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DEVELOPMENTAL BIOLOGY
Correction for “Neighbor of Brca1 gene (Nbr1) functions as a
negative regulator of postnatal osteoblastic bone formation and
p38 MAPK activity,” by Caroline A. Whitehouse, Sarah Waters,
Katie Marchbank, Alan Horner, Neil W. A. McGowan, Jelena
V. Jovanovic, Guilherme M. Xavier, Takeshi G. Kashima,
Martyn T. Cobourne, Gareth O. Richards, Paul T. Sharpe, Tim
M. Skerry, Agamemnon E. Grigoriadis, and Ellen Solomon,

which appeared in issue 29, July 20, 2010, of Proc Natl Acad Sci
USA (107:12913–12918; first published June 29, 2010; 10.1073/
pnas.0913058107).
The authors note that Figure 4 appeared incorrectly. A well

image was duplicated within panel C. The corrected figure and its
legend appear below. This error does not affect the conclusions of
the article.

www.pnas.org/cgi/doi/10.1073/pnas.1300714110
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Fig. 4. p38 MAPK activity is increased in Nbr1tr/tr osteoblasts. (A) p-p38 MAPK interacts with full-length Nbr1 but not trNbr1. COS-7 cells were transfected
with HA-Nbr1, HA-trNbr1, and p38 MAPKmyc constructs for 24 h and stimulated or not stimulated with 5 ng/mL anisomycin for 15 min; extracts were
prepared, and co-immunoprecipitation of Nbr1 with p38 MAPK was detected by Western blot analysis. Representative blots of two experiments with similar
results are shown. (B) Anisomycin-induced p38 MAPK activation in osteoblasts cultured from bone marrow of 3-mo-old Nbr1tr/tr mice is elevated and pro-
longed compared with Wt cells. (C) p38 MAPK inhibition rescues the increased differentiation phenotype in Nbr1tr/tr osteoblasts. Neonatal calvarial-derived
osteoblast cultures from Wt or Nbr1tr/tr mice in osteogenic culture for 18 days in the presence of DMSO (vehicle) or 10 μM SB203580 were stained for alkaline
phosphatase only [ALP (Top two rows)] or ALP followed by von Kossa [ALP/von Kossa (Bottom two rows)] and quantified using National Institutes of Health
(NIH) Image software. The data represent the mean ± SD of triplicate representative wells normalized to untreated wild-type cells (*P < 0.05). Similar results
were obtained in the presence of 0.1 μM SB203580.
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BIOPHYSICS AND COMPUTATIONAL BIOLOGY, APPLIED PHYSICAL
SCIENCES
Correction for “Interpreting the widespread nonlinear force
spectra of intermolecular bonds,” by Raymond W. Friddle,
Aleksandr Noy, and James J. De Yoreo, which appeared in issue
34, August 21, 2012, of Proc Natl Acad Sci USA (109:13573–
13578; first published August 6, 2012; 10.1073/pnas.1202946109).
The authors note that on page 13576, right column, first par-

agraph, line 8 “(38 pN/nm)” should instead appear as “(27 pN/
nm)”. The authors also note that Fig. 3 appeared incorrectly.
The corrected figure and its legend appear below.

www.pnas.org/cgi/doi/10.1073/pnas.1302149110

MEDICAL SCIENCES
Correction for “Inflammasome-independent role of the apoptosis-
associated speck-like protein containing CARD (ASC) in the
adjuvant effect of MF59,” by Ali H. Ellebedy, Christopher Lupfer,
Hazem E. Ghoneim, Jennifer DeBeauchamp, Thirumala-Devi
Kanneganti, and Richard J. Webby, which appeared in issue 7,
February 15, 2011, of Proc Natl Acad Sci USA (108:2927–2932;
first published January 26, 2011; 10.1073/pnas.1012455108).
The authors wish to note the following: “In Ellebedy et al. we

showed a role for the apoptosis-associated speck-like protein con-
taining CARD (ASC) in the adjuvant effect of MF59. However,
in pilot studies in an alternative ASC-deficient mouse line gener-
ated by Dr. V. Dixit (Genentech, Inc.), this phenotype was not
reproduced. A similar observation was recently reported, thus
highlighting differences in the available ASC-deficient mouse lines
(1). The data in Ellebedy et al. is accurate, and in that line of ASC-
deficient mice there is indeed a reduced adjuvant effect of MF59.
We stand by that data, but caution should be used in interpreting
data gained from the different ASC-deficient mice.”

1. Ippagunta SK, et al. (2012) Addendum: Defective Dock2 expression in a subset of ASC-
deficient mouse lines. Nat Immunol 13(7):701–702.

www.pnas.org/cgi/doi/10.1073/pnas.1301192110

NEUROSCIENCE
Correction for “D2 receptor overexpression in the striatum leads
to a deficit in inhibitory transmission and dopamine sensitivity in
mouse prefrontal cortex,” by Yan-Chun Li, Christoph Kellendonk,
Eleanor H. Simpson, Eric R. Kandel, and Wen-Jun Gao, which
appeared in issue 29, July 19, 2011, of Proc. Natl. Acad. Sci.
USA (108:12107-12112; first published July 5, 2011; 10.1073/pnas.
1109718108).
The authors note that the National Institutes of Health grant

number R01MH232395 should instead appear as R01MH085666.

www.pnas.org/cgi/doi/10.1073/pnas.1301683110
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Fig. 3. Model fits to the nonlinear force spectra of intermolecular bonds. (A)
Force spectrum of the Ni-NTA/His6 bond measured in this work along with the
data of Verbelen et al. (34). Measurements made without Ni2+ demonstrate
the specificity of the interaction (open circles). Solid lines represent fits to Eq. 6
using identical parameters for both data sets except for the respective spring
constants. (B) Force spectra of 10 data sets taken from the literature are fit to
Eq. 9 assuming a generic equilibrium force and apparent transition state dis-
tance. Data are exploded along the loading rate axis for clarity. Inset: The same
force spectra in their raw form illustrating the theoretical range of equilibrium
force and cross-over loading rate span (shaded regions). The upward inflection
at high forces in the Biotin/Avidin data of ref. 2 may be due to limited sampling
rate effects (41) and enhanced force error at very fast loading rates (42). (C)
The same data in B plotted in the natural coordinates of Eq. 9 (see Eq. S3) show
that all spectra collapse onto a single line. (D) Biotin-avidin bond rupture data
of Teulon et al. (35) are globally fitted to Eq. 9 assuming N = 1, 2, and 3 parallel
bonds. Only feq is independently fit, while xt and k0u are shared. Fitted values
are xt = 0.78 Å, k0u ¼ 6:75  s-1, and feq = 24.6 pN (N = 1), 58.5 pN (N = 2), 142.3 pN
(N = 3). Legend in (B) refers to references and corresponding bonds as follows:
Biotin/Avidin (2); LFA-1/ICAM-1 [rest 3A9] (10); Aβ-40/Aβ-40 (11); N,C,N-pincer/
pyridine (12); Si3N4/Mica in Ethanol (14); peptide/steel (43); Integrin/Fibronectin
(44; Lysozyme/Anti-Lysozyme (45); Dig/Anti-Dig (46); Actomyosin/ADP (47).
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Neighbor of Brca1 gene (Nbr1) functions as
a negative regulator of postnatal osteoblastic
bone formation and p38 MAPK activity
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Guilherme M. Xavierc, Takeshi G. Kashimac, Martyn T. Cobournec, Gareth O. Richardsb, Paul T. Sharpec, Tim M. Skerryb,
Agamemnon E. Grigoriadisc,2, and Ellen Solomona,2

aKing’s College London, Department of Medical and Molecular Genetics, London SE1 9RT, United Kindom; bAcademic Unit of Bone Biology, Section of
Musculoskeletal Science, School of Medicine and Biomedical Sciences, Sheffield S10 2RX, United Kingdom; and cKing’s College London, Department of
Craniofacial Development and Orthodontics, London SE1 9RT, United Kingdom

Edited by Eric N. Olson, University of Texas Southwestern, Dallas, TX, and approved June 8, 2010 (received for review November 17, 2009)

The neighbor of Brca1 gene (Nbr1) functions as an autophagy receptor
involved in targeting ubiquitinated proteins for degradation. It also
has a dual role as a scaffold protein to regulate growth-factor receptor
and downstream signaling pathways. We show that genetic trunca-
tion of murine Nbr1 leads to an age-dependent increase in bone mass
and bonemineral density through increased osteoblast differentiation
and activity. At 6 mo of age, despite normal body size, homozygous
mutant animals (Nbr1tr/tr) have∼50%more bone than littermate con-
trols. Truncated Nbr1 (trNbr1) co-localizes with p62, a structurally sim-
ilar interacting scaffoldprotein, and theautophagosomemarker LC3 in
osteoblasts, but unlike the full-length protein, trNbr1 fails to complex
with activated p38 MAPK. Nbr1tr/tr osteoblasts and osteoclasts show
increased activation of p38 MAPK, and significantly, pharmacological
inhibition of the p38 MAPK pathway in vitro abrogates the increased
osteoblast differentiation of Nbr1tr/tr cells. Nbr1 truncation also leads
to increased p62 protein expression. We show a role for Nbr1 in bone
remodeling, where loss of function leads to perturbation of p62 levels
and hyperactivation of p38 MAPK that favors osteoblastogenesis.

bone remodeling | osteoblasts | p62 | autophagy | light chain 3

Postnatal bone development, remodeling, and repair require the
precisely coordinated activity of osteoblasts, which produce

bone matrix proteins, and osteoclasts, responsible for the removal
or resorption of bone. Most acquired systemic bone diseases are
caused by aberrant remodeling, where the balance of activities
between these cell types is disrupted. Genes that play a key role in
the general regulation of the skeleton during both embryonic de-
velopment and postnatal skeletal remodeling have been identified
(reviewed in refs. 1 and2)and include theneighborofBreast cancer
1 gene (Nbr1) binding partner p62 (also known as A170/seques-
tosome 1/orphan nuclear receptor coactivator (ORCA)/lympho-
cyte-specific protein tyrosine kinase-binding protein (lckBP)) (3).
p62 null mice show defects in osteoclastogenesis in vitro because of
reduced receptor activator for nuclear factorκ B ligand (RANK-
L)–stimulated NF-κB signaling and develop mature-onset obesity
and insulin resistance through hyperactivation of ERK and adi-
pogenesis (4).
Nbr1 and p62 are ubiquitously expressed (5, 6). Nbr1 can bind

mono- and polyubiquitin (K-63 and K-48 linked) through its C-
terminal ubiquitin-associated (UBA) domain (7, 8). In addition to
a direct interaction through a common N-terminal Phox and
Bem1p (PB1) interaction motif (9), Nbr1 and p62 interact with
light chain 3 (LC3) and other autophagy related gene 8 family
members involved in the autophagy pathway. This is a potent ly-
sosome-dependent degradation mechanism for the turnover of
cytosolic proteins and degradation of bulk cytoplasm, long-lived
proteins, organelles, and protein aggregates. Nbr1 and p62 target
ubiquitinated substrates to the (macro)autophagosomal pathway
(7, 8, 10–12). Mutations of p62 are found in sporadic and 5q35-
linked familial cases of Paget’s disease of bone (PDB) (13, 14),

which is characterized by increased osteoclast and osteoblast ac-
tivity leading to the formation of an excess of poorly structured
bone that is liable to fracture (15, 16). Most p62 mutations iden-
tified to date in PDB patients affect the ubiquitin-binding prop-
erties of its UBA domain (17), with a biochemical–phenotype
correlation existing between ability of mutated protein to bind
ubiquitin in vitro and disease severity (17–19).
To investigate the role of Nbr1 in vivo, we disrupted the gene by

homologous recombination to produce a truncated protein (trNbr1)
lacking the LC3-interacting region (LIR) and UBA domain but
containing an intact PB1 domain. We report here that homozygous
Nbr1tr/tr mice develop a progressive increase in bone volume and
bone mineral density (BMD) because of an increase in the differ-
entiation and activity of bone-forming osteoblasts. The trNbr1 pro-
tein can bind p62 and shows overlapping distribution with p62 in
punctate LC3-positive autophagosomal vesicles. In vitro culture of
Nbr1tr/tr osteoprogenitors showedenhancedp38MAPKactivity, and
specific inhibition of p38 MAPK rescued the increased osteoblast
differentiation phenotype. These findings provide in vivo evidence
that Nbr1 modulates p38 MAPK signaling in osteoblasts and is
a regulator of osteoblast differentiation.

Results
Generation of Nbr1-Truncated Mice. Exons 6–8 of Nbr1 were tar-
geted by homologous recombination in embryonic stem (ES) cells,
introducing a stop at codon 135 (Fig. S1 A–D). Homozygous
Nbr1tr/tr mice were born at the expectedMendelian ratio and grew
normally compared with wild-type littermates, with no macro-
scopic differences in organ morphology or size. Quantitative RT-
PCR analysis showed that this targeting strategy did not affect
mRNA expression of truncated Nbr1 or the adjacent Brca1 gene
(5). Protein extracts from Nbr1tr/tr osteoblasts showed loss of the
endogenous full-length protein and stable expression of trNbr1 at
equivalent levels (Fig. S1E).

Increased Bone Mass and BMD in Nbr1tr/tr Mutant Mice. No differ-
ences in bone size or dry weight between genotypes at 17.5 days
post coitum or in postnatal animals up to 1 mo of age were ob-
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served, but histological analysis of older bones showed a marked
increase in bone mass and change in bone architecture in Nbr1tr/tr

mice comparedwith controls (Fig. 1A). This increased bonematrix
in Nbr1tr/tr mice is of the mature lamellar type and does not show
haphazard organization of collagen fibers, a property of woven
bone common in PDB (Fig. S2). At 3 mo of age, humeral and
femoral widths were increased by 24%, which was maintained at
9mo of age (P< 0.01) (Fig. 1B). The increased bonemass was also
observed byX-ray analysis, which showed increased radio-opacity,
as well as by micro-quantitative computed tomography (μQCT)
analysis such that the femoral epiphyses were almost totally ossi-
fied by 9 mo of age (Fig. 1 C and D). Quantification of BMD
confirmed a significant increase in cortical and trabecular BMD in
femurs and calvariae (Fig. 1E and Table S1).

Increased Bone Formation in Nbr1tr/tr Mice. Bone histomorpho-
metric analysis of undecalcified femurs at 2, 6, and 11 mo of age
showed significant increases in trabecular bone volume (TBV) and
trabecular number (TbN) with a concomitant decrease in mean
trabecular separation (MTS) inNbr1tr/tr mice comparedwith wild-
type mice (Fig. 2 A–C). Osteoid thickness (OTh) was also in-
creased inNbr1tr/tr mice (Fig. 2D). Interestingly, osteoclast activity
was apparently increased in vivo in Nbr1tr/tr mice at 2 mo of age
compared with age-matched wild-type mice as measured by his-
tomorphometric parameters of osteoclast surface (OcS) andmean
erosion depth (Fig. S3 A and C), but this seemed to be transient
and there were no statistically significant differences in these his-
tomorphometric parameters between the genotypes at either 6 or
11 mo and no differences in eroded surface at any age examined
(Fig. S3B). Indeed, ex vivo osteoblast-stimulated osteoclast dif-
ferentiation assays showed no differences in osteoclast number or
resorptive activity stimulated by either wild-type or Nbr1tr/tr

osteoblasts (Fig. S3E). Taken together, these data suggest that the
mutant mice might present with some early changes in osteoclast
numbers but that this resolves as the mice mature.
Dynamic histomorphometric analysis by double calcein label-

ing of bone formation over 7 d showed that bone formation rate
(BFR) was increased by 41% (at 2 mo) and 61% (at 7 mo) in

Nbr1tr/tr mice compared with age-matched controls, indicating
increased osteoblast function in young and mature mice (Fig. 2 E
and F). Consistent with these data, levels of osteocalcin, a
marker for osteoblastic activity and bone deposition, were shown
to be increased in Nbr1tr/tr mice in serum, and this was supported
by in situ hybridization studies showing increased osteocalcin
expression in Nbr1tr/tr osteoblasts compared with age-matched
wild-type femurs (Fig. 2 G and H). These results suggest that
Nbr1 is a negative regulator of osteoblastic bone formation.

Loss of Nbr1 Function Leads to Increased Osteoblast Differentiation
and Activity. To further examine the role of Nbr1 in osteoblasts, we
first confirmedNbr1was expressed inosteoblasts. Semiquantitative
RT-PCRanalysis showedNbr1RNApresent inprimaryosteoblasts
(Fig. 3A), and immunohistochemistry analysis confirmed Nbr1
expression in wild-type osteoblasts, which also expressed osteo-
calcin (Fig. 3 A and B). To examine the cellular mechanism re-
sponsible for the increase in bone mass observed in Nbr1tr/tr mice,
we measured osteoprogenitor frequency, proliferation rate, and
differentiation capacity in Nbr1tr/tr mice and wild-type controls. Ex
vivo culturesofNbr1tr/tr precursors derived fromneonatal calvariae
or bone-marrow stromal cells showed significantly increased num-
bers of osteoprogenitors, with augmented bone nodule numbers,
mineralization of bone-forming nodules, and osteogenic colony-
forming units (CFU) compared with wild-type controls (Fig. 3 C
and D). The increase in bone mass is not explained by increased
proliferation of Nbr1tr/tr osteoblasts compared with wild-type, be-
cause the mutant osteoblasts actually grew slightly slower as they
reached confluency (P < 0.05), although no difference in murine
embryonic fibroblast (MEF) proliferation rate was observed (Fig.
S4A). In accordance with the increased osteoblast differentiation,
quantitative RT-PCR analysis showed that the osteoblast marker
genes alkaline phosphatase and osteocalcin and the transcription
factor Atf4 were elevated (P < 0.0001, P < 0.01, and P < 0.01,
respectively) during in vitro osteoblast differentiation at day 15 in
Nbr1tr/tr osteoblasts (Fig. 3E) and over a time course of differen-
tiation (Fig. S4B), whereas levels of the transcription factor
CBFA1/Runx2 were unaltered between the genotypes. This is in
agreement with the in situ hybridization of osteocalcin being ele-
vated in Nbr1tr/tr femurs (Fig. 2H). Taken together, these data
suggest that truncation of Nbr1 results in increased bone forma-
tion by stimulating osteoblast differentiation and activity.

Nbr1 Regulates p38 MAPK-Dependent Osteoblast Differentiation.
Because p62 regulates ERK activity, interacts with p38 MAPK
(4), andhasbeen shown to regulate cytokine-dependentp38MAPK
activity (20, 21), we next determined whether Nbr1 truncation,
which has an intact p62 binding domain, influenced protein in-
teraction and/or activation of these MAPK pathways. COS-7 cells
were transfected with p38MAPK-myc and eitherHA-Nbr1 orHA-
trNbr1 before stimulation or not with anisomycin to activate p38
MAPK. Whereas full-length Nbr1 was immunoprecipitated with
activated p-p38 MAPK, trNbr1 failed to bind to either inactive or
active p38MAPK (Fig. 4A). Thus, full-length Nbr1, but not trNbr1,
is found in a complex with activated p38MAPK. Loss of Nbr1–p38
MAPK interactiononNbr1 truncation suggests that the p38MAPK
pathway may be altered in Nbr1tr/tr cells. Indeed, enhanced p38
MAPK activation was observed in both Nbr1tr/tr osteoblasts and
Nbr1tr/tr osteoclast precursors in response to anisomycin orRANK-
L treatment (Fig. 4BandFig. S3D).Althoughnoconsistent increase
in ERK phosphorylation was observed in Nbr1tr/tr osteoblasts, in-
creased activation was observed in osteoclasts (Fig. S3D). Ex vivo
analysis ofNF-κBactivation (a known downstreampathway of p62)
in osteoclasts and MEFs from Nbr1tr/tr mice (Fig. S5 A and B),
canonicalWnt pathway activation in osteoblasts (Fig. S5C), and the
p38 MAPK downstream effectors heat shock factor protein 1
(HSF1) and heat shock protein 72 (Hsp72) (Fig. S6) did not show
significant differences from wild-type cells, suggesting that trunca-
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Fig. 1. Increased bone mass and BMD in Nbr1tr/tr mice. (A) Histological
analysis of femurs from1-mo-old (Upper) and8-mo-old (Lower)wild-type (Wt)
andNbr1tr/trmice. H&E stain. (B)Wt andNbr1tr/tr femurs of 9-mo-oldmice.W1,
periosteal width measurement point. (C) Radiographs of distal femurs from
Wt and Nbr1tr/tr mice at 6 mo of age. (D) μQCT images of 12-mo-old Wt and
Nbr1tr/tr femurs. (E) μQCT analysis of combined femur and cranial bone area
and BMD in Nbr1tr/tr andWtmice aged 3 and 9mo. Black bars, Nbr1tr/tr; white
bars,Wt (**P< 0.01). Differences between the genotypes were assessed using
Student’s t test; error bars represent SEM (n = 5).
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tion of Nbr1 does not affect these particular downstream effectors
or pathways.
To examine the extent to which p38 MAPK activation is re-

sponsible for the Nbr1tr/tr osteoblast phenotype, we examined the
impact of the p38 MAPK inhibitor, SB203580, on the differenti-
ation of wild-type and Nbr1tr/tr calvarial-derived osteoblasts in
vitro. Although no effects of SB203580 on cell proliferation or
viability were observed, inclusion of the inhibitor reduced Nbr1tr/tr

osteoblast differentiation, as measured by alkaline phosphatase
and vonKossa staining, to wild-type levels at two concentrations of
inhibitor (0.1 and 10 μM) and two incubation periods (4 or 18 d)
(Fig. 4C). The effect of p38MAPK inhibition was striking on bone
nodule mineralization in both wild-type and Nbr1tr/tr osteoblast
cultures, but Nbr1tr/tr osteoblasts still showed enhanced earlier
mineralization at day 18 in differentiationmedium compared with
wild-type cells. Thus, truncation of Nbr1 leads to increased oste-
oblast differentiation and mineralization through a mechanism
involving elevated and prolonged p38 MAPK activity.

trNbr1 Is Localized to LC3-p62–Positive Vesicles and Stabilizes p62. It
has been reported that Nbr1 is degraded by autophagy in an LIR-
dependent manner (7). We wanted to test whether trNbr1 protein
(lacking the LIRandUBAdomains but retaining the PB1 domain)
was degraded by autophagy, could localize to autophagosomes
without theLC3 interacting region, andcould still interactwithp62.
We found that endogenous trNbr1, like full-length protein, is
rapidly turnedover by autophagy, andonly low levels aredetectable
in the absence of Bafilomycin-A1, an inhibitor of autophagosome
processing (Fig. 5A Top). trNbr1 also localizes with transfected
YFP-LC3 to autophagosomes in osteoblasts (Fig. 5A) and co-
localizes with endogenous p62 (Fig. 5B). These results show that
trNbr1 retains localization to p62-positive cytosolic aggregates and
LC3-positive autophagosome-like vesicles, probably through he-
terodimerization with p62, but that this is independent of the LIR
of Nbr1 and may be tissue-specific. Although trNbr1 localizes to
autophagosomes, it cannot recruit ubiquitinated cargo for de-
gradation through its missing UBA domain. We confirmed that
trNbr1 canbinddirectly to p62by in vitroGSTpull-downassay of in
vitro translatedHA-p62 (Fig. 5C). Recombinant GST-Nbr1 (aa 1–
335), including the PB1 and zinc binding (ZZ) domain, and GST-
trNbr1 (aa 1–135) both bound in vitro translatedHA-p62 at similar
levels but not toGSTalone.We also show that theGSTNbr1UBA
domain (aa 919–988) itself can bind HA-p62, although not as
strongly, and this suggests the possibility that one of theNbr1UBA
domain cargoes may be p62 itself.

We thus examined the effect of truncation of Nbr1 on endoge-
nous p62 protein levels. As expected, p62 was degraded by auto-
phagy, induced by serum starvation, in both Wt and Nbr1tr/tr cells.
However, steady-state levels of p62 were increased in the un-
treated Nbr1tr/tr cells compared with wild type, suggesting that
trNbr1may stabilize p62 and reduce its normal turnover (Fig. 5D).

Discussion
An excess of bone in the skeleton (osteopetrosis or osteosclerosis)
can arise from reduced bone resorption, increased new bone for-
mation, or a combination of these two. Although most mouse
models with increased bone mass are caused by impaired bone re-
sorption because of defects in osteoclast differentiation or re-
sorption, an increasing number of genes are being identified that
regulate osteoblast function in postnatal skeletal remodeling such
asWnt/LRP5,Atf4, and Sclerostin (reviewed in refs. 22 and 23).We
now show that truncation of the Nbr1 protein in mice results in an
age-dependent increase inbonemassandBMDbecauseof elevated
osteoblast activity. The phenotype is of particular significance, be-
cause in wild-type mice, bone mass would normally plateau as the
animals mature (peak bone mass) and then, decline as they age.
The changes in bone structure and mass are not subtle. We

have shown that the effect is predominantly caused by an alter-
ation in osteoblastic function, where even osteoblasts derived
from early postnatal animals that have not yet developed an overt
skeletal phenotype were able to differentiate and produce signi-
ficantly increased amounts of bone matrix in vitro compared with
controls. These findings were confirmed in older animals where
the histomorphometric measurements of osteoblast function are
significantly elevated compared with controls and correlate well
with the increase in osteoblast differentiation observed in vitro
from adult bone-marrow stromal cells. If the effect was solely or
predominantly through osteoblasts, then the mice would be
expected to mount an increased level of osteoclastic resorption to
balance the increased formation, resulting in a normal bone mass
and architecture but with a high turnover state. Because their
bone mass continues to increase, this is evidence of an alteration
in the homeostatic set point for the skeleton in Nbr1tr/tr mice.
The increased osteoblast activity observed in Nbr1tr/tr mice is

associated with enhanced activation of the p38 MAPK pathway.
Our data supports the view previously put forward by others (24,
25) that p38 MAPK activation can increase osteoblast differenti-
ation, accelerate the final steps of osteoblast maturation, and in-
crease osteoblast-specific gene expression. We were unable to
detect a direct interaction betweenp38MAPKandNbr1 by in vitro
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Fig. 2. Histomorphometry analysis of Nbr1tr/tr mice
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tion compared with wild-type mice. (A) TBV, trabec-
ular bone volume. (B) TbN, trabecular number. (C)
MTS, mean trabecular separation. (D) OTh, mean
osteoid thickness. (E) BFR/BS, bone-formation rate/
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Nbr1tr/tr mice. (Magnification: 10×.)
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methods, and we suggest that the interactome complex immuno-
precipitated may also include a scaffold for both proteins and that
domains deleted in trNbr1 may contribute to the formation of this
complex. Inhibition of p38 MAPK with metabolic inhibitors or
dominant-negative mutants has been shown to impede osteoblast
differentiation. The molecular mechanism behind this control is
poorly understood, although it has been suggested that it involves
the transcription factor osterix (26). As this manuscript was being
prepared, a publication (27) showed that calcium and integrin
binding protein (CIB), which we had previously identified as an
interacting partner of Nbr1 (28), functions as a Ca2+-sensitive
modulator of stress-induced signaling by targeting apoptosis signal-
regulating kinase 1 (ASK1), aMAPKkinase kinase in JNK and p38

MAPK signaling pathways, which may fit with the function of Nbr1
in regulating p38 MAPK activity. Furthermore, Nbr1 was recently
shown tomodulateFGFreceptor signaling through interactionwith
Spred2 (29), and with its previously well-documented involvement
in titin kinase signaling in muscle (30), Nbr1 is now becoming rec-
ognized as a regulator of diverse cellular kinase signaling pathways.
The trNbr1 protein is lacking several mapped interaction do-

mains, including those for CIB, FEZ1, LC3, USP8, and VTA1/
Lip5 (31), which may also have implications for the resulting
skeletal phenotype. The loss of the Nbr1 UBA domain described
here may also have consequences for the homo- and heterodim-
erization ofNbr1 and its binding partner p62.We have shown here
that the UBA domain of Nbr1 alone can bind p62, suggesting that
this may be an additional interaction interface besides the pub-
lished PB1 domain (3). Homodimerization of p62 through the
UBA has been shown to be a regulatory mechanism for directing
ubiquitin-binding preferences, where the monomeric UBA is bi-
ologically active, binding ubiquitin, whereas the dimeric form
precludes ubiquitin binding (32). Dimerization of the UBA do-
main of the scaffold proteins c-Cbl and Cbl-b and their ubiquitin-
binding properties is thought to be amechanism for regulating the
repertoire of downstream signaling through receptor tyrosine
kinases. It is not clear what role Nbr1UBA dimerization has on its
ubiquitin binding and signal selectivity.
We have shown that truncation of Nbr1 results in elevated os-

teoblast differentiation and activity coupled with increased p38
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MAPK activation. This is in clear contrast to the role of its
binding partner, p62 (which shares many structural similarities to
Nbr1). Mutations affecting the UBA domain of p62, as found in
PDB, are linked to defects not in osteoblast differentiation but in
osteoclastogenesis. Our data fit in with perturbation models of
human-inherited diseases, where mutations or truncations, rather
than complete loss of the gene product, may perturb an inter-
actome and produce a distinct phenotype (33). Nbr1 and p62,
therefore, play fundamental roles in the control of bone remod-
eling through the regulation of signaling pathways in different cell
types. However, perhaps more importantly, the identification of
the detailed mechanism by which the Nbr1 truncation leads to
increased bone mass may be amenable to pharmacological ma-
nipulation to increase bone mass in osteoporotic patients.

Experimental Procedures
Generation of Nbr1 Gene-Targeted Mice. AnNbr1-targeting construct as shown
in Fig. S1 was electroporated into E14.2 ES cells. After Southern blot screening
of 334 clones, two correctly targeted embryonic stem cell clones were micro-
injected into C57BL/6 blastocysts (B6), and resulting chimeras weremated with
B6 mice and backcrossed for 10 generations on the C57BL/6 strain. All studies
were approved by the King’s College London ethical review committee. Ani-
mals were routinely genotyped by PCR using standard conditions, and primer
sequences are available on request.

RNA Analysis. RNA was isolated using TRIzol reagent (Gibco-BRL) and relative
expression levels determined by quantitative RT-PCR according to standard
procedures using the ddCt method, normalized to β-actin and day 2 starting
point for each genotype (34). Probe and primer sequences used are available
on request.

Bone Morphological, Histological, and in Situ Analyses. Femurs, tibiae, and
humeri were isolated and freed of all soft tissue, fixed in 70% ethanol, and
dehydrated through graded ethanol before drying at 37 °C until boneweight
was stabilized. Bone widths were measured using Mitutoyo 505–628 dial cal-
ipers. Radiographic images were obtained using a Faxitron MX-20 Digital
Radiography system. Isolated femurs and calvariaewere imaged bypQCTwith
an XCT-μScope (Norland Stratec) using standard procedures. Detailed stan-
dard bone histomorphometry was performed on undecalcified femurs col-
lected from age-matched animals at 2, 6, and 11 mo of age (n = 3 per time
point). For dynamic studies, animals of 2 and 7mo of age (n = 3) were injected
with calcein at 30 mg/kg at 7-d intervals, and bones were taken 3 d later.
Osteocalcin serum levels was measured using an ELISA immunoassay kit (R&D
systems; n = 10 per group per time point). For histological and in situ analyses,
bones were fixed in 4% paraformaldehyde (PFA), decalcified in 0.5 M EDTA,

and processed for paraffin histology; 5-μm sections were stained with H&E.
In situ hybridization was carried out using specific Nbr1 and osteocalcin 32P-
labeled riboprobes as previously described (35). For immunohistochemistry,
specific rabbit polyclonal antibodies against Nbr1 (M. Gautel, King’s College
London, London) and osteocalcin (sc-30044; Santa Cruz) were used with the
Vector ABC staining system and Vector DAB kit (Vector Laboratories) as de-
scribed previously (36).

In Vitro Differentiation Analyses. Primary osteoblastic cells were isolated from
calvariae of 3- to 5-d-old wild-type or Nbr1tr/tr mice using a sequential colla-
genase digestion protocol described previously (37). For differentiation, cells
were cultured in α-minimum essential medium (α-MEM) containing 10%
batch-testedFCS (standardmedium)and supplementedwith50μg/mLascorbic
acid and 10 mM sodium β-glycerophosphate (differentiation medium). Cul-
tures were fixed after 15–20 d and stained histochemically for alkaline phos-
phatase activity or with the von Kossa method for mineralization as described
(37). For bone-marrow stromal cell cultures andCFU assays, bonemarrow from
3- to 4-mo-old Nbr1tr/tr and wild-type male mice was flushed and cultured in
differentiation medium for CFU-ALP and CFU-osteoblast assays in a modifica-
tion of the method described in ref. 38. The number of CFU-ALP colonies was
quantified after alkaline phosphatase staining for 7–9 d, and the number of
CFU-OB colonies was quantified after von Kossa staining for 18–21 d. For os-
teoblast proliferation studies, calvarial-derived osteoblasts or MEFs were
plated at a starting density of 5,000 or 10,000 cells per well and counted in
triplicate at days 1, 4, and 7 in culture. For osteoblast–osteoclast co-cultures,
primary calvarial osteoblasts of the indicated genotype were cultured with
macrophage colony stimulating factor –dependent bone-marrow precursors
flushed from 9- to 12-wk-old male wild-type and Nbr1tr/tr mice in standard
medium containing 10−8 M 1,25 α-dihydroxyvitamin D3. Cells were plated on
dentine slices, and the number of tartrate resistant acid phosphatase-positive
osteoclasts containing three or more nuclei was quantified after 7 d. The
percentage resorbedareawasquantifiedafter10dusingamodificationof the
point-countingmethod as described in refs. 25 and 39. For p38MAPK inhibitor
assays, calvarial osteoblasts were prepared as described above, and inhibitor
was included for either 4 or 18–20 d before alkaline phosphatase and von
Kossa staining.Quantification analysiswas performedbyNational Institutes of
Health (NIH) Image program (available at http://rsb.info.nih.gov/nih-image/).

Osteoblast Transfection and Immunofluorescence. Neonatal osteoblasts were
isolated as described above and transfected using FuGENE 6 (Roche) according
tomanufacturer’s instructions; 24-h posttransfection cells were treated or not
treated with 20 μM Bafilomycin-A1 for 16 h before fixation with 4% PFA
and staining as described (8). Confocal imaging was performed using a Zeiss
LSM510 confocal microscope in sequential scanning mode.

COS-7 Transfection, GST Pull-Down Assays, EMSA, Immunoprecipitation, and
Western Blotting. COS-7 cells were cultured in DMEM supplemented with 10%
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FCS. Transient transfection of eukaryotic expression vector constructs was
performed using FuGENE 6 (Roche), and protein expression or cell treatment
was analyzed 24 h later. Cells were treatedwith 20 μMBafilomycin-A1 for 16 h
or serum starved in DMEM medium for 6 h before cell lysis or treatment with
RANK-L or anisomycin at 10 ng/mL and 5 ng/mL, respectively. Protein samples
for immunoblotting were prepared from COS-7, MEFs, osteoblast, and oste-
oclast cultures by extraction in ice-cold lysis buffer (76.5 mM Tris, pH 7.4, 10%
glycerol, 2% SDS, 1% Triton X-100) or Immunoprecipitation (IP) buffer [137
mM NaCl, 20 mM Tris, pH 8.0, 0.5% Tween 20, including complete protease
inhibitor mixture (Roche) and 1 mM activated sodium orthovanadate]. To
confirm protein expression, whole-cell lysates were separated by SDS/PAGE
and analyzed by Western blotting. Immunoprecipitations were carried out
from precleared cell lysate at 4 °C for 2 h with 2 μg of high-affinity rat anti-HA
antibody (Roche) and collected by protein AG agarose beads (Alpha Di-
agnostic). Beads were washed five times with IP buffer, and bound proteins
were eluted by boiling, separated by SDS/PAGE, transferred to PVDF mem-
branes (Immobilon P), probed with the appropriate antibodies, and detected
by enhanced chemiluminescence (GEHealthcare) according tomanufacturer’s
instructions. NF-κB EMSA was performed essentially as described in ref. 40.
Antibodies used were p38 MAPK, phospho-p38 MAPK, ERK1/2, and phospho-
ERK1/2 fromCell Signaling, TRAF6, IK-Bα, NF-κB,HSF1, β-catenin, andmyc from
Santa Cruz, β-actin from AbCam, Hsp72 from Stressgen, p62 from Abnova,
Nbr1 raised against the PB1-ZZ-CC domain or from Abcam, and HA from
Roche. Nbr1 GST fusion pull-down experiments were performed essentially as
described (8) with GST-Nbr1 recombinant fusion protein expressed and puri-

fied from BL21 (DE3) bacterial cells. Equal amounts of recombinant protein
were incubated with equal amounts of in vitro transcription/translation-cou-
pled HA-p62 protein (Promega) at 4 °C andwashed four timeswith 20mMTris
(pH 7.8), 200 mMNaCl, 1 mM EDTA, and 0.5%Nonidet P-40 in the presence of
protease inhibitor mixture (Roche). Bound HA-p62 was eluted by boiling the
GST beads and then, was separated by SDS/PAGE and immunoblotted for HA-
p62.

Statistical Analysis. Statistical analysis was performed by Student’s t test. For
osteocalcin quantification, a mixed-effects model was used to take into ac-
count the pseudoreplicates. Fixed effects were age, genotype, and sex, and
the response was the natural log of the osteocalcin concentration.
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