
Studies of single gene traits inherited within families have
proven to be invaluable entries into understanding basic,
fundamental mechanisms of biology and disease. Often
these explorations lead to discoveries that were not intu-
itively obvious based on existing knowledge and result in the
convergence of different fields of study. The identification of
mutations in the low-density lipoprotein receptor-related
protein 5 (LRP5) that give rise to the high bone mass
(HBM) kindred1 and the families with osteoporosis
pseudoglioma syndrome (OPPG)2 are another example of
how new paradigms and molecular mechanisms can emerge
from unexpected places. Since those initial reports, several
other groups have identified mutations in LRP5 that give
rise to increased bone mass phenotypes3,4 or occurs in other

patients with OPPG5. At the same time that these mutations
were being identified in LRP5, work in the Wnt signaling
field demonstrated that LRP5 and its close homolog, LRP6,
served as co-receptors to bind Wnt6,7. The connection
between LRP5 and the Wnt pathway as an explanation for
the molecular basis of the human phenotypes was immedi-
ately obvious. These combined discoveries have brought the
focus of attention of many bone biologists to the role of the
Wnt signaling pathway in the regulation of bone mass and
only time will reveal where this will ultimately lead. 

We ascertained a single, large kindred with an autosomal
dominant high bone mass trait8 that was subsequently shown
to be due to a mutation in the low-density lipoprotein recep-
tor-related protein 5 (LRP5) gene that gives rise to a G171V
substitution in the protein1. As noted above, there have been
a number of mutations currently described in LRP5 that give
rise to a wide variety of bone phenotypes. LRP5 is known to
function as a co-receptor with the protein frizzled to bind
Wnt which functions through the canonical ‚–catenin signal-
ing pathway9. Upon binding of Wnt to the LRP5-frizzled
complex several intracellular events occur that ultimately
lead to an increase in the intracellular concentration of ‚-
catenin. ‚–catenin is free to translocate to the nucleus where
it interacts with the TCF family of transcription factors to
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Abstract

A G171V mutation in the low-density lipoprotein receptor-related protein 5 (LRP5) was identified as causal for an auto-
somal dominant high bone mass trait in a single human family. A transgenic mouse line was produced that carries this muta-
tion and develops a high bone mass phenotype that recapitulates the human phenotype. LRP5 is a co-receptor for Wnt and
we have investigated the potential role of this gene/protein and the Wnt signaling pathway in mediating the bone formation
response to mechanical loading. The G171V mutation results in an increased responsiveness of bone to mechanical load and
reduces the threshold of load required to elicit a response. Our studies have shown that the Wnt signaling pathway is activat-
ed in response to mechanical loading and this response is greatly enhanced in the presence of the G171V mutation.
Additionally, this mutation results in increased transcription of osteoprotegerin (OPG) in response to loading. Thus, the muta-
tion appears to have direct effects at the level of the osteoblast and may also result in a reduction in osteoclastogenesis. The
identification of LRP5/Wnt signaling in bone mechanosensation has resulted in a new paradigm for understanding bone for-
mation. Hopefully, knowledge gained from these studies will result in new therapies for treating osteoporosis.
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promote transcription. There are several downstream target
genes whose expression is known to be regulated by the Wnt
signaling pathway9 including cyclo-oxygenase-210, c-jun11,
and Connexin 4312.

In our early phenotypic characterization of the kindred
members, we were struck by the normal looking appearance
of the bones (by radiography) from affected members of the
family. This led to our initial hypothesis that the gene
responsible for this phenotype was an integral component of
the mechanism by which bone senses mechanical load.
Alternatively, and just as attractive a hypothesis, is that the
gene somehow regulates osteoblast proliferation and activi-
ty. These two hypotheses are by no means mutually exclu-
sive, and I will briefly describe evidence that supports both.

In order to dissect the molecular basis for the increased
bone mass that results from the G171V mutation a trans-
genic mouse line was constructed13. This mouse develops a
high bone mass phenotype that is indistinguishable from the
affected members of our kindred. These HBM transgenic
mice have increased bone mineral density (BMD), increased
strength and resistance to fracture, increased BV/TV,
increased connectivity and trabecular number and thickness.  

Osteoblast differentiation is mainly controlled by Cbfa114.
Studies with the Lrp5 knockout (Lrp5 KO) mouse have
demonstrated decreased osteoblast proliferation and func-
tion, despite normal expression of Cbfa115. Furthermore, the
Lrp5 KO mice develop a pseudoglioma syndrome similar to
patients with inactivating mutations in LRP5 that give rise to
osteoporosis pseudoglioma (OPPG)2. A molecular explana-
tion for the pseudoglioma syndrome that came from studies
of the Lrp5 KO mice is the failure of macrophages to induce
apoptosis in the hyaloid-artery system. A very interesting
and important additional finding from the initial characteri-
zation of the LRP5 G171V transgenic mice was that
osteoblast and osteocyte apoptosis were decreased in these
transgenic mice. Thus, in both the knockout and transgenic
HBM mice phenotype a connection between apoptosis and
LRP5 has been observed.

Bone volume is a product of osteoblast formation activity
and osteoclast resorption activity and having an osteocyte
population available to maintain bone once it is formed. In
addition, the osteocytes within bone function to regulate
these two processes. Decreased osteoblast and osteocyte
apoptosis would drive the system in favor of increased bone
formation and maintenance. Presumably a longer osteoblast
life span would result in the osteoblast forming more total
bone during its life. The unanswered question that remains
is whether the LRP5 G171V osteoblast is also more efficient,
e.g., does the HBM mutation make an osteoblast that forms
more bone per unit time. Studies to evaluate osteoblast
activity are currently underway.

The LRP5 G171V transgenic mouse has proven invalu-
able in terms of exploring the connection between LRP5 and
mechanosensation. The phenotype of this mouse recapitu-
lates that of the human kindred. Consistent with "mechano-
stat" theory16 the normal shape of the skeleton in these trans-

genic mice suggests an alteration in the sensitivity and/or
response of the skeleton to mechanical loading.  Bone for-
mation response studies were performed using mechanical
loading of the tibia in a 4-point bending device. Both
periosteal and endosteal bone formation responses in the
HBM transgenic mice were greater (~2-fold) compared to
non-transgenic mice. Furthermore, the threshold for activa-
tion of the response was lower (~ 2-fold) in the HBM trans-
genic mice. These results are consistent with our hypothesis
that the HBM mutation results in an alteration in the
mechanosensation system in bone. Preliminary results from
disuse studies using sciatic neurectomy suggest that the
HBM mutation protects against disuse-associated bone
loss17. Studies with ovariectomy-induced bone loss indicate
no difference in the rate of bone loss in HBM transgenic
mice compared to non-transgenic littermates17. These data
suggest that the effects of the HBM mutation on bone may
be restricted to the mechanosensation pathway. Further
studies are warranted and are in progress.

As mentioned previously, LRP5 is thought to mainly act
through the canonical Wnt signaling pathway. Several path-
ways have been previously implicated in mediating the
response of bone to mechanical loading, including the inte-
grins and their associated pathways18, Ca+2 channels19, and
MAP kinase (ERK1/2 and p38) pathways20. The integrin
linked kinase (ILK) pathway has an obvious intersection
with the canonical Wnt signaling pathway in that ILK has
been shown to phosphorylate GSK-‚21, which would lead to
increased levels of cytoplasmic ‚–catenin and initiate tran-
scription of target genes.

Molecular studies have been conducted that were aimed
at trying to understand if the effects of the LRP5 G171V
mutation were mediated through primarily the Wnt signal-
ing pathway, or if other pathways were also involved.
Transcriptional profiling studies of cells obtained from bone
biopsies of affected and unaffected members of the kindred
and from cells and bones from the transgenic mice identified
increased activity of a number of Wnt pathway target genes,
bone matrix proteins and stress response genes. Mechanical
loading studies in the mice tibia have demonstrated activa-
tion of these genes in both the normal mouse and the LRP5
G171V transgenic mouse. The activation in the LRP5
G171V transgenic mouse was several fold greater than the
normal mouse, consistent with increased sensitivity and
responsiveness of bone cells in the presence of the mutation.
One unique aspect of the transgenic mouse response was a
significant increase in the OPG:RANKL mRNA ratio, which
was not observed in the normal, wild-type mouse. This would
have the potential additional effect of shutting down osteo-
clastogenesis in the transgenic mice, which would theoreti-
cally result in increased bone mass, and may provide a par-
tial explanation for the phenotype observed in the presence
of the mutation. We also observed an increase in secreted
frizzled (sFRP1) production. The secreted frizzleds are
another class of molecules that can act as a decoy receptor
for RANKL22 and reduce osteoclastogenesis. All of these
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gene expression studies have confirmed a role for LRP5/Wnt
signaling in the response to mechanical loading.

Fluid flow culture studies with the MC3T3-E1 mouse
osteoblast cell line have demonstrated a critical role for
‚–catenin in the response of the osteoblast to mechanical
loading. These studies have shown that activation of the Wnt
signaling pathway enhances the sensitivity of these cells to
mechanical loading23. Thus, data from both in vivo and in
vitro studies consistently demonstrate a critical role of this
pathway in the mechanosensation mechanism. Much more
needs to be learned, however, before we have a full under-
standing of the molecular mechanism mediating the
response of bone to mechanical loading.

In conclusion, what began as an interesting clinical case, a
single female with high bone mass, has led us to appreciate the
importance of a previous unsuspected pathway in the regula-
tion of bone mass. Where this will lead remains to be proven.
Clearly, as our understanding of the molecular basis of
osteoblast, osteoclast and osteocyte biology increases, new par-
adigms for treating osteoporosis have the potential to emerge,
and that is what makes this an exciting time in our field.
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