaaca-3' and 5'-gcgcgaatccgttgtccacca-3';gstET,
5'-cgggcgagcacctgagcgag-3' and 5'-ggcggcaatggcatgggagt-3’;rp49,
5'-caagatgaccatccgcccagea-3' and 5'-gcttgegecatttgtgcgaca-3'.

and 5'’-atacttatctcattccgtcc

Climbing assay

The negative geotactic climbing assay was performed as described
previously with minor modifications (Barone et al.,, 2011). Briefly,
cohorts of 20 flies of the indicated age and genotype were
transferred into two empty vials, which were connected at their
opening with adhesive tape, creating an enclosed transparent tube,
~15 cm tall. After the transfer, flies were allowed to rest for 30 min
at room temperature. The tubes were then tapped to bring all the
flies to the bottom. The movement of the flies during the
experiments was recorded with a digital camera. The number of
flies passing a 5 cm mark on the vial in 20 s was counted. For each
cohort of 20 flies, the experiment was repeated 10 times. A total of
three cohorts from separate crosses were analyzed and scored for
each age group and genotype.

Heart performance/arrhythmia assay

Flies were briefly anesthetized with fly nap (Carolina Biol., Corp.,
Burlington, NC, USA) and dissected as previously described (Ocorr
et al.,, 2007; Fink et al., 2009). Movies at the rate of up to 200
frames per second were taken for 30 s by a Hamamatsu CCD digital
camera (McBain Instruments, Chatsworth, CA, USA) on a Leica DM
LFSA microscope with a 10x water-immersion lens and HClmage
imaging software. The images were analyzed using Optical Heart
Beat Analysis software (Fink et al., 2009). Arrhythmia Index (Al) was
calculated as the standard deviations of heart period (HP)
normalized by the median HP in each fly. Same numbers of males
and females were analyzed, and the average values of Al are
represented.

Chromatin immunoprecipitation (ChIP)

Third-instar larvae were collected, dried on blotting paper, frozen in
liquid nitrogen, and crushed with a chilled mortar and pestle on dry
ice. The resulting powder was processed for ChIP. The primer pairs
employed flank ARE consensus sequences in the promoter regions
of known CncC-responsive genes:
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gstD1,5'-agagggggctgctagttgtt-3' and 5'-atcaatcgtctccacacacc-37;
gclC,

5’-atgacatggcacaatccaaa-3’ and 5'-tcgttaattgcaacgtcacc-3';keap,
5'-ctacgcgtgcttttggtaaa-3’ and 5'-tacattgccaaccggaattt-3' hsp26,
5'-ttaataaagaggaaaaccag-3’ and 5’ -aaaaataaaactaactaacctt-3'.
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