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Abstract

Context—Insulin-like growth factor (IGF) signaling is essential for achieving optimal body size
during fetal development, peak bone mass during puberty, and maximal fecundity in the
reproductive period. IGF-II is considered the main fetal IGF, whereas IGF-1 is more important
postnatally. Pregnancy-associated plasma protein-A (PAPP-A) enhances local IGF signaling
through cleavage of inhibitory IGF binding proteins. Conversely, inhibition of PAPP-A results in
reduced local IGF action. Thus, PAPP-A knock-out (KO) mice are born as proportional dwarfs
due to the dysregulation of IGF-II signaling during early embryogenesis that impacts body size.
Relaxation of Igfll imprinting through mutation of a reciprocally imprinted downstream gene,
H19, which allowed transcription of IGF-I1 from the normally silent maternal allele, rescued the
dwarf phenotype of PAPP-A KO mice.

Objective—To determine the effect of increased IGF-11 expression on postnatal phenotypes of
PAPP-A KO mice.

Design—Young adult wild-type (WT), PAPP-A KO, H19 mutant (AH19/WT) and AH19/PAPP-
A KO mice were characterized for skeletal phenotype (peripheral quantitative computed
tomography at the midshaft and distal metaphysis of the femur) and reproductive phenotype (time
to first litter, time between litters, pups per litter).

Results—Serum IGF-I1 levels were significantly increased in AH19/WT and AH19/PAPP-A KO
mice compared to WT and PAPP-A KO mice; serum IGF-1 levels were not affected by H19
mutation. PAPP-A KO mice had reductions in cortical thickness and in cortical and trabecular
area, bone mineral content and bone mineral density compared to WT mice. There were no
significant differences between PAPP-A KO and AH19/PAPP-A KO mice in any of the bone
parameters. PAPP-A KO crossed with (x) PAPP-A KO had a longer time until first litter, normal
time between subsequent litters, and significantly reduced number of pups per litter compared to
WT x WT. AH19/PAPP-A KO x AH19/PAPP-A KO had an even longer time to first litter, but
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also longer time between litters. This phenotype was associated with female AH19/PAPP-A KO
mice. Furthermore, these AH19/PAPP-A KO mouse mothers failed to care for their pups.

Conclusions—An increase in IGF-I1 expression did not rescue the skeletal and reproductive
deficiencies associated with reduced local IGF-1 signaling in PAPP-A KO mice. In addition, the
data suggest a potential new role for genomic imprinting at the 1gfll/H19 locus affecting maternal
behavior.
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INTRODUCTION

Insulin-like growth factor (IGF) signaling is essential early in life for achieving optimal
body size during fetal development, peak bone mass during puberty, and maximal fecundity
in the reproductive period.1=3 On the other hand, increases in IGF in adults are associated
with aging and age-related diseases.# In general, IGF-11 appears to be critical during early
fetal growth, at least in rodents.>:6 IGF-I appears to be more important postnatally. However,
this “division of labor’ between IGF-1 and IGF-I11 is not clearcut.

Pregnancy-associated plasma protein-A (PAPP-A), an IGF binding protein protease,
enhances IGF activity through cleavage of inhibitory binding proteins in the pericellular
environment with the consequent release of IGF ligand for receptor activation.” Conversely,
inhibition of PAPP-A results in reduced local IGF action in vitro and in vivo. PAPP-A
knock-out (KO) mice are 60-70% the size of their wild-type littermates at birth and retain
the size difference postnatally.8 This proportional dwarfism appears to be linked to the
dysregulation of IGF-11 signaling during early embryogenesis that impacts body size.®
However, it may be the decrease in local IGF-I bioavailability postnatally that accounts for
the negative impact of PAPP-A deletion on the adult skeleton.10 A decrease in local IGF-I
bioavailability could also contribute to the compromised reproductive fitness seen in PAPP-
A KO mice.11 Nevertheless, a possible role for IGF-1I may be overlooked due, in part, to
assumptions about IGF-11, and the lack thereof, in adult rodents.

We previously reported that relaxation of Igfll imprinting through mutation of a reciprocally
imprinted downstream gene, H19, which allowed transcription of IGF-11 from the normally
silent maternal allele, could rescue the dwarf phenotype and the delayed skeletal ossification
of PAPP-A KO mice seen at birth.? For the present study, we used these novel mouse
models to address questions about the role of IGF-I versus IGF-11 in early adulthood. We
hypothesized that the increase in IGF-11 expression would not affect postnatal phenotypes
associated with reduced IGF-1 signaling. To test this hypothesis, wild-type, PAPP-A KO,
H19 mutant (AH19), and AH19/PAPP-A KO mice were characterized for skeletal and
reproductive phenotypes. The latter was of particular interest because PAPP-A KO and
AH19/PAPP-A KO mice live 30-40% longer than their wild-type littermates.12-14 Whether
extension of lifespan has a fecundity cost is an open question.

MATERIALS and METHODS
Mice
Characterization of the strains of mice used in this study, which carry targeted mutations in

the Pappa and H19 loci, and genotyping have been detailed in previous publications.8°
Mice receiving the H19 mutation from the maternal allele (H19™~/*) have approximately
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two-fold increased levels of IGF-I1 in the embryo due to expression from both the maternal
and paternal alleles, with consequent fetal overgrowth.1® 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 litter-mates.8 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 wild-type (WT; H19**PAPP-A*/*), H19 mutant (AH19/WT;
H19M#PAPP-A**), PAPP-A knock-out (KO; H19**PAPP-A/"), and AH19/PAPP-A KO
(H19M#PAPP-A~/7), the latter being the ‘rescue’ of the dwarf phenotype. Genotypes were
confirmed for all mice with tail DNA collected at the end of each experiment. All
experiments in this study were approved by the Institutional Animal Care and Use
Committee of Mayo Clinic.

Mouse IGF assays

Serum levels of mouse IGF-11 were measured by enzyme-linked immunosorbent assay
(ELISA). Serum samples were extracted with acid/ethanol reagent. Briefly, 100 pL acid/
ethanol reagent (12.5% 2N HCI, 87.5% ethanol) was added to 20 puL serum sample. The
mixture was incubated at room temperature for 30 min followed by microcentrifugation at
10,000g for 10 min. Fifty microliter supernatant was neutralized with 200 uL neutralization
buffer (100 mM sodium phosphate, pH 7.8, 40 mM NacCl, 0.01% Thimerosal, 0.1% Tween
20, 0.25% BSA, 500 ng/ml mouse IGF-I).17

For the ELISA, 96-well microtiter plates were coated with purified monoclonal rat anti-
mouse IGF-11 antibody (R&D, Minneapolis, MN) at 0.5 pg/well in 200 pL of phosphate-
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCI, 8.1 mM NayHPOy, 1.5 mM KH,POy,
pH 7.4), incubated overnight on a shaker, then washed 3 times with wash buffer (PBS,
0.05% Tween-20) and 3 times with SuperBlock T20(PBS) blocking buffer (Thermo
Scientific, Rockford, IL). Standards were prepared by diluting recombinant mouse IGF-II
(R&D, Minneapolis, MN) in assay buffer in concentrations ranging from 0 to 50 ng/mL.
Standards, controls or samples (100 pL/well) and 50 ng (100 pL) biotinylated goat anti-
mouse IGF-11 antibody (R&D, Minneapolis, MN) were added to the appropriate wells and
incubated at room temperature for 3 hr on a shaker. Wells were then washed 3 times with
wash buffer, followed by the addition of streptavidin-HRP conjugate (200 pL/well) and
incubated for 30 min at room temperature. After 4 washes with wash buffer, 200 pL/well of
0-phenylenediamine dihydrochloride solution (1 mg/mL in hydrogen peroxide substrate)
was added to each well and incubated for an additional 10-20 min. The reaction was
stopped by the addition of 50 uL 2N H,SO,4 and absorbance was determined on a plate
spectrophotometer (Molecular Designs, Sunnyvale, CA) at 490 nm. The intra and inter-
assay CVs are <10% and recovery of added mouse IGF-I1 is >90%. This assay has a
sensitivity of 0.1 ng/ml and there is no cross-reactivity with mouse IGF-1 or human IGF-I.

Mouse IGF-I levels were measured using an in-house ELISA assay as described
previously.18

Skeletal phenotype

Volumetric bone mineral density (BMD) was measured by peripheral quantitative computed
tomography (pQCT) at the midshaft and distal metaphysis of the femur using a Stratec XCT
Research SA Plus scanner (Norland Medical Systems, Fort Atkinson, WI) as described
previously.10
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Reproductive phenotype

Pair breedings of mice were started at 8 weeks of age. Time to first litter, time between
litters, and number of pups per litter were monitored for 4 months. Pups remained in the
cage to foster normal maternal instincts. Breeding cages were checked every day including
weekends and holidays. Number of pups borne (alive + dead) and date of birth were
recorded. Surviving pups were kept in the cage with the mother and checked daily with
minimal disturbance. Final number of pups surviving was recorded on day 19.

Statistical Analyses

Except where indicated, data are expressed as mean £ SEM. ANOVA followed by post-hoc
t-test was used for comparisons of multiple groups. A non-parametric Fisher’s exact test was
used when data were not normally distributed. P value < 0.05 was considered statistically
significant.

RESULTS

Serum IGF levels

Mouse IGF-11 levels were measured in serum from 4-week-old WT, PAPP-A KO, AH19/
WT, and AH19/PAPP-A KO mice. IGF-1l was detectable in adult mouse sera, and levels
were significantly increased in AH19/WT and AH19/PAPP-A KO mice compared to WT
and PAPP-A KO mice (Fig. 1). Although lower in PAPP-A KO compared to WT, serum
IGF-I levels were not affected by H19 mutation.

Skeletal phenotype

Femoral pQCT data are presented in Table 1 (male mice) and Table 2 (female mice). Male
PAPP-A KO mice had significantly reduced cortical thickness, area, and bone mineral
content (BMC) at the midshaft of the femur (primarily cortical bone), and significantly
reduced area, BMC, and bone mineral density (BMD) at the distal metaphysis of the femur
(primarily trabecular bone) compared to WT mice. Male AH19/PAPP-A KO mice also had
significant reductions in cortical thickness, area, BMC and BMD in the midshaft, and
reduced area and BMC in the distal femur compared to WT. However, BMD in the distal
femur was not different from WT. Similar findings were seen in the female PAPP-A KO
mice (Table 2). Thus, cortical thickness, area and BMC were significantly reduced in the
midshaft, and area, BMC, and BMD were significantly reduced in the distal femur of female
PAPP-A KO compared to WT mice. Female AH19/PAPP-A KO mice had similar reductions
in cortical thickness, area and BMC in the midshaft, and reduced BMD in the distal femur.
However, reductions in midshaft BMD, and distal area and BMC did not reach statistical
significance. There were no significant differences between PAPP-A KO and AH19/PAPP-
A KO mice in any of the skeletal parameters. Therefore, the increase in IGF-11 did not
‘rescue’ the skeletal phenotype of the PAPP-A KO mouse. Interestingly, the AH19/WT mice
had a mixed skeletal phenotype. There were significant reductions in midshaft cortical
thickness, BMC and BMD and a significant increase in distal area in male AH19/WT
compared to WT mice. In females, the only significant difference was a reduction in BMD
in the distal femur.

Reproductive phenotype

General reproductive fitness was assessed by successful pregnancies and litter size (Table
3). WT crossed with WT mice on average had 21.8 days from mating to first litter, 20.7 days
between litters, and 8.0 pups per litter. PAPP-A KO crossed with PAPP-A KO mice had a
longer time until first pregnancy (25.7 days), but normal time between litters after the first
one (20.8 day) and significantly reduced number of pups/litter (5.8). Interestingly, AH19/
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PAPP-A KO crossed with AH19/PAPP-A KO mice had an even longer time to first
pregnancy (28.0 days) but also longer times between litters (25.2 days). Litter size was
somewhat reduced (6.7 pups/litter), but was not significantly different from Control. AH19/
WT crossed with AH19/WT mice, which evaluated the effect of elevated IGF-I1 per se,
showed moderately delayed time to first litter (24.2 days), normal times between litters and
normal litter sizes. In order to determine whether the compromised reproductive phenotype
of the AH19 was predominantly in the male or female, we performed additional crosses. If
male AH19/PAPP-A KO mice were bred with female WT mice, then the reproductive
phenotype was similar to WT crosses. If female AH19/PAPP-A KO mice were bred to male
WT mice, then fecundity was compromised although litter size was normal. Interestingly,
the percentage of pups surviving in the perinatal period was dramatically affected in female
AH19/PAPP-A KO mice crossed with a male AH19/PAPP-A KO or with a male WT mouse.
In these pairings, few pups survived (median value 0%) compared to normally 50-90%
survival. Pup death was 4 times more likely to occur between birth and day 19 than at birth
when the female had the H19 mutation. These mothers did not appear to react appropriately
to the pups and failed to care for them.

DISCUSSION

In this study, increases in IGF-11 expression that rescued the fetal growth defect did not
rescue the compromised skeletal and reproductive phenotypes of PAPP-A KO mice. These
data support the hypothesis that increases in IGF-11 expression do not affect postnatal
phenotypes associated with reduced local IGF-1 signaling.

Whereas IGF-11 has a clearly established role in embryonic development, its role during
postnatal life is unclear. IGF-11 expression is known to decrease markedly after birth in
rodents, and a physiological function in the adult has largely been dismissed. However,
recent data from Qiu et al.1® challenged the assumption that IGF-11 is absent in adult rodents
by demonstrating the persistence of circulating levels of IGF-11 in adult rats. In addition,
IGF-11 knock-out mice show resistance to the development of atherosclerosis, implicating a
possible pathophysiological role for IGF-II in the vasculature of adult mice.20 Therefore, it
was important to evaluate IGF-11 and postnatal phenotypes in this study. In a newly
validated mouse IGF-I1 assay, serum levels of IGF-I1 were significantly elevated 40-60% in
AH19 mutant mice. This moderate increase fits with disruption of Igfll imprinting and
consequent transcription of 1gfll from both maternal and paternal alleles; normally the
maternal allele is silent.1> However, the increase in IGF-11 did not rescue the bone
phenotype of PAPP-A KO mice. There were no significant differences between PAPP-A
KO and AH19/PAPP-A KO mice in any of the parameters measured in midshaft and distal
metaphysis of the femurs. Thus, in spite of the increase in IGF-11, AH19/PAPP-A KO mice
retained the skeletal insufficiencies in cortical and trabecular mass and density seen in male
and female PAPP-A KO mice. Similarly, Moerth et al.21 showed that even higher, 6- to 11-
fold, elevated levels of IGF-11 in the postnatal period did not rescue the skeletal growth
defects of IGF-1 KO mice. Using IGF-I and IGF-1I KO mice, Mohan et al.? also concluded
that IGF-1, but not IGF-I1, is critical for the increase in BMD that occurs during puberty in
mice. In a conditional knock-out mouse model, local IGF-I was found to be essential for
optimal peak BMD, even in the face of normal circulating IGF-I levels.23 Thus, our data are
in agreement with others that IGF-I, but not IGF-II, is important for optimal skeletal growth
postnatally. Nonetheless, IGF-I1 expression may be relevant in the injury response in
rodents.2? Our unpublished data indicate that IGF-I1, but not IGF-1 expression, is increased
during fracture repair in mice.

Although fertile, PAPP-A KO mice produced smaller litter sizes compared to WT mice.
This is presumably because of reduced ovulation. Ovaries of PAPP-A KO mice have an
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increased number of primordial and atretic follicles while the number of healthy growing
antral follicles is decreased.1! Importantly for this study, the increase in IGF-II in the AH19/
PAPP-A KO mice did not rescue the mild sub-fertility seen in PAPP-A KO mice. Indeed, it
seemed to worsen it. Thus, there was an even longer time to first litter, as well as increased
time between litters in AH19/PAPP-A KO mice. Furthermore, perinatal mortality of
newborns of AH19/PAPP-A KO breedings or female AH19/PAPP-A KO mice bred to male
WT mice was significantly higher than that of newborns of WT crosses or PAPP-A KO
crosses (median survival values of 0 compared to 50-90%). Pups of mouse mothers with the
H19 deletion were frequently observed to be abandoned outside the nestlet with no milk in
their stomach. The reason for the high mortality of offspring from these crosses is not
certain, but it may be that increases in IGF-11 interfere with maternal behavior; the maternal
Igfll allele is normally silent. On the other hand, the H19 gene encodes an untranslated RNA
and its loss may have as yet unidentified consequences. Although not specifically
investigated for the 1gfll/H19 locus, genomic imprinting has been shown to influence the
quality of care that a mouse mother gives to her offspring.24-26 Interestingly, this linkage
between Igfll and H19 and their imprinted features are conserved in humans.2” Thus, the
disruption of maternal imprinting of Igfll appears to have unexpected negative consequences
on sexual maturity and maternal behavior.

Reduced IGF-I signaling likely contributes to the finding that PAPP-A KO mice have
lifespan extension of 30-40%, since AH19/PAPP-A KO mice retained the enhanced
lifespan.14 These data in conjunction with the findings of the current study appear to support
the idea that longevity is a secondary consequence of reproductive immaturity and/or
decline in reproductive function.28-30 The disposable soma theory proposes a trade-off
between resources available for reproduction on one hand and for maintenance and life
extension on the other.31 However, studies in the long-lived Snell dwarf mice suggest that,
at least for males, longevity does not depend on prepubertal immaturity.32 Also, male PAPP-
A KO and AH19/PAPP-A KO mice did not show a compromised reproductive phenotype in
this study even though these mice have an extended lifespan.12-14 Thus, much remains to be
learned about stages in development and aging at which mice are susceptible to
improvement long-term health by manipulation of PAPP-A and IGF signaling.
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Figure 1.

Serum levels of IGFs in 4-week-old mice.

Results are mean £ SEM, N = 9-19.

*Significant effect of AH19, P < 0.05.

*Significant difference between wild-type (WT) and PAPP-A KO
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Table 1

Femoral pQCT data from 6-month-old male mice

WT (26)  PAPP-A KO (17)

A H19/KO (18)

AH19/WT (20)

Midshaft
Cortth  0.309 + 0.006 0.264 + 0.009™

Area 1.56 +0.04 1.22+0.07"
BMC  1.77+0.05 127 007"
BMD 11319 1046 + 17

Distal metaphysis

Area 4.60+0.10 346 +0.11"
BMC  2.40+0.07 170 +0.07"
BMD 507 + 13 490 £ 9°

0.250 + 0.008"
1.32+0.07"
1.30£0.06"

985 + 32"

3.65+0.22"

1.90 +0.07"
532+ 34

0.257 +0.008™
1.49 +0.09
1.46 +0.08"

990 + 29™

51+22"
2.60+0.10

516 +21

Cort th: Cortical thickness (mm).
Avrea: (mmz).
BMC: Bone mineral content (per 1 mm slice).

BMD: Bone mineral density (mg/cm3).

Results are mean + SEM, with numbers of mice per group in parentheses.

*
Significantly different from WT, P < 0.05.
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Table 2

Femoral pQCT data from 6-month-old female mice

WT (23)  PAPP-AKO (17) &Delta;H19/KO (15) AHI19/WT (29)

Midshaft
Cortth 0.288+0.009 (246 +0.009* 0.235 + 0.006" 0.284 + 0.005
Area 1.49 +0.05 1,01 +0.04* 112 +0.03" 1.44+0.03
BMC 156 +0.06 1.03 4005 1.10 +0.04* 1.56 +0.04
BMD 1047 + 23 1027 £ 19 989 + 25 1091 £ 15
Distal metaphysis
Area 430+0.13 338+011% 3.63+0.09 4,60+ 0.10
BMC 221008 1.55 +0.08" 1.62 +0.07 2.10+0.05
BMD 519£9 455 +11" 444 + 14" 462 +6”

Cort th: Cortical thickness (mm).

Area: (mm2).

BMC: Bone mineral content (per 1 mm slice).
BMD: Bone mineral density (mg/cm3).

Results are mean + SEM, with numbers of mice per group in parentheses.

*
Significantly different from WT, P < 0.05.
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Reproductive phenotype

Table 3

Male x Female
WT x WT 21.8+0.2
KO x KO 257+ 1.8
AH19/KO x AH19/KO 28.0+2.0"
AH19/WT x AH19/WT 24423
AH19/KO x WT 22015
WT x AH19/KO 240+ 1.0%

Days to 1t litter

Days between litters  Pups per litter

Perinatal Survival (%)

207 +0.4 8.0+0.6
20803 58405
259 +21* 6.7+0.7
210+08 8.1+06
21+11 7305
245+18" 78+05

89
67

*

0
57
86

*

0

Page 12

Data for days to 18t itter, days between litters, and pups per litter are mean + SEM of N =5, 10-19, and 14-24, respectively. Perinatal survival
data, which were not normally distributed, are presented as median values.

*
Significantly different from WT x WT, P < 0.05.

iDifferent from WT x WT, P = 0.06.
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