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Lrp5 functions in bone to regulate bone mass

Yajun Cui'%, Paul ] Niziolek®>->, Bryan T MacDonald®’, Cassandra R Zylstra8, Natalia Alenina’, Daniel R Robinson®,
Zhendong Zhong?, Susann Matthes®, Christina M Jacobsen!, Ronald A Conlon?, Robert Brommage!?,

Qingyun Liu'?, Faika Mseeh!?, David R Powell'?, Qi M Yang!?, Brian Zambrowicz!?, Han Gerrits'!, Jan A Gossen'!,
Xi He®’, Michael Bader®, Bart O Williams®, Matthew L Warman'-1>13 & Alexander G Robling*>

The human skeleton is affected by mutations in low-density lipoprotein receptor-related protein 5 (LRP5). To understand how
LRP5 influences bone properties, we generated mice with osteocyte-specific expression of inducible Lrp5 mutations that cause
high and low bone mass phenotypes in humans. We found that bone properties in these mice were comparable to bone properties
in mice with inherited mutations. We also induced an Lrp5 mutation in cells that form the appendicular skeleton but not in cells
that form the axial skeleton; we observed that bone properties were altered in the limb but not in the spine. These data indicate
that Lrp5 signaling functions locally, and they suggest that increasing LRP5 signaling in mature bone cells may be a strategy for
treating human disorders associated with low bone mass, such as osteoporosis.

The skeleton is influenced by environmental, genetic, neurologic,
endocrine, paracrine and autocrine factors. Efforts to identify path-
ways that affect bone health have been facilitated by genetic stud-
ies in individuals with abnormally low or abnormally high bone
mass'~°. A key role for LRP5 was identified using these approaches.
Individuals with osteoporosis-pseudoglioma syndrome, a disorder
involving low bone mass, have loss-of-function mutations in LRP5
(refs. 1,7), whereas heterozygous missense mutations in LRP5 have
been observed in individuals with dominantly inherited high bone
mass (HBM)238.

The mechanism by which LRP5 regulates bone mass has not been
fully delineated. Studies in several laboratories indicate that LRP5
can function as a co-receptor in the canonical Wnt signaling cascade
in vivo and ex vivol>>»712, Furthermore, mice with genetic alterations
in other components of the canonical Wnt signaling pathway have
been shown to have alterations in bone mass; this is consistent with
this pathway’s importance in bone mass accrual'®!3-16, A direct role
for LRP5 in osteoblast-lineage cells has been proposed based on
studies in mice that overexpress LRP5 cDNAs driven by a rat type-1
collagen promoter!”. However, phenotypes resulting from transgene-
driven overexpression of a protein may not accurately reflect the
endogenous protein’s function.

We generated two lines of Lrp5 knock-in mice (see Supplementary
Methods), each containing a missense mutation found in human HBM.
Both missense mutant proteins had been shown to be comparable to
wild-type human LRP5 in their ability to transduce canonical Wnt

signaling in transfected cells®. However, the mutants differed in their
efficiency of trafficking to the cell surface, as well as in their interactions
with the chaperone protein MESD and the extracellular inhibitors
Dickkopf homolog 1 (DKK1) and sclerostin (SOST)%11-18, We designed
the Lrp5 knock-in alleles to function as HBM-causing alleles after Cre
recombinase (Cre)-mediated recombination. This enabled us to com-
pare the effect of inheriting an Lrp5 HBM allele, such that the allele
is present in all cells, with the effect of activating an Lrp5 HBM allele
in a cell type-specific or tissue-specific manner. We also generated
mice with floxed wild-type (WT) Lrp5 alleles that could be converted
to knockout alleles after Cre-mediated recombination. This enabled
us to compare the effect of inheriting inactive Lrp5 with the effect of
inactivating Lrp5 in a cell type-specific or tissue-specific manner.

RESULTS

Inherited Lrp5 HBM alleles increase bone mass

Exon 3 of mouse Lrp5 encodes the residues we mutated to HBM-
causing alleles (p.G171V and p.A214V). Our targeting vector incor-
porated a neomycin-resistance cassette (Neo®) flanked by loxP sites
(Fig. 1a). Because NeoR is driven by a strong promoter and tran-
scribed in the opposite direction of Lrp5, we anticipated that Neo®
would interfere with Lrp5 transcription and thereby cause Lrp5 NeoR-
containing HBM alleles (G and Ay) to be poorly expressed. Mice
with the Lrp5 genotypes G /Gy or Ay/A had reduced expression
compared to WT mice (Fig. 1b). Cre-mediated excision of Neo® (G
and A) enhanced expression such that mice with genotypes G/G or
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Figure 1 Generation and characterization of HBM-causing Lrp5 knock-in mice. (a) Schematic 550 E < 50 R
depicting the targeting and genotyping strategies for Lrp5 HBM alleles. The 5’ targeting arm contains 2 %0 x, E %0
a neomycin-resistance cassette (NeoR) flanked by /oxP sites (arrowheads). The 3’ targeting arm begins 230 850
in intron 2 and extends into intron 4, and is followed by a thymidine kinase (TK) cassette. Site-directed £ 5
. - 3 ; ) ) ) E} <=
mutagenesis altered specific amino acid residues encoded by Lrp5 exon 3 (asterisks). The relative & 10 £ 10
locations and orientation of primers used for PCR genotyping and their expected amplimer sizes are

noted. (b) Autoradiographs of a northern blot containing whole-bone total RNA from mice with different
Lrp5 genotypes initially hybridized with a radioactive Lrp5 cDNA probe (top) and subsequently with a
glyceraldehyde 3-phosphate dehydrogenase (Gapdh) cDNA probe which serves as a loading control
(bottom). (c) Photograph of an agarose gel containing PCR amplimers derived from genomic DNA of
mice with different Lrp5 genotypes. (d) Graphs depicting the areal bone mineral density (aBMD)
measured by dual-energy X-ray absorptiometry (DEXA) in mice with different Lrp5 genotypes; mice
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followed until the age of 16.5 weeks (top and middle). Graphs depicting the percentage of trabecular Lrps: 4 AA G/G
bone volume in the total volume (BV/TV) of the distal femora and fifth lumbar vertebrae of BFRBS (=4 (=4 (1=4)
16.5-week-old male and female mice with different Lrp5 genotypes (bottom). (e) Representative  @um?um2yr) 1255%7:8 415.2:£35.17 3358:+19.8°
uCT scan images obtained from 16.5-week-old mice with different Lrp5 genotypes. Scale bars, (u“rf]AdFL) 1454014 2.46+0.22* 2.04+0.14*
1 mm. (f) Graphs depicting biomechanical properties of whole femora in a three-point bending MS/BS

assay from 16.5-week-old mice with different Lrp5 genotypes. (g) Representative images of new (%) s15e22 o2ty ety

bone formation assessed by double calcein labeling of mice with different Lrp5 genotypes.
Bone formation rates/bone surface area (BFR/BS); mineral apposition rates (MAR); mineralizing surface/bone surface (MS/BS). The numbers of mice
studied are indicated. Error bars show means + s.d. *P < 0.05 versus WT mice; #P < 0.05 versus heterozygous Lrp5 HBM mice.

A/A had expression that was comparable to WT expression (Fig. 1b).
We designed a PCR assay to distinguish Lrp5 WT, Neo®-containing
(GyorAy),and NeoR-excised HBM (G or A) alleles (Fig. 1c).

After creating conditional alleles that can be converted to HBM-
causing alleles by Cre, we investigated whether mice with inherited
Lrp5 HBM alleles (NeoR-excised) recapitulated the human HBM
phenotype. Compared with WT mice, mice with Lrp5 HBM alle-
les had increased bone mass (Fig. 1d,e, Supplementary Fig. 1 and
Supplementary Table 1), bone strength (Fig. 1f) and bone formation
rates (Fig. 1g). When we intercrossed mice with Lrp5 HBM alleles
to BAT-lacZ transgenic mice (BAT-lacZ is a Wnt reporter mouse
strain that expresses lacZ in response to canonical Wnt signaling!®),
we observed increased lacZ expression in cortical bone homoge-
nates from the offspring that inherited Lrp5 HBM alleles compared
to offspring that inherited WT alleles; we also observed increased
expression of Axin2 (encoding axin-2), a known Wnt target gene?’,
in mice with Lrp5 HBM alleles compared to mice with WT alleles
(Supplementary Fig. 1).

Lrp5 HBM expression in osteocytes increases bone mass
Mice heterozygous for alleles G or Ay (see Supplementary Methods)
had bone mass comparable to WT mice (Fig. 2a, Supplementary

Figs. 2 and 3 and Supplementary Table 2), thereby indicating that
decreased expression of the Gy or A allele was partially compen-
sated for by its increased function. Because Cre converts alleles Gy
and Ay to alleles G and A, respectively, we tested whether increasing
Lrp5 HBM allele expression in osteocytes would affect bone mass. We
crossed mice with G/Gy or A/Ay genotypes to mice hemizygous for
a transgene, DmpI-Cre, in which a dentin matrix protein 1 (encoded
by Dmp1) regulatory sequence drives Cre expression in osteocytes?!.
Offspring that inherited the Lrp5 HBM allele (G or A) had high
bone mass, independent of whether they inherited DmpI-Cre
(Fig. 2b,c). Offspring that inherited the Lrp5 NeoR-containing allele
(Gy or Ay), and not Dmp1-Cre, had normal bone mass (Fig. 2b,c
and Supplementary Figs. 3 and 4). Offspring that inherited the Lrp5
NeoR-containing allele (G or Ay) and DmpI-Cre had increased bone
mass (Fig. 2b,c and Supplementary Figs. 3 and 4), thus support-
ing a local role for Lrp5 signaling in bone. We confirmed that the
Dmp1-Cre transgene was expressed in bone (Fig. 2d). Furthermore,
conversion of alleles Gy and Ay to alleles G and A, respectively, in
mouse osteocytes, had the same effect on bone as did inheriting
G and A alleles (Fig. 2e,f and Supplementary Fig. 4).

We also found that Dmp1-Cre was expressed in tissues other than
bone (Supplementary Fig. 5). This observation led us to test whether
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Figure 2 Effect of activating Lrp5 NeoR-containing HBM alleles. (a) Graphs depicting femoral and vertebral trabecular BV/TV in WT mice and in mice with
Lrp5 NeoR-containing HBM alleles. (b,c) Graphs depicting femoral trabecular BV/TV (b) and vertebral trabecular BV/TV (c) in mice with (shaded bars)
and without (unshaded bars) inherited NeoR-containing Lrp5 HBM alleles (+/Ay or +/Gy, and +/A or +/G, respectively), and with and without Vi/I-Cre (+V
and -V, respectively) or Dmp1-Cre (+D and -D, respectively) transgenes. (d) Photographs of agarose gels containing PCR amplimers derived from mouse
genomic DNA extracted from either duodenum or femur cortex of mice with different Lrp5 and Cre-transgene genotypes. PCR amplimers correspond to
the sizes depicted in Figure 1a. Top, amplimers from the Dmp1-Cre cross. Bottom, amplimers from the Vi/I-Cre cross. WT allele (arrowheads), A or

Gy allele (double arrowheads) A or G allele (arrows). (e) Graphs depicting fluorochrome-derived bone formation parameters in the distal femur from
9-week-old female mice that were administered double calcein labeling. Group notations (x axis) follow those described for panel b. (f) Graphs depicting
the proportion of distal femur trabecular bone surface covered by osteoclasts (Oc.S; left) and osteoblasts (Ob.S; right). (g) Graphs depicting femoral and
vertebral trabecular BV/TV in 12-week-old mice with (shaded bars) and without (unshaded bars) inherited NeoR-containing Lrp5 HBM alleles (+/Ay and
+/A), respectively, and with and without the Prrx1-Cre transgene (+P and —P, respectively). MS/BS, MAR, BFR/BS are as defined in Figure 1. The numbers
of mice studied are indicated. Error bars show means +s.d. *P < 0.05 versus NeoR-containing littermates that did not inherit a Cre transgene.

Lrp5 signaling outside of bone tissue was responsible for increased
bone mass. We began by evaluating the role of Lrp5 in the intestine, as
amodel has been proposed in which Lrp5 affects bone mass by regu-
lating serotonin (5HT) production in the duodenum??. In this model,
Lrp5 has no direct role in bone; rather, it affects bone mass accrual
by regulating the expression of the enzyme tryptophan hydroxylase 1
(Tphl) in the duodenum??. Tphl is the rate-limiting enzyme for
peripheral 5HT synthesis, and the intestine is the principal source
of 5HT found in blood?*?4; another tryptophan hydroxylase (Tph2)
produces 5HT in the central nervous system?4-26. We crossed mice
with G/Gy or A/Ay genotypes to mice hemizygous for a transgene,
Vill-Cre, that uses a villin 1 (encoded by Vill) regulatory sequence
to drive Cre expression in intestinal stem cells?’, from which
5HT-producing enterochromaffin cells are derived. We found that
conversion of alleles G or Ay to alleles G or A, respectively, in the

intestine had no effect on bone mass (Fig. 2b,c and Supplementary
Fig. 3). In addition, we found that VilI-Cre drove Cre expression in the
intestine but not in bone (Fig. 2d and Supplementary Fig. 5).

Although our Vill-Cre experiments excluded a substantial role for
intestinal Lrp5 expression in the endocrine regulation of bone mass,
they did not exclude the possibility that Lrp5 could function elsewhere
to regulate bone mass indirectly. Therefore, we tested whether Lrp5
acted locally or systemically to affect bone mass by crossing mice with
A/Ay genotypes to mice hemizygous for a transgene, Prrx1-Cre; this
transgene uses a paired-related homeobox 1 (encoded by PrrxI) regu-
latory sequence to drive Cre expression in cells that form bone in the
appendicular skeleton but not in the axial skeleton?® (Supplementary
Fig. 6). Conversion of A to A in cells that form the appendicular but
not the axial skeleton increased bone mass in the limb but not in the
spine (Fig. 2g and Supplementary Fig. 6).
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respectively). (e) Graphs depicting whole-body aBMD and tibial trabecular BV/TV in 3-month-old and 12-month-old
mice heterozygous or homozygous for floxed Lrp5 alleles with or without the Vi/I-Cre transgene (+V and -V,
respectively). The numbers of mice studied are indicated. Error bars show means + s.d. *P < 0.05 versus floxed

Lrp5 littermates that did not inherit the Cre transgene.

Loss of Lrp5 in osteocytes decreases bone mass

We created a conditional knockout allele of Lrp5 by flanking exon 2
with loxP sites (Fig. 3a). Deletion of this exon by Cre-mediated
recombination resulted in the production of an Lrp5 transcript
that was frameshifted and that had a premature termination codon
shortly after the signal peptide (data not shown). We developed a
PCR assay for Lrp5 WT, floxed and Cre-excised alleles (Fig. 3b).
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Figure 4 Effect of Lrp5 genotype on 5HT concentration and on Tph1 expression. (a) Graphs depicting whole-blood
5HT measured by HPLC in 6-month-old Lrp5 WT and knockout mice that had been backcrossed to C57BL6/J mice.
Shown are 5HT measurements in Lrp5 WT and HBM-causing knock-in (G/G) mice on a mixed 129Sv/C57BL/6J
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genetic background (middle left); and in 3-month-old male (middle right) and 13-month-old female (far right) WT
and knockout littermates on a mixed 129SvEvBrd/ C57BL/6J-TyreBrd background. (b) Graphs depicting the quantity
of BHT extracted from several regions of the intestine, beginning in the duodenum and proceeding through the
jejunum, ileum and proximal colon in 3-month-old male (left) and in 13-month-old female (right) Lrp5 WT and
knockout littermates on a mixed 129SvEvBrd/ C57BL/6J-Tyrc-Brd background. (¢) Scattergram depicting vertebral
trabecular BV/TV and whole blood 5SHT measurements in individual Lrp5 WT (open symbols) and knockout (filled n=
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We found that bone mass in homozygous floxed (Lrp5 f/f) mice
was indistinguishable from WT mice (Fig. 3). Furthermore, bone
mass in mice homozygous for Cre-excised alleles was low, similar
to other lines of Lrp5-knockout mice!®?? (data not shown). We
inactivated Lrp5 in osteocytes by crossing Lrp5 f/f mice to Lrp5
f/f mice that were also hemizygous for Dmp1-Cre. We confirmed
that DmpI-Cre expression inactivated Lrp5 in bone and not in
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and r2=0.02 (P = 0.53) for female mice. (d) Graphs depicting normalized Tph1 transcript levels in duodenum RNA

extracts from Lrp5 WT, knockout, and HBM-causing knock-in (+/A) mice on a mixed 129Sv/C57BL/6J genetic background (left) and duodenum and
colon RNA extracts from Lrp5 WT and knockout mice on a 129SvEvBrd/ C57BL/6J-TyrBrd background (right) with Gapdh serving as the internal
control. The mean Tphl expression level for Lrp5 WT duodenum is set as 100%. The numbers of mice studied are indicated. Error bars show means

+s.d. *P < 0.05 versus WT mice.
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duodenum (Fig. 3¢). Compared to their littermates, mice lacking
Lrp5 activity in osteocytes had reduced bone mass (Fig. 3d and
Supplementary Fig. 5). We tested whether inactivation of Lrp5
in the intestine would decrease bone mass by crossing Lrp5 f/f
mice to Lrp5 f/f mice that were also hemizygous for Vill-Cre;
we observed no significant effect on bone mass (Fig. 3e and
Supplementary Fig. 5d).

Lrp5 genotype does not affect intestinal SHT synthesis

Our data support a mechanism in mice in which Lrp5 functions via
the canonical Wnt pathway in osteocytes to regulate bone mass rather
than regulating bone mass indirectly via other tissues. However, inde-
pendent of its role in bone, Lrp5 could also regulate 5HT production
in the gut. We measured blood 5HT in mice with different Lrp5 geno-
types, but we saw no association between genotype and the amount
of 5HT (Fig. 4a and Supplementary Fig. 7). We also measured 5HT
content in different regions of the intestine in Lrp5 WT and knockout
mice and found only a small decrease in knockout mice (Fig. 4b); this
is contrary to what would be predicted if the lack of Lrp5 increased
Tphl expression?2. We also did not observe a correlation between
whole blood 5HT content and bone mass in individual mice (Fig. 4c).
Finally, with real-time PCR we quantified the level of Tph1 transcript
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Figure 5 Bone mass in WT and Tphl~~ mice. (a) Graphs depicting femoral
trabecular BV/TV in WT and Tphl~/~ mice on either FVB/N or C57BL/6
backgrounds (left) or on a mixed 129SvEvBrd/C57BL/6J-TyreBrd background
(right). (b) Graphs depicting the vertebral trabecular BV/TV of the fifth
lumbar vertebrae in the same mice described in panel a. (c) Graphs
depicting lumbar spine aBMD, as measured by DEXA, in the same mice
described in panel a. The numbers of mice studied are indicated. Error bars
show means + s.d. *P < 0.05 versus WT mice using an unpaired f test; none
of these differences remain significant after correcting for multiple testing.

in RNA extracted from the duodenums of mice with different Lrp5
genotypes but detected no differences among them (Fig. 4d).

Peripheral 5HT synthesis does not affect bone mass

The model?? by which LRP5 controls serotonin synthesis and regulates
bone mass via an endocrine rather than a Wnt-based local mechanism
was unexpected??. It suggested that bone health could be improved by
pharmacologically inhibiting either intestinal serotonin synthesis or
the hormone’s action on osteoblasts®!. In fact, pharmacologic inhibi-
tion of Tphl in the intestine was reported to increase bone mass in
ovariectomized mice and rats to the same degree as a US Food and
Drug Administration-approved anabolic bone therapy, intermittent
parathyroid hormone (teriparatide) treatment32. Because 5HT in
whole blood is nearly absent in TphI~/~ mice?>?4, we measured bone
mass in Tph1~/~ and WT mice. After correcting for multiple testing,
there were no significant differences in bone mass between Tphl~/~
and WT mice (Fig. 5 and Supplementary Table 3).

It is possible that Tph1~/~ mice activate compensatory pathways
that keep bone mass at WT levels. This could explain why an increase
in bone mass was reported when Tphl was conditionally inactivated
only in the intestine?2, or when a small molecule was used to inhibit
Tphl in the intestine32. Therefore, we treated sham-operated and
ovariectomized mice and rats for 6 weeks with a small-molecule
Tph1 inhibitor, LP-923941, which is the active enantiomer of a com-
pound, LP-533401 (Supplementary Table 4), that has been previously
reported to increase bone mass®2. We selected the LP-923941 dose
of 250 mg per kg per day used in our pharmacology studies from a
preliminary 7-d dose-response study in mice (Fig. 6a).

We found that treating sham-operated and ovariectomized mice
with LP-923941 for 6 weeks reduced 5HT content in whole blood
by 42% at 2 weeks (2715 versus 4813 ng ml~!, P < 0.001) and 44% at
6 weeks (2543 versus 4359 ng ml~!, P < 0.001) without influencing
brain 5HT content (0.49 versus 0.50 g g~!) or turnover, as indicated
by 5-hydroxyindoleacetic acid levels (0.231 versus 0.229 ug g~!). The
ability of LP-923941 to reduce 5HT synthesis in all segments of the
intestine was not influenced by ovariectomy (P < 0.001, Fig. 6b) and
was similar in the 7-d dose-response and 6-week pharmacology stud-
ies. Reductions in whole blood content and intestinal serotonin con-
tent did not influence the amount of serum procollagen 1 N-terminal
peptide (P1INP) (a marker of bone formation), trabecular bone mass
or cortical bone mass in either sham-operated or ovariectomized mice
(Fig. 6¢ and Supplementary Fig. 8). In contrast, we found that teri-
paratide increased bone formation and bone mass in sham-operated
and ovariectomized mice (Fig. 6¢c and Supplementary Fig. 8).

We also treated sham-operated and ovariectomized rats for 6 weeks
with LP-923941, which resulted in a reduction of intestinal 5HT
content by 51% and 46%, respectively, compared to vehicle-treated
controls (Fig. 6d). The reduction in intestinal 5HT content was not
accompanied by any change in trabecular or cortical bone mass of
the femur, nor did it result in any changes in trabecular bone mass
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Figure 6 Bone mass after pharmacologic inhibition of Tph1 activity. (a) Graph
depicting dose-dependent changes in 5HT content, compared to vehicle-treated
controls, in 9-week-old WT female C57BL/6 mice after receiving daily doses of
LP-923941 for 7 days. A daily dose of 250 mg kg~! lowered 5HT content in whole

blood and in intestine, but not in brain. (b) Graph depicting changes in the

intestinal 5HT content in sham-operated (SHM) and ovariectomized (OVX) mice

that received vehicle or LP-923941 (250 mg per kg per day) for 6 weeks.

Ovariectomy alone reduced 5HT content in the duodenum and colon by ~12%
(P < 0.05) compared with SHM mice. Treatment with LP-923941 significantly
reduced serotonin content equally in all regions of the intestine in SHM and in
OVX mice. (c) Effect of treatment with LP-923941 (250 mg per kg per day) or

teriparatide (80 pg per kg per day), which is the 1-34 residue amino-termi

n

nal

fragment of human parathyroid hormone (PTH), on serum P1NP levels (left),
vertebral trabecular BV/TV (middle left), midshaft femur cortical thickness (Ct.th; middle right) and midshaft femoral volumetric BMD (right) in SHM
and in OVX mice. (d) Effect of treating SHM and OVX rats with LP-923941 (50 or 250 mg per kg per day) or teriparatide (80 ug per kg per day) for
6 weeks on jejunal 5HT content (left), femoral trabecular BV/TV (middle) and vertebral trabecular BV/TV (right). The numbers of mice studied are
indicated. Error bars show means + s.d. *P < 0.05 versus vehicle-treated mice.

of the fifth lumbar vertebra (Fig. 6d). However, daily injections with
teriparatide significantly increased bone mass in both the femur and
the vertebral body of sham-operated and ovariectomized rats (Fig. 6d
and Supplementary Fig. 9).

DISCUSSION

Our in vivo data indicate that Lrp5 acts in osteocytes and perhaps in
some late-stage osteoblasts to effect changes in bone mass via canoni-
cal Wnt signaling. Axin2, a downstream target of Wnt signaling, is
more highly expressed in bone from mice with HBM-causing alleles, as
is a lacZ reporter of canonical Wnt signaling (Supplementary Fig. 1).
These results are consistent with in vitro studies of LRP5-mediated
Wnt signaling, which reported that HBM mutations cause LRP5 to
be less inhibited by the endogenous inhibitors DKK1 and SOST than
WT LRP5%11:3334 DKKI1 is expressed by many cells, including osteo-
cytes, and a complete lack of DkkI is embryonic lethal; however, mice
with partial loss-of-function mutations in Dkk1 have increased bone
mass, which is consistent with this protein acting as a negative regula-
tor of bone formation!®3>. SOST is principally expressed by mature
osteocytes, and when it is genetically absent in humans and in mice
it causes a phenotype that is similar to the phenotype resulting from
HBM-causing mutations in LRP5%>15. The strong expression of SOST
by mature bone cells suggests that it functions as a tonic negative
regulator of new bone formation (Supplementary Fig. 10). In mice,
the mechanical loading of bone, which is a potent inducer of new
bone formation in vivo, reduces Sost expression by osteocytes>® and
increases the expression of Wnt target genes®”38. Therefore, by being
less sensitive to endogenous inhibitors, Lrp5 HBM mutants are likely
to induce new bone formation in the absence of mechanical load
or at lower mechanical load (Supplementary Fig. 10). Conversely,
mice that lack Lrp5 have a blunted anabolic response to mechanical
load?, which is consistent with insufficient Wnt signaling in Lrp5~/~
osteocytes (Supplementary Fig. 10).
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Lrp5 is also expressed during osteoblast commitment and differen-
tiation4, Therefore, similarly to other signaling pathways that influ-
ence cellular differentiation at several stages*!2, Lrp5 signaling may
influence other aspects of osteoblast differentiation. This speculation
is compatible with studies noting that, in the absence of canonical Wnt
signaling, differentiating mesenchymal stem cells adopt chondrogenic
and adipogenic fates instead of osteoblastic fates*>~4%, However, these
studies blocked canonical Wnt signaling by conditionally inactivating
[B-catenin. LRP5 and its closest-related mammalian paralog, LRP6, are
both able to transduce Wnt signaling in vitro, and they have overlap-
ping and nonredundant roles in vivo during gastrulation and skeletal
patterning!%4”. Therefore, LRP6 may be able to compensate for LRP5
during some stages of osteoblast differentiation.

We found that inducing the Lrp5 HBM allele in osteocytes had
the same effect on bone mass as was observed when the active Lrp5
HBM allele was inherited. Conversely, Dmp1-Cre-mediated inactiva-
tion of Lrp5 in osteocytes caused a decrease in bone mass compared to
WT mice. Taken together, these data indicate that Lrp5 signaling by
mature bone cells regulates bone mass and, in the case of the HBM-
causing mutation, is sufficient to recapitulate the inherited HBM
phenotype. Further support for this conclusion derives from studies
in which we caused the Lrp5 HBM allele to become active in cells that
contribute to the appendicular skeleton but not to the axial skeleton.
Bone mass increased only at skeletal sites where the HBM-associated
allele was active.

Our results do not support a model in which Lrp5 regulates bone
mass via the regulation of peripheral 5HT synthesis in the duode-
num?2. When we activated Lrp5 HBM or inactivated WT Lrp5 in
5HT-producing enterochromaffin cells, we found no effect on bone
mass. In addition, we found no Lrp5 genotype-specific differences
in the amount of whole blood 5HT, nor did we observe any effect on
bone mass after genetically or pharmacologically lowering peripheral
5HT production.
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Currently, we do not know the origin of the difference in the results
of our study and those of prior studies?>32. Perhaps differences in the
design of the Lrp5 conditional alleles, the transgenic mice that were
used to produce cell type-specific Cre recombination within bone
and intestine, the assays used to measure 5HT, the use of conditional
versus global Tphl knockout alleles, the vivariums in which the mice
were raised or the trial design for pharmacologic inhibition of Tphl
in ovariectomized mice and rats account for the differing results (also
see Supplementary Methods).

We created mice with knock-in HBM-causing alleles in which the
gene’s intron-exon structure remained intact. An earlier study inserted
an HBM-causing Lrp5 cDNA with a C-terminal Flag tag into the
first exon of Lrp522. We used a Dmp1-Cre transgene that is expressed
in osteocytes and in some late-stage osteoblasts, whereas the other
study?? used a Collal-Cre transgene (with a 2.3-kb collagen, type 1,
o-1 promoter to drive Cre expression) that is expressed earlier in the
process of osteoblastic differentiation*3. We used a different Vill-Cre
transgenic mouse line than the earlier study??, although both lines
expressed Cre in intestinal stem cells. Nevertheless, it remains pos-
sible that inefficient Cre-mediated recombination or off-target sites
of Cre expression account for some of the divergent results between
our study and the other study?2.

We found no association between Lrp5 genotype and serum 5HT
concentration. However, the concentration of 5SHT in serum depends
on the efficiency of 5HT release from platelets during clot formation,
which, in turn, is affected by the collection and clotting method as
well as the clotting time?®. As such, serum measures can be unreli-
able within and across studies. In contrast, as long as the capacity
of platelets to store 5HT is not exceeded, whole blood 5HT content
correlates well with free circulating SHT concentration®. Therefore,
we also measured whole blood 5HT by HPLC?3. The amount of 5HT
in whole blood did not correlate with Lrp5 genotype or with bone
mass. Because the amount of whole blood 5HT can be influenced by
other factors, such as inflammation and infection, it is possible that
environmental differences between the present study and the earlier
study?? account for the divergent 5HT results.

We studied bone mass in TphI~/~ mice, whereas TphI was inac-
tivated using Vill-Cre in the previous study??. Tphl~'~ mice may
have activated compensatory pathways to normalize bone mass,
whereas mice with conditional TphI inactivation may not. We tested
this possibility by pharmacologically inhibiting 5HT synthesis in
the intestine. We used the active enantiomer of a small-molecule
inhibitor previously reported to affect bone mass®2. We studied
mice that had undergone ovariectomy a year before receiving the
pharmacologic agent and found no effect on bone mass compared
to vehicle-treated controls (Fig. 6); in contrast, teriparatide had a
strong anabolic effect. We examined aged ovariectomized mice,
because women in their first decade after menopause are a major
target population for anabolic osteoporosis therapy. However, our
ovariectomy model differed from that used in the earlier study in
which mice had undergone ovariectomy less than 2 months before
receiving the pharmacologic agent®2. Therefore, we used a rat model
in which we began pharmacologic Tph1 inhibition 5 weeks after ova-
riectomy; this is within the time frame used in the previous study32.
Again, we observed no effect of Tph1 inhibition on bone mass com-
pared to vehicle-treated controls, whereas teriparatide had a robust
bone anabolic effect (Fig. 6). However, because we only studied the
active enantiomer, we cannot exclude the possibility that the inactive
enantiomer increases bone mass via a mechanism that is independ-
ent of Tphl inhibition.
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Although Lrp5 genotype may affect peripheral serotonin synthesis
in some contexts??, in the present study we did not observe Lrp5-
mediated effects on peripheral 5HT abundance or Tphl-mediated
effects on bone mass. Therefore we think it unlikely that the mecha-
nism by which LRP5 normally affects human bone mass involves
intestinal 5HT synthesis. Instead, our data suggest that LRP5 func-
tions in bone to control bone mass, and they are consistent with the
notion that the receptor participates in the adaptive response of bone
to mechanical load (Wolff’s law)>!. Therapies aimed at enhancing
these functions of LRP5 in humans may benefit individuals who have
skeletal fragility as a result of low bone mass.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Generation of new genetically modified mouse strains. We created condi-
tional Lrp5 HBM-causing and knockout alleles by homologous recombination in
ES cells (see Supplementary Methods). We used targeting vectors containing dif-
ferent missense mutations (p.G171V or p.A214V) for the HBM-causing knock-
in mice. We included a floxed neomycin-resistance cassette (Neo®) for selection
(Fig. 1a). We bred knock-in mice that retained Neo® and mice in which Neo®R had
been Cre-excised. We created a floxed knockout allele by placing flanking loxP
sites in the same orientation around exon 2. We included a flippase recognition
target—flanked neomycin-resistance cassette that we subsequently excised (Fig. 3a).
We bred mice that retained the floxed exon 2 and mice in which exon 2 had been
Cre-excised. Genotyping was done by PCR. Other mice used in these studies
have been described previously: Ella-Cre (ref. 52), FLPer (ref. 53), Cmv-Cre
(ref. 54), Dmp1-Cre (ref. 21), Vill-Cre (ref. 27), PrrxI-Cre (ref. 28), BAT-lacZ
(ref. 19), Lrp5~'~ (refs. 10,29,55), Tph1~'~ (refs. 23,24) and Rosa26™""C (ref. 56).
Details and suppliers are included in the Supplementary Methods.

Assessment of bone properties. We did quantitative histomorphometry in mice
as previously described. We analyzed one 6-jum coronal section from the distal
femur of each mouse for mineralizing surface (MS/BS; %), mineral apposition
rate (MAR; tm per day) and bone formation rate (BFR; um? per m? per year).
We measured three-dimensional morphometric properties in the cortical and
trabecular bone of mouse distal femoral metaphyses and fifth lumbar vertebrae
by LCT. We did whole-body DEXA to measure aBMD (in gm cm2) and bone
mineral content (in gm) in the postcranial skeleton, in the lumbar spine (L3-L5,
inclusive) and in individual bones. We did biomechanical testing on the left
femora by loading them to failure in monotonic compression using a crosshead
speed of 0.2 mm s, during which we collected force and displacement measure-
ments every 0.005 s. From the force versus displacement curves, we calculated
ultimate force (in N), yield force (in N), stiffness (in N mm™) and energy to
failure (in mJ). Details are included in the Supplementary Methods.

Measurement of serotonin and Tphl, lacZ, and Axin2 mRNA expression.
We measured whole blood serotonin by two methods?*>7. For serum serotonin
measures, we used blood that was collected from the retro-orbital sinus and
clotted at room temperature. We recovered serum by centrifugation at 4 °C,
17,000¢ for 25 min and then assayed serotonin by competitive ELISA (Fitzgerald
Industries International). We extracted and measured serotonin from different
segments of intestine as previously described?’. We did quantitative RT-PCR for
intestinal Tphl expression using total RNA recovered from the duodenum. We
did quantitative RT-PCR for lacZ and Axin2 expression using RNA recovered
from cortical bone tissue of 8-week-old male and female BAT-lacZ transgenic
mice with Lrp5 WT and A/A genotypes. Experimental and reagent details are
included in the Supplementary Methods.

Pharmacological inhibition of gut Tph1 activity. We treated sham-operated
and ovariectomized mice and rats with the Tphl inhibitor LP-923941
(Lexicon Pharmaceuticals). This compound is the active enantiomer of
the Tph1 inhibitor LP-533401 (Lexicon Pharmaceuticals) examined previ-
ously?>32. Compared with LP-533401, LP-923941 has approximately twice
the potency in enzymatic and cell-based assays, with the inactive enantiomer
having greatly reduced potency (Supplementary Table 4). We treated ani-
mals by oral gavage for 6 weeks with 250 mg per kg per day of LP-923941
or with vehicle (10% (vol/vol) propylene glycol) alone. To serve as a posi-
tive control for bone formation, we subcutaneously injected sham-operated
and ovariectomized mice and rats for 6 weeks with teriparatide (hPTH
1-34; Bachem) at a dose of 80 g per kg per day or with vehicle (20 mM
NaH,PO, in 0.9% (wt/vol) saline) alone. For the PINP assay, we collected
blood in heparinized capillary tubes by retro-orbital bleeding. We measured
P1INP using a rat/mouse PINP enzyme immunoassay (Immunodiagnostic
Systems). Additional details and sources of reagents are included in the
Supplementary Methods.

Statistical analyses. We tested longitudinal data for differences among genotypes
using single-classification repeated-measures analysis of variance (ANOVA).
We tested cross-sectional data (LCT data, biomechanical properties, serot-
onin measurements) across genotypes for significant differences using single-
classification ANOVA, followed by the Sheffe post hoc comparison to probe
pairwise comparisons in the event that the omnibus ANOVA was significant.
We did statistical calculations in StatView 5.0 (SAS). We did two- or three-factor
ANOVAs for the pharmacology studies with SPSS, version 11.5.0 (SPSS). We
set the experimentwise error rate at o = 0.05 for all tests. Details are included in
the Supplementary Methods.

Additional methods. Detailed methodology is described in the Supplementary
Methods.

52. Lakso, M. et al. Efficient in vivo manipulation of mouse genomic sequences at the
zygote stage. Proc. Natl. Acad. Sci. USA 93, 5860-5865 (1996).

53. Farley, F.W., Soriano, P., Steffen, L.S. & Dymecki, S.M. Widespread recombinase
expression using FLPeR (flipper) mice. Genesis 28, 106-110 (2000).

54.Schwenk, F., Baron, U. & Rajewsky, K. A cre-transgenic mouse strain for the
ubiquitous deletion of loxP-flanked gene segments including deletion in germ cells.
Nucleic Acids Res. 23, 5080-5081 (1995).

55. Clément-Lacroix, P. et al. Lrp5-independent activation of Wnt signaling by lithium
chloride increases bone formation and bone mass in mice. Proc. Natl. Acad. Sci.
USA 102, 17406-17411 (2005).

56. Muzumdar, M.D., Tasic, B., Miyamichi, K., Li, L. & Luo, L. A global double-
fluorescent Cre reporter mouse. Genesis 45, 593-605 (2007).

57. Tenner, K., Qadri, F., Bert, B., Voigt, J.P. & Bader, M. The mTPH2 C1473G single
nucleotide polymorphism is not responsible for behavioural differences between
mouse strains. Neurosci. Lett. 431, 21-25 (2008).

doi:10.1038/nm.2388

NATURE MEDICINE



	Lrp5 functions in bone to regulate bone mass
	RESULTS
	Inherited Lrp5 HBM alleles increase bone mass
	Lrp5 HBM expression in osteocytes increases bone mass
	Loss of Lrp5 in osteocytes decreases bone mass
	Lrp5 genotype does not affect intestinal 5HT synthesis
	Peripheral 5HT synthesis does not affect bone mass

	DISCUSSION
	Methods
	ONLINE METHODS
	Generation of new genetically modified mouse strains.
	Assessment of bone properties.
	Measurement of serotonin and Tph1, lacZ, and Axin2 mRNA expression.
	Pharmacological inhibition of gut Tph1 activity.
	Statistical analyses.
	Additional methods.

	Acknowledgments
	AUTHOR CONTRIBUTIONS
	COMPETING FINANCIAL INTERESTS
	References
	Figure 1 Generation and characterization of HBM-causing Lrp5 knock-in mice.
	Figure 2 Effect of activating Lrp5 NeoR-containing HBM alleles.
	Figure 3 Generation and characterization of mice with a conditional knockout allele of Lrp5.
	Figure 4 Effect of Lrp5 genotype on 5HT concentration and on Tph1 expression.
	Figure 5 Bone mass in WT and Tph1−/− mice.
	Figure 6 Bone mass after pharmacologic inhibition of Tph1 activity.


	Button 2: 
	Page 1: Off



