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Abstract

Objective

Pregnancy associated plasma protein-A2 (PAPP-A2piotease that cleaves insulin-like
growth factor binding protein-5 (IGFBP-5), the mabundant IGFBP in bone. Deletion of
Pappa2 reduces postnatal growth and bone length in mike.aim of this study was to
determine whether locally produced PAPP-A2 is remglifor normal bone growth.

Design

We deletedPappa2 primarily in osteoblasts by crossing conditioRappa2 deletion mice with
mice expressin@re recombinase under the control of 87 (Osterix) promoter. Effects of
disruptingPappa2 in Sp7-expressing cells were examined by measuring baasrand tail

length at 3, 6, 10 and 12 weeks of age and bonerdiions at 12 weeks.

Results

Body mass, tail length, and linear bone dimenswere significantly reduced at all ages by
osteoblast-specifiPappa2 deletion. Mice homozygous for the conditioRalppa2 deletion allele
and carrying th€re transgene were smaller than controls carryingitestransgene, whereas
mice homozygous for the conditiordppa2 deletion allele were not smaller than controls mwhe
comparing mice not carrying the transgene. Thisltesmiambiguously demonstrates that PAPP-
A2 produced by3p7 expressing cells is required for normal growthwdwer, constitutive

Pappa2 deletion had greater effects than osteoblast-spdtappa2 deletion for many traits,
indicating that post-natal growth is also affedvgdbther sources of PAPP-A2.
Immunohistochemistry revealed that PAPP-A2 localirethe epiphysis and metaphysis as well
as osteoblasts, consistent with a role in bone trow

Conclusion



Locally-produced PAPP-A2 is required for normal e@mowth.
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Introduction

Insulin-like growth factors (IGFs) influence theopferation, differentiation, and apoptosis of
osteoblasts and are required for bone developmenéral deposition, and skeletal growth [1-3].
The availability of IGFs is modulated by IGF bindiproteins (IGFBPs) [4], and IGFBP-5 is the
most abundant IGFBP in bone, although it acts tiindGF-independent as well as IGF-
dependent pathways [4, 5].

The IGFBPs are themselves regulated by proteasé$, [duch as pregnancy associated
plasma protein—A2 (PAPP-A2), which is known to gkedGFBP-5 and potentially IGFBP-3 [7].
Deletion ofPappa2 would be expected to increase levels of intact IBfBand therefore reduce
IGF availability. IndeedPappa2 deletion mice exhibit reduced postnatal growth y@th bone
lengths reduced more than would be expected gheneduction in body mass alone [9].
Additionally, natural variation in thBappa2 gene contributes to variation in skeletal growth i
mice [9, 10]. While increased levels of intact IGEB are a plausible explanation for the
phenotypic effects dPappa2 deletion, PAPP-A2 may also act through other patsy11].

While the deletion studies indicate that PAPP-A&ypla role in postnatal growth, it is not
known whether PAPP-A2 acts in a local or systemanner. Are effects of PAPP-A2 on bone
due to locally produced PAPP-A2, and/or PAPP-A2poed elsewhere? We hypothesized that
bone-derived PAPP-A2 plays a role in postnataletkédevelopment. Since both IGFs, both IGF
receptors, and IGFBP-5 are expressed in osteoljldytsve deletedPappa? in osteoblasts to
determine whether PAPP-A2 has primarily local ategnic effects. This was achieved by
crossing conditiondPappa2 deletion mice with mice expressi@ye recombinase under the
control of theOsterix/Sp7 (Osx/Sp7) promoter [13]. Furthermore, we sought to charaxte

PAPP-A2 expression in the long bones.



Materials and methods
Ethics Statement
All work was carried out in accordance with thedglines of the Canadian Council on Animal
Care and was approved by the SFU University Ani@ake Committee (protocol 1035B-11).
Pappa2 deletion mice
ConditionalPappa2 deletion mice with a C57BL/6 background were getegfas previously
described [9], such that mouse exon 2 (homologoisiinan exon 3) and a PGK-Neo selection
cassette were flanked by LoxP sites (“floxed”). Beéection cassette was flanked by FRT
sequences and was removed by breeding with micgingaFIp recombinase transgene
(Jackson Laboratory stock number 011065). Follovdlgrecombinase mediated removal of the
selection cassette, tip recombinase transgene was removed by further ingpéal produce
mice with a floxed exon 2Pappa2") and no selection cassetteFdp transgene. Thus, none of
the mice in this study harboured the selectionetsess

Deletion of exon 2 ir§o7-expressing cells was achieved by crossing commditideletion
mice to mice expressingre recombinase under the control of hgerix/Sp7 (Os/Fp7)
promoter (hereafter referred to §s/-Cre; Jackson Laboratory stock number 006361). The
expression of this transgene is not confined tealdasts, and has been detected in the brain,
intestinal epithelium, and olfactory cells [14, 1Hpwever, it is widely used for conditional
deletion in the osteoblast lineage and so we teftre deletion as “osteoblast-specific” for
brevity. Cre-mediated deletion of exon 2 and splicing of exdn &xon 3 is expected to produce
an early stop codon, and we have previously shtwanthis results in PAPP-A2 protein being

undetectable in the placenta, despite being abumdanld-type mice [9].



To determine the effect of osteoblast-sped¥appa2 deletion, mice heterozygous for the
conditionalPappa2 allele and hemizygous for tt87-Cre transgeneRappa2"""; 3p7-Cre) were
paired with mice homozygous for the conditioRappa2 allele with no transgen®gppa2"™) to
produce litters in which four genotypes were présemmozygous or heterozygous for the
conditionalPappa2 allele and with or without th&p7-Cre transgene. Our previous work
suggested that the effects of constituthappa2 deletion on growth are recessive [9], therefore
we expected to detect effects of osteoblast-speddietion by comparing homozygotes
(Pappa2"™) and heterozygote®&ppa2""™), but only among mice carrying ti$e7-Cre
transgene. These offspring were used for measuterhgostnatal growth (described below).
Removal ofPappa2 exon 2 in bone was determined by PCR genotypiagdfibed below).
Postnatal growth was measured in 46 males and38ldés, with sample sizes for each genotype
as follows:Pappa2""™: 25 males and 8 femaleRappa2™™: 8 males and 12 females;

Pappa2"™: 37-Cre: 8 males and 13 femaleRappa2™™: Sp7-Cre: 5 males and 6 females.
Constitutive Pappa2 deletion mice

Constitutive PAPP-A2 deletion mice were describexvjpusly and the data from this earlier
study [9] were used to compare the effects of wiholéy Pappa2 deletion with the effects of
osteoblast-specifiPappa2 deletion (this study). Briefly, conditional delationice were crossed
to mice expressin@re recombinase under the control of a human cytonoegak minimal
promoter (Jackson Laboratory stock number 0060@#%e heterozygous for the constitutive
Pappa2 disruption were then paired to produce litters mchli all three genotypes were present
resulting in 40 male and 35 female offspring, v@émple sizes for each genotype as follows:
Pappa2"/™: 7 males and 7 femaleBappa2""“°: 23 males and 18 femaldappa2“®°: 10

males and 10 females. The constitutive and ostebbfsecific deletion mice derive from the



same line of conditional deletion mice. This limelall of the other transgenic lines used in these
experiments have a C57BL/6 background. All miceensyused in the same facility under the
same conditions.

Genotyping

Mice were ear-clipped at three weeks of age and @ktaction was performed by standard
methods. PCR genotyping was used for the deterinimaf (a)Pappa2 alleles Pappa2",
Pappa2”, andPappa2®), and (b) the presence/absence of3tieCre transgene. Genotyping of
Pappa2 alleles used three primers designed to yield bahdgferent sizes for the three alleles
(166 bp forPappa2™, 305 bp forPappa2” and 272 bp foPappa2“®). Primer sequences are as
follows: KO_prox (5-CAG CAA AGG AAATTT GTG CT-3') KO_exon2 (5-GGT CAA ATG
AAA CTT CCC TCC-3), KO_dist2 (5-CTC TTG CAT GCCAC ACT AC-3). The
genotyping reactions f@p7-Cre included two primer pairs recommended by the Jatks
Laboratory: one to amplify a fragment from tg&-Cre transgene and another to amplify a
positive control fragment to confirm that the PCRswsuccessful. The positive control primers
target an exon of thieterleukin 2 gene on chromosome 3. Primer sequences are awd$oll
Cre_A (5-GCGGTCTGGCAGTAAAAACTATC-3'), Cre_B (5'-
GTGAAACAGCATTGCTGTCACTT-3), Cre_+ve_A (5-
CTAGGCCACAGAATTGAAAGATCT-3'), Cre_+ve_B (5-
GTAGGTGGAAATTCTAGCATCATCC-3).

Phenotypes

Body mass and tail length were measured at 3,,6arid) 12 weeks of age in offspring from the
cross betweeRappa2"™: 3p7-Cre andPappa2™™ mice. Mice were sacrificed at 12 weeks of age
and frozen at -20°C. These mice were thawed aeadate, the skin and internal organs were
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removed and the carcasses were dried to a consgtit before being exposed to dermestid
beetles for removal of soft tissue, allowing thikdiwing bone measurements: mandible length
(distance from the tip of the angular process ¢oahterior edge of the molars), mandible height
(from the coronoid process to the tip of the angptacess), and the lengths of the skull,
humerus, ulna/radius, femur, tibia, and pelvic lgir#vhere applicable, we measured bones from
both sides and calculated the mean. All skeletakdisions were measured with digital callipers
(= 0.01 mm) and measurements were performed ilctite. To confirm bone-specifitappa2
disruption inPappa2™™; Sp7-Cre mice, four mice were sacrificed at 6 weeks of @geollect
tissues for genotyping. Samples of ear, bone, hiaget, lung, kidney, spleen, and muscle were
collected and stored at -80°C. DNA was extractedgute DNeasy Blood & Tissue Kit (Cat.
No. 69504) from Qiagen (Hilden). PCR was perforreedetermine the presence or absence of
the 272 bp deletion allele in these samples. Stdrfd@&R, rather than quantitative PCR, was used
since deletion was only expected in a small subisetlls.

M easurement of circulating | GFBP-5 levels

Since IGFBP-5 is the only confirmed target of PARPB-we assessed whether osteoblast-
specificPappa2 deletion affected plasma levels of IGFBP-5 in depile (18-19 day old) mice,
measured by ELISA (DY578; R&D Systems).

Immunohistochemistry

Long bones from juvenile (19 days) mice were ditesbi cold PBS. All soft tissues were
carefully removed and samples fixed in 10% nedttudlered formalin for 72 hours. Femorotibial
joints were subsequently decalcified in 10% EDTA ambedded in paraffin. Sections were
deparaffinised and rehydrated according to stanpliartcols and heat-antigen retrieval was
performed in 10mM citrate buffer pH 6.0. Immunobddtemistry was performed using HRP-
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AEC (CTS009; R&D Systems). Sections were incubateginight at 4°C with 10 pg/mL of
polyclonal goat-anti-human PAPP-A2 antibody (AF16B&D Systems) or 5 pg/mL of
polyclonal goat-anti mouse IGFBP-5 (AF578; R&D ®yst) or matched concentrations of
normal goat IgG control (AB-108-C; R&D Systems)aagegative control. Previously, we have
shown by Western blotting that this PAPP-A2 antipoehcts with a protein of the expected size
in mouse placenta (which is known to express aburdAPP-A2) but not with other adult
mouse tissues [16]suggesting that it is specific for the mouse @i of human PAPP-A2.
Sections were counterstained using Gills No. 3 Herydin diluted 1:5 in sterile water. The
intensity of PAPP-A2 staining in osteoblasts ofivenile mice (Pappa2™™ and 4Pappa2™™:
F7-Cre) was scored by two individuals blind to genotype.

Statistical Analyses

All statistical analyses were performed using gahlarear models (proc GLM) and repeated
measures analyses (proc MIXED) in SAS, Version(8AS Institute Inc., Cary, NC).

To compare the effects of osteoblast -specific@rtitutivePappa2 deletion, we
combined the phenotypic data from the present siithythat from our previous study of
constitutivePappa2 deletion [9]. Phenotypes were analysed using argéfinear model
including the effects of experiment (osteoblaseesiic or constitutive deletion), genotype
(Pappa2™", Pappa2™, Pappa2"™: 3p7-Cre, Pappa2™; Sp7-Cre; Pappa2"™™, Pappa2"°,
Pappa2““*°, nested within experiment), litter identity (nesteithin experiment), and sex. In
this analysis, we wished to test whether the effécisteoblast -specific deletion
(Pappa2": 5p7-Cre vs. Pappa2™™: 3p7-Cre) was different than the effect of constitutiveetin
(Pappa2" Cvs. Pappa2t“°; we compared heterozygotes to homozygotes bethisseas the

comparison in the osteoblast-specific experimdfferences between genotypes were



estimated using ESTIMATE statements, and the diffee between estimates was tested using a
CONTRAST statement in proc GLM. Prior to this arsédy we standardized all phenotypes

within each experiment by subtracting the meandividing by the standard deviation of the
Pappa2"™: 3p7-Cre mice (osteoblast-specific experiment) or Bappa2"’“® mice (constitutive
experiment). As a result, tiappa2"""; p7-Cre mice and théappa2*’“® mice had a mean of 0
and a standard deviation of 1 for every phenotgpd,the phenotypes of all mice were expressed
in standard deviation units. Expressing the datstasdard deviation units allows comparison of

the magnitude of effects between traits.

Results

Pappa2 expression and deletion in bone

In the femur and tibia, immunostaining for PAPP-&#l its target, IGFBP-5, was present in the
epiphysis and metaphysis, including the osteob(&sts 1). We confirmed the presence of the
deletedPappa2 allele in bone using PCR. Rappa2™™;:p7-Cre mice (i.e., those carrying the
F7-Cretransgene), PCR of DNA from ear-clip, liver, lumgart, muscle, kidney, spleen and
bone yielded the deletion band only in bone samplésough a faint band was present in lung
from one of the mice (Fig. 2). Blind scoring of immnohistochemistry images revealed a trend of
reduced/absent staining in osteoblastBapipa2"™: Sp7-Cre mice (Fig. 3), althougBp7-Cre-
mediated deletion did not appear to be complete.

Plasma | GFBP-5

We measured plasma IGFBP-5 to determine whetheoblsist-specific deletion affected the
circulating levels of the target 8appa2 among mice carrying thg7-Cre transgene. In a model
including effects of litter anBappa2 genotype, there was no difference in IGFBP-5 levels
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betweerPappa2 genotypes in 18-19 day old mice, g€ 0.00, P=0.99Pappa2™: 60 + 5 ng/mL,
n = 5;Pappa2™™: 60 + 4 ng/mL, n = 5; values are least square meastandard error). Sex was
initially included in the model but was not sigodnt.
Effects of osteoblast-specific Pappa2 deletion
In offspring ofPappa2"™: Sp7-Cre andPappa2™ mice, genotypic ratios deviated from the
expected Mendelian values. The numberBagpa2""": Pappa2™": Pappa2": Sp7-Cre:
Pappa2™: Sp7-Cre mice were 34, 25, 22,15. The ratio of offspring fh&erited theSp7-Cre
transgene to those that did not was 37:59, whiefate from the expected 1:1 ratjg£5.04,
p=0.02), while the ratio dPappa2" to Pappa2™ offspring (56:40) did not differ from expected
(x*1=2.67, p=0.10). Furthermore, the ratio of mice thherited theSp7-Cre transgene did not
differ betweerPappa2""" (22:34) andPappa2™™ (15:25) mice ¥4=0.03, p=0.86), indicating that
the deficiency of mice carrying ti#7-Cre transgene was not more severe in Bagpa2
genotype than in the other. The deficiency of na@eying thep7-Cre transgene may reflect an
effect of the transgene on survival. However, wsenbed only one dead pup among these litters
suggesting that if there is an effect of the tramggon survival, mortality occuins utero or very
soon after birth.

Osteoblast-specifiPappa2 deletion effects were examined by measuring bodssraad
tail lengths at 3, 6, 10 and 12 weeks of age anasoréeng linear bone dimensions after cull at 12
weeks of ageWe predicted that postnatal growth would be reducdppa2™™: S7-Cre mice
compared t®appa2"";5p7-Cre mice due to deletion ¢¥appa2 in osteoblasts, but that there
would be no difference betwe®appa2"™ andPappa2"™ mice not carrying th&7-Cre
transgene. Therefore, we predicted an interactwéden thé’appa2 allele genotype and the

Cre genotype. Combining measures from all ages usingNRIXA, the statistical interaction
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between théappa2 allele genotype and ttgp7-Cre genotype was significant for body mass
(Wilks' Lambda kes8= 3.75; P = 0.0082) and tail length (Wilks' Lambelas= 3.34; P =

0.0148). Similarly, the interaction was also sigmaiht in the repeated measures analysis of body
mass (ff77=12.78; P=0.0006) and tail length; (7=6.23; P=0.0148). To determine the nature of
the interaction, we used the CONTRAST statemeptas GLM to compare the least squares
means for th@appa2™ andPappa2"™ genotypes separately for mice with and without3tie
Cretransgene. For body mass and tail length at a ape differences betwePappa2
genotypes were significant for mice with tB&/-Cre transgene, and not significant for mice
without theSp7-Cre transgene (Table 1 and Fig. 4). T3p&-Cre transgene also reduced body
size independent of tleappa2 allele genotype (Fig. 4), as previously found [1&owever, the
significant statistical interaction demonstratest tin addition to the effect of the transggee

se, there is an effect of osteoblast-spedffappa2 deletion:Pappa2™™ mice are smaller than
Pappa2"™ mice when comparing mice carrying the transgenenbt when comparing mice not
carrying the transgene. We found no significargrattions between sex aRdppa2 and/orSp7-
Cre genotype, indicating that the effectsRaippa2 deletion were not sex-specific.

We observed similar results for linear bone dimemsi(Table 1). There was a significant
interaction between theappa2 allele genotype and ti#7-Cre genotype for bones of the head
(skull and mandible dimensions; MANOVA Wilks' Lamibés,s3= 8.72; P = 0.0001) and the
long bones (humerus, radius/ulna, femur and tiMIANOVA Wilks' Lambda k,69= 3.40; P =
0.0135). As with body mass and tail length, inbalhes there was a significant difference
betweerPappa2 genotypes in mice with tHg7-Cre transgene, but not in mice without tBe/-

Cretransgene (Table 1). Interactions between sexgandtype were initially included in models,
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but were not found to be significant for any traijicating that the effects #fappa2 deletion
were not sex-specific.
Comparison of effects of osteoblast-specific and constitutive Pappa2 deletion

For body mass at 10 weeks, tail length at 3, 6l&ndeeks, mandible dimensions and the length

a2vvt/KO a2KO/KO

of the femur, the difference betweRBapp andPapp mice was significantly greater
than the difference betwe®appa2"""; p7-Cre andPappa2™™: p7-Cre mice, indicating that the
effect of constitutivé®APP-A2 deletion was greater than the effects tHaldast-specific
deletion (Table 2). For the measurements of aleBapart from the mandible and femur, there
was no significant difference between the estimaféztts of theonstitutive and osteoblast-

specific deletion (Table 2).

Discussion

This is the first study to investigate the rolebohe-derived PAPP-A2 usir@@sterix/Sp7
(Osx/Sp7) drivenCre recombinase expression, a method previously umeakteoblast-specific
gene disruption [13]. We detected tPappa2 deletion allele in bone only, although so@re
expression in the brain, intestinal epithelium, affdctory cells has been reported with this
transgene [14, 15]. To assess the phenotypic caesegs op7-Cre-drivenPappa2 disruption,
Pappa2"™:9p7-Cre mice were mated witRappa2™ mice lackingCre to produce littermates
homozygous or heterozygous for the conditidPegpa2 allele, with or without th&p7-Cre
transgene. We found a significant interaction betwinePappa2 andSp7-Cre genotypes for all
traits, such that there was a difference betwRagpa2 genotypes only when tt&#7-Cre
transgene was present; homozygous conditionalidelatice were smaller than heterozygous
littermates also carrying the transgene. Thesdtsedemonstrate unambiguously that the
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phenotypic effects are due $7-Cre-drivenPappa2 disruption, and not to effects of tBp7-
Cretransgenger se; Pappa2 disruption mice are smaller than controls thab absrry theSp7-
Cretransgene.

Osteoblast-specific disruption Bppa2 resulted in a significant decrease in body mass
and skeletal size at all ages (Table 1 and Figsubgesting that osteoblast-produced PAPP-A2
affects postnatal growth of bones and other tisslies phenotypic difference between

a2k90 ys. Pappa2"®) was significantly larger than

constitutive knock-outs and controRapp.
that between osteoblast-specific deletion micecamdrols Pappa2™™: Sp7-Cre vs.
Pappa2"™: 3p7-Cre) for body mass, tail length, mandible dimensiong gemur length,
indicating that postnatal growth is affected by PPAR2 produced by other cell types as well as
that produced b$p7-expressing cells. However, blind-scoring of PAPPsAaining in
osteoblasts dPappa2™™:Sp7-Cre mice suggested that disruption was incomplete, ageriue to
variableSp7-Cre expression. Alternatively, since PAPP-A2 is a siedr@rotein, we cannot rule
out the possibility that the PAPP-A2 detected & a3slasts was produced elsewhere and
localized to osteoblasts.

The mechanisms underlying the phenotypic effecappa2 deletion remain unknown.
The circulating levels of IGFBP-5, a target of PARP, were not higher ifPappa2"™: Sp7-Cre
mice, whereas circulating IGFBP-5 levels are appnakely doubled in constitutive PAPP-A2
deletion mice, as expected [17]. While osteoblast#ic Pappa2 deletion did not affect
circulating IGFBP-5 levels, increased local IGFBR%els, leading to reduced IGF availability,
is a plausible mechanism. Locally-produced IGFHuiences bone development and physiology
[18], and deletion of IGF-I in chondrocytes, ostges, or cells of the osteoblastic lineage
reduces bone growth [19-21]. Alternatively, a recndy in zebrafish has linked PAPP-A2 to
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other pathways [11], raising the possibility tHae effects we observed could have been due to
IGFBP-5-independent effectslowever, PAPP-A2's paralog, PAPP-A, has also begtigated

in bone growth [22, 23] and these effects appeaetdue to its IGFBP proteolytic activity [24,
25] .

The present study documents PAPP-A2 expressithreitong bones and demonstrates
that PAPP-A2 produced both §p7-expressing cells and other cell-types is importanpost-
natal growth in mice. Whether local PAPP-A2 inflaea postnatal growth through proteolysis of
local IGFBP-5 and increased IGF-I bioavailabilit@F-independent pathways, or even as yet

unstudied IGFBP-5 independent pathways will reqgfuirther study.
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IGFBP-5, PAPP-A2 and negative control (IgG), cowstined with hematoxylin. The epiphysis

(E), growth plate (G) and metaphysis (M) are lathétethe negative control image. Higher
magnification images at bottom right are from temér of a different mouse, showing staining

for PAPP-A2 in osteoblasts (arrowheads).
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Figure 2.Pappa2 deletion in bonePCR amplification of a 272 bp fragment of fP&ppa2
deletion allele Pappa2“®) in various tissues of twBappa2"™: Sp7-Cre mice (1 and 2). A positive
control sample (earclip DNA from a homozygous cibaste deletion mouse) is in lane 1 and a

100 bp DNA ladder is in lane 2.
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Figure 3. Blind-scoring of PAPP-A2 expression iteoblasts. Upper panels: Representative
scores for PAPP-A2 staining in osteoblasts on ke safad (minimal staining) to 5 (intense
staining). Arrow heads indicate continuous layeosteoblasts at the junction of bone and
marrow. Lower panel: Distribution of PAPP-A2 staigiscores in osteoblasts of femurs from 3
control (intact) mice and 4 osteoblast-deletionani&ach point represents the average score for

one image from two individuals blind to genotype.
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Figure 4. Effects of osteoblast-speciiappa2 deletion on post-natal growth. Body mass and talil
length at 3, 6, 10 and 12 weeks of age in micerbeygous Pappa2"’™: squares) and
homozygousRappa2™; circles) for the conditiond®appa2 deletion allele, with (closed

symbols) or without (open symbols) t§e7-Cre transgene Values are least square means (+
standard error) from a model including effectsitbét, sex,Pappa2 genotype Jp7-Cre genotype

and the interaction betwe®&appa2 andJp7-Cre genotype, n = 11-32 per genotype.
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Table 1. Effects of osteoblast-speciiappa2 deletion on postnatal growth.

P value P value P value
Trait Pappa2";  Pappa2™™; Pappa2"™:  Pappa2"™:  (Pappa2*Cre (Cre+ (Cre-

Y7-Cret!  7-Cret! 7-Cre!  F7-Cre’  interaction) contrast)  contrast)

3 week mass (g) 6.7+0.3 7.8+0.3 9.1+0.3 9002+ 0.021 0.010 0.70
3 week tail length (cm) 5.2+0.1 55+0.1 5730 5.7x0.1 0.049 0.037 0.63
6 week mass (g) 155+0.5 17.0+0.4 191+0.4 918.3 0.025 0.014 0.67
6 week tail length (cm) 70 =+ 0.1 7.2 + 0.1 a1l 75+0.1 0.095 0.029 0.90
10 week mass (Q) 19.2+0.6 20.8+0.5 226+0523204 0.054 0.043 0.56
10 week tail length (cm) 7.8+0.1 8.1+0.1 8.0.% 8.1+0.1 0.002 0.001 0.43

12 week mass () 204 +0.6 22.2+04 23.7+0.43.120.3 0.007 0.009 0.25



12 week tail length (cm)

Mandible length (mm)

Mandible height (mm)

Skull (mm)

Humerus (mm)

Ulna/Radius (mm)

Femur (mm)

Tibia (mm)

Pevlic girdle (mm)

8.0+0.1

79+0.1

5.6+0.1

209+0.2

11.1+0.1

13.0+0.1

13.7+£0.1

16.0+0.1

17.7+£0.1

8.2+0.1

8.3+0.1

6.0+0.1

22.2+0.1

11.5+0.1

13.3+0.1

14.2+0.1

16.5+0.1

18.6 +0.1

8.0.% 8.2+0.1

89+0.1 88+0.1

6.6+0.1 6.5+0.1

22.68.1

229+0.1

#Oor1

11.7+0.1

13.6+0.1 3.6+ 0.1

140t

145+0.1

17.0.2

17.0+0.1

18.7+0.118.7+0.1

0.055

0.008

0.005

0.001

0.003

0.007

0.002

0.001

0.001

0.025

0.002

0.002

0.001

0.001

0.002

0.001

0.001

0.001

0.79

0.72

0.56

0.38

0.57

0.67

0.37

0.62

0.97
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values are least square means (+ standard emom),d model including the effects Bppa2 genotypeSp7-Cre genotype, the

interaction betweeRappa2 genotype an&o7-Cre genotype, sex and litter identity.
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Table 2. Comparison of phenotypic effects of ciutste and osteoblast-specifRappa2 deletion.

Trait

3 week mass

3 week tail length

6 week mass

6 week tail length

10 week mass

Papp.

53

10 week tail length 16

Mandible length

Mandible height

39

38

Wt/KO
a2

PappazKO/KO Pappazwt/ﬂ :

24

22

22

20

20

Sample sizes

S7-Cre

22
22
22
22
21
21
21

21

Pappazﬂlﬂ .

S7-Cre

15
15
15
15
11
11
10

10

Difference
between
Pappa2"©
and
PappazKO/KO

mice*

0.48 +0.15
1.14+£0.31
1.19+0.20
1.82 +£0.30
1.07+£0.14
4.73 +0.36
2.19+0.20

2.67+0.21

Difference
between
Pappa2:
F7-Creand
Pappa2™:

S7-Cre mice'

0.56 +0.20
0.38240.
0.62+0.27
0.40220.
0.49+0.21
0.86 +0.29
0.80 #0.2

0.77 0.2

P-value for
contrast
between
constitutive
and
osteoblast-
specific effect

74 0.
0.05

09 0.
0.0002

.03 0

0.0001

0.0001

0.0001
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Skull 39 20 13 5 1.94+0.24 1.70+0.44 0.63

Humerus 39 20 21 11 1.06 £0.21 0.78 £0.27 0.40
Ulna/radius 39 20 21 11 0.54 +0.19 0.66+£0.25 700.
Femur 39 20 21 11 1.70 £ 0.22 0.85+0.28 0.02
Tibia 39 20 21 11 1.11+0.22 0.94+0.28 0.63
Pelvic girdle 39 20 17 11 1.68 £0.23 1.13+0.32 0.17

Values are in phenotypic standard deviation unitsfl traits, and are estimates (+ standard enbifie differences between the least

squares means of genotypes, from a model inclutimgffects of experiment (i.e., osteoblast-speaificonstitutive deletion), litter

identity and sex.
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