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SUMMARY

Insulin-like growth factor (IGF) signaling is essential for achieving optimal body size during fetal
development, whereas, in the adult, IGFs are associated with aging and age-related diseases.
However, it is unclear as to what extent lifespan is influenced by events that occur during
development. Here we provide direct evidence that the exceptional longevity of mice with altered
IGF signaling is not linked to prenatal programming of body size. Mice null for pregnancy-
associated plasma protein-A (PAPP-A), an IGF binding protein proteinase that increases local IGF
bioavailability, are 60—70% the size of their wild-type littermates at birth and have extended
median and maximum lifespan of 30-40%. In this study, PAPP-A~/~ mice whose body size was
normalized during fetal development through disruption of Igfll imprinting, did not lose their
longevity advantage. Adult-specific moderation of IGF signaling through PAPP-A inhibition may
present a unique opportunity to improve lifespan without affecting important aspects of early life

physiology.
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Extended longevity is associated with small body size in several species of mice, dogs, and
humans (Miller et al. 1999, Harper et al. 2004, Swindell et al. 2008, Patronek et al. 1997,
Rollo 2002, Samaras et al. 2003). This negative correlation between body size and lifespan
occurs as a consequence of the effect of insulin-like growth factor (IGF) signaling on these
two traits via antagonistic pleiotropy, i.e., genes that are beneficial early in life can be
detrimental later in life (Bartke 2008, Harper et al. 2006, Sutter et al. 2007, van Heemst et al.
2005, Bonafe et al. 2003, Suh et al. 2008, Williams 1957).

Thus, IGF signaling is essential for achieving optimal body size during fetal development,
whereas, in the adult, IGFs are associated with aging and age-related diseases (Bartke 2008,
D'Ercole 1996). However, it is unclear as to what extent lifespan is influenced by events that
occur during development. Mice null for pregnancy-associated plasma protein-A (PAPP-A),
an IGF binding protein proteinase that increases local IGF bioavailability, are 60-70% the
size of their wild-type litter mates at birth and have extended median and maximum lifespan
of 30-40% with diminished occurrence of age-related diseases (Conover & Bale 2007). The
proportional dwarfism of PAPP-A~/~ mice is due to the loss of enhanced bioavailability of
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IGF-I11, the predominant fetal IGF, during a critical period in early embryogenesis (Conover
et al. 2004) Igfll is an imprinted gene closely associated with a reciprocally imprinted
downstream gene, H19. Mutation of H19 results in relaxation of Igfll imprinting and
expression of IGF-11 from both alleles. This mutation rescues the dwarf phenotype of PAPP-
A"~ mice (Conover & Bale 2005). We took advantage of this model to determine whether
PAPP-A~'~ mice whose body size was normalized during fetal development would retain
their longevity phenotype.

Characterization of the strains of mice used in this study, which carry targeted mutations in
the Pappa and H19 loci, have been detailed in previous publications (Conover & Bale 2007,
Conover et al. 2004, Conover & Bale 2005). Mice receiving the H19 mutation from the
maternal allele (H19M~/*) have approximately two-fold increased levels of IGF-II in the
embryo due to expression from both the maternal and paternal alleles, with consequent fetal
overgrowth (Leighton et al. 1995). In contrast, paternal transmission of the mutation has no
phenotypic consequences for the progeny. The Pappa gene is not imprinted, and both males
and females with homozygous deletion (PAPP-A~'") are 60-70% of the body weight of
wild-type and heterozygous littermates (Conover et al. 2004). Accordingly, paternally-
transmitted female H19 heterozygous mice were first crossed with PAPP-A~/~ males. Of
these offspring, females inheriting the H19 mutant allele and heterozygous for Pappa
deletion were then mated to male PAPP-A~/~ mice to generate embryos belonging to four
genotypes designated as Control (H19**PAPP-A*/"), H19 mutant (H19™*PAPP-A*"),
PAPP-A knock-out (KO; H19**PAPP-A~), and double-mutant (H19™*PAPP-A~'"), the
latter being the “rescue’ of the dwarf phenotype. These studies were approved by the
Institutional Animal Care and Use Committee of Mayo Clinic.

Survival data were collected on 176 Control, H19 mutant, PAPP-A KO and double-mutant
mice that were housed in a specific pathogen-free barrier facility throughout their life (Fig.
1). Longevity was increased approximately 30% in PAPP-A KO mice compared to Control
mice (P < 0.0001, log-rank test). Lifespan parameters for H19 mutant mice were similar to
those of Control mice. Importantly, double-mutant mice with the rescued dwarf phenotype
had significantly increased lifespan compared to Control mice (P < 0.0001). Median and
maximum lifespan data for the four groups of mice are summarized in Table 1. For the
double-mutant mice, median lifespan was increased 35% and maximum lifespan was
increased 20%. Body weights of 6-month-old mice are presented in Table 2. Differences in
adult weights reflected the birth weights of the four genotypes, reported previously (Conover
et al. 2004). Thus, AH19 mutants were 20-30% larger and PAPP-A KO mice were 25-30%
smaller than Control mice. The weights of double-mutant mice were not significantly
different from Controls.

There have been several studies suggesting that early body weight can predict longevity in
mice (Miller et al. 2002, Harper et al. 2004, Swindell et al. 2008). Furthermore, spontaneous
and targeted disruption of IGF signaling has been associated with small size and increased
lifespan in mice, dogs, and humans (Bartke 2008, Harper et al. 2006, Sutter et al. 2007, van
Heemst et al. 2005, Bonafe et al. 2003, Suh et al. 2008). An understanding of this
relationship is not only biologically important, it also has therapeutic implications. However,
from these models it is difficult to distinguish primary effects of reduced IGF-I signaling
during postnatal growth from possible consequences of the reduced body size programmed
during fetal development. Thus, we bred for a new mouse model that allowed determination
of the contribution of body size to lifespan. PAPP-A KO mice are born as proportional
dwarfs and have an extended lifespan without secondary endocrine abnormalities, altered
metabolism, or caloric restriction (Conover et al. 2004, Conover & Bale 2007, Conover et al.
2008). PAPP-A KO mice born normal-sized through disruption of Igfll imprinting and that
were also without secondary endocrine abnormalities, altered metabolism, or caloric
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restriction (data not shown), lived 30-40% longer than Control mice or mice with the H19
mutation but without loss of PAPP-A. Thus, body size is not itself a critical determinant of
lifespan regulation via reduced IGF-1 signaling.

IGF-11 is essential for optimal embryonic growth but does not affect postnatal growth in
mice. H19 mutant mice, in spite of increased body size, had a similar lifespan to that of
Controls. In agreement, Moerth et al. (2007). showed that elevated levels of IGF-1I in the
postnatal period did not rescue the body and skeletal growth defects in the absence of IGF-I.
Together, these data indicate that reduced IGF-I signaling postnatally is a more important
determinant of longevity than the reduced IGF-I1I signaling prenatally that affects body size.

PAPP-A is an attractive target for anti-aging strategies since it is a relatively accessible
enzyme whose activity would be amenable to pharmacologic intervention. The findings of
this study suggest the possibility of using PAPP-A inhibitors to extend lifespan and improve
long-term health independent of many of the detrimental pleiotropic effects that alteration of
IGF signaling can have on physiology.
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Figure 1.
Survival distribution of Control (thin solid line), H19 mutant (thin dashed line), PAPP-A KO

(thick solid line) and double-mutant (thick dashed line) mice.
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Table 1

Longevity analyses.

N
Control 67
H19 mutant 37
PAPP-A KO 42
Double-mutant 30

Lifespan (weeks)

Median Maximum@a

95 137

98 (3%) 144 (5%)
120 (26%) 174 (27%)
128 (35%) 164 (20%)

Page 6

Data, presented in weeks with % increase over Control given in parentheses, were calculated from the survival data in Figure 1 (see supplemental

table).

a . - .
Average age of last decile of surviving mice.
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Table 2

Body weights at 6 months

Males
Control
H19 mutant

PAPP-A KO

Double-mutant
Females
Control

H19 mutant
PAPP-A KO

Double-mutant

Grams % of Control
31.7+1.26 100
408+3.20" 129
211+164° 67
28.5+0.89 20
26.9+1.42 100
32.8+1.66" 122
202+1.13" 75
25.0 +1.40 93

Data are presented as mean + SEM of 9-11 mice.

*
P < 0.05 versus Control.
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