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ABSTRACT

Identifying genes responsible for quantitative variation remains a major challenge. We previously
identified a quantitative trait locus (QTL) affecting body size that segregated between two inbred strains
of mice. By fine mapping, we have refined the location of this QTL to a genomic region containing only
four protein-coding genes. One of these genes, PAPPA2, is a strong candidate because it codes for an
enzyme that cleaves insulin-like growth-factor-binding protein 5 (IGFBP-5), an important stimulator of
bone formation. Among littermates that segregate only for the four-gene region, we show that the QTL
has a significant effect on the circulating levels of IGFBP-5 and IGFBP-3 (the latter subject to limited
degradation by PAPPA2), but not on levels of IGFBP-2 and IGFBP-4, which are not cleaved by PAPPA2.
There are 14 nonsynonymous SNPs among QTL alleles, which may affect the activity of the translated
protein. The refinement of the target region to four genes and the finding that the QTL affects IGFBP-5
levels suggest that PAPPA2 may be involved with normal postnatal growth. Our mapping results also
illustrate the potentially fractal nature of QTL: as we mapped our QTL with increasing resolution, what
appeared to be a single QTL resolved into three closely linked QTL (previous work), and then one of
these was further dissected into two in this study.

IN recent years, there have been enormous efforts to
identify genes responsible for quantitative variation,

and numerous studies have mapped quantitative trait
loci (QTL) affecting traits of medical, ecological, and
agricultural importance (Flint et al. 2005; Slate 2005).
However, identifying the genes underlying QTL has
proven extremely difficult, and despite an increasing
number of successes (e.g., Liang et al. 2003; Klein et al.
2004; Yalcin et al. 2004; Oliver et al. 2005), there is a
critical need for studies and approaches that implicate
specific genes, rather than identify more QTL (Flint
et al. 2005). For this reason, we have focused on fine
mapping a single QTL, originally identified in a cross
between DBA/2J (DBA) and C57BL/6J (C57) (Morris

et al. 1999). This QTL has a general effect on body size,
affecting the length of the tail and most bones studied,
as well as having a weaker effect on mass (Christians
et al. 2003). Previous work narrowed the location of the
QTL to an �4-Mb region of chromosome 1 containing
33 genes and demonstrated the presence of linked
QTL on either side of the central QTL (Christians
and Keightley 2004). In this study, we used congenic
progeny testing to further refine the location of the

QTL to a region of only four genes. This work iden-
tified a strong candidate gene; therefore we examined
its expression levels, searched for sequence polymor-
phisms in its coding region, and investigated down-
stream physiological pathways.

MATERIALS AND METHODS

Mice: Previous work introgressed the C57 allele of the QTL
into the DBA background and produced a number of con-
genic lines segregating for different segments of the chromo-
some 1 QTL region (Christians and Keightley 2004).
Recombinants from these lines yielded the 10 new congenic
lines used in this study (see Figure 1, Table 1). These 10 lines
all segregate within the region betweenD1Mit265 andD1Mit219,
the region containing the primary QTL (Christians and
Keightley 2004), thereby eliminating effects from linked
QTL outside this region. New recombinants were mated to a
DBA mouse to yield offspring that were at backcross genera-
tion 7. Thereafter, lines were maintained by inter se mating of
individuals heterozygous for the segregating segment. Tail
length and body mass of 1680 progeny were measured at 10
weeks of age. All experiments were carried out in accordance
with the United Kingdom Home Office regulations.
Microsatellite genotyping: Extraction of genomic DNA from

ear clips and microsatellite genotyping were performed by
standard methods. Mice from each line were typed for the two
markers that delimited the segment segregating in their line
(Table 1); primer sequences for these markers are listed in sup-
plemental Table 1 at http://www.genetics.org/supplemental/.
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QTL analyses: Preliminary analyses were performed to
assess whether each line segregated for a QTL. Analyzing
each line separately, a general linear model was used to
determine whether there was an additive effect of genotype
(in the region for which the line segregated) on phenotype;
parental pair, parity (nested within parental pair), and sex
were also included in the model as fixed effects. A line
segregating for an �0.93-Mb region was found to segregate
for a QTL (see Figure 1). Because this line unambiguously
demonstrated the presence of at least one QTL in this small
region, we fitted a first QTL in this region when searching
for a second QTL in other between-marker intervals (rather
than performing a two-dimensional scan of all possible pairs
of locations), analyzing all lines together. Specifically, we fitted
a second QTL in various between-marker intervals to find
the interval that yielded the highest support for a second
QTL. For each interval, a general linear model was performed
while fitting additive and dominance effects for the first
QTL and for a second QTL, as well as effects of line, pa-
rental pair (nested within line), parity (nested within pa-
rental pair and line), and sex. No interval was found to have
statistical support for a dominance effect for a second QTL
(using a significance threshold of a ¼ 0.05, unadjusted for
multiple tests), and so the scan was repeated, fitting only
an additive effect for the second QTL. Support for a second
QTL was assessed using the F statistic for this additive effect
(F2nd QTL).

To assess the significance of the support for the second
QTL, we used simulations to determine the significance
threshold for F2nd QTL. This was achieved by discarding the
real phenotypes from the data set and simulating new ones on
the basis of the additive and dominance effects estimated from
line KH, the line segregating for the 0.93-Mb region. Families
segregating for this region were modeled to segregate for this
QTL whereas families not segregating for this region were

modeled to show no differences among genotypes. For each
simulated data set, a search for a second QTL was performed
as described above, and the region with the highest support for
a second QTL and its F2nd QTL was determined. A total of
10,000 simulations were performed to determine the distri-
bution of F2nd QTL under the null hypothesis that there was
only one QTL, and the F2nd QTL from the real data was
compared with this distribution.
Sequencing: Products for sequencing were amplified from

adult kidney RNA using a one-step RT–PCR kit (QIAGEN,
Chatsworth, CA) and extracted from agarose gels. Sequencing
was carried out in forward and reverse directions using
DYEnamic ET terminator cycle sequencing kits (Amersham,
Buckinghamshire, UK) on an ABI Prism 3730 DNA analyzer.
Sequencing primer sequences are shown in supplemental
Table 2 at http://www.genetics.org/supplemental/.
Expression profiling of PAPPA2: The tissue distribution pat-

tern of expression of the pregnancy-associated plasma protein-A2
(PAPPA2) gene was surveyed using mouse Rapid-Scan gene
expression panels (OriGene Technologies; MSCB101), which
included cDNA from brain, heart, kidney, spleen, thymus,
liver, stomach, small intestine, muscle, lung, testis, skin, ad-
renal gland, pancreas, uterus, prostate gland, breast (virgin,
pregnant, lactating, and involuting), and embryo (e8.5, e9.5,
e12.5, and e19). The kits were used in accordance with the
manufacturer’s instructions using primer pairs Cr21 and
Cr13 (supplemental Table 2 at http://www.genetics.org/
supplemental/). Earlier versions of the Ensembl database
(Ensembl 2006) annotated two transcripts for this gene and so
one primer pair was used to target each transcript; the most
recent version of the database (v38) lists a single transcript that
incorporates both previously annotated transcripts. One plate
was amplified with Cr21 for 35 cycles and another was am-
plified with Cr13 for 40 cycles. The results for the two primer
pairs were very similar.

TABLE 1

Microsatellite markers delimiting the regions segregating within each of the congenic lines

Line name
Outer proximal

marker/physical position
Inner proximal

marker/physical position
Inner distal

marker/physical position
Outer distal

marker/physical position

JE D1Mit265 D1Mit200 D1Mit42 D1Icp156
148.77 150.24 154.18 154.99

JA D1Mit265 D1Mit200 D1Icp11 D1Mit219
148.77 150.24 159.32 159.52

KC D1Mit513 D1Mit396 D1Icp8 D1Icp9
151.82 153.08 159.03 159.06

JG D1Mit513 D1Mit396 D1Icp7 D1Icp1
151.82 153.08 158.18 158.19

JD D1Icp157 D1Mit451 D1Mit290 D1Icp5
155.04 155.92 157.92 158.09

JP D1Icp157 D1Mit451 D1Icp11 D1Mit219
155.04 155.92 159.32 159.52

KB D1Icp157 D1Mit451 D1Icp6 D1Icp7
155.04 155.92 158.11 158.18

JJ D1Mit451 D1Mit202 D1Icp9 D1Icp10
155.92 157.00 159.06 159.12

KI D1Mit451 D1Mit202 D1Icp1 D1Icp4
155.92 157.00 158.19 158.22

KH D1Icp7 D1Icp1 D1Icp9 D1Icp10
158.18 158.19 159.06 159.12

‘‘Outer proximal’’ markers are those closest to the segregating region that do not segregate within the line, whereas ‘‘inner
proximal’’ markers do segregate within the line. Positions are in megabases and are from Ensembl Release 38 (Ensembl
2006). Primer sequences are listed in supplemental Table 1 at http://www.genetics.org/supplemental/.
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Real-time quantitative PCR: Forty-eight 6-week-old mice
from line KH (Figure 1) were collected for the quantifica-
tion of PAPPA2 and IGFBP-5 mRNA levels. Individuals were
collected in pairs, where each pair comprised littermates of
the same sex but different genotypes. In all pairs, one of the
individuals had the homozygous DBA genotype; comparison
of heterozygotes with the C57 homozygotes would be less
powerful because the C57 allele of the QTL is partially dom-
inant (Christians and Keightley 2004). Whole kidneys were
collected into RNAlater solution (QIAGEN) and stored at
�20� until required. Total RNA was isolated using Qiashred-
der homogenizers (QIAGEN) and RNAEasy extraction kits
(QIAGEN) according to the manufacturer’s instructions.

The relative expression levels of genes were determined by
real-time quantitative RT–PCR with the ABI PRISM 7000
sequence detection system using TaqMan one-step RT–PCR
Master Mix reagent kits (Applied Biosystems, Foster City, CA).
Each reaction contained 250 ng of RNA template for PAPPA2
and 100 ng of RNA template for IGFBP-5 and b-actin. Less
template was used for IGFBP-5 and b-actin because preliminary
experiments indicated that the transcripts for these two genes
were much more abundant than those for PAPPA2. Two
primer/probe sets were used for PAPPA2 to target each of
the two transcripts previously described in the Ensembl
database (Ensembl 2006); primer and probe sequences are
provided in supplemental Table 3 at http://www.genetics.org/
supplemental/. Each sample was amplified for 40 cycles and
the cycle at which the signal rose above a fixed threshold (Ct)
was determined. Samples were measured in triplicate with
intra- and interassay coefficients of variation for Ct values of
0.4–1.0% and 0.5–1.0%, respectively. The Ct values for PAPPA2
and IGFBP-5 were normalized to those of b-actin using the
method of Pfaffl (2001): i.e., the numbers reported are rel-
ative to a standard RNA pool made up of many samples; e.g., a
value of 1.5 indicates a sample has 50% more RNA than the
standard pool, correcting for b-actin.

Measurement of circulating IGFBPs: Thirty-six 6-week-old
mice were blood sampled by tail tipping using the paired
design described above for the quantification of mRNA levels.
Blood was centrifuged to obtain serum, ‘‘Complete’’ protease
inhibitor cocktail (Roche) was added, and samples were fro-
zen at �20� until analysis. Serum concentrations of IGFBP-5
were quantified by using a commercial ELISA specific for mouse
IGFBP-5 (R&D Systems, Wiesbaden-Nordenstadt, Germany)
according to the manufacturer’s instructions. Serum levels of
IGFBP-2, -3, and -4 were determined by Western ligand blot
according to the method of Hossenlopp et al. (1986), with
modifications (Hoeflich et al. 2004). In brief, samples were
diluted 1:2 with sample buffer [62.5 mm Tris–HCl (pH 6.8),
2% (w/v) sodium dodecyl sulfate (SDS), 10% (w/v) sucrose],
boiled (5 min), and electrophoresed on a 5% stacking/12%
separating SDS–polyacrylamide gel using the Mini Protean II
system (Bio-Rad, Munich). Separated proteins were trans-
ferred to PVDF membrane (Millipore, Eschborn, Germany).
The blots were blocked with 1% fish gelatin and incubated
with [125I]IGF-II (106 cpm/blot). Binding proteins were visual-
ized and quantified using the Phosphor-Imager and Image-
Quant software (Amersham Biosciences, Freiburg, Germany).

RESULTS AND DISCUSSION

Fine mapping of QTL: We developed 10 congenic
lines, which segregate only within the region containing
the primary QTL identified previously (Christians
and Keightley 2004), thereby eliminating effects from
linked QTL outside this region (Figure 1). One of these

lines (KH) segregates for a 0.93-Mb region (D1Icp7–
D1Icp10 ; supplemental Table 1 at http://www.genetics.
org/supplemental/), and the additive effect on 10-week
tail length is highly significant in this line (F1,349 ¼ 69.2;
P , 0.0001; Figure 1), demonstrating unambiguously
that at least part of the effect of the QTL is due to this
small region. In two other lines that do not segregate for
this region (JD and JG, Figure 1), there appears to be a
smaller additive effect. Although this smaller effect is
not significant in either line when a correction for mul-
tiple tests is applied, these results suggested that there
may be a second QTL in the region.

To test for the presence of a second QTL, we analyzed
all 10 lines together and fitted a primary QTL in the
0.93-Mb region while also fitting a second QTL in var-
ious between-marker intervals to find the interval that
yielded the highest support for a second QTL. This
interval is that between D1Icp157 and D1Mit451 (Figure
1; support for second QTL: F1,1401 ¼ 9.2; P ¼ 0.0024,
uncorrected for multiple tests). To determine whether
this second QTL was significant when taking multiple
tests into account, we simulated a single QTL (using the
additive and dominance effects estimated in line KH)
and repeated our scan for a second QTL. In 10,000
simulations, the support for a second QTL was equal to
or greater than that in the real data only 112 times;
therefore, the null hypothesis that there is a single QTL
in the region can be rejected (P¼ 0.0112). In the model
with both QTL, the additive and dominance effects of
the primary QTL on 10-week tail length are 1.36 0.1 mm

Figure 1.—The 10 congenic lines used to map the QTL.
(Left) Horizontal bars indicate the region for which each line
segregates and error bars indicate uncertainty in the size of
the segment; these regions are determined by the positions
of microsatellite markers (supplemental Table 1 at http://
www.genetics.org/supplemental/). The hatched box indi-
cates the location of the primary QTL. The cross-hatched
box indicates the between-marker interval that provides the
highest support for the presence of a secondary QTL and
is not a confidence interval for the location of the QTL. Phys-
ical positions are from Ensembl Release 34 (Ensembl 2006).
(Right) The additive effect on 10-week tail length estimated
within each family; error bars indicate the 95% confidence in-
terval (i.e., 1.96 6 standard error).
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(F1,1401 ¼ 152.2; P, 0.0001) and 0.66 0.1 mm (F1,1401 ¼
25.2; P , 0.0001), respectively, with C57 homozygotes
larger than DBA homozygotes and the phenotype of
heterozygotes closer to that of C57 homozygotes. The
additive effect of the secondary QTL is 0.4 6 0.1 mm
(values are least squares means 6 standard errors). The
sum of the additive effects of the two QTL is very close to
the additive effect of the primary QTL estimated in two
previous populations while controlling for the effects of
linked QTL (1.6–2.0 mm) (Christians and Keightley
2004). Therefore, the secondary QTL in this study is not
a previously identified linked QTL, but rather the
primary QTL identified previously is actually composed
of at least two separate QTL. The estimated locations
and effect sizes of the two QTL are consistent with the
estimated additive effects from all of the lines except
line KB. Line KB would be expected to segregate for the
same effect as line JD, given that the proximal location
of recombination is the same in these two lines, and yet
the estimated additive effect in line KB is close to zero
(Figure 1). However, the confidence interval from line
KB includes the estimated effect of line JD, and some
variation in estimated effect size due to sampling error is
expected, given that effects have been estimated in 10
different lines.

Analyzing 10-week body mass with the two-QTL
model used for tail length estimates the additive and
dominance effects of the primary QTL to be 0.276 0.08 g
(F1,1508 ¼ 10.7; P ¼ 0.001) and 0.26 6 0.10 g (F1,1508 ¼
6.7; P¼ 0.01), respectively, and the additive effect of the
secondary QTL to be 0.206 0.10 g, although the latter is
marginally nonsignificant (F1,1508 ¼ 3.8; P ¼ 0.051). As
with tail length, the sum of these estimates agrees very
well with previous estimates (additive: 0.42 g; domi-
nance: 0.28 g) (Christians and Keightley 2004).

The results from line KH unambiguously refine the
region containing the primary QTL to a 0.93-Mb re-
gion (D1Icp7–D1Icp10) that harbors only four protein-
coding genes and one noncoding microRNA according
to the Ensembl database (Ensembl 2006) (Figure 2).
Functional or expression studies have been performed
for only three of the genes within the target region.
Astrotactin 1 (Astn1) is involved in the development of
the brain, and knocking out Astn1 does not appear to
affect body size in mice (Adams et al. 2002). Bone
morphogenetic protein/retinoic acid-inducible neural-
specific protein (BRINP2) appears to be expressed only
in the nervous system, as determined by Northern blot-
ting of embryonic and adult rat tissues and in situ
hybridization of whole mouse embryo (Kawano et al.
2004). Thus, Astn1 and BRINP2 do not stand out as
strong candidates. In contrast, PAPPA2 is homolo-
gous to the human PAPPA2 gene (Ensembl 2006), the
protein product of which cleaves insulin-like growth-
factor-binding protein 5 in vitro (IGFBP-5) (Overgaard

et al. 2001). IGFBP-5 is known to be an important
stimulator of bone formation (Govoni et al. 2005);

therefore PAPPA2 is a strong candidate gene for a QTL
that affects skeletal growth. Further evidence that this
gene family is involved in growth comes from targeted
disruption of a homolog of PAPPA2, PAPPA. PAPPA
knockout mice are 60% the size of wild-type littermates
at birth and remain smaller through postnatal develop-
ment (Conover et al. 2004).

Sequence variation at PAPPA2: Fourteen nonsynon-
ymous and 15 synonymous SNPs were found between
DBA and C57 (supplemental Table 4 at http://www.
genetics.org/supplemental/). Because little is known
about the functional domains of the protein, it is not
possible at present to predict the consequences of
the nonsynonymous SNPs on the proteolytic activity of
the PAPPA2 protein. However, it is plausible that one or
more of these SNPs could affect its ability to cleave
IGFBP-5, given that single amino-acid substitutions can
drastically affect the proteolytic activity of PAPPA (Boldt
et al. 2004).

Expression of PAPPA2: To examine where PAPPA2 is
expressed, we used a 24-tissue gene expression panel.
Expression is strongest in stomach, skin, and embryo,
with expression also observed in kidney, brain, heart,
lung, testis, pancreas, and prostate gland. We chose
to quantify PAPPA2 expression in kidney because this
organ is one of the major sources of IGFBP-5 (the pu-
tative target of PAPPA2) (Schneider et al. 2000) and
because expression levels of another gene in this tissue
have been associated with whole-organism skeletal phe-
notype (Klein et al. 2004). Furthermore, as in the mouse,
PAPPA2 is also expressed at intermediate levels in
kidney in humans (Page et al. 2001), suggesting conser-
vation of function.

We examined expression in 6-week-old mice because
the effect of the QTL is strong but still increasing at this

Figure 2.—Detailed view of the target region for the pri-
mary QTL, including protein coding and RNA genes anno-
tated in the Ensembl database (Ensembl 2006). Synonyms
and/or Ensembl gene IDs for the protein coding genes are
as follows: BRINP2, 6430517E21Rik, ENSMUSG00000004031;
Astn1, ENSMUSG00000026587; PAPPA2, Creg1, ENSMUS-
G00000026732; 1600012P17Rik, ENSMUSG00000047661.
1600012P17Rik was identified from placenta cDNA. Other
genes are described in the text.
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age (Christians and Keightley 2004) and because the
physiological differences responsible for the QTL may
have already exerted their effect and may no longer be
apparent in older mice. Among 6-week-old littermates
segregating only for the four-gene region, the expres-
sion of b-actin does not differ significantly among geno-
types (F2,22 ¼ 0.7, P¼ 0.51; Table 2), indicating that this
gene is suitable for use as a reference or ‘‘housekeeping’’
gene. Using expression levels normalized with those of
b-actin, we found no effect of the QTL on the expression
of PAPPA2 using either of the primer/probe sets (probe
a: F2,22 ¼ 2.4, P ¼ 0.12; probe b: F2,22 ¼ 1.2, P ¼ 0.33;
Table 2). Furthermore, we found no effect of the
QTL on the expression of IGFBP-5 (F2,22 ¼ 0.3, P ¼ 0.77;
Table 2), the putative target of PAPPA2. However, there
is a significant difference in tail lengths among geno-
types in this group of mice, as expected (F2,21 ¼ 5.3, P¼
0.01; Table 2).

Circulating IGFBP-5: To investigate whether the
QTL affected physiological pathways downstream from
PAPPA2, we measured the circulating concentrations
of IGFBP-5 in 6-week-old mice from litters segregating
only for the four-gene region (line KH). There is sig-
nificant variation in IGFBP-5 levels among genotypes
(F2,16 ¼ 5.0, P ¼ 0.02; Table 2), with heterozygotes
having the highest levels, C57 homozygotes having the
lowest levels, and DBA homozygotes being intermediate
(Table 2). The significant effect of the QTL on IGFBP-5
levels is not due entirely to the heterozygotes; the dif-

ference between the two homozygous genotypes is
significant (F1,12 ¼ 5.5, P ¼ 0.04).

The effect of the QTL on PAPPA2’s target suggests
that PAPPA2 is the causal gene underlying the QTL, or
at least that there is functional variation in PAPPA2
between QTL alleles. At this stage it is difficult to
interpret the relationship between IGFBP-5 levels and
phenotype, although the overdominance observed in
IGFBP-5 levels suggests nonlinear relationships among
PAPPA2 proteolytic activity, IGFBP-5 levels, and phe-
notype. This is not surprising, given that IGFBP-5
may have IGF-dependent effects when intact and IGF-
independent effects when intact or cleaved (Govoni

et al. 2005). IGFBP-5 could not be detected in serum by
Western immunoblotting (data not shown) and there-
fore we quantified IGFBP-5 levels using ELISA, which
did not distinguish between the intact protein and
fragments generated by proteolysis. However, even if we
could have made this distinction, the relative potency of
IGFBP-5 fragments compared with the intact protein is
not known (Govoni et al. 2005).
Other IGFBPs: In littermates segregating only for the

four-gene region, we also found a significant effect of
genotype on circulating IGFBP-3 levels (F2,16 ¼ 4.5, P ¼
0.03), with lower levels in C57 homozygotes than in DBA
homozygotes and intermediate levels in heterozygotes
(Table 2). Although IGFBP-5 appears to be the primary
target of PAPPA2, limited degradation of IGFBP-3 by
this proteinase has been observed (Overgaard et al.

TABLE 2

Effects of QTL genotype on phenotype, gene expression, and circulating IGFBP levels in 6-week-old mice segregating
only for a four-gene region

Genotype

DBA homozygote Heterozygote C57 homozygote

Phenotypes 23 14 9
Tail length (mm) 72.8 6 0.4 74.3 6 0.6 75.2 6 0.8
Body mass (g) 17.6 6 0.3 18.2 6 0.5 19.1 6 0.7

Expression levelsa 24 14 10
PAPPA2 (probe a) 1.18 6 0.09 1.05 6 0.14 0.78 6 0.18
PAPPA2 (probe b) 1.48 6 0.08 1.55 6 0.13 1.21 6 0.16
IGFBP-5 1.07 6 0.03 1.03 6 0.05 1.05 6 0.06
b-actin 17.81 6 0.06 17.86 6 0.10 17.66 6 0.12

Circulating protein levels 18 5 13
IGFBP-2b 15.2 6 0.8 14.0 6 2.0 14.0 6 1.1
IGFBP-3b 13.0 6 0.9 11.8 6 2.1 8.7 6 1.1
IGFBP-4b 5.7 6 0.3 6.5 6 0.7 5.5 6 0.4
IGFBP-5 (ng/ml) 22.6 6 1.6 30.2 6 3.9 15.9 6 2.1

Numbers in the same row as each category name indicate sample sizes. Traits for which there are significant differences between
genotypes are underlined. For all traits, values are least squares means 6 standard errors from a general linear model including
genotype and pair.

a Normalized values for PAPPA2 and IGFBP-5 are expressed relative to a standard RNA pool made up of many samples; e.g., a
value of 1.5 indicates levels 50% higher than those of the standard pool. Ct values are provided for b-actin.

b Circulating protein levels for IGFBP-2, IGFBP-3, and IGFBP-4 were measured using IGF-binding activity and are expressed in
arbitrary units.
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2001). In contrast, we found no effect of genotype on
the circulating levels of IGFBP-2 (F2,16 ¼ 0.6, P ¼ 0.58;
Table 2) or IGFBP-4 (F2,16 ¼ 0.8, P ¼ 0.48; Table 2), two
binding proteins that do not appear to be cleaved by
PAPPA2 (Overgaard et al. 2001).

Conclusions: Our results illustrate the potentially frac-
tal nature of QTL; i.e., as we mapped our QTL with
increasing resolution, what initially appeared to be a
single QTL resolved into three QTL (Christians and
Keightley 2004), and then one of these was further
dissected into two (this study). We have refined the
location of the primary QTL to a region containing only
four genes and shown that variation in this four-gene
region also affects circulating levels of IGFBP-5, the
target of PAPPA2. Although we found no evidence of
differences in the regulation of PAPPA2 between QTL
alleles, the nonsynonymous SNPs that we identified may
affect the activity of the translated protein.

Numerous studies have mapped QTL affecting skel-
etal morphology in mice to better understand the genes
that predispose humans to low bone mineral density
(BMD) and higher risk of osteoporotic fracture (Klein
et al. 2001; Shultz et al. 2003; Bouxsein et al. 2004). The
QTL that is the focus of this study affects the length of a
number of bones (Christians et al. 2003) and would be
expected to have pleiotropic effects on other aspects
of skeletal morphology (e.g., BMD) if PAPPA2 is the
causative gene. IGFBP-5 is known to play a role in bone
physiology (Schneider et al. 2002; Govoni et al. 2005)
and transgenic overexpression of IGFBP-5 affects BMD
(Devlin et al. 2002; Salih et al. 2005). Furthermore,
Mohan et al. (2003) identified a QTL affecting both
IGFBP-5 and BMD in exactly the same location as the
QTL in this study.

This study suggests that PAPPA2 may be involved in
normal postnatal growth. This QTL may therefore
serve as an important model for understanding the
physiological roles of IGFBP-5 and PAPPA2 in growth
and maintenance, complementing transgenic models
(Wolf et al. 2005). While the functions of IGFBP-5 and
its ligands, the IGFs, have been well-studied, the reg-
ulation of the IGFBPs by proteolysis is less well under-
stood (Bunn and Fowlkes 2003; Govoni et al. 2005),
and the in vivo significance of PAPPA2 is unknown.

We thank Andrew Bell, Andrew Wargo, and Andrew Read for
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tance with the Western ligand blots, Claus Oxvig, Greg Gibson, and two
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Research Council for funding.
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