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Abstract
The mammalian MRG15 gene encodes a chromodomain protein predicted to bind to chromatin via
methylated histone tails. Human MORF4 encodes a related but truncated protein that is capable of
promoting cellular senescence in a subset of human tumor cell lines. Drosophila contains a single
homolog of human MRG15, called DmMRG15. Null mutation of MRG15 is embryonic lethal in
mice and Drosophila, making study of MRG15 requirements in adults difficult. In these studies the
DmMRG15 gene was over-expressed in Drosophila, during developmental stages and in adults, using
a doxycycline-regulated system (Tet-on). In addition an inverted-repeated construct was designed to
inactivate DmMRG15 via the RNAi pathway, and RNAi constructs were expressed using both the
Tet-on system and Geneswitch system. The DmMRG15 protein was readily expressed in adult flies
in a doxycycline-dependent manner. A truncated form of DmMRG15 (called DmMT1) was designed
to mimic the structure of human MORF4, and expression of this mutant protein or the inverted repeat
constructs inhibited fertility in females. Conditional expression of the DmMRG15 inverted-repeat
constructs during larval development or in adults caused reductions in survival. These experiments
indicate that Drosophila DmMRG15 gene function is required for female fertility, larval survival and
adult life span, and provide reagents that should be useful for further dissecting the role of DmMRG15
in cell proliferation and aging.

Keywords
senescence; chromatin; epigenetics; stem cells; aging

Introduction
Normal human cells cultured in vitro undergo a limited number of population doublings before
entering an irreversible cell cycle arrest referred to as cellular senescence, associated with
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characteristic changes in cell morphology and gene expression patterns (Pena and Pereira-
Smith, 2007). Immortal cell lines lack this growth-restricting mechanism and will divide
indefinitely. Cell fusion studies reveal that replicative senescence is a dominant phenotype,
because the hybrid cells produced by fusion of normal cells and immortal cells will senesce.
Fusions between numerous immortal human cell lines identified at least four different
complementation groups that could induce senescence (Pereira-Smith and Smith, 1988). The
evolutionarily conserved MORF4/MRG15 family of genes was discovered based on the ability
of the MORF4 gene (Mortality factor, 4th chromosome) to induce replicative senescence in
complementation group B human tumor cell lines (Bertram et al., 1999; Pena and Pereira-
Smith, 2007). Additional members of this gene family were identified in humans based on
sequence homology, including the MRG15 gene (MORF4-related gene on chromosome 15)
and the gene MRGX (MORF4-related gene on chromosome X), as well as several pseudo-
genes (Bertram et al., 1999). MRG15 appears to represent the evolutionary ancestor of the gene
family based on sequence conservation with genes in mice, Drosophila, C. elegans, yeast, and
plants, while MRGX is unique to mammals, and MORF4 is unique to humans. Based on the
presence of a conserved chromodomain, MRG15 proteins are predicted to bind to chromatin
via interactions with methylated histone tails. Consistent with this idea, studies with yeast and
cultured human and Drosophila cells implicate MRG15 in chromatin remodeling (Kusch et al.,
2004; Pardo et al., 2002). Studies in yeast suggest that the MRG15-related protein Eaf3 may
direct histone acetyltransferase complexes to the promoters of target genes and direct
deacetylase complexes to gene coding regions through interaction of its chromodomain with
methylated lysine 36 in histone 3 protein in nucleosomes (Carrozza et al., 2005; Joshi and
Struhl, 2005; Keogh et al., 2005). A knock-out of the MRG15 in mice produces phenotypes
of reduced cell proliferation and embryonic lethality (Tominaga et al., 2005). Taken together,
the data suggest that MRG15 plays a conserved role essential for normal cell proliferation, and
that the related but truncated human MORF4 gene might induce cellular senescence by
antagonizing the function(s) of MRG15.

Histone modifications are implicated in modulating aging phenotypes across multiple species
(Dimauro and David, 2009; Willis-Martinez et al., 2009). Tip60 (HIV tat interacting protein
60) is a member of the conserved MYST-family of histone acetyltransferases (HATs) that
regulate diverse cellular processes (Thomas and Voss, 2007; Tyteca et al., 2006), and has
recently been re-named KAT5 in humans (Allis et al., 2007). In humans Tip60/KAT5 is
required for double-strand DNA break (DSB) repair and apoptotic responses to DSBs (Ikura
et al., 2000; Ikura et al., 2007; Squatrito et al., 2006), and is a haplo-insufficient tumor
suppressor (Gorrini et al., 2007). Drosophila contains a gene related to the MORF4/MRG15
family, hereafter referred to as DmMRG15 (CG6363, FBgn0027378). In Drosophila the
DmMRG15 protein is present in a complex with Tip60/KAT5 and is implicated in repair of
double-strand DNA breaks (DSBs) (Kusch et al., 2004). Specifically, in cultured Drosophila
cells depleted for either Tip60/KAT5 or DmMRG15, and in Drosophila DmMRG15 null mutant
embryos, chromatin remodeling failed to occur normally after DSBs were generated with
gamma-irradiation. Drosophila DmMRG15 is also implicated in epigenetic gene silencing
mediated by the Tip60/KAT5 complex, since a P element mutation in DmMRG15 was found
to suppress position-effect-variegation (PEV) and to interact genetically with polycomb-group
(PcG) genes (Qi et al., 2006). Histone acetylation and consequent changes in gene expression
are implicated in Drosophila life span regulation. Feeding adult Drosophila the drug 4-
phenylbutyrate (PBA) is reported to increase global levels of histone acetylation and to increase
life span (Kang et al., 2002), suggesting generally positive effects of histone acetylation on life
span. Consistent with this idea, reduced activity of the histone deacetylase rpd3 is reported to
increase fly life span (Rogina et al., 2002). In contrast, increased activity of the Drosophila
deacetylase Sir2 is reported to increase life span through a mechanism related to dietary
restriction (Rogina and Helfand, 2004). Taken together these results support the conclusion
that different targets for acetylation may produce opposing effects on life span (Frankel and
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Rogina, 2005). Consistent with an important role for chromatin modifications in modulating
aging phenotypes, heterozygous mutations in two core subunits of the Drosophila Polycomb
Repressive Complex 2 (the histone H3 lysine 27-specific methyltransferase E(Z) and the H3
binding protein ESC) were recently found to reduce adult levels of trimethylated H3K27 and
to increase life span, suggesting negative effects of histone methylation on life span (Siebold
et al. 2010).

The Drosophila gene Mof (males absent on first) is another conserved member of the MYST-
family of HATs, called MYST1 or KAT8 in humans. Mof is part of a protein complex required
for X chromosome dosage compensation in male Drosophila (Hilfiker et al., 1997), along with
the protein MSL3 that contains an MRG-related domain (Morales et al., 2005). The C.
elegans MRG15 homolog, MRG-1, is associated with autosomes and silences X-linked genes.
Genetic analysis in C. elegans suggests a role for MRG-1 in maintaining the immortality of
the germ-line cells and influencing the germ-line/soma distinction (Fujita et al., 2002; Olgun
et al., 2005; Takasaki et al., 2007).

Each of these processes in which MRG15 is implicated, DSB repair (Li et al., 2008), dosage
compensation (Hartman and Ishii, 2007) and maintenance of germ-line/soma distinction
(Curran et al., 2009), are ones that may be directly relevant to aging phenotypes such as cellular
senescence and life span. In particular, sexual differentiation is implicated in aging across
species, but the mechanism(s) are not yet clear (Hartman and Ishii, 2007; Tower, 2006; Yoshida
et al., 2006).

Analyzing the role of MRG15 family genes in development and aging is impeded by the
embryonic-lethal phenotype of null mutations. To begin to better understand the function of
the evolutionarily conserved MORF4/MRG15 gene family, and in particular its relevance to
aging and senescence phenotypes, the function of this gene family was investigated in
Drosophila using a conditional transgenic system. The generation of conditional mutant
phenotypes allowed for assay of effects on survival both during development and specifically
in adult animals.

Materials and methods
DNA constructs

Constructs were generated using standard methods, and details of cloning steps and
oligonucleotide sequences used for PCR are presented in Supplementary Materials.

Generation and other sources of transgenic lines
Transgenic strains were generated by P element-mediated germline transformation (Rubin and
Spradling, 1982), using the w1118 recipient strain. All inserts were made homozygous by
crosses to appropriate balancer stocks, and single copy insertions were confirmed by genomic
Southern blots (data not shown).

The Tet-on system driver strain w[1118]; rtTA(3)E2/TM3 and the Geneswitch system driver
strain w[1118]; Act-GS-255B have been previously described and characterized (Ford et al.,
2007; Shen et al., 2009), and two UAS-RNAi strains directed against DmMrg15, w[1118];P
{UAS-RNAi-CG6363}[45A2]/TM3 and w[1118];P{UAS-RNAi-CG6363}[189E] were
obtained from the VDRC. Two strains containing a Tet-on system target construct that causes
RNAi inhibition of the phosphogluconate mutase (PGM) gene were used as controls for
possible effects of RNAi pathway activation, w[1118];p{PGMinvrpt}(2)[12A1] and w
[1118];p{PGMinvrpt}(3)[23B1] (Allikian et al., 2002).
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Western blot assay
Male flies of the indicated transgenic lines were crossed with virgin females of the rtTA(3)
E2 driver strain. Age-synchronized progeny containing both constructs were collected and
maintained in single-sex vials at ~25 flies per vial, by every-other-day passage on food
supplemented +drug or −drug for seven days. The drug treatments were doxycycline for rtTA
(3)E2 crosses and Tet-on system constructs, as previously described (Ford et al., 2007). Control
flies were generated by crossing the driver strains to Oregon-R wild-type, to produce progeny
containing the driver but no target transgene. Protein extracts were generated from whole flies,
and were separated by SDS-PAGE. Proteins were transferred to nitrocellulose membrane and
antibody staining was performed using standard methods. The anti-MRG15 antibody (Kusch
et al., 2004) was a gift from Jerry Workman and was used at 1:3000 dilution. The anti-rabbit
secondary antibody (Applied Bioscience) was used at 1:5000 dilution. The ECL kit (Kodak)
was used to detect the protein bands.

Northern blot Assay
Male flies of the indicated transgenic lines were crossed with virgin females of the rtTA(3)
E2 driver strain or the Act-GS-255B driver strain. Age-synchronized progeny containing both
constructs were collected and maintained in single-sex vials at ~25 flies per vial, by every-
other-day passage on food supplemented +drug or −drug for seven days. The drug treatments
were doxycycline for rtTA(3)E2 crosses and Tet-on system constructs, or RU486/Mifepristone
for Act-GS-255B crosses and Geneswitch system constructs, as previously described (Ford et
al., 2007). Control flies were generated by crossing the driver strains to Oregon-R wild-type,
to produce progeny containing the driver but no target transgene. Total RNA was extracted
using Trizol reagent (invitrogen), fractionated on 1% agarose gels and transferred to
GeneScreen membrane (Dupont/NEN). RNA loaded 10 μg per lane. The blot was hybridized
with 32P-labelled DNA probe corresponding to DmMRG15 gene sequences from −53 to +303
(generated with primer SET9), which will recognize the endogenous DmMRG15 mRNA but
not the inverted repeat species. A probe specific for the ribosomal protein 49 (Rp49) gene was
used as a loading control.

Life span assay
Life span assays were performed essentially as previously described (Ford et al., 2007). Male
and female progeny were collected from the cross of the indicated transgenic lines and the
rtTA(3)E2 driver strain or the Act-GS-255B driver strain. Control flies were generated by
crossing the respective driver strains to Oregon-R wild-type strain or to w[1118] strain, to
produce progeny containing the driver but no target transgene. Approximately 150 flies for
each sex were cultured at ~25 flies per vial with +drug or −drug food (doxycycline or RU486,
respectively). The flies were transferred to new vials every other day, and the number of dead
flies was recorded. A survival curve was generated based on the survival data, and the median
life span was calculated. The significance of changes in median life span between −drug and
+drug flies for each genotype was determined using log-rank test in R 2.6.2. Life span assays
were performed in parallel in four experiments (Exp 1, Exp 2, Exp 3, Exp 4), and data is
summarized in Table 2.

Female fertility assay
Approximately 30 age-synchronized female progeny from the cross of the indicated transgenic
lines and the rtTA(3)E2 driver strain or Act-GS-255B driver strain were collected and
maintained on +drug or −drug food. Control flies were generated by crossing the driver strains
to Oregon-R wild-type. The flies were transferred to new vials every other day. On the 40th

day (Exp 1 and Exp 2) or on the 60th day (Exp 3) these flies were distributed into four vials
with four females each, and combined with an equal number of young Oregon R male flies.
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Four days later, egg production assay was initiated. The flies were transferred to new vials
every other day for a total of 12 time points (24 days total), and the old vials were kept and
scored for total progeny production. The total number of pupa were counted in each of the 12
vials. The average number of progeny per female and SD were calculated, and +drug and −drug
groups were compared for each genotype using unpaired, two-sided t-tests.

Male fertile period assay
The indicated transgenic strains were each crossed to the rtTA(3)E2 driver strain or the Act-
GS-255B driver strain, and male progeny were collected within 48 hours of eclosion. Half of
the flies (the experimental group) were cultured on +drug food while the other half (the control
group) were cultured on −drug food, until the flies were 30 days old. Each male fly was then
cultured individually in a vial with four young wild-type (Oregon R) virgins. The male was
transferred to a new vial with new virgins every four days. The date of the last vial to produce
progeny was scored as the fertile life span for each individual male fly, and the median fertile
period of +drug and −drug flies for each genotype was compared using log-rank tests.

Results
Generation and characterization of transgenic strains

In mice loss of MRG15 gene function is associated with embryonic lethality (Tominaga et al.,
2005), making analysis of MRG15 function in adults difficult. Similarly, in Drosophila, loss-
of-function alleles of DmMRG15 are recessive embryonic-lethal (Kusch et al., 2004; Qi et al.,
2006; Spradling et al., 1999), and possible effects on adult fertility and life span have not been
reported. To enable studies of MRG15-family gene functions during aging, a conditional gene
expression system was chosen so that over-expression and RNAi phenotypes could be
generated specifically in adult Drosophila, as well as during development. Constructs were
generated where the human and Drosophila MRG-family gene coding regions would be
expressed under control of the doxycycline-regulated promoter in the USC1.0 vector (the Tet-
on system)(Allikian et al., 2002; Bieschke et al., 1998)(Figure 1). For the protein-encoding
constructs the corresponding cDNA fragments were amplified using PCR, and a triple HA
epitope tag was added to each protein (Figure 1A). The phMRG15 and phMORF4 constructs
encode the corresponding human proteins, while the pDmMRG15 construct encodes the
Drosophila DmMRG15 gene. The pDmMT1 construct is a version of the Drosophila
DmMRG15 gene truncated at nucleotide residue +243 in order to mimic the structure of the
human MORF4 protein. Finally, a fragment extending from nucleotide residues +314 to +1272
of the Drosophila DmMRG15 cDNA was cloned as an inverted-repeat downstream of the
doxycycline-regulated promoter (Figure 1B). This construct is expected to produce expression
of a RNA hairpin product and cause conditional RNAi (Allikian et al., 2002). For each construct
multiple independent transgenic strains were generated and the chromosome of insertion was
identified (Supplemental Table S1). For the Tet-on system the rtTA(3)E2 driver strain was
employed, which will drive doxycycline-dependent expression of the target constructs
throughout the somatic tissues of larvae or adult flies (Bieschke et al., 1998; Ford et al.,
2007). For certain experiments the Geneswitch system was also used, where the cytoplasmic
Actin5C gene promoter is used to drive expression of the transcription factor Geneswitch in
line Act-GS-255B. Act-GS-255B drives RU486-dependent expression of target constructs
throughout the somatic tissues of larvae or adult flies (Ford et al., 2007; Shen et al., 2009).

Western blot analysis of conditional transgene expression
To confirm conditional expression of the MRG proteins using the Tet-on system, young adult
flies were cultured in the presence and absence of doxycycline for one week, and whole-fly
extracts were assayed by Western analysis using an antibody specific for Drosophila
DmMRG15 protein (Kusch et al., 2004). In addition to the endogenous Drosophila DmMRG15
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protein, expression of the slightly larger HA-tagged DmMRG15 transgenic protein was
observed only in the presence of doxycycline (Figure 2A), thereby demonstrating conditional
expression. Western analysis using an antibody specific for the HA tag confirmed the
conditional expression of the DmMRG15 protein, as well as conditional expression of the
truncated DmMT1 protein (Figure 2B). Interestingly, expression of the human MRG15 and
MORF4 proteins could not be detected in adult flies (data not shown).

Northern blot analysis of conditional transgene expression and RNAi
Using Northern blot analysis the endogenous Drosophila DmMRG15 RNA was readily
detected, and as expected the amount of this RNA species showed no consistent changes upon
doxycycline treatment or RU486 treatment in control flies (Figure 3). Independent transgenic
lines of an RNAi construct typically vary in their activity. Each of three independent transgenic
lines containing the Tet-on system RNAi-DmMRG15 construct were assayed for the ability to
cause conditional knock-down of endogenous DmMRG15 RNA levels in adult males and
females (lines RNAi-DmMRG15-4-1, RNAi-DmMRG15–53, and RNAi-DmMRG15-4-3). In
males a conditional reduction in DmMRG15 message levels of ~−45% was observed with each
line, whereas in females a smaller reduction was observed, and only with lines RNAi-
DmMRG15-4-3 and RNAi-DmMRG15–53. With the Geneswitch system, the two RNAi lines
(line 189E and line 45A2) produced a conditional knock-down of DmMRG15 message levels
of −36 % and −20 % in males, and −14 % and −10 % in females, respectively. Therefore the
independent transgenic lines for the RNAi constructs varied in their activity, and were in
generally more effective in males than in females.

Effect of conditional transgene expression on adult life span
To assay for effects on life span, the various transgenic strains were crossed to the rtTA(3)
E2 driver strain or the Act-GS-255B driver strain, and survival of male and female progeny
was assayed in the presence and absence of drug in replicated experiments. Representative
survival curves are presented in Figure 4 for the Tet-on system and in Figure 5 for the
Geneswitch system, and median life spans and statistical analyses for replicated experiments
are presented in Supplemental Table S2. To control for any possible effects of the drugs, the
driver strains were crossed to Oregon-R wild type flies, and to w[1118] control strain flies,
and the progeny assayed for life span in the presence and absence of drug. In these control flies
the effect of doxycycline on life span was either not significant and/or caused increases of +0%
to +7% (Supplemental Table S2), consistent with our previous observations that doxycycline
generally has neutral or small positive effects on adult fly life span (Bieschke et al.,
1998;Landis et al., 2003). Over-expression of DmMRG15 was sometimes associated with small
positive effects on life span, however these were generally within the +0% to +7% range of
effects associated with doxycycline itself (Supplemental Table S2). In contrast, the RNAi lines
produced negative effects on adult life span (Figure 4).

Each of the Tet-on system RNAi lines caused decreased life span in adult males: Line RNAi-
DmMRG15-4-1 decreased male life span by −7% (p = 0.00143; Figure 4B), line RNAi-
DmMRG15–53 decreased male life span ranging from −10% (p = 0.046; Supplemental Table
S2, Exp 1) to −15.9% (p < 0.001; Figure 4C), and line RNAi-DmMRG15-4-3 decreased male
life span by −7.32% (p = 0.0177; Figure 4D). In contrast, effects on female life span were
generally smaller and less consistently observed: Line RNAi-DmMRG15-4-1 decreased female
life span by −8% in experiment 1 (p = 0.0191; Supplemental Table S2), but had no significant
effect on female life span in experiment 2 (−2%; p = 0.754). Line RNAi-DmMRG15–53 caused
a small decrease in female life span in experiment 1 (−3.88%, p < 0.001; Supplemental Table
S2) but had no effect on female life span in experiment 2 (−1.89%, p = 0.147; Figure 4C),
whereas line RNAi-DmMRG15-4-3 decreased female life span by −16.7% (p = 0.0029; Figure
4D). The fact that line RNAi-DmMRG15-4-3 had the greatest negative effect on female life
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span may be related to the fact that it was the most effective of the Tet-on system lines at
reducing DmMRG15 RNA levels in females (Figure 3).

Two Tet-on system lines that cause efficient RNAi knock-down of the PGM gene (Allikian et
al., 2002) were used as controls to demonstrate that RNAi pathway activation per se does not
decrease life span (Supplemental Table S2). Line PGM3–23 produced no significant change
in life span in males (−1.32%, p = 0.71), and a small increase in females (+4.88%, p = 0.0011),
whereas line PGM2–12 produced a small increase in males (+7.06%, p < 0.001) and no
significant change in females (+4.94%, p = 0.246). As these changes are within the background
of the assay, this result is consistent with our previous observations that activation of the RNAi
pathway alone does not cause life span decrease.

With the two Geneswitch system MRG15-RNAi lines, line 189E was the most effective at
RNA knock-down (Figure 3), and this line caused decreased life span in males (−23%, p <
0.001; Figure 4) and no change in life span in females (Supplemental Table S2). In contrast,
line 45A2 was less effective at RNA knock-down, and caused no significant change in either
males (−3.57%, p = 0.86) or females (−1.64%, p = 0.13; Supplemental Table S2). Therefore,
with both Tet-on and Geneswitch systems, the decrease in life span produced by the RNAi
lines generally corresponded with the amount of RNA knock-down achieved, with greater
effects observed in males than in females. Taken together, the data suggest that DmMRG15
expression is required for normal longevity, and the larger and more consistent effect on life
span observed in males relative to females may indicate a relatively greater requirement for
MRG15 for normal life span in males, or may reflect the generally greater efficacy of RNAi
achieved in males relative to females.

Effect of conditional transgene expression on maintenance of reproduction during aging
One of the defining characteristics of aging and senescence across species is a decline in
reproductive fitness. To investigate if MRG-family genes function in the maintenance of
reproductive capacity in Drosophila, experiments were designed to test the effect of various
MRG-family transgenes on the length of the reproductive period in female and male flies.
Using the Tet-on system, the effect of various transgenes on female fertility (progeny per
female per day) was assayed across a period of 24 days in adult flies starting at age 40 days
(Exp 1 and Exp 2), or at age 60 days (Exp 3). The flies were cultured in the presence or absence
of drug throughout their adult life span, so any tendency of the transgenes to shorten or lengthen
the female fertile period should be apparent as a difference in the average fertility between plus
and minus drug groups at these age ranges. In control flies doxycycline treatment caused no
statistically significant effect on female fertility in two out of three experiments (Experiments
1 and 3; p > 0.05) and a small but significant negative effect on female fertility in the other
experiment Experiment 2, −26%, p = 0.0034) (Supplemental Table S3). These results are
consistent with our previous observations that doxycycline itself has neutral or small negative
effects on female fertility (Li and Tower, 2009). The RNAi-DmMRG15 lines caused conditional
negative effects on female fertility in each experiment that were considerably greater in
magnitude than the effects observed in control flies, consistent with a role for DmMRG15 in
maintaining female fertility during aging. For example, line RNAi-DmMRG15-4-1 decreased
female fertility by −50%, line RNAi-DmMRG15–53 decreased female fertility by −72%, and
line RNAi-DmMRG15-4-3 decreased female fertility by −45% (p < 0.001 in each case;
Supplemental Table S3). In addition, the multiple independent transgenic lines for the MT1
construct caused negative effects on female fertility ranging from −30% (line MT-106; p =
0.0166) to −60% (line MT1-3; p < 0.001), which could also be interpreted to suggest a
disruption of normal DmMRG15 function required to maintain female fertility. Taken together
the data suggest that DmMRG15 gene function is required for a normal reproductive life span
in female flies. Notably, at the concentrations used here, the drug RU486 had a significant
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negative effect on female fertility (−66%, p < 0.001; Supplemental Table S3) that precluded
use of the Geneswitch system. No consistent effect of the transgenes on the male fertile period
was detected with the assay employed (Supplemental Table S4).

Effect of transgenes on larval survival
In both mice and flies, null mutation of the MRG15 gene is embryonic lethal. To investigate
the possible role of DmMRG15 function in later stages of Drosophila development, transgenes
were expressed during larval development by crossing the indicated transgenic strains to the
rtTA(3)E3 driver strain, and growing the resultant larvae in media supplemented with
doxycycline or in control media, in three replicate bottles for each cross. In the parents of the
cross the rtTA(3)E2 chromosome was balanced over the 3rd chromosome balancer TM3, which
is marked with the dominant mutation Stubble. In this way the survival of progeny containing
the transgene and the rtTA(3)E2 driver, in which conditional transgene expression will occur,
could be compared to the survival of sibling progeny, containing the transgene and the balancer
marked with Stubble, where transgene expression will not occur. The control cross of the rtTA
(3)E2 driver to Oregon-R wild-type flies controls for any possible effects of doxycycline that
might alter the expected 50:50 ratio, and no significant effect of doxycycline on larval survival
was observed (Supplemental Table S5). Over-expression of wild-type DmMRG15 or the
truncated mutant form MT1 also had no significant effect on larval survival. In contrast, a
doxycycline-dependent reduction in survival was observed with the RNAi lines. Line RNAi-
DmMRG15-4-1 decreased survival of males (−9%, p < 0.001) and females (−13.5%, p = 0.029),
and similarly line RNAi-DmMRG15-4-3 decreased survival of males (−4.4%, p = 0.018) and
females (−10.2%, p = 0.033), whereas line RNAi-DmMRG15–53 decreased male survival
(−24.5%, p < 0.001) but the decrease in females was not statistically significant (−6.05%, p =
0.133). Taken together these results are consistent with a requirement for normal DmMRG15
expression to support larval viability.

Discussion
Constructs were designed to over-express a variety of MRG15/MORF4 family proteins from
human and Drosophila in transgenic flies. Interestingly, expression of the human proteins,
hMRG15 and MORF4 could not be detected in adult flies, despite the assay of multiple
independent transgenic lines. In contrast, doxycycline-dependent expression of protein was
readily detected for the Drosophila DmMRG15 transgene and for a truncated version of
DmMRG15 (called MT1) that was designed to resemble the structure of human MORF4. This
suggests that either the human proteins are particularly unstable in Drosophila, or that there is
some other barrier to their expression in flies.

The RNAi construct pRNAi-DmMRG15 proved difficult to transform, and one possibility is
that the inverted repeat sequences may have made the construct unstable in Drosophila thereby
reducing transformation efficiency. Alternatively, the low yield of transformation might reflect
negative effects of expression of this construct on viability, such as was observed upon
conditional expression of this construct during larval development. Conceivably this low
frequency of transformation could have selected for strains where the efficiency of RNAi was
relatively modest, such as the ~50% decreases observed here. Despite the modest efficiency
of RNAi knock-down, the RNAi-DmMRG15 strains yielded consistent negative effects on adult
life span, particularly in males. In addition the RNAi-DmMRG15 lines caused a conditional
reduction in the female fertile period, as well as reductions in larval survival. The data suggest
that we have successfully generated a conditional phenotype caused by a partial loss of
DmMRG15 activity, and suggest that DmMRG15 normally plays a role in maintaining
Drosophila viability both during development and in adults. The fact that a partial reduction
in adult DmMRG15 expression was sufficient to reduce life span may indicate that function of
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this pathway is one limiting factor in longevity. Consistent with this conclusion, we note that
the DmMRG15 null mutation strain is sickly and difficult to maintain, even as a heterozygous
stock. Over-expression of wild-type DmMRG15 protein alone was not sufficient to cause a
life span increase, however this may be due to the fact that DmMRG15 normally functions in
a complex, where an appropriate balance of subunits may be required for optimal function.

The mammalian MRG15 gene has been found to be required for cell proliferation and
embryonic viability (Tominaga et al., 2005). The phenotypes observed here for altered
DmMRG15 gene expression in Drosophila are consistent with those observations, for example,
expression of RNAi directed against DmMRG15 during larval development was associated
with decreased survival. The fertile period of adult flies depends upon continued division of
both germ-line and somatic stem cells in the gonads (Boyle et al., 2007; Pan et al., 2007;
Wallenfang et al., 2006; Waskar et al., 2005), and alterations in DmMRG15 gene expression
specifically in adult flies was associated with reduced female fertility. The lack of phenotype
observed for male fertile period may indicate a relatively smaller requirement for DmMRG15
function in male reproduction, or may indicate less efficient expression of the transgenes in
male reproductive tissues than in female reproductive tissues.

The MT1 construct encodes a truncated form of Drosophila MRG15 designed to mimic the
structure of human MORF4. Conditional expression of MT1 in adult flies reduced female
fertility similar to DmMRG15 RNAi, but MT1 did not have a detectable effect on adult life
span or larval survival like DmMRG15 RNAi. We interpret these results to suggest that fertility
has a more stringent requirement for the level of DmMRG15 activity than does life span, and/
or that there is a mechanistic difference in the requirements for DmMRG15 activity in fertility
versus life span. Relevant to this, DmMRG15 RNAi reduces the expression of endogenous
DmMRG15, whereas the MT1 truncated protein is expected to act as a dominant negative and
to compete with DmMRG15 protein in complex formation and/or other activities. Therefore
these two different ways of inhibiting DmMRG15 function may have different outcomes. For
example, oogenesis may involve the initiation of epigenetic states, whereas larval and adult
survival might involve mostly maintenance of epigenetic states, and therefore these processes
may respond differently to inhibition of DmMRG15 activity.

It will be important in the future to determine what are the critical tissues in which Drosophila
DmMRG15 must function to ensure normal fertility and survival during development and
aging. Mouse embryos that are null for MRG15 exhibit defects in the proliferation and
differentiation of neural stem/progenitor cells, suggesting a particular requirement for MRG15
gene function in stem cells (Chen et al., 2009). In Drosophila, stem cells populations have
recently been identified that continue to divide in adult flies in the gut (Micchelli and Perrimon,
2006; Ohlstein and Spradling, 2006) and in the malpighian tubule (the fly kidney homolog)
(Singh et al., 2007). It remains to be determined if the continued proliferation of these somatic
stem cell populations are required for normal adult Drosophila life span, and one interesting
question to ask in the future is if DmMRG15 inactivation in adult flies causes decreased life
span by inhibiting the proliferation of stem cells, or through some other mechanism.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diagram of transgenic constructs
A. Protein encoding constructs. The indicated insert fragments derived from Drosophila and
human cDNAs were cloned into USC1.0 vector downstream of the doxycycline-regulated
promoter, with the addition of a 3×HA tag to each protein. Genbank accession numbers are
given to the right. B. Inverted-repeat construct pRNAi-DmMRG15.
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Figure 2. Western analysis of conditional transgene expression in adult flies
A. Adult flies from four independent transgenic strains containing the DmMRG15 over-
expression construct were assayed for doxycycline-dependent protein expression, using an
antibody specific for DmMRG15 protein. The transgenic protein is slightly larger due to the
presence of the triple HA epitope tag. B. The DmMRG15–26 line and several lines expressing
the truncated MT mutant form of DmMRG15 were assayed for expression of protein in adult
flies, in the presence and absence of doxycycline, using an antibody specific for the HA epitope
tag. As expected the truncated MT protein migrates at a smaller apparent MW than the full
length DmMRG15 protein.
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Figure 3. Northern analysis of conditional transgene expression in adult flies
The indicated transgenic strains containing either the RNAi-DmMRG15 construct, the
DmMRG15 wild type construct, or the MT1 construct were crossed to the rtTA(3)E2 driver
strain or to the Act-GS-255B driver strain, as indicated. Progeny containing both constructs
were cultured in the presence and absence of drug for one week. The drug was doxycycline
for rtTA(3)E2 crosses and RU486 for Act-GS-255B crosses. Control flies were the progeny of
a cross of the drivers to Oregon-R wild-type flies or to strain bearing a PGM-RNAi construct,
as indicated. Total RNA was analyzed by Northern blot, and the membrane was hybridized
sequentially to probes that will recognize the endogenous DmMRG15 mRNA and the Rp49
loading control, as indicated. Data for males is presented in the upper two panels and data for
females in the lower two panels. Band intensities were quantified, and DmMRG15 expression
was normalized to the Rp49 loading control. The percent change in DmMRG15 message levels
between minus-drug and plus-drug samples is indicated below each pair of lanes. Values in
parentheses indicates uncertainty in measurements due to interference from larger transcripts
associated with line DmMRG-WT8.
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Figure 4. Life span analyses using the Tet-on doxycycline-regulated system
The indicated transgenic strains were crossed to the rtTA(3)E2 driver strain, and the adult
progeny containing both constructs were assayed for survival when cultured on food plus and
minus doxycycline. Control flies were generated by a cross of Oregon-R wild type strain to
rtTA(3)E2. The percent change in life span and p value from log-rank test are indicated in each
panel. Additional statistical details and results of replicate experiments are summarized in
Table 2. The plotted data are from replicate experiment number 2 (Table 2). A. Control flies.
B. Line RNAi-DmMRG15-4-1. C. Line RNAi-DmMRG15–53. D. Line RNAi-MRG15-4-3.
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Figure 5. Life span analyses using the Geneswitch RU486-regulated system
The indicated RNAi-Mrg15-189E transgenic strain was crossed to the Act-GS-255B driver
strain, and the adult progeny containing both constructs were assayed for survival when
cultured on food plus and minus RU486. Control flies were generated by a cross of Oregon-R
wild type strain to Act-GS-255B. The percent change in life span and p value from log-rank
test are indicated in each panel. Additional statistical details and results are summarized in
Table 2. A. Control flies. B. Line 189E.
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