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Nascent-polypeptide-associated complex and coactivator alpha (�NAC) is a protein shuttling between the
nucleus and the cytoplasm. Upon phosphorylation at residue serine 43 by integrin-linked kinase, �NAC is
translocated to the nuclei of osteoblasts, where it acts as an AP-1 coactivator to increase osteocalcin gene
transcription. To determine the physiological role of nuclear �NAC, we engineered a knock-in mouse model
with a serine-to-alanine mutation at position 43 (S43A). The S43A mutation resulted in a decrease in the
amount of nuclear �NAC with reduced osteocalcin gene promoter occupancy, leading to a significant decrease
in osteocalcin gene transcription. The S43A mutant bones also expressed decreased levels of �1(I) collagen
mRNA and as a consequence had significantly less osteoid tissue. Transient transfection assays and chromatin
immunoprecipitation confirmed the �1(I) collagen gene as a novel �NAC target. The reduced quantity of bone
matrix in S43A mutant bones was mineralized faster, as demonstrated by the significantly reduced mineral-
ization lag time, producing a lower volume of immature, woven-type bone characterized by poor lamellation
and an increase in the number of osteocytes. Accordingly, the expression of the osteocyte differentiation marker
genes DMP-1 (dentin matrix protein 1), E11, and SOST (sclerostin) was increased. The accelerated mineral-
ization phenotype was cell autonomous, as osteoblasts isolated from the calvaria of S43A mutant mice
mineralized their matrix faster than did wild-type cells. Thus, inhibition of �NAC nuclear translocation results
in an osteopenic phenotype caused by reduced expression of osteocalcin and type I collagen, accelerated
mineralization, and immature woven-bone formation.

Nascent-polypeptide-associated complex and coactivator al-
pha (�NAC) is a protein shuttling between the cytoplasm and
the nucleus (50). In the cytoplasm, �NAC is part of a protein
complex termed the nascent-polypeptide-associated complex
(NAC), which consists of an � and a � subunit. NAC associates
with ribosomes and nascent polypeptide chains in a chaperone-
like manner (31). NAC has also been reported to play a role in
the endoplasmic reticulum (ER) stress response pathway and
to directly interact with the signal recognition particle (SRP)
(15). NAC has further been reported to be involved in protein
translocation into the ER (26) or mitochondria (13). The im-
portance of NAC is highlighted by the fact that mutations
introduced into �NAC (8) or �NAC (O. Akhouayri and R.
St-Arnaud, unpublished data) result in embryonic lethal phe-
notypes in mice.

The � subunit of NAC has specifically been detected in the
nuclei of differentiated osteoblasts (50). This translocation
from the cytoplasm to the nucleus is regulated by phosphory-
lation of �NAC by integrin-linked kinase (ILK) at residue
serine 43 (S43) (35). The kinase activity of ILK is stimulated
upon binding of extracellular matrix components to integrin
receptors (47). Phosphorylation of residue S43 by ILK poten-
tiates the coactivating function of �NAC (35). In the nucleus,
�NAC acts as a coactivator of AP-1-mediated transcription by

specifically potentiating the activity of c-Jun homodimers (1, 2,
27). One of the currently identified targets of the �NAC co-
activating activity is the osteocalcin gene promoter (1). �NAC
potentiates osteocalcin gene transcription by stabilizing the
binding of a c-Jun dimer to its AP-1 binding site in the osteo-
calcin gene promoter (2) and by acting as a protein bridge
between the c-Jun dimer and the basal transcription machinery
(TATA-binding protein) (27). It has further been shown that
�NAC can specifically bind DNA and that this DNA-binding
capacity is required to potentiate AP-1-mediated osteocalcin
gene expression in osteoblasts (1).

Osteocalcin is a terminal marker of osteoblastic differentia-
tion and was suggested to play an inhibitory role during bone
formation (10). This inhibitory role possibly involves alteration
of osteoblast function and was initially thought to affect matrix
mineralization (6). However, recent molecular genetic studies
do not support a direct role for osteocalcin in matrix mineral-
ization (28). Osteocalcin exists as a noncarboxylated molecule
but can also undergo posttranslational modification, during
which it gets � carboxylated at its glutamic acid residues (4, 33).
The �-carboxylated form shows a high affinity for hydroxyap-
atite (HA) crystals, the main component of mineralized bone
tissue (18, 40). The noncarboxylated form of osteocalcin cir-
culates in the bloodstream and has recently been shown to
mediate the endocrine function of bone in glucose and fat
metabolism (21, 22).

In order to assess the physiological importance of the ILK-
�NAC signaling cascade and the role of nuclear �NAC in vivo,
we engineered a mouse model carrying a serine-to-alanine
single-nucleotide mutation at position S43 within the �NAC
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gene (S433S43A). In vitro, this mutation has been shown to
hinder the ability of ILK to phosphorylate �NAC at position
S43 and subsequently to reduce �NAC translocation into the
nucleus (35). The S43A knock-in mouse model also showed
reduced �NAC nuclear levels. Consequently, osteocalcin gene
transcription was significantly reduced in the S43A mutants,
along with transcription of the �1(I) collagen gene, identifying
a novel target of the AP-1-coactivating function of �NAC. The
S43A mutation resulted in an osteopenic phenotype character-
ized by increased woven bone containing a larger number of
osteocytes. This study is the first demonstration of the impor-
tance of nuclear �NAC in osteoblastic gene expression and
bone formation in vivo.

MATERIALS AND METHODS

Generation of S43A knock-in mice. �NAC knock-in mice were generated using
a pMC-loxP-NEO-loxP vector (Specialty Media, Phillipsburg, NJ) consisting of a
loxP-NEO-loxP selection marker flanked by two fragments of the mouse �NAC
gene. The 5� fragment stretched from exon 1 to intron 3 (4.7 kb) and the other
one from intron 3 to exon 9 (3 kb). A single-base-pair mutation (T3G) to
replace the serine at residue 43 (TCC) in exon 4 with an alanine (GCC) was
introduced by the recombineering technique (7, 43). The resulting targeting
vector was used for homologous recombination in 129sv embryonic stem cells
and subsequent C57BL/6 blastocyst injection. Highly chimeric mice were crossed
with wild-type C57BL/6 mice, and the resulting brown babies were genotyped by
single-nucleotide polymorphism (SNP) genotyping (see below). S43/S43A-het-
erozygous mice were interbred to obtain all three genotypes (S43/S43, wild type
[WT]; S43/S43A, heterozygous [het]; S43A/S43A, S43A mutant). The NEO se-
lection cassette was excised by crossing S43A mutant mice with CMV-Cre mice
(20). Animals were sacrificed and analyzed at 6 weeks of age. All animal exper-
imentation was approved by the Institutional Animal Care and Use Committee
and followed the guidelines of the Canadian Council on Animal Care.

SNP genotyping. Tail clips of 2- to 4-week-old mice were digested overnight in
lysis buffer (100 mM Tris-HCl [pH 8.5], 200 mM NaCl, 5 mM EDTA, 0.2%
sodium dodecyl sulfate, 100 �g/ml of proteinase K) and centrifuged at maximum
speed for 5 min at 4°C, and the resulting supernatant was transferred to a new
tube. The DNA was precipitated using isopropanol (1:1), washed with 70%
ethanol, and resuspended in 200 �l of TE-light (10 mM Tris, 0.1 mM EDTA, pH
8.0). The genotype was determined with a custom TaqMan SNP genotyping assay
from Applied Biosystems (Foster City, CA) using �NAC primers (5�-TCAGTA
CCAGAGCTCGAGGAA-3� and 5�-ACACACCTGGGCTTGCT-3�) flanking
the single-point mutation site S43-S43A. Genotyping was carried out according
to the custom TaqMan SNP genotyping assay protocol supplied by Applied
Biosystems.

Protein extraction and Western blotting. Calvaria from wild-type and S43A
mutant mice were snap-frozen using liquid nitrogen, crushed using a mortar and
pestle, and suspended in 600 �l of lysis buffer solution (20 mM Tris-HCl [pH 7.4],
150 mM NaCl, 0.8% Triton X-100, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride [PMSF], 0.15 U/ml aprotinin, 10 �g/ml leupeptin, 1 mM NaVO3). Tissue
samples were homogenized using a Polytron PT-MR 3000 (Kinematica AG,
Littau, Switzerland) at 20,000 rpm for 20 s and then placed on a rotating wheel
overnight at 4°C. Samples were then centrifuged at 4°C (10 min at 500 � g), and
the supernatants were collected. Pellets were resuspended (600 �l of lysis buffer),
rehomogenized, and recentrifuged. The resulting supernatants were pooled with
the previously collected protein extracts. The pooled extracts were centrifuged
(5,000 rpm for 10 min at 4°C) to remove any remaining bone tissue. Proteins
were precipitated by addition of 300 �l of trichloroacetic acid (TCA), mixing,
and incubation for 10 min on ice. The samples were centrifuged (5 min at 14,000
rpm), and the precipitated protein pellets were washed twice with 200 �l of cold
acetone, dried in a 95°C heat block for 1 to 3 min, and resuspended in 1�
Laemmli buffer without dithiothreitol (DTT).

Cytoplasmic and nuclear extracts from primary osteoblast cultures obtained as
described below were prepared by scraping primary cells into ice-cold phosphate-
buffered saline (PBS). The cells were pelleted, resuspended in 200 �l of lysis
buffer A (10 mM HEPES-KOH [pH 7.9], 1.5 mM MgCl2, 10 mM KCl, 0.5 mM
DTT, 0.2 mM PMSF), and allowed to swell on ice for 10 min. After vortexing, the
samples were centrifuged and the supernatant was saved as the cytoplasmic
fraction at �80°C. The pellet was resuspended in 50 �l of ice-cold lysis buffer B
(20 mM HEPES-KOH [pH 7.9], 25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2

mM EDTA, 0.5 mM DTT, 0.2 mM PMSF), incubated on ice for 20 min, and then
centrifuged. The supernatant was stored as the nuclear fraction at �80°C. Pro-
tein concentrations were determined by the Bradford assay, and equal amounts
were used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Western blotting.

A purified polyclonal anti-�NAC chicken antibody raised against recombinant
�NAC was used to probe immunoblots of total bone protein extracts, as well as
nuclear and cytoplasmic extracts from wild-type and heterozygous or homozy-
gous mutants. Anti-chicken antibodies conjugated to horseradish peroxidase
were used as secondary antibodies and detected using ECL Western blotting
detection reagents from GE Healthcare Bio-Sciences (Baie d’Urfé, Quebec,
Canada).

Primary cultures. Primary osteoblast cultures were prepared from 2- to
6-week-old mouse calvaria as previously described (52). Von Kossa staining was
performed using 5% silver nitrate solution under strong UV light, followed by
treatment with 5% sodium thiosulfate for 5 min. Pictures were taken immedi-
ately. The assay was repeated three times with two to six mice of each genotype
per experiment. Representative results from one experiment are shown.

Proliferation experiments (n � 6) were performed using the colorimetric cell
proliferation enzyme-linked immunosorbent assay (ELISA), bromodeoxyuridine
(BrdU) kit from Roche Diagnostics (Mannheim, Germany).

For nuclear localization studies, primary calvarial cells were grown to 70%
confluence on coverslips, starved in 0.5% serum overnight, and then incubated
with 1 �M proteasome inhibitor III for 5 h at 37°C before fixation in 4%
paraformaldehyde (PFA). �NAC localization was visualized using a rabbit anti-
�NAC primary antibody (1/200) (51), an Alexa Fluor 594 goat anti-rabbit im-
munoglobulin G (IgG; 1/2,000) secondary antibody (Invitrogen, Burlington,
Ontario, Canada), and 1 drop of Vectashield mounting medium with 4�,6-dia-
midino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA). Four in-
dependent fields were counted from cultures of cells from five different mice per
genotype.

ChIP. For quantitative assessment of osteocalcin gene promoter occupancy by
wild-type and S43A �NAC in primary osteoblast cultures from wild-type and
mutant mice, we used the MAGnify chromatin immunoprecipitation (ChIP)
system (Invitrogen Canada, Burlington, Ontario, Canada) by following the man-
ufacturer’s instructions. After elution, the amount of ChIP products was mea-
sured on a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE). Equivalent amounts were subjected to quantitative real-time
PCR using SYBR green QuantiFast Master Mix (Qiagen, Mississauga, Ontario,
Canada) and primers specific for the �NAC binding site within the osteocalcin
gene promoter (1), in triplicate. The reaction conditions were as follows: 95°C for
10 min, followed by 40 cycles of 95°C for 15 s (denaturation), 65°C for 45 s, and
72°C for 45 s (annealing and elongation, respectively). Threshold cycle (CT)
numbers were determined with the ABI PRISM 7500 sequence detection system
(version 1.1 software). The DNA levels from ChIP-quantitative PCR (qPCR)
assays were calculated as follows: fold enrichment � R(CTInput � CTIP), where
R is the normalized reporter. After multiple runs with the primers designated for
the osteocalcin gene promoter, 95% rates of amplification were achieved with an
R value of 1.9, allowing us to solve the equation. As a negative control and to
measure the background, IgG antibodies were used in parallel ChIPs and qPCRs
to determine the relative enrichment.

ChIP of the �1(I) collagen gene AP-1 intronic response element was per-
formed with the following modification. To first stabilize protein-protein inter-
actions, cells were washed with PBS and then incubated with 5 mM dimethyl-
3,3-dithiobispropionimidate–2HCl (DTBP) for 30 min on ice. The DTBP was
inactivated by washing with cold inactivation buffer (100 mM Tris-HCl [pH 8.0],
150 mM NaCl), followed by PBS. The ChIP assay was then performed as de-
scribed previously (1) using the anti-�NAC antibody or control IgG and the
following primers: forward, 5�-AGAGTGAGGAAAGCACGTCG-3� (starting at
position 	507 relative to the transcription start site); reverse, 5�-GCTGCCCA
GCACCCCCA-3� (position 	667). The control coding sequence primers were as
follows: forward, 5�-GTCTCTGTTTATGTATATGTA-3� (position 	1907); re-
verse, 5�-TGACATCATGCACTTCCTG-3� (position 	2385).

Morphological analysis. One femur from each mouse was collected in PBS-
soaked tissues without removing the surrounding muscle tissue and used for
three-point bending tests. The other femur was fixed in 4% PFA, transferred to
70% ethanol, and used for microcomputed tomography (�CT) measurements.
Bending tests and �CT analysis were performed at the Centre for Bone and
Periodontal Research of McGill University. No fewer than six samples of the
same gender were analyzed for each genotype. Results for males are reported,
but there were no gender differences. Tibias and L2-to-L4 vertebrae were fixed
in 4% PFA and embedded in 4.5% methyl methacrylate (MMA) for histological
analysis. MMA-embedded tibia and vertebra sections (5 �m) were stained with
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either Goldner or toluidine blue (9). For dynamic histomorphometric analysis,
mice were subcutaneously injected with 25 �g/g body weight of calcein at 8 and
4 days prior to sacrifice. Between four and eight samples from male animals were
analyzed for each genotype. All samples were analyzed using a Leica DMR
fluorescence microscope with a polarizer (Leica Microsystems, Richmond Hill,
Ontario, Canada) connected to a QImaging camera and the Osteo software from
BioQuant Image Analysis Corporation (Nashville, TN).

Real-time reverse transcription-qPCR (RT-qPCR). Calvaria from 6-week-old
mice were collected into RNAlater solution (Ambion, Austin, TX) and stored at
�20°C until further processed. RNA was extracted with TRIzol (Invitrogen) by
following the manufacturer’s instructions. One microgram of RNA was reverse
transcribed into cDNA using the High Capacity cDNA Archive kit in accordance
with the manufacturer’s recommendations (Applied Biosystems). Real-time
PCR amplification was performed using the TaqMan Universal PCR Master Mix
(Applied Biosystems) on a 7500 instrument (Applied Biosystems) and specific
Assay-On-Demand TaqMan assays for osteocalcin, �NAC, ATF4, Runx2, os-
terix, bone sialoprotein II, osteopontin, dentin matrix protein 1, E11, sclerostin,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Relative quantifica-
tion of mRNA was performed according to the comparative CT method with
GAPDH RNA as an endogenous control (ABI PRISM 7700 sequence detector
user bulletin 2; PE Applied Biosystems, 1997). Five samples per genotype were
assayed in duplicates.

Transient transfection assays. MC3T3-E1 osteoblastic cells (41) were cultured
in minimum essential medium alpha containing 10% fetal bovine serum and
plated at 1.0 � 105/well in a six-well plate. Cells were transfected with 200 ng
each of reporter vector (�2300COL-hGH/luc [23], pGL3-DMP1 [42], ECR5-
2kb-SOST-luciferase [25], or �1251bp-E11-Luc [38]) and 400 ng of expression
vectors for c-Jun (37), �NAC (35), DNA-binding domain (DBD) mutant �NAC
(
69-80) (1), or the empty vector by using the LipofectAmine transfection
reagent (InvitroGen) and following the instructions provided by the manufac-
turer. The total amount of transfected DNA was adjusted to 2 �g in each well by
using pBlueScript (Stratagene, La Jolla, CA). At 48 h posttransfection, cells were
lysed and 20 �l of cell lysate was used to measure luciferase activity. Each
transfection was repeated at least three times with triplicate samples, and the
data shown represent the mean � the standard error of the mean (SEM) of a
representative experiment.

Blood biochemistry. Alkaline phosphatase (ALP), calcium, phosphate, and
glucose serum levels were determined using an automated analyzer by the
McGill University Animal Resources Centre Diagnostic and Research Support
Service. A minimum of eight male samples were analyzed for each genotype.
Fibroblast growth factor 23 (FGF23) serum levels were assessed by using the
FGF23 ELISA kit (Cedarlane Laboratories, Burlington, Ontario, Canada) by
following the manufacturer’s recommendations. The quantification of fragments
of type I collagen (CTX) in serum (five samples per genotype) was done using
the RatLaps enzyme immunoassay kit (Immunodiagnostic Systems Ltd., Boldon,
United Kingdom). HA-bound osteocalcin serum levels were determined as de-
scribed by Lee et al. (22). Seven samples of the same gender were analyzed for
each genotype.

Statistical analysis. Statistical analysis used Student’s t test when two variables
were compared or analysis of variance with a post hoc test when more than two
samples were included in the analysis. P � 0.05 was accepted as significant.

RESULTS

Engineering of the S43A knock-in strain. The serine (TCC)-
to-alanine (GCC) mutation at position S43 in the �NAC target-
ing vector (see Fig. 1A posted at http://www.mcgill.ca/files
/humangenetics/aTRMSuppl-Fig01-2b.pdf) was confirmed by
sequencing (see Fig. 1B at the URL mentioned above).
Following homologous recombination in embryonic stem cells,
four positive clones were identified and one was used for
blastocyst injection. The resulting chimeric mice were back
bred to C57BL/6 wild-type mice, and the resulting progeny was
screened for germ line transmission by coat color (agouti).
Agouti mice were used for further breeding, and the genotype
(S43/S43, WT; S43/S43A, het; S43A/S43A, S43A mutant) was
determined using a SNP assay (see Fig. 1C at the URL
mentioned above). The NEO selection cassette (see Fig. 1A at
the URL mentioned above) was excised by breeding S43/S43A

heterozygous mice to wild-type mice containing a universal
CMV-Cre exciser gene, and complete excision of NEO and
segregation of the Cre transgene were confirmed by PCR.
Mice analyzed at 6 weeks showed the same phenotype
independently of the presence or absence of the NEO
selection cassette in their genome (data not shown). There
were no gross phenotypic manifestation of the homozygous
S43A mutation, and whole-body X-ray images of wild-type and
mutant mice were identical (see Fig. 1D at the URL
mentioned above).

Reduced nuclear �NAC levels in S43A mutated cells. Im-
munoblotting of total protein extracts from calvaria of wild-
type and S43A homozygote mutant littermates revealed that
the mutation did not significantly affect steady-state �NAC
protein levels (Fig. 1A). We next determined the impact of the
S43A mutation on the subcellular localization of �NAC by
immunofluorescence analysis of primary cultures of osteoblas-
tic cells from calvaria of wild-type and S43A mutant litter-
mates. The signals detected in the cytosol of both wild-type and
mutant cells were similar in intensity (Fig. 1B). Nuclear stain-
ing was clearly reduced in cells from the S43A mutant mice,
however (Fig. 1B). When the relative amount of cytosolic and
nuclear �NAC was quantified by Western blotting (Fig. 1C),
18% of the cellular �NAC was detected in the nuclei of wild-
type cells, while only 8% was found in the nuclei of S43A
mutant cells (Fig. 1C). These results confirm that the engi-
neered mutation affected the subcellular localization of �NAC.
The lower amount of nuclear S43A-�NAC led to reduced
occupancy of the �NAC binding site within the osteocalcin
gene proximal promoter, as determined by ChIP with anti-
�NAC antibody, followed by quantitative PCR (Fig. 1D).

S43A mutants have less bone, without changes in osteoblast
or osteoclast numbers. To determine the effect of the S43A
mutation on bone morphology, we performed �CT analysis
and static histomorphometry analyses using Goldner-stained
MMA sections. �CT analysis performed at the distal end of
femurs from 6-week-old mice (Fig. 1E) showed a significant
reduction in bone volume over tissue volume (BV/TV) in the
S43A mutants compared to wild-type mice (Fig. 1F). Trabec-
ular thickness (not shown) and cortical thickness (Fig. 1G)
were also significantly reduced in the S43A mutants. This find-
ing was confirmed by static histomorphometry analysis of tibia
sections from 6-week-old mice: Goldner-stained sections
clearly showed decreased bone volume in S43A sections (Fig.
2B) compared to wild-type sections (Fig. 2A), and this was
confirmed by a lower BV/TV ratio in the mutants (Fig. 2C).
Further analyses of these sections showed a significant reduc-
tion in osteoid volume over bone volume (Fig. 2D) in the S43A
mutants, as well as significantly reduced bone surface over
tissue volume (BS/TV), reduced osteoid surface over bone
surface (OS/BS), lower mean osteoid thickness, reduced tra-
becular thickness, and a lower trabecular number in the S43A
mutants compared to those of their wild-type littermates (data
not shown). The reduced trabecular thickness and number
resulted in significantly increased trabecular separation in the
mutants (not shown).

The reduction in bone volume occurred without changes in
the number of bone-forming or bone-resorbing cells, as the
number of osteoblasts per osteoid surface (N.Ob/OS) was un-
changed (Fig. 2E). Similarly, no difference was measured in
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FIG. 1. Reduced �NAC nuclear translocation and osteopenia in S43A mutant bones. (A) Whole protein extracts from calvaria of wild-type
(WT) and S43A mutant littermates were immunoblotted with an anti-�NAC antibody and then stripped and reprobed with an antibody against
the ubiquitous marker GAPDH. Relative �NAC protein amounts are graphed below. (B) Primary cultures of osteoblasts from WT and S43A
homozygous mutant mice were stained with the anti-�NAC antibody and a fluorescent secondary antibody. Mutant osteoblasts show reduced
staining in the nucleus. (C) immunoblotting of cytosol and nuclear fractions for �NAC protein (arrow). The signal intensity was quantified and
expressed as the relative percentage of total cellular �NAC present within the cytosol or the nucleus. (D) Quantitative ChIP of the osteocalcin gene
promoter fragments using the anti-�NAC antibody (Ab). ���, P � 0.001. (E) Femurs were analyzed by �CT. Data from distal femurs of wild-type
animals and S43A mutants was used for three-dimensional reconstruction. Bone volume over tissue volume (BV/TV, panel F) was significantly
reduced in S43A mice compared to that of their wild-type littermates. Cortical thickness (Ct.Th, panel G) was also significantly lower. Het,
S43/S43A heterozygous mice. �, P � 0.05 (n � 6).
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osteoclast numbers over bone surface (Fig. 2F) or over erosion
surface (not shown), and no change in erosion surface over
bone surface (ES/BS) was detected (not shown).

When the mechanical properties of the mutant bones were
tested using the three-point bending test, we observed a slight
but not significant decrease in stiffness (data not shown).

These results show that S43A mutant mice are osteopenic
without changes in the number of osteoblasts or osteoclasts.

S43A mutants have reduced bone formation rates. The ac-
tivity of the S43A mutant osteoblasts was compared to that of
wild-type cells using dynamic histomorphometry. Calcein-in-
jected mice were sacrificed at 6 weeks of age and analyzed for

calcein incorporation into L3 vertebral trabeculae. While the
fluorescent label was incorporated in wild-type bones with
sharp boundaries (Fig. 3A), labeling of mutant bone surfaces
was irregular and lumpy (Fig. 3B). Measurements of dynamic
histomorphometry parameters confirmed the significantly
lower BV/TV ratio in the mutants compared to those of their
wild-type littermates (not shown). Furthermore, mineral appo-
sition rates (Fig. 3C) and bone formation rates (Fig. 3D) in
both heterozygous and homozygous mutant mice (S43A) were
significantly decreased compared to those in wild-type animals.
These results suggest that there are differences in osteoblast
activity between S43A mutants and wild-type mice.

FIG. 2. Reduced bone volume without changes in osteoblast or osteoclast cell numbers in S43A mutant bones. Proximal tibias were sectioned
and analyzed following Goldner staining. Sections from S43A mutant mice (B) showed visibly less trabecular bone than did those of wild-type mice
(A). Quantified bone volume (C) and osteoid volume (D) were significantly reduced in S43A mutants compared to those in their wild-type
littermates. The numbers of osteoblasts (E) and osteoclasts (F) remained unchanged between mutant and wild-type mice, however. ��, P � 0.01
(n � 5).
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Osteocalcin and Col1a1 gene expression is downregulated in
S43A mutants. Gene expression was assayed in calvarial
mRNA extracted from 6-week-old mice. Gene expression of
the known �NAC target osteocalcin was significantly de-
creased in heterozygous and homozygous mutant mice com-
pared to that in their wild-type littermates (Fig. 4A). There
were no significant changes in the expression of the osteoblas-
tic marker genes for Runx2, osterix, ATF4, osteopontin, bone
sialoprotein, and �NAC itself (not shown). Also, RANKL ex-
pression was unchanged (not shown), which is in accord with
the unchanged number of osteoclasts in the mutant mice (Fig.
2F). Since the amount of matrix synthesized by S43A mutant
osteoblasts was reduced (Fig. 2D), we measured the expression
levels of the �1 chain of the most abundant bone matrix pro-
tein, type I collagen [�1(I) collagen gene, Col1a1]. RT-qPCR
analysis showed reduced expression of Col1a1 (Fig. 4B), sug-
gesting that the gene for �1(I) collagen could be a target of the
�NAC coactivating function. This was tested in transient trans-
fection assays with MC3T3-E1 osteoblastic cells (41) using a
Col1a1 promoter reporter vector that included the first intron
of the gene, which contains a characterized AP-1-binding site
(24). Indeed, c-Jun activated the transcription of the reporter
gene (Fig. 4C). This transcriptional activity was potentiated by
�NAC coexpression (Fig. 4C). Interestingly, coactivation of
c-Jun-mediated transcription from the Col1a1 promoter did
not require the DBD of �NAC (residues 69 to 80) since DBD-
lacking �NAC, 
69-80 (reference 1), was as potent as wild-

type �NAC in the transfection assay (Fig. 4C). Despite the lack
of requirement for DNA binding by �NAC to coactivate
Col1a1 transcription, ChIP with the �NAC antibody demon-
strated that �NAC is recruited to the intronic �1(I) collagen
AP-1 response element in living osteoblasts that express
Col1a1 (Fig. 4D).

These data identify Col1a1 as a novel target of the �NAC
coactivating activity in osteoblasts and show that inhibition of
the translocation of �NAC into the nucleus resulted in de-
creased Col1a1 and osteocalcin gene transcription.

Blood biochemistry. Blood analysis revealed no difference
between the levels of steady-state, nonfasting glucose, ALP,
calcium, phosphorus, FGF23, and type I collagen degradation
products (CTX) in the mutant mice and those of their wild-
type littermates (Table 1). To determine if a perturbation of
the endocrine function of osteocalcin, mediated by the circu-
lating, noncarboxylated form of the protein, might contribute
to the phenotype of S43A mutant mice, we determined the
level of �-carboxylation of osteocalcin in serum. �-carboxylated
osteocalcin has a higher affinity for HA than does uncarboxy-
lated osteocalcin (16, 32). Total osteocalcin serum levels
(26.3 � 2.1 ng/ml, 23.6 � 2.4 ng/ml, and 24.7 � 1.1 ng/ml
[mean � SEM, n � 7] in WT, het, and S43A mutant litter-
mates, respectively) and relative levels of HA-bound osteocal-
cin were unchanged in S43A mutants compared to those of
their wild-type littermates (Table 1). This supports the notion
that the S43A mutation has no effect on the endocrine role of

FIG. 3. Reduced osteoblast activity in S43A mutant bones. Mice were injected with calcein, and dynamic histomorphometry analysis was
performed on L3 vertebrae. Calcein labeling boundaries were sharp in wild-type animals (A) but lumpy and irregular in S43A mutants (B). Bars,
10 �m. Quantification confirmed significantly lower mineral apposition rates (MAR) (C) and bone formation rates (BFR) (D) in S43A mutants.
���, P � 0.001 (n � 10).
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osteocalcin. Taken together, the blood biochemistry results
show that the S43A mutant phenotype is not caused by endo-
crine dysfunction.

S43A mutants show a decreased mineralization lag time and
an increased osteocyte number. To further characterize the
bone phenotype of S43A mutant mice, we analyzed parameters
related to matrix mineralization. Analysis of Goldner-stained
proximal tibia sections revealed a significant increase in min-
eralized volume over bone volume (MinV/BV) in the S43A
mutants compared to that in wild-type mice (Fig. 5A). This was
accompanied by a significant decrease in mineralization lag
time (Fig. 5B). We reasoned that this accelerated mineral-
ization could result in the formation of immature bone in
which osteoblasts are rapidly encased in the mineralized
matrix. Counting of osteocytes revealed a significant in-
crease in osteocyte number per mm2 in the trabeculae of the
secondary spongiosa of the proximal tibia (Fig. 5C). Conse-
quently, the expression of the osteocyte differentiation
markers DMP-1 (Fig. 5D), E11 (Fig. 5E), and SOST (Fig.

5F) was significantly upregulated in S43A mutants com-
pared to that in the wild type. Analysis of the Goldner-
stained bone matrix under polarized light revealed typical
lamellar bone in the secondary spongiosa of wild-type prox-
imal tibias (Fig. 5G). However, the S43A mutants showed
mainly woven bone with very little lamellar structure (Fig.
5H). Taken together, these results suggest that the low bone
volume phenotype of the S43A mutants is due to a miner-
alization defect in which osteoid tissue gets mineralized too
quickly, leading to the formation of immature, woven-type
bone rich in osteocytes.

S43A primary osteoblast cultures mineralize their matrix
faster. To determine if the phenotype of S43A mutant bone is cell
autonomous, primary cells from 2- to 6-week-old mouse calvaria
were isolated and expanded. BrdU-based cell proliferation assays
showed no significant differences among the three genotypes at
48 h after seeding (not shown). However, 2 weeks after reaching
confluence, Von Kossa staining showed more mineralized matrix
deposition by primary cells from S43A mutant mice than from

FIG. 4. The �NAC S43A mutation results in reduced osteocalcin and �1(I) collagen gene transcription. Osteocalcin (A) and �1(I) collagen
(B) gene expression was determined by RT-qPCR on calvarial mRNA from 6-week-old mice. (C) MC3T3-E1 cells were transiently transfected with
a Col1a1-luciferase reporter and expression vectors for c-Jun, �NAC, and DBD-lacking �NAC (
69-80), alone or in combination. Results are the
mean � SEM of a representative transfection performed in triplicate. RLUs, relative light units. (D) ChIP. Formaldehyde-cross-linked chromatin
from osteoblastic MC3T3-E1 cells was immunoprecipitated with IgG or an antibody against �NAC. Ethidium bromide-stained agarose gels of PCR
products obtained with primers flanking the AP-1 binding site within the mouse �1(I) collagen gene are shown. Input, amplification of DNA prior
to immunoprecipitation; CS, coding sequence control primers; M, molecular size markers. �, P � 0.05; ��, P � 0.01; ���, P � 0.001.

TABLE 1. Blood biochemistry

Strain Glucose
(mmol/liter)

ALP
(U/liter)

Calcium
(mmol/liter)

Phosphorus
(mmol/liter)

FGF23 (pg/
ml) CTX (ng/ml) HA-bound

OCN (%)

Wild type 13.27 � 0.95a 198.4 � 6.9 2.152 � 0.015 3.468 � 0.169 62.19 � 4.60 62.37 � 3.76 70.75 � 1.17
het 14.57 � 0.99 187.5 � 8.9 2.167 � 0.014 3.186 � 0.148 60.51 � 4.60 66.38 � 2.26 74.37 � 1.79
S43A mutant 13.74 � 0.81 206.1 � 6.4 2.184 � 0.016 3.288 � 0.168 68.78 � 7.61 69.80 � 5.01 74.40 � 1.09

a Data are presented as mean � SEM.
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wild-type animals (Fig. 6). These results show that there is a
cell-autonomous mineralization defect and support an accelera-
tion of osteoblast maturation in S43A mutants.

DISCUSSION

Using biochemical and cell culture assays, we have previ-
ously shown that �NAC is a substrate for the kinase activity of

ILK, the integrin-linked kinase (35). ILK is activated upon
adhesion of cells to the extracellular matrix through integrin
receptors (47). Activated ILK phosphorylates, among other
targets, the �NAC coactivator at residue serine 43 (35). The
serine 43-phosphorylated �NAC protein translocates to the
nucleus, where it acts as a coactivator of c-Jun-mediated gene
transcription (1, 35, 37), and one characterized target is the

FIG. 5. Accelerated mineralization associated with an osteocyte-rich, woven-type bone in S43A mutants. Dynamic histomorphometry of
proximal tibia sections revealed a significant 3.4% increase in mineralized volume over bone volume (A) in the S43A mutants compared to that
in their wild-type littermates. This was due to a significant decrease in mineralization lag time (B). ��, P � 0.01; ���, P � 0.001 (n � 10). An
elevated number of osteocytes (C), accompanied by increased expression of the osteocytic marker genes DMP-1 (D), E11 (E), and SOST (F), was
measured in the S43A mutants compared to that in wild-type mice. Under polarized light, typical lamellar bone was observed in the secondary
spongiosa of wild-type proximal tibias (Fig. 5G). However, the S43A mutants showed mainly woven bone with very little lamellar structure (Fig.
5H), a sign of accelerated and immature mineralization. Bars, 50 �m.
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osteoblast differentiation osteocalcin marker gene (1, 2). In
this study, we have engineered a strain of mice in which �NAC
serine residue 43 is mutated to a nonphosphorylatable alanine
residue. This mutation led to reduced nuclear translocation of
the coactivator, decreased osteocalcin gene promoter occu-
pancy and transcription, and a reduced amount of bone char-
acterized by an immature, woven-type-like structure. Our re-
sults identified Col1a1 as a novel �NAC coactivating target and
are the first demonstration of the in vivo role of �NAC as a
coactivator of osteoblastic gene transcription. Interestingly,
while the S43A mutation affected all tissues and was not tar-
geted to bone, the major phenotypic manifestation of the mu-
tation was observed in the skeleton. This supports our initial
hypothesis that �NAC is a key regulator of osteoblastic gene
expression and function (27).

In the cytoplasm, �NAC dimerizes with �NAC to form the
NAC heterodimeric complex which appears to be involved in
the translation and translocation of proteins (3, 5, 12–15, 44,
45). Conventional targeting and inactivation of the �NAC gene
are embryonic lethal before embryonic day 10.5 (Akhouayri
and St-Arnaud, unpublished), and we surmise that this pheno-
type is related to the function(s) of the protein within the
cytosol. We therefore aimed at designing a mouse model which
would inhibit �NAC’s nuclear role while leaving the cytoplas-
mic functions intact. By altering the serine 43 residue to an
alanine (S43A) by knock-in mutagenesis, we were able to in-
hibit the ILK-mediated translocation of �NAC into the nu-
cleus with no deleterious embryonic lethality phenotype. The
S43A mutation resulted in a marked decrease in the amount of
nuclear �NAC. However, we were still able to detect residual
amounts of the protein within the nucleus, suggesting that
mechanisms other than ILK-mediated phosphorylation may
control the subcellular shuttling of �NAC. The �NAC protein
is extensively posttranslationally modified (34–36), and it will

be interesting to determine if phosphorylation at other resi-
dues, or another type of processing, can direct the coactivator
to the nuclear compartment.

The lower amount of �NAC in the nucleus resulted, as
hypothesized, in a significant downregulation of the expression
of the osteocalcin gene, thus confirming that the osteocalcin
gene is a bona fide �NAC target gene in vivo. Osteocalcin gene
transcription was downregulated by approximately 47% in the
heterozygous mice and further reduced by 58% in the S43A
mutants, suggesting a possible gene dosage effect. The circu-
lating, uncarboxylated form of the osteocalcin protein has re-
cently been shown to mediate the endocrine regulation of
energy metabolism by the skeleton (22). Mice lacking osteo-
calcin (10) have an abnormal amount of visceral fat and exhibit
decreased �-cell proliferation, glucose intolerance, and insulin
resistance (11, 22). Thus, the phenotype of S43A mutant mice
could, in theory, be secondary to a perturbation of the endo-
crine role of osteocalcin caused by the decrease in osteocalcin
gene expression measured in the mutants. We ruled out this
possibility by measuring equal amounts of total and uncarboxy-
lated osteocalcin in the serum of S43A mutant mice and their
wild-type littermates. It should also be noted that S43A mutant
mice are lean. Other biochemical indices such as steady-state
glucose levels, calcemia, phosphatemia, and circulating FGF23
levels, which all show no difference between wild-type mice
and their mutant littermates, support the conclusion that the
phenotype of S43A mutant mice is not caused by endocrine
perturbation. In addition, serum concentrations of collagen
cross-links, an indirect assessment of resorptive activity, were
unchanged in S43A homozygotes, as were the numbers of
osteoclasts per bone or erosion surface. This suggests that
alterations in osteoclast differentiation and function were not
responsible for the mutant phenotype.

Mice homozygous for the S43A allele were osteopenic, with
normal amounts of osteoblasts that showed reduced activity.
The decreased amount of osteoid (unmineralized) matrix was
a combination of reduced type I collagen expression and ac-
celerated mineralization. In examining the mechanism respon-
sible for reduced Col1a1 mRNA levels, we uncovered a role for
�NAC in coactivating AP-1-dependent transcription of the
�1(I) collagen gene. This activity did not require the DBD of
�NAC, and indeed, we did not detect �NAC consensus bind-
ing sites in the vicinity of the intronic AP-1 element of the �1(I)
collagen gene. Nevertheless, the coactivator was recruited to
this AP-1 response element, most likely through protein-pro-
tein interactions with c-Jun (27, 37). Thus, Col1a1 was con-
firmed as a novel target for �NAC coactivation activity in vivo
and as the second gene identified that responds to �NAC
without the requirement for DNA binding. We have previously
shown that the DBD-lacking �NAC protein can coactivate
matrix metalloproteinase 9 (MMP-9) gene transcription in
transient transfection assays (1). However, MMP-9 expression
was not affected in S43A mutant bone (not shown), suggesting
that it may not represent a target of the �NAC coactivating
function in vivo. Gene expression monitoring and ChIP-chip
assays between wild-type and S43A mutant osteoblasts are
required to identify all of the relevant �NAC target genes and
discriminate between targets that require DNA binding of the
coactivator and those that do not.

One striking feature of the phenotype is the observation that

FIG. 6. Cell-autonomous, accelerated mineralization in S43A mu-
tant osteoblast cultures. Primary cells isolated from 2- to 4-week-old
mouse calvaria mineralized their matrix faster than did cells from their
wild-type littermates, as determined by Von Kossa staining. This rep-
resentative picture shows two wild-type and two S43A mutant cell
samples at day 14 postconfluence. The assay was repeated three times
with identical results by using two to six mice of each genotype per
experiment.
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the reduced quantity of bone matrix deposited by the mutant
osteoblasts was actually mineralized faster, as demonstrated by
the significantly reduced mineralization lag time. The reduced
amount of matrix and accelerated mineralization translate into
a lower BV/TV ratio. The accelerated-mineralization pheno-
type was cell autonomous, as cells isolated from the calvaria of
S43A mutant mice mineralized their matrix faster than did
cells from wild-type animals. The faster mineralization also
produced an immature, woven type of bone characterized by
poor lamellation. Woven bone is mechanically weaker, and it
remains puzzling that we did not measure a significant de-
crease in the biomechanical properties of the S43A mutant
bones. We did observe a trend toward reduced stiffness (data
not shown). It is possible that this trend could reach statistical
significance if we increased the cohort size or assessed biome-
chanics at a different age. Immature, woven bone often dis-
plays high numbers of osteocytes within the matrix (17, 29).
When we measured the number of osteocytes in bone matrix,
the S43A mutant mice had over 50% more osteocytes in the
trabeculae of the proximal tibia than did wild-type animals.

This histomorphometric finding was supported by the detec-
tion of increased expression of the genes for the osteocyte
differentiation markers DMP-1, E11, and SOST in S43A mu-
tant bones. Since �NAC functions as a coactivator and not as
a corepressor, we reasoned that the increase in the expression
of these genes in �NAC mutant cells was indirect and that they
do not represent coactivating targets of �NAC. This was con-
firmed for E11 and SOST in transient transfection assays using
MLO-Y4 osteocytes and reporter vectors for each gene
(see Fig. 2B and C posted at http://www.mcgill.ca/files
/humangenetics/aTRMSuppl-Fig02-3bHZ.pdf). Surprisingly,
AP-1-dependent transcriptional activity from the DMP-1
promoter was enhanced by cotransfection with wild-type
�NAC in osteocytes (see Fig. 2A at the URL mentioned
above). This suggests a different mechanism of action of the
�NAC protein in regulating DMP-1 expression in mature bone
cells that needs to be addressed in future experiments, as it is
beyond the scope of the present study.

SOST encodes sclerostin, a protein known to be highly se-
creted by osteocytes (30, 46). Interestingly, transgenic mice
overexpressing SOST show a phenotype similar to that of the
S43A �NAC mutants. They are osteopenic, with less trabecu-
lar bone, thin cortices, impaired lamellar bone formation, low
mineral apposition rates (MAR) and bone formation rates
(BFR), a decreased osteoid area, and a decreased osteoblast
surface, without changes in bone resorption parameters (46).
But in contrast to S43A mutant cells, mesenchymal cells iso-
lated from SOST transgenic mice show a reduced mineraliza-
tion capacity compared to that of their wild-type littermates,
suggesting that impaired osteoblastic differentiation and activ-
ity, rather than accelerated osteoblast maturation, could be
responsible for the osteopenic phenotype in SOST transgenic
mice (46).

A phenotype strikingly similar to that of S43A homozygous
mice is that reported for the deletion of the G protein subunit
Gs� in early osteoblasts through the action of the osterix-Cre
transgene (39) on the floxPed Gs� allele (49). Gs� is a het-
erotrimeric G protein subunit mediating cyclic-AMP-depen-
dent signaling downstream of G protein-coupled receptors
(19). Preliminary results from the analysis of the phenotype of

osterix-Cre:Gs�(fl/fl) mice show reduced bone mass, reduced
expression of the osteocalcin gene, and abnormal persistence
of woven bone (48). Increased expression of E11 and SOST
was detected (48). Moreover, similar to S43A mutant osteo-
blasts, primary calvarial osteoblasts from osterix-Cre:Gs�(fl/fl)
mice demonstrated accelerated mineralization when cultured
under osteogenic conditions (48). These results suggest the
existence of a signaling cascade linking Gs�, �NAC, osteocal-
cin, and other direct and indirect targets that controls the pace
of osteoblast maturation. Whether this putative cascade acts in
parallel to ILK-�NAC signal transduction remains to be de-
termined. The characterization of all of the signaling cascades
involving �NAC and the identification of additional targets of
the �NAC coactivating function will undoubtedly further our
understanding of the molecular regulation of osteoblast mat-
uration.
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