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Pregnancy-associated plasma protein-A2 (PAPP-A2) is a novel homolog of PAPP-A in the metzincin
superfamily. However, compared with the accumulating data on PAPP-A, very little is known about
PAPP-A2. In this study, we determined the tissue expression pattern of PAPP-A2 mRNA in wild-type
(WT) mice and characterized the phenotype of mice with global PAPP-A2 deficiency. Tissues expressing
PAPP-A2 in WT mice were more limited than those expressing PAPP-A. The highest PAPP-A2 mRNA
expression was found in the placenta, with abundant expression in fetal, skeletal, and reproductive
tissues. Heterozygous breeding produced the expected Mendelian distribution for the pappa2 gene
and viable homozygous PAPP-A2 knockout (KO) mice that were normal size at birth. The most striking
phenotypeofthePAPP-A2KOmousewaspostnatalgrowthretardation.MaleandfemalePAPP-A2KO
mice had 10 and 25–30% lower body weight, respectively, than WT littermates. Adult femur and body
length were also reduced in PAPP-A2 KO mice, but without significant effects on bone mineral
density. PAPP-A2 KO mice were fertile, but with compromised fecundity. PAPP-A expression was
not altered to compensate for the loss of PAPP-A2 expression, and proteolysis of PAPP-A2’s primary
substrate, IGF-binding protein-5, was not altered in fibroblasts from PAPP-A2 KO embryos. In
conclusion, tissue expression patterns and biological consequences of gene KO indicate distinct
physiological roles for PAPP-A2 and PAPP-A in mice. (Endocrinology 152: 2837–2844, 2011)

Pregnancy-associated plasma protein-A2 (PAPP-A2) is
a novel metalloproteinase identified as a homolog of

PAPP-A in the metzincin superfamily of pappalysins (1–
4). Although PAPP-A was discovered as one of four pro-
teins of placental origin found at high concentrations in
plasma of pregnant women (5), there is now abundant
evidence for functions of PAPP-A outside of pregnancy
such as in skeletal growth and tissue response to injury
(6–11). The physiological importance of PAPP-A2 is not
known. Both enzymes have the potential to regulate the
growth-promoting activities of IGF through their ability
to cleave IGF-binding proteins (IGFBP) (reviewed in Ref.
6). However, there appear to be important differences in

structure and function between the two that would likely
result in distinct biological consequences.

PAPP-A2 shares 46% sequence identity with PAPP-A
(3).However, unlikePAPP-A,PAPP-A2 is anoncovalently
linked dimer of two 220-kDa subunits and is not able to
bind to the surface of cells (12–17). PAPP-A2 exhibits
robust proteolytic activity against IGFBP-5 and possibly
also IGFBP-3 (3, 12). PAPP-A2 does not cleave IGFBP-4,
the principal physiological substrate of PAPP-A (3, 6).
Studies in vitro and in vivo indicate that cleavage of in-
hibitory IGFBP-4 by PAPP-A leads to enhanced IGF action
(10, 11, 18, 19). On the other hand, PAPP-A deficiency
results in compromised fetal growth and skeletal pheno-
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types (8, 20). The effect of IGFBP-5 proteolysis by
PAPP-A2 is less clear, given that IGFBP-5 (and IGFBP-3)
can inhibit or stimulate IGF action or have IGF-indepen-
dent effects (21).

To gain insight into the physiological role of PAPP-A2
and its relationship to PAPP-A, this study was undertaken
to determine the tissue expression pattern of PAPP-A2
compared with PAPP-A in wild-type (WT) mice and to
characterize the phenotype of genetically modified mice
deficient in PAPP-A2.

Materials and Methods

Generation of mutant PAPP-A2 mice
The PAPP-A2 targeting vector was derived using long-range

PCR to generate the 5� and 3� arms of homology using C57BL/6J
embryonic stem (ES) cell DNA as a template. The 3669-bp 5� arm
was generated using PAPP-A2 primers (5�-AGTCTTAGAGAT-
GTGTAGTCGCTTGTCT-3� and 5�-GTTGAGGACAACAC-
CACCTGTAATGGAA-3�) and cloned using the TOPO cloning
kit (Invitrogen, Carlsbad, CA). The 3826-bp 3� arm was gener-
ated using PAPP-A2 primers (5�-GCAAAGGGTCTCT-
CATGGGAGCTAGAGG-3� and 5�-GGGCACTCAGCACA-
CAGAAGCAATGGTC-3�) and cloned using the TOPO cloning
kit. The 5� arm was excised from the holding plasmid using AscI
and SfiI. The 3� arm was excised from the holding plasmid using

SfII and BglII. The arms were ligated to
an SfiI prepared selection cassette con-
taining a �-galactosidase-neomycin fu-
sion marker (Bgeo) along with a PGK
promoter-driven puromycin-resistance
marker and inserted into an AscI/BglII
cut pKO Scrambler vector (Stratagene,
La Jolla, CA) to complete the PAPP-A2
targeting vector, which results in the de-
letion of coding exons 4–5. A schematic
diagram of the vector and targeting strat-
egy are shown in Fig. 1A.

The NotI linearized targeting vector
was electroporated into C57BL/6J ES
cells. G418/FIAU-resistant ES cell clones
were isolated, and correctly targeted
clones were identified and confirmed by
Southern analysis using a 268-bp 5� ex-
ternal probe, generated by PCR using
PAPP-A2 primers (5�-CAAGTGAACT-
GCAAAGGTGC-3� and 5�-GTTCTG-
CATCCTGCATTCTC-3�) and a 609-bp
3� internal probe, amplified by PCR us-
ing Neo primers (5�-CCTCAGAAGA-
ACTCGTCAAG-3� and 5�-GGCAG-
CGCGGCTATCGTG-3�). Southern
analysis using the 5� external probe de-
tected a 10.8-kb WT band and 4.9-kb
mutant band in ApaI-digested genomic
DNA, whereas the 3� internal probe de-
tected a 13.7-kb mutant band in BglII-
digested genomic DNA. Six targeted ES
cell clones were microinjected into

C57BL/6 (albino) blastocysts to generate chimeric animals that
were bred to C57BL/6 (albino) females, and the resulting
heterozygous offspring were interbred to produce homozygous
PAPP-A2-deficient mice and WT littermates. All studies per-
formed on these mice were approved by Mayo Clinic’s Institu-
tional Animal Care and Use Committee.

RNA isolation
Tissue samples were freshly dissected, immediately placed in

TRIzol reagent (Invitrogen), homogenized, and sheared through
21- and 23-gauge needles. Tissue homogenate was centrifuged to
remove excess debris, and 0.2 ml chloroform per 1 ml TRIzol was
added. Tubes were shaken vigorously for 45 sec, incubated at
room temperature for 5 min, and centrifuged at 12,000 rpm at
4 C for 15 min. A second chloroform extraction was repeated for
tissues with high protein or lipid content, and 0.5 ml isopropanol
per 1 ml TRIzol was added to the aqueous phase. Smaller tissues
such as ovary and prostate also had 6 �l glycogen (Invitrogen)
added as a molecular carrier. Samples were incubated at room
temperature for 15 min and then centrifuged at 10,000 rpm at 4
C for 10 min. The RNA pellet was washed twice with 75%
ethanol, allowed to air dry, and resuspended in 10 �l molec-
ular-grade water (Cellgro, Manassas, VA). To avoid contam-
ination of genomic DNA, RNA was treated with deoxyribo-
nuclease according to manufacturer’s instructions (QIAGEN,
Valencia, CA). Quantification and analysis of isolated RNA
was performed using a NanoDrop Spectrophotometer (Wil-
mington, DE).

FIG. 1. Generation of PAPP-A2 KO mice. A, Schematic representation of targeting
strategy described in Materials and Methods and PCR genotyping: 13,
5�-ACCCAATGACAGAGATTAGAG; 15, 5�-GGGATCATCACAGGATTCTC; GT, 5�-
CCCTAGGAATGCTCGTCAAGA. B, PCR for PAPP-A2 expression in tissues from 8-wk-old WT
mice (top) and PAPP-A2 KO mice (bottom) by endpoint PCR. cal, Calvaria; col, colon; br,
brain; kid, kidney; ov, ovary; pro, prostate; spl, spleen; tes, testes; tib, tibia; neg, negative
control; MW, molecular weight markers.
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Real-time PCR
cDNA was reverse transcribed from RNA (1 �g) using

TaqMan reverse transcription reagents (Applied Biosystems,
Branchburg, NJ). Real-time RT-PCR of 25 �l were set up
using iQ SYBR Green Supermix (Bio-Rad Laboratories, Her-
cules, CA).

The primer pairs were designed to distinguish between mouse
PAPP-A and PAPP-A2 mRNA by positioning primer sequences in
regions of low cDNA sequence similarity using OLIGO Primer
Analysis Software (Molecular Biology Insights, Inc., Cascade, CO).
The specificity of the primer pairs was verified by real-time PCR
using two sets of specific primer pairs for each target gene and a
rangeof cDNAtemplatesderived frommurine tissuesandcell lines,
resulting in very similar amplification from primer sets specific for
the same target gene across all templates. The following primer sets
were used: RPL19, forward 5�-CAATGCCAACTCCCGT-
CAGC-3� and reverse 5�-TCTTGGATTCCCGGTATCTC-3�;
PAPPA, forward 5�-GCCGTGGGAGCAATATC-3�and reverse
5�-ATGGACTCGCTGTTATGGTC-3�;andPAPPA2,forward5�-
GGTCACATGGAGTGCGCTAT-3� and reverse 5�-CCGGT-
GGGACACACGAGATG-3�.

PCR was carried out using a Bio-Rad iCycler iQ5 multicolor
real-time PCR detection system with samples tested in duplicate
on 96-well plates. Amplicons (�300 bp) were generated in a
two-step PCR (95 C for 10 sec, 60 C for 30 sec for 40 cycles)
followed by melting curve analysis to exclude contamination of
nonspecific products. Mouse ribosomal protein L19 (RPL19)
was used as reference gene for all tissues analyzed (22). RPL19
expression was stable and abundant across all tissues and mouse
genotypes [5 million copies per microgram RNA; cycle threshold
(CT) of �17.5]. Normalization was performed by comparing CT

values of RPL19 expression within each tissue dataset, but not
across different tissue datasets to avoid inappropriate normal-
ization-derived inflation of expression data. Controls without
template were included for each reaction plate. Absolute expres-
sion levels of target genes were determined by including dilution
series of known amplicon concentrations on each real-time PCR
plate to establish standard curves followed by conversion to copy
number per microgram RNA by accounting for cDNA dilutions.
Samples with amplification of target genes resulting in copy
numbers below 200 in absolute expression levels, corresponding
to CT values of approximately 32, were considered to be the limit
of detectable mRNA.

Skeletal and fat mass evaluations
Embryonic d 16.5 (E16.5) embryos were eviscerated,

skinned, fixed in ethanol, and then stained with Alcian Blue 8GS
(cartilaginous elements) and Alizarin Red S (mineralized ele-
ments) at 37 C for 3–5 d, as described previously (20). The
stained skeletons were stored in 100% glycerol. Images were
captured using a Nikon SMZ8000 microscope, DXM1200F dig-
ital camera, and ACT-1 software (Nikon, Tokyo, Japan). PCR-
based sexing of mouse embryos was performed according to the
method of McClive and Sinclair (23).

Peripheral quantitative computed tomography (pQCT) of the
midshaft and distal metaphysis of the right femur was performed
using a Stratec XCT Research SA Plus scanner with version 5.40
software (Norland Medical Systems, Fort Atkinson, WI), as de-
scribed previously (8). Fat mass was analyzed using a PIXImus
small animal densitometer (Lunar, Madison, WI).

Fertility
To assess effects of PAPP-A2 knockout (KO) on fertility, we

bred female PAPP-A2 KO with male WT mice, male PAPP-A2
KO with female WT mice, KO � KO mice, and WT � WT mice
(5 cages for each) starting at 8 wk of age. Time to first litter, time
between litters, number of litters, and number of pups per litter
were monitored for 4 months. Pups remained in the cage until d
19 to foster normal maternal instincts.

Primary cell cultures
Primary cultures of mouse embryo fibroblasts (MEF) were

derived from E13.5 embryos. Embryos were washed, minced,
and trypsinized, and single-cell suspensions were plated in high-
glucose DMEM containing glutamine, penicillin, streptomycin,
�-mercaptoethanol, and 10% fetal calf serum. Cells at passage 2
were used for experiments.

IGFBP protease activity
Primary cultures of MEF were washed and changed to serum-

free medium. After 24 h, conditioned medium was collected for
cell-free assay. IGFBP-3, IGFBP-4, and IGFBP-5 proteolysis was
assayed as described previously (20), by incubating MEF-con-
ditioned medium samples at 37 C for 6 h with 125I-labeled
IGFBP. Proteins were separated by SDS-PAGE and visualized by
autoradiography.

TABLE 1. Gene expression: tissue distribution in WT
mice

Tissue (n)

mRNA (copy number/�g RNA)

PAPP-A2 PAPP-A

Placenta (8) 1623614 � 525354 6258 � 1201a

Fetal head (20) 24448 � 6259 19136 � 1977
Fetal body (20) 17557 � 5318 10448 � 1705
Calvaria (7) 41542 � 601 41500 � 601
Prostate (5) 33755 � 6365 9509 � 1609a

Colon (6) 14447 � 3095 10810 � 757
Lung (7) 7626 � 1282 1328 � 162a

Ovaries (6) 5871 � 2367 36828 � 8494a

Tibia (9) 4679 � 1324 61008 � 3243a

Brain (7) 4599 � 695 11161 � 58a

Spinal cord (7) 2819 � 768 31483 � 5407a

Testes (5) 2418 � 286 71578 � 7135a

Kidney (5) 1621 � 468 29816 � 6611a

Spleen (6) ND 10031 � 719a

Soleus (9) ND 1770 � 338a

Mesenteric adipose
tissue (5)

ND 27729 � 9982a

Thymus (4) ND 976 � 154a

Uterus (6) ND 24717 � 7145a

Lymph nodes (5) ND 7442 � 1944a

Liver (6) ND 604 � 159
Subcutaneous adipose

tissue (6)
ND 13801 � 2311a

Skin (6) ND ND
Quadriceps muscle (6) ND 11562 � 2332a

Heart (6) ND 36266 � 6881a

Fetal and placental tissues were obtained at E18.5 from four pregnant
WT mice. Other tissue harvests were from 8-wk-old mice. Results are
mean � SEM. ND, Not detectable (see Materials and Methods).
a P � 0.05, PAPP-A2 vs. PAPP-A.
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Statistical analysis
Data are presented as mean � SEM. Two-tailed unpaired t tests

(JMP version 8.0 software; SAS Institute Inc., Cary, NC) were
used to compare WT and PAPP-A2 KO groups. Two-tailed one-
sample paired t tests on differences were used to compare
PAPP-A and PAPP-A2 expression. P � 0.05 was considered sta-
tistically significant.

Results

PAPP-A2 expression in WT mice
Table 1 presents the expression data for PAPP-A2 in

various tissues of WT mice. PAPP-A2 expression was
highest in placenta, consistent with findings of Wang et al.
(24), with mRNA levels 60-fold greater than in fetal tissue.
The highest expression of PAPP-A2 in the adult was found
in calvaria and prostate. PAPP-A2 expression was also
detected in colon, lung, ovary, tibia, brain, spinal cord,
testis, and kidney. No PAPP-A2 expression was found in
spleen, skeletal muscle, adipose tissue, thymus, uterus,
lymph nodes, liver, skin, and heart. PAPP-A expression
levels in the same tissues are presented for relative com-
parison. The highest PAPP-A expression was seen in testis,
bone, kidney, ovary, uterus, heart, and adipose tissue. All
tissues examined, except for skin, had detectable PAPP-A
mRNA levels, including placenta. However, mouse pla-

centa expresses much lower levels of PAPP-A than human
placenta (25).

Viability and growth of PAPP-A2 KO mice
Interbreeding of heterozygous mice gave rise to the ex-

pected Mendelian distribution for the pappa2 gene. The
male to female ratio for homozygous mutants was ap-
proximately 50:50. RNA prepared from tissues of 8-wk-
old animals verified the complete loss of pappa2 expres-
sion in homozygous mutants (Fig. 1B). Homozygous
PAPP-A2 KO mice were viable, and male PAPP-A2 KO
mice had approximately 10% lower body weight than
male WT mice from 3–18 wk of age (Fig. 2A). The weight
reduction in female PAPP-A2 KO mice was more pro-
nounced than in males with an approximately 25% re-
duction over the first 3 wk after weaning, which then rose
to 30% (Fig. 2B).

Male and female PAPP-A2 KO mice showed different
patterns of body scaling. Males, although 10% smaller by
weight on average, had overlapping weight ranges and
were not significantly different. Similarly, body length was
modestly smaller, but not significantly different. Measures
of various major organs indicated a slight increase in the
wet weight of most organs relative to body weight in
PAPP-A2 KO vs. WT mice, but the increase was significant
only for liver (Table 2). In contrast to the males, female

FIG. 2. Growth curves of WT (E) and PAPP-A2 KO (F) males (A)
and females (B). Values are mean � SEM of seven to nine individual
weights.

TABLE 2. Allometric measurements of 4-month-old
PAPP-A2 KO and WT mice

WT
PAPP-A2

KO

Males
Body weight (g) 33.8 � 1.22 30.2 � 1.90

Hearta 0.43 � 0.019 0.45 � 0.014
Spleena 0.24 � 0.019 0.31 � 0.019
Livera 4.29 � 0.566 4.79 � 0.945d

Kidneya 0.53 � 0.022 0.58 � 0.023
Braina 1.43 � 0.054 1.43 � 0.105
Testesa 0.35 � 0.029 0.40 � 0.022

Body lengthb (cm) 9.6 � 0.09 9.2 � 0.18
Femur lengthc (%) 16.2 � 0.21 16.4 � 0.45

Females
Body weight (g) 31.3 � 1.30 21.8 � 1.05d

Hearta 0.39 � 0.018 0.45 � 0.019d

Spleena 0.33 � 0.018 0.41 � 0.022d

Livera 4.09 � 0.200 4.75 � 0.125d

Kidneya 0.47 � 0.038 0.58 � 0.023d

Braina 1.58 � 0.092 1.93 � 0.087d

Ovariesa 0.046 � 0.004 0.056 � 0.005
Body lengthb (cm) 9.6 � 0.14 8.6 � 0.16d

Femur lengthc (%) 16.9 � 0.37 17.8 � 0.51

Results are mean � SEM; n � 9 WT males, 9 PAPP-A2 KO males, 10 WT
females, and 7 PAPP-A2 KO females.
a Organ weights expressed as a percentage of total body weight.
b Nose to anus.
c Femur length expressed as a percentage of total body length.
d P � 0.05, WT vs. PAPP-A2 KO.

2840 Conover et al. PAPP-A2 KO mice Endocrinology, July 2011, 152(7):2837–2844

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/152/7/2837/2457236 by guest on 24 April 2024



PAPP-A2 KO mice had significantly lower body weight
and length compared with WT. Additionally, all organs
except ovaries were disproportionally larger in the KO.
Knockout of PAPP-A2 decreases overall body size, as mea-
sured by weight and length, to a greater degree than organ
size; i.e. the soft organs are oversized in the KO relative to
WT. Because the males are not significantly different in the
indicators of body size, this difference is not significant.
However, in the females, organ size is positively allometric
relative to body size.

PAPP-A2 and the skeleton
Given the postnatal growth and skeletal phenotype

of PAPP-A2 KO mice, we further investigated the effect
of pappa2 deficiency on skeletal development. Staining
of E16.5 embryos indicated similar embryo lengths and
no apparent developmental delay in mineralization of
facial and cranial bones, vertebrae, and digits. Nine sex-
matched littermate pairs of WT and PAPP-A2 KO em-
bryos were evaluated, and a representative match is pre-
sented in Fig. 3.

There was no difference in cortical thickness of the fe-
mur between 4-month-old WT and PAPP-A2 KO mice as
measured by pQCT (Table 3). Furthermore, proportional
decreases in area and bone mineral content in midshaft
(primarily cortical bone) and distal femur (primarily tra-
becular bone) resulted in no significant difference in bone
mineral density in PAPP-A2 KO compared with WT bone.
Body composition measured by dual-energy x-ray absorp-
tiometry did not show any significant differences in per-
cent fat mass between 4-month-old WT and PAPP-A2 KO
mice, although there was a trend toward a decrease in
percent fat mass in female PAPP-A KO compared with WT
mice [22.9 � 1.4% (n � 13) vs. 27.9 � 2.5% (n � 12); P �

0.09]. Thus, the PAPP-A2 KO skeleton appears smaller
but of similar composition.

PAPP-A2 and reproduction
Because PAPP-A2 is highly expressed in the placenta,

we anticipated a reproductive phenotype in the PAPP-A2
KO mouse. Four breeding combinations of WT and
PAPP-A KO mice were made (male/female): WT/WT, KO/
KO, WT/KO, KO/WT. Matings were started at 8 wk of
age and monitored for time to first litter, time between
litters, number of litters over a period of 4 months, and
number of pups per litter. Pups remained in the cage until
d 19. Results are presented in Table 4. For the KO/KO
compared with WT/WT matings, there was a delay to first
litter (23.8 vs. 20.8 d), increased number of days between
litters (26.3 vs. 22.0 d), and decrease in number of pups per
litter (7.1 vs. 9.2). Interestingly, the mixed (male/female)
KO/WT also showed an increased number of days to first
litter (23.4 d) and between litters (25.1 d). On the other
hand, the reproductive phenotype of WT males bred to
PAPP-A2 KO females was similar to WT/WT matings.
There was no significant difference in 19-d-old pup
weights from WT/WT and KO/KO matings (8.8 � 0.17
and 8.6 � 0.17 g, respectively). Thus, PAPP-A2 KO mice

FIG. 3. Fetal development of PAPP-A2 KO mice. E16.5 embryos were
stained with Alcian Blue 8GS (cartilaginous elements) and Alizarin Red
S (mineralized elements), as described in Materials and Methods.

TABLE 3. Bone phenotype of 4-month-old PAPP-A2 KO and WT mice

Male Female

WT (n � 7) KO (n � 8) P value WT (n � 10) KO (n � 7) P value

Midshaft
Cort th (mm) 0.27 � 0.01 0.27 � 0.01 1.00 0.30 � 0.01 0.29 � 0.01 0.50
Area (mm2) 2.3 � 0.09 2.0 � 0.09 0.03 2.6 � 0.22 2.0 � 0.12 0.03
BMC (mg; per 1-mm slice) 1.6 � 0.06 1.5 � 0.07 0.18 1.8 � 0.12 1.4 � 0.06 0.01
BMD (mg/cm3) 699 � 10 724 � 9 0.09 693 � 7 718 � 16 0.32

Distal
Area (mm2) 4.0 � 0.14 3.7 � 0.14 0.09 4.4 � 0.21 3.3 � 0.12 �0.01
BMC (mg; per 1-mm slice) 2.0 � 0.09 1.8 � 0.08 0.13 2.3 � 0.11 1.75 � 0.05 �0.01
BMD (mg/cm3) 499 � 10 502 � 14 0.87 527 � 10 530 � 10 0.82

pQCT of the midshaft and distal metaphysis of femurs was performed. Results are mean � SEM. BMC, Bone mineral content; BMD, bone mineral
density (mg/cm3); Cort th, cortical thickness.
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are fertile and produce viable offspring, although fecun-
dity appears suboptimal.

IGFBP proteolysis
Primary MEF derived from E13.5 WT and PAPP-A2

KO mice were cultured and the conditioned media assayed
for IGFBP-3, -4, and -5 protease activity. Conditioned
media from WT and PAPP-A2 KO MEF showed similar
activities, i.e. no IGFBP-3 proteolysis (data not shown)
and equivalent IGFBP-4 and IGFBP-5 proteolysis (Fig. 4,
A and B). Similar results were seen with MEF from male
and female embryos (data not shown). Because PAPP-A

has also been reported to cleave IGFBP-5 (26), PAPP-A
mRNA expression was evaluated in MEF to determine
whether there was up-regulation of PAPP-A to compen-
sate for the loss of PAPP-A2 expression. However, there
was no change in PAPP-A mRNA expression in PAPP-A2
KO MEF (Fig. 4C). Also, there was no change in PAPP-A
mRNA expression in the tissues isolated from PAPP-A2
KO mice, i.e. placenta, prostate, bone, ovaries, testes, co-
lon, lung, and kidney (data not shown).

Discussion

This study documents the differential expression of
PAPP-A2 and PAPP-A in various fetal and adult mouse
tissues and reports, for the first time, on the phenotype of
PAPP-A2 KO mice.

Comparing the tissue patterns of relative expression,
major differences between PAPP-A2 and PAPP-A expres-
sion were found in kidney, uterus, adipose tissues, heart,
and placenta. PAPP-A is highly expressed in these tissues,
whereas PAPP-A2 is moderately expressed in kidney and
essentially not at all in uterus, adipose tissue, and heart.

PAPP-A is expressed in mouse placenta, but at
relatively low levels compared with PAPP-A2.
These unique patterns of tissue expression sup-
port different physiological roles for PAPP-A2
and PAPP-A.

ThehighestPAPP-A2expressionwasfoundin
the placenta of WT mice, in concordance with a
previous study by Wang et al. (24). In humans,
expression of PAPP-A2 in placenta is up-regu-
lated in hypertensive disorders of pregnancy,
such as preeclampsia (27), and is one of several
up-regulatedgenes in theplacentalmolecularsig-
nature that distinguish the more severe hemoly-
sis, elevated liver enzymes and low platelets
(HELLP) syndrome from control and pre-
eclampsia placenta (28). Although there are no
dataonthephysiological functionofPAPP-A2, it
has been speculated that PAPP-A2 proteolysis of
IGFBP-5 and release of IGF promotes fetopla-
cental growth (24, 27). PAPP-A2 has recently
been identified as an IGFBP-5 protease in serum
of pregnant women (29). Interestingly, PAPP-A
is also highly expressed in human placenta, but
maternal circulatingPAPP-A levels aredecreased
inearlypregnancy indisorders related toDown’s
syndrome and with increased risk of preeclamp-
sia and low-birth-weight babies (30–32).

With the normally high levels of PAPP-A2
expression in placenta, prostate, ovary, and

FIG. 4. A and B, Proteolysis of IGFBP-5 (A) and IGFBP-4 (B) in medium conditioned
by embryonic fibroblasts derived from WT and PAPP-A2 KO mice, as described in
Materials and Methods; C, PAPP-A mRNA expression in embryonic fibroblasts.
Values are mean � SEM of five experiments. fragm, Fragment.

TABLE 4. Reproductive phenotype

Male/female

WT/WT KO/KO WT/KO KO/WT

Days from mating to
first litter

20.8 23.8 21.6 23.4

Days between litters 22.0 26.3 22.4 25.1
Number of litters 19 20 23 19
Number of pups born 174 142 183 148
Pups/litter 9.2 7.1 8.0 7.8

WT and PAPP-A2 KO matings were monitored for 4 months; n � 5
pairs per breeding.

2842 Conover et al. PAPP-A2 KO mice Endocrinology, July 2011, 152(7):2837–2844

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/152/7/2837/2457236 by guest on 24 April 2024



testes, it was somewhat surprising that the PAPP-A2 KO
mice were fertile, albeit with reduced fecundity. Impor-
tantly, this was not due to a compensatory increase in
PAPP-A expression in MEF, placenta, or reproductive or-
gans. Furthermore, proteolysis of IGFBP-5, the main
IGFBP substrate for PAPP-A2, was not different in MEF
from WT and PAPP-A2 KO embryos. This was not the
case for MEF from PAPP-A KO embryos where no pro-
teolysis of IGFBP-4, the main IGFBP substrate for
PAPP-A, was found (20). These differential findings are
likely due to the fact that PAPP-A is the only physiological
IGFBP-4 protease, whereas several IGFBP-5 proteases have
been described. One or more of these alternative proteases
could help to normalize placental, developmental, and re-
productive function regulated by IGFBP-5. Wagner and
Christians (33) recently reported that a 2- to 3-fold differ-
ence in placental PAPP-A2 had no significant effect on
placental mass, birth weight, or litter size and suggested
redundancy with other IGFBP proteases, such as a disin-
tegrin and metalloproteinase 12, which is highly expressed
in placental tissue (34, 35). Interestingly, breeding pairs of
male PAPP-A2 KO and female WT mice had increased
number of days to first litter and days between litters. This
did not occur with breeding pairs of female PAPP-A2 KO
and male WT mice. This may indicate a novel role for the
highly expressed PAPP-A2 in prostate physiology. Fur-
thermore, the association of increased placental PAPP-A2
expression in preeclampsia (27) suggests a role for
PAPP-A2 in pregnancy in addition to regulation of normal
fetoplacental growth.

Also supporting a unique physiological role of
PAPP-A2 was the finding that PAPP-A2 KO mice have
reduced body weights compared with WT littermates. The
lower body weights of the PAPP-A2 KO mice persisted
over 4 months or even decreased further in females. The
reason for the weight reduction of 25–30% for females
compared with 10% for males observed in this study is
unknown but may suggest important, but as yet unknown,
interactions between PAPP-A2 and sex steroids. Unlike
PAPP-A, significant body weight reductions occurred
postnatally, not during early fetal development (20).
PAPP-A2 was also highly expressed in adult bone, espe-
cially calvaria, likely affecting postnatal growth. This was
of interest because Christians et al. (36) mapped a quan-
titative trait locus affecting body size in mice to a four-gene
region including pappa2 and found that this region also
affected circulating levels of IGFBP-5. IGFBP-5 has been
shown to promote IGF action during chondrocyte differ-
entiation in vivo (37). Mohan et al. (38) mapped a quan-
titative trait locus affecting serum IGFBP-5 levels and bone
mineral density to the same general region in a different
cross of strains. There were no significant differences in

bone mineral density in adult PAPP-A2 KO compared
with WT mice in our study. These differential findings may
be influenced by background genetics. We did not measure
serum IGFBP-5 levels, because the available assays do not
distinguish between intact and fragmented IGFBP-5.

In conclusion, studies reported herein are foundational
in PAPP-A2 physiology. Further in vitro and in vivo study
is necessary to better understand the regulation and action
of PAPP-A2 in specific tissues.

Acknowledgments

Address all correspondence and requests for reprints to: Cheryl A.
Conover, Ph.D., Mayo Clinic, 200 First Street SW, 5-194 Joseph,
Rochester,Minnesota55905.E-mail:Conover.Cheryl@mayo.edu.

These studies were funded in part by the Carlsberg Founda-
tion (to H.B.B.).

Current address for H.B.B.: University of Aarhus, Depart-
ment of Molecular Biology, DK-8000 Aarhus C, Denmark.

Disclosure Summary: D.R.P. is an employee of Lexicon Phar-
maceuticals, Inc., and has received compensation in the form of
salary and stock options.

References
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