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a decrease in trabecular bone mass in BcatA/ A mice compared with
control mice (Fig. 5A). TRAP staining of long bone sections
demonstrated significant increases in OC numbers, OC surface,
and eroded surface areas in BcatA/A mice (Fig. 5B, 5C). No dif-
ferences in OB and dynamic bone formation parameters were
noted following bone morphometric analysis (Fig. 5D), indicating
that (-catenin deletion in the ﬁcalA/ 4 mice does not affect OB
numbers or function. We conclude that B-catenin in the OC lin-
eage plays an essential role in controlling early OC differentiation
and bone homeostasis.

Simultaneous heterozygosity for TREM?2- and [-catenin—null
alleles results in osteoporosis

TREM2 and B-catenin deficiency cause similar bone phenotypes,
and M-CSF induction of B-catenin is reduced in TREM2 /'~
OcP, suggesting a link between TREM2 and B-catenin. To cor-
roborate this possibility, we generated mice double heterozygous
for TREM2 and B-catenin (Bcat™*Trem2™'*) in the LysM™/Cre
background and analyzed their bone phenotypes. wCT analysis
of the long bones showed that these mice had a significant re-
duction of bone volume and trabecular number, as well as
a marked increase in trabecular separation, compared with age-
and sex-matched single heterozygous littermates, which, in turn,
were not different from control WT littermates (Fig. 6). Impor-
tantly, the osteopenic phenotype of LysM“™'“*Bcar™* Trem2~'"*
mice phenocopies the TREM2 '~ and the BcatA/ 4 mutant phe-
notype. These results provide a genetic basis in support of
a coordinate action of TREM2 with (3-catenin to modulate bone
homeostasis.

FIGURE 6. TREM2 and B-catenin function to-
gether to maintain OC numbers and bone homeosta-
sis. We generated mice with the genotype LysM-Cre*"*
with the allelic combinations B-catenin™*Trem2*"*
(Control), B-catenin™* Trem2*™* (Bcai™™), B-catenin®"*
Trem2™™ (Trem2™"), and B-catenin™ Trem2™"*
(Bcat™* Trem2 ™). Femurs were analyzed by wCT.
Longitudinal (upper panels) and axial (lower panels)
views of the metaphyseal region are shown. The
parameters are based on the WCT analysis of the
metaphyseal region of mice at the age of 8 wk. Graphs
show means = SEM (n = 5). **p < 0.01.
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Discussion

Our study unveils a TREM2/B3-catenin pathway that regulates bone
mass by regulating the rate of OC generation. Mechanistically,
TREM?2 and -catenin augment the M-CSF-induced proliferation
of OcP, retarding their differentiation into mature OC. Ablation of
either TREM2 or 3-catenin inhibits the proliferation of OcP, ac-
celerating their differentiation into bone-resorbing OC, which
ultimately cause osteoporosis. The possibility that TREM2 and
[B-catenin act along the same pathway is supported not only by the
similar osteoporotic phenotypes of TREM2 /™ and Bcar™™ mice,
but also by genetic evidence that simultaneous heterozygosity for
TREM2- and [-catenin—null alleles results in osteoporosis,
whereas no phenotype is observed in mice heterozygous for either
of these alleles.

TREM?2 may enhance M-CSF-induced activation of 3-catenin by
facilitating the recruitment of DAP12 to the receptor for M-CSFE. In
turn, DAP12 may activate Syk and Pyk2, which promote phos-
phorylation and nuclear translocation of 3-catenin (14). Accord-
ingly, we found that TREM2 deficiency impaired the M-CSF-
induced phosphorylation of Syk and, in part, Pyk2. Conversely, basal
phosphorylation of Syk was preserved. M-CSF—-induced activation
of Syk was proposed to mediate OC function (14, 15). However, the
reduction of this signaling pathway in TREM2 '~ mice resulted in
a selective defect in OcP proliferation, whereas OC differentiation
was accelerated and OC function was preserved. Therefore, we
speculate that differentiation and particularly cytoskeleton rear-
rangement of OC may be independent of M-CSF-induced Syk ac-
tivation, depending rather on the basal activation of Syk by signals
emanating from integrins or other ITAM-signaling receptors.
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The bone phenotype observed in TREM2 '~ and BcatA/ 4 mice
more closely resembles the bone phenotype of NHD. NHD patients
have osteoporosis whether the disease is caused by inactivating
mutations of TREM2 or the associated adaptor DAP12. However,
in the mouse, only TREM2 /™ mice have an osteoporotic phe-
notype, whereas DAP12™'~ mice exhibit a mild osteopetrotic
phenotype. The disparate impacts of DAP12 deficiency in humans
and mice most likely reflect a difference in the spectrum of
receptors involved in osteoclastogenesis and their capacity to sig-
nal through DAP12 or other ITAM-containing subunits such as
FcRy. In humans, the TREM2/DAP12 complex may selectively
enhance OcP proliferation, whereas OcP differentiation into ma-
ture OC may be mediated by FcRy-associated receptors. Thus,
both TREM2 and DAP12 deficiencies would result in accelerated
differentiation of OC and osteoporosis in vivo. In the mouse,
DAPI12 may control OcP proliferation through TREM?2 as well as
differentiation of OC through other receptors. Thus, whereas de-
ficiency of TREM?2 selectively affects OcP proliferation, deficiency
of DAP12 may affect both OcP proliferation and mature OC
functions, resulting in a mild osteopetrosis, which becomes more
dramatic in mice lacking both DAP12 and FcRy (17).

Our demonstration that TREM?2 deficiency accelerates osteo-
clastogenesis in cultures of bone marrow cells in vitro is at odds with
previous studies showing that human blood monocytes lacking
TREM2 have a reduced capacity to generate functional OC in vitro
(21, 23). Similarly, RNA interference knockdown of TREM?2 in the
murine macrophage cell line RAW264.7 inhibited in vitro osteo-
clastogenesis (24). It is possible that human monocytes and mouse
RAW264.7 cells, although capable of generating OC in vitro, differ
from the physiological OcP in their spectrum of DAP12 and FcRy-
associated receptors, such that the lack or blockade of a functional
TREM2/DAP12 complex has wider impact on human monocytes
and RAW264.7 cell-derived OC than in OcP-derived OC. In sup-
port of this hypothesis, several reports have shown that modulation
of TREM2 function in human monocytes has a major impact on
DAPI12/ITAM signaling (32-34). Alternatively, cultures of purified
human monocytes and RAW264.7 cells may lack ligands capable
of engaging DAP12 and/or FcRy-associated receptors. Regardless
of the cause, TREM2 '~ bone marrow cultures and TREM2 ™/~
mice seem to provide the best models for in vitro and in vivo
studies of NHD bone pathology.

Although the role of 3-catenin in OB development and function
is well established (35-38), little is known about its function in
OC. A recent study proposed that (3-catenin regulates osteoclas-
togenesis in a dosage-dependent fashion such that 3-catenin can
have either an activating or inhibitory function (39). Our study
suggests that activation of the TREM?2/B-catenin pathway in OcP
may reduce osteoclastogenesis. Thus, from a therapeutic per-
spective, activation of the -catenin pathway in bone cells could
be a valuable strategy in the treatment of osteoporosis, as it would
uniquely combine simultaneous stimulation of OB with inhibition
of osteoclastogenesis. However, systemic activation of B-catenin
may have important drawbacks. It has been shown that continuous
activation of (-catenin in the hematopoietic system causes ex-
cessive proliferation and exhaustion of the hematopoietic pro-
genitor pool, leading to a failure in the generation of myeloid and
lymphoid lineages (40, 41). Moreover, (3-catenin is key to bal-
ancing tolerance and immunity through the control of dendritic
cell function (42, 43). Because of TREM2-restricted expression,
activating B-catenin downstream of TREM?2 may provide a good
strategy to selectively activate (-catenin in the OC lineage for
increasing bone mass in osteoporosis.
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The original article contains errors in the legend for Fig. 2 and in Fig. 4C and 4F. In the legend for Fig. 2B, the first range for the nuclei in
each osteoclast was enumerated incorrectly and should have been indicated as 3-5, not 3-10. In Fig. 4, the panels corresponding to
osteoclasts generated from ﬁcatA/A mice after 4 days of culture (Fig. 4C) and 7 days of culture (Fig. 4F) are duplicated. The corrected
images are shown here, along with the rest of Fig. 4. The first range for the nuclei in each osteoclast was enumerated incorrectly in the
legend for Fig. 4D and should have been indicated as 3-5, not 3—-10. The corrected legend is shown below. The original description of the

results does not change. The authors deeply regret this oversight.
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FIGURE 4. B-catenin—deficient OcP proliferate less to M-CSF and exhibit accelerated osteoclastogenesis. (A) Immunoblot analysis of 3-catenin and
actin (loading control) in OcP total protein lysates from control LysM—Cre“ *B-catenin“ * (ﬁ}catﬂ+ ) and LysM—Cre“ *B-cateninﬂ/ f (BcafN A) mice. (B)
Defect of M-CSF-induced proliferation in B-catenin—deficient OcP. Proliferation of Bcar*'* and [3catNA OcP was measured 12 h after incubation with
BrdU in the presence of 100 ng/ml M-CSF. (C and D) OcP from Bcar™'* and BCQIAIA mice were cultured with 10 ng/mIM-CSF and 100 ng/ml RANKL to
generate multinuclear OC. Development of OC was monitored at different time points by TRAP staining. (C) Representative images of TRAP-stained
cultures. Original magnification X200. (D) The number of TRAP-positive cells containing three or more nuclei was scored (total). Additionally, the nuclei
in each OC was enumerated as follows: 3-5, 6-10, and >10 nuclei per TRAP-positive cell. (E) Effect of B-catenin deficiency on the expression of the
osteoclastic differentiation markers Nfatcl (encoding NFATc1), Acp5 (encoding TRAP), Ctsk (encoding cathepsin K), and Calcr (encoding calcitonin
receptor) by quantitative PCR. (F and G) OC differentiation induced on bone slices. (F) After 4 and 7 d differentiation, cultures were fixed and stained with
phalloidin-FITC to visualize the OC actin rings. Original magnification X200. (G) Bone resorption pits were revealed by lectin staining of the bone slices
(brown reaction product). Original magnification X200. Results are representative of at least three separate experiments. *p < 0.05, **p < 0.01.
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