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Abstract
Osteoclasts are specialized secretory cells of the myeloid lineage important for normal skeletal
homeostasis as well as pathologic conditions of bone including osteoporosis, inflammatory
arthritis and cancer metastasis. Differentiation of these multinucleated giant cells from precursors
is controlled by the cytokine RANKL, which through its receptor RANK initiates a signaling
cascade culminating in the activation of transcriptional regulators which induce the expression of
the bone degradation machinery. The transcription factor nuclear factor of activated T-cells c1
(NFATc1) is the master regulator of this process and in its absence osteoclast differentiation is
aborted both in vitro and in vivo. Differential mRNA expression analysis by microarray is used to
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identify genes of potential physiologic relevance across nearly all biologic systems. We compared
the gene expression profile of murine wild-type and NFATc1-deficient osteoclast precursors
stimulated with RANKL and identified that the majority of the known genes important for
osteoclastic bone resorption require NFATc1 for induction. Here, five novel RANKL-induced,
NFATc1-dependent transcripts in the osteoclast are described: Nhedc2, Rhoc, Serpind1, Adcy3
and Rab38. Despite reasonable hypotheses for the importance of these molecules in the bone
resorption pathway and their dramatic induction during differentiation, the analysis of mice with
mutations in these genes failed to reveal a function in osteoclast biology. Compared to littermate
controls, none of these mutants demonstrated a skeletal phenotype in vivo or alterations in
osteoclast differentiation or function in vitro. These data highlight the need for rigorous validation
studies to complement expression profiling results before functional importance can be assigned to
highly regulated genes in any biologic process.
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1. Introduction
Bone is a dynamic tissue that continuously remodels through the activity of bone forming
osteoblasts and bone resorbing osteoclasts [1]. An imbalance in remodeling favoring
resorption over formation underlies the pathology of many common and morbid skeletal
diseases such as osteoporosis, inflammatory arthritis and primary and secondary bone
malignancies. Medications targeting the osteoclast such as bisphosphonates and the RANKL
inhibitor, denosumab, can reverse this imbalance to improve bone quality and prevent
fragility and pathologic fractures [2, 3]. However, use of these medications can be limited by
side effects and cost [4–7], necessitating a better understanding of osteoclast biology to
identify new treatment targets.

Osteoclasts are highly specialized, multi-nucleated giant cells, which secrete acid and
enzymes to degrade the inorganic and proteinaceous components of bone, respectively.
These cells differentiate from myeloid precursors under the influence of the cytokine,
RANKL [8]. Osteoblast lineage cells, including osteocytes, are believed to be the source of
RANKL in the skeleton [9, 10]. In pathologic circumstances other cell types, such as the
synovial fibroblast, T lymphocytes and myeloma cells, produce RANKL [11]. Engagement
of the receptor for RANKL, RANK, on the cell surface of the osteoclast precursor activates
a series of signaling events that promotes osteoclast formation, which like many
differentiation programs is driven by transcription factors regulated themselves at either the
transcriptional or post-translational level or both. Important transcription factors activated
early after RANK engagement include Nuclear-factor-κB and c-Fos, which in turn promote
expression of nuclear factor of activated T-cells c1 (NFATc1). NFATc1 is a transcription
factor that is relegated to the cytoplasm by hyperphosphorylation of a N-terminal regulatory
domain. As the osteoclast precursor progresses along the differentiation program, however,
intracellular calcium concentrations rise, driving activation of the phosphatase calcineurin,
which dephosphorylates NFATc1 to promote nuclear localization [12, 13]. Highlighting the
importance of NFATc1 to osteoclast biology, genetic deletion of Nfatc1 in mice results in
profound osteoclast-poor osteopetrosis, a high bone mass state caused by a lack of osteoclast
activity [14–16]. Furthermore, deletion of NFATc1 in adult mice prevents catabolic bone
loss in a model of paralysis induced osteolysis [17] and systemic osteoporosis in a model of
the human genetic inflammatory disease, cherubism [14].
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RNA microarray profiling is a powerful technique to identify genes and pathways involved
in biologic processes in an unbiased manner. However, like any discovery-based
technology, hypotheses generated from microarray data must be validated through
experimentation. We hypothesized that the family of NFATc1 regulated transcripts in the
osteoclast would be enriched for genes associated with osteoclast function. In 2008 we
reported that many of the known genes associated with osteoclast function, including Itgb3,
Oscar, Calcr, Mmp9, Acp5, Ctsk, Mmp14, Car2, and Clcn7, require NFATc1 for optimal
expression [14]. Accordingly, others have shown that NFATc1 is recruited to the promoters
of some of these genes, often acting in concert with other osteoclast transcriptional
regulators [18]. Within the family of NFATc1 regulated transcripts we also discovered an
anion exchanger, Slc4a2, whose deletion in mice and cattle results in severe osteopetrosis
due to dysfunctional osteoclasts incapable of secreting acid [19, 20].

Here, we report all the NFATc1-dependent transcripts discovered in a microarray
comparison of highly purified wild-type (WT) and NFATc1-deficient osteoclast precursors
(OCPs) stimulated with RANKL [14]. In an attempt to identify novel osteoclast regulators,
five NFATc1-dependent transcripts within one of four general biological processes required
for osteoclast function were selected for further study based on the availability of knockout
mouse models. These processes and the chosen genes included 1) cytoskeletal
reorganization and exocytosis (ras homolog gene family member C (Rhoc) and ras-related
protein Rab38 (Rab38)), 2) ion exchange (Na+/H+ exchanger-like domain-containing
protein 2 (Nhedc2)), 3) the generation of second messengers (adenylate cyclase 3 (Adcy3))
and 4) regulation of the proteolytic enzyme activity that degrades organic bone matrix
(serpin peptidase inhibitor, clade D, member 1 (Serpind1)). Using qPCR we confirmed that
these transcripts are induced by RANKL in an NFATc1-dependent manner during osteoclast
differentiation. Despite reasonable hypotheses for the importance of these molecules in bone
resorption and their dramatic induction during differentiation, a rigorous analysis of mice
with mutations in these genes failed to reveal a function for any in osteoclast biology. These
data support the critical role for NFATc1 in mediating the osteoclast transcriptional program
but indicate that some NFATc1-dependent transcripts play either non-significant or
redundant roles in physiologic bone resorption. Furthermore this study highlights the
importance of rigorous validation approaches to complement expression profiling results.

2. Materials and Methods
2.1 Mice

Nfatc1fl/fl, Mx1-Cre, Serpind1−/−, Adcy3−/−, were previously described [14, 21–23].
Nfatc1Δ/Δ mice were generated from Nfatc1fl/fl, Mx1-Cre mice by treatment with poly I:C
(GE Healthcare, Piscataway, NJ) as described [14]. Dr. Tak Mak of the University of
Toronto and Dr. William J. Pavan of the National Institutes of Health kindly provided
Rhoc−/− [24] and Rab38cht/cht [25] mice, respectively. Nhedc2 gene trap mice
(Nhedc2GT/GT) were generated from clone CMHD-GT_108B11-3 from the Centre for
Modeling Human Disease (Toronto, Canada). The vector, GepSD5, is inserted into intronic
sequence 5’ to the start of exon 13. The resulting targeted transcript lacks a polyA tail and is
unstable. The following PCR primers were used to genotype Nhedc2GT/GT mice NhedC2-
in12-400F (AGCTGTCCTTTGACCTCCGTAG), Nhedc2-ex13-B
(ACCTGAGGTACTGTTAGCAGCGTA) and SD5-501R
(CGCGAAGAGTTTGTCCTCAAC). Primers NhedC2-in12-400F and Nhedc2-ex13-B
generate a WT product of approximately 380 bp and primers NhedC2-in12-400F and
SD5-501R generate a product of approximately 650 bp (Fig. S1A). All other strains were
genotyped as described. [14, 22–25]. For all experiments each knockout mouse was paired
with at least one, sex matched WT or heterozygous littermate. For the purpose of data
analysis, when no differences were observed between WT and heterozygous mice, data from
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these two genotypes were pooled for comparison with the knockout littermates and are
designated +/? where appropriate in the figures and legends. The number of mice analyzed
in each experiment is indicated in the figure legends. Experimental protocols were approved
by the Standing Committee on Animals at the Harvard Medical School and were designed
with institutional and National Institutes of Health guidelines for the humane use of animals.

2.2 Microarray analysis
Microarray analysis of Nfatc1fl/fl and Nfatc1Δ/Δ OCPs stimulated with RANKL (n=2 per
genotype) was previously described in [14]. Further analysis of this data reported here was
performed as follows. To generate probeset-level expression estimates, we normalized and
summarized the probe-level hybridization intensities using the MAS 5 algorithm
(Affymetrix, Santa Clara, CA). For identification of differentially expressed genes, we first
excluded 8,453 probesets that did not exhibit sequence-specific hybridization signal as
determined by their having a MAS 5 detection call of absent in all four samples. For the
remaining 14,238 probesets, we identified genes significantly differentially expressed
between samples from WT and KO animals by first log transforming the expression data
and then employing the limma 3.10 package [26] that uses an Empirical Bayesian approach
and default settings. To account for multiple-testing we calculated the FDR of the resulting
p-values using the method of Benjamini and Hochberg [27]. Probeset annotations were
obtained using the annaffy (version 1.26.0) and mouse4302.db (version 2.63) packages.
Heatmaps were generated after z-score normalizing the log transformed expression values
using a Euclidean distance metric and complete linkage clustering. All of the steps following
generating probeset-level expression estimates were performed using the R language for
statistical computing version 2.14.0 (R Development Core Team, 2011,
http://www.R-project.org/). Microarray data has been uploaded to GEO and can be found at
the following link http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37219.

The reviewer link to the data is:
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=zzaxpimsmoessly&acc=GSE37219

2.3 Real-time quantitative PCR
RNA was isolated by TRIzol reagent (Life Techologies, Grand Island, NY) and cDNA
synthesized using kits from either Applied Biosystems (Life Technolgies) or Agilent
Technolgies (Santa Clara, CA). Realtime PCR was performed using the Brilliant II SYBR
Green Master Mix (Agilent Technologies) on a Mx3005P qPCR system (Agilent
Technologies). Ct values for duplicate technical replicates were averaged and the amounts of
mRNA relative to Hprt or Hmbs were calculated using the ΔCt method. All qRT-PCR
primers used in this study are reported in Table S1 except those targeting Mmp9, Itgb3, Ctsk
and Calcr, which were previously described {Aliprantis, 2008 #15835}. All qRT-PCR
reactions yielded products with single dissociation peak.

2.4 Preparation and analysis of murine Osteoclasts in vitro
Cell culture experiments were performed in α-MEM (Cellgro) containing 10% fetal calf
serum (Invitrogen), 100 U penicillin and 100 µg/ml streptomycin (Cellgro) at 37°C with 5%
CO2. Mouse bone marrow cells were cultured for 3 days in the presence of 40 ng/mL
murine recombinant M-CSF (R&D Systems) in a suspension culture dish (Corning Costar
Ins) to which stromal and lymphoid cells cannot adhere. Thereafter, cells were washed with
PBS once to remove nonadherent cells, harvested by pipetting with 10mM EDTA in
phosphate-buffered saline (PBS) and seeded on plastic with 20 ng/mL M-CSF and 5 ng/ml
RANKL (R&D Systems). After 3 days, the cytokines were replenished daily. Alternatively,
osteoclasts were cultured from precursors harvested from the interface of a Histopaque 1083
(Sigma) gradient after an overnight incubation of bone marrow cells with MCSF as
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described in [14] using RANKL at 100–300 ng/ml that was a kind gift of Dr. Yongwon Choi
from the University of Pennsylvania. To evaluate osteoclast formation, we either 1) stained
for tartrate resistant acid phosphatase (TRAP) using a Leukocyte Acid Phosphatase kit
(Sigma), 2) assayed for TRAP activity in the tissue culture supernatants as described [14], 3)
isolated RNA to measure osteoclast associated gene expression or 4) isolated protein for
western blotting. Resorption assays were performed by culturing osteoclast precursors on
either bovine cortical bone, dentin or Biocoat osteologic slides (Becton Dickinson) with
MCSF and RANKL. Resorption pits were identified using either toluidine blue, lectin-
TRITC as described [19] or lectin-HRP, followed by 3,3'-Diaminobenzidine. Actin rings
were visualized using Phalloidin-TRITC (Sigma) according to the manufacturer’s directions.

2.5 Microquantitative computed tomography
For µCT analysis, a Scanco Medical µCT 35 system with an isotropic voxel size of 7 µm
was used to image the femur. Scans were conducted in 70% ethanol using an X-ray tube
potential of 55 kVp, an X-ray intensity of 0.145 mA and an integration time of 600 ms.
From the scans of the femur, a region beginning 0.28 millimeters proximal to the growth
plate and extending 2.1 millimeters proximally was selected for trabecular bone analysis. A
second region 0.6 millimeters in length and centered at the midpoint of the femur was used
to calculate diaphyseal parameters. A semi-automated contouring approach was used to
distinguish cortical and trabecular bone. The region of interest was thresholded using a
global threshold that set the bone/marrow cut-off at 352.3 mgHA/cm3 for trabecular bone
and 589.4 mgHA/cm3 for cortical bone. 3-D microstructural properties of bone, including
bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N.),
trabecular separation (Tb.Sp.), midshaft bone volume fraction (M.BV/TV) and cortical
thickness (C.Th) were calculated using software supplied by the manufacturer.

2.6 Histomorphometry
Tibiae and femora were stripped of soft tissue, fixed in 10% buffered formalin, dehydrated,
and embedded in methyl methacrylate before being sectioned and stained with toluidine blue
[28]. To label bone mineralization fronts, mice were injected with 30 mg/kg of calcein 8
days and 24 hours prior to sacrifice. Histomorphometric measurements were performed on a
fixed region just below the growth plate corresponding to the primary spongiosa [29] and
analyzed by Osteomeasure software (Osteometrics, Atlanta, GA).

2.7 TRAP5b measurement
Serum TRAP5b levels were measured using a commercially available kit from
Immunodiagnostic systems as described in [14].

2.8 Western blotting
Western blotting was performed using standard indirect chemiluminescence methods and
antibodies targeting NHEDC2 (Biolegend), Cathepsin K (Calbiohem) and HSP90 (Santa
Cruz Biotechnogies).

2.9 Intracellular cAmp Assay
Intracellular cAmp levels were determined using a kit from GE Healthcare
(Buckinghamshire, UK) following the manufacturer’s directions.

2.10 Statistical analyses
Graphs show mean+/− S.D. with some graphs also depicting individual data points. When 2
or fewer samples were reported, only individual data points are shown. Sample numbers and
p-values are reported in the figure legends. P values were calculated using unpaired
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Student's t-tests as all the data in the manuscript represent continuous variables. A p-value >
0.05 was considered non-significant and is reported in the figures by the abbreviation “n.s.”
Prism version 5.0b software was used to generate all the graphs and perform all statistical
analyses.

3. Results
3.1 Expression profiling of RANKL stimulated NFATc1-deficient OCPs

Expression profiling of Nfatc1fl/fl and Nfatc1Δ/Δ bone marrow derived osteoclasts on day 3
of culture in MCSF and RANKL was previously reported and revealed numerous NFATc1-
dependent transcripts, including known regulators of osteoclast function [14]. To identify
additional candidate osteoclast regulators, we reanalyzed this microarray dataset to select for
transcripts highly dependent on NFATc1, with the rationale that the NFATc1-dependent
transcriptome is likely to be enriched for genes important for osteoclast function. Transcripts
induced or repressed at least 6-fold in the absence of NFATc1 were identified, representing
99 probe-sets and corresponding to 80 unique genes and 5 probe-sets that did not map to
named loci (Fig. 1A and Table S2). Several known regulators of osteoclast function, Oscar,
Itgb3, Calcr, and Tnfrsf11b (Osteoprotegerin) met these criteria, validating our approach. As
outlined in each subsection below, functional information from other biological systems, as
well as the availability of knockout mouse models, were used to select 5 highly NFATc1-
dependent transcripts for further study: Nhedc2, Rhoc, Serpind1, Adcy3 and Rab38.

Real-time PCR analysis of Nfatc1fl/fl and Nfatc1Δ/Δ OCPs stimulated with RANKL for 3
days confirmed that expression of Nhedc2, Rhoc, Serpind1, Adcy3 and Rab38 depends on
the presence of NFATc1, and with the exception of Rhoc, is highly induced by RANKL
(Fig. 1B). Analysis of Nfatc1 expression in the same samples confirmed the efficient
deletion of Nfatc1 in the Nfatc1Δ/Δ cells (Fig. 1B We obtained knock-out or gene trap mice
for each of these genes and examined their skeletal and osteoclast-intrinsic phenotypes using
micro-computed tomography (micro-CT) and ex vivo functional assays, respectively.

3.2 Normal bone mass and osteoclast activity in Nhedc2 gene trap mice
Previous profiling experiments showed that NHEDC2 protein and Nhedc2 message are
enriched in osteoclasts compared to macrophages [30, 31]. Supporting a functional role for
this molecule in the osteoclast, both amiloride, a selective inhibitor of Na+/H+ anti-porters,
and shRNA knock-down of Nhedc2 in RAW264.7 cells inhibits osteoclast fusion [31]. In
contrast, Hofstetter et al, reported that Nhedc2 gene trap mice lack a bone phenotype, though
only a small number of mice were analyzed [30]. Given the profound RANKL- and
NFATc1-dependent regulation of Nhedc2 transcription in the osteoclast, and to resolve these
discrepant reports, the effect of NHEDC2 deficiency on bone mass and in vitro osteoclast
function was investigated by generating gene trap mice (Nhedc2GT/GT). The ES cells used to
generate these mice were targeted with a different vector (see Material and Methods) than
the previous report [30]. Compared to WT littermates, no significant differences in femoral
metaphyseal BV/TV, trabecular parameters or cortical bone were identified in either male or
female Nhedc2GT/GT mice (Fig. 2A, B, S1B). Serum TRAP5b activity, a measure of in vivo
osteoclast activity, was also similar in Nhedc2GT/GT and WT mice (Fig. 2C). Similarly,
osteoclast formation in vitro as determined by formation of TRAP positive multinucleated
cells and qPCR analysis of genes in the osteoclast differentiation program was also
comparable (Fig. 2D, E). Lastly, no gross abnormalities in in vitro osteoclast resorption
activity were observed (Fig. 2F). To confirm absence of NHEDC2 in Nhedc2GT/GT

osteoclasts, expression in osteoclasts and bone marrow macrophages was examined. Nhedc2
transcripts were dramatically reduced in Nhedc2GT/GT osteoclasts (Fig. 2G). Furthermore,
NHEDC2 protein was detected in WT but not Nhedc2GT/GT osteoclasts, confirming that the
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Nhedc2GT is a null-allele (Fig. 2H). Parallel immunoblotting for cathepsin K demonstrates
that the absence of NHEDC2 was not due to a failure of osteoclast differentiation in the
Nhedc2GT/GT sample. Although it is possible that NHEDC2 has a non-significant role in
osteoclast function, another explanation for the lack of bone phenotype in Nhedc2GT/GT

mice is functional redundancy with the mouse ortholog NHEDC1, whose mRNA
interestingly is also induced by RANKL in an NFATc1-dependent manner (Fig. 2I). No
compensatory increase in expression of NHE family members 1–9 was detected in
Nhedc2GT/GT osteoclasts (data not shown). We conclude that despite strong suggestive
evidence that NHEDC2 regulates osteoclastogenesis, an exhaustive analysis shows that
Nhedc2GT/GT mice have no defect in osteoclast formation or function in vitro or in vivo.

3.3 Serpind1−/− mice lack abnormalities in bone mass and osteoclast differentiation and
function

SERPIND1, also known as heparin cofactor II, is a member of a large family of serine
protease inhibitors. This plasma protein is primarily produced in the liver, demonstrates
heparin-or dermatan sulfate-dependent inhibition of thrombin, and circulates free (~1 µM) or
in a complex with thrombin (trace) (reviewed in [32]). Serpind1−/− mice are phenotypically
indistinguishable from WT mice at baseline, but demonstrate increased rates of thrombotic
carotid artery occlusion after endothelial cell injury [22]. SERPIND1 also has inhibitory
activity against chymotrypsin and cathepsin G [33, 34]. As proteases, including cathepsins,
are critical for resorption of the bone matrix by osteoclasts, we hypothesized that RANKL
induced expression of SERPIND1 might serve an intrinsic role in the osteoclast to mitigate
resorptive function. However, micro-CT analysis of Serpind1−/− males and females showed
no difference in femoral BV/TV, trabecular parameters or cortical thickness (Fig. 3A, B,
S2A) compared to WT, sex-matched littermates. Consistent with the normal bone phenotype
in Serpind1−/− mice, in vitro assays for bone marrow derived osteoclast differentiation,
expression of markers of osteoclast differentiation and resorptive function were not affected
by SERPIND1 deficiency (Fig. 3C, S2B, 3D). Deletion of Serpind1 mRNA in Serpind1−/−

mice was confirmed by qPCR on liver (Fig. S2C).

Our data suggest two possible explanations for the lack of a bone phenotype in Serpind1−/−

mice. While a transcript containing exon 3 of Serpind1 is induced in osteoclasts by RANKL
through an NFATc1 pathway (Fig. 1B), primers spanning the exon 2–3 junction do not
amplify a product in osteoclasts (Fig. S2D). These Serpind1 exon 2–3 primers do detect
robust and specific expression in WT liver (Fig. S2C), indicating that the lack of detection of
exon 2 in osteoclasts is not an artifact of the choice of primers. Since Serpind1−/− mice were
generated through targeted deletion of exon 2 [22], an alternative hypothesis for the lack of a
bone phenotype in these mice is that the functionally relevant Serpind1 transcript in
osteoclasts is a splice variant lacking exon 2, which is unaffected in the knockout mice.
Alternatively, SERPIND1 may have a redundant regulatory role in osteoclast function, as
our microarray data suggests that Serpinb1a, Serpinb2, Serpind1, Serpine2 and Serpinh1 are
also expressed in osteoclasts in a manner dependent on NFATc1 (Table S2). By qPCR using
validated primers, we find that Serpinb1a and Serpinb2, but not Serpine2 or Serpinh1, are
expressed in bone marrow derived osteoclasts, though there is no compensatory increase in
expression in the absence of Serpind1 (Fig. S2E and data not shown).

3.4 Normal bone mass and osteoclast function in Adcy3−/− mice
Levels of cAMP are regulated by the balance between adenylate cyclases, which catalyze
cAMP formation from ATP, and phosphodiesterases that degrade this signaling
intermediate. Of nine isoforms of adenylate cyclase tested, only Adcy3 is induced during
osteoclastogenesis [35]. cAMP affects osteoclastogenesis both directly and indirectly.
Indirectly, cAMP promotes osteoclastogenesis via induction of RANKL on osteoblasts [36,
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37]. Directly, increased cAMP levels induced by treatment with forskolin inhibit
osteoclastogenesis in vitro and in vivo [35]. Conversely, knockdown of Adcy3 expression
significantly increases osteoclast differentiation in bone marrow macrophages [35]. This
report suggested that ADCY3 mediated increases in cAMP levels attenuate
osteoclastogenesis by promoting inhibitory phosphorylation of NFATc1 by the cAMP
activated kinase PKA [35, 38] thereby interrupting NFATc1 autoamplification. We
confirmed the induction of Adcy3 expression by RANKL (Fig. 1B). Given the previous
findings indicating that intracellular cAMP inhibits osteoclastogenesis we predicted that
Adcy3−/− mice would have low bone mass.

Adcy3−/− mice are runted in the early perinatal period but paradoxically obese in adulthood
because of reduced locomotor activity, hyperphagia, and leptin insensitivity [39]. Thus the
skeletal phenotype of Adcy3−/− mice was analyzed 8 weeks after birth, a time point when
the mutant mice display similar body weight to their WT littermates. Deficiency of Adcy3
did not result in a bone phenotype, as demonstrated by similar BV/TV, trabecular
parameters and cortical thickness in littermate male and female WT and Adcy3−/− mice (Fig.
4A, B, S3A). As predicted based on a previous report [39], body weight was similar between
the two groups at this time point (Fig. S3B). Consistent with the lack of a skeletal
phenotype, osteoclast formation, expression of markers of osteoclast maturation and
resorption activity was similar between WT and Adcy3−/− bone marrow derived osteoclast
cultures (Fig. 4C, S3C, 4D). Absence of Adcy3 mRNA (Fig. S3D) and a significant
reduction in RANKL-induced cAMP was demonstrated for Adcy3−/− osteoclasts (Fig. 4E).
These data suggest that while ADCY3 is responsible for a share of the cAMP in osteoclasts,
the reduction of cAMP levels in the absence of this gene is insufficient to augment
differentiation or effect changes in bone mass in vivo.

3.5 The small GTPases, RHOC and RAB38, are dispensable for osteoclast function
The Ras GTPases include the Ras, Rho, and Rab subfamilies. Ras family proteins regulate
many cellular processes including organization of the actin cytoskeleton and vesicular
transport, two cell biologic processes required by osteoclasts to polarize, spread on the bone
surface and secrete acid and proteolytic enzymes. The importance of small GTPases for
osteoclast function is demonstrated by the discovery that nitrogen-containing
bisphosphonates inhibit osteoclast resorptive function by blocking prenylation, the protein
modification required for correct subcellular localization of these proteins [40]. Several Rho
subfamily members, including RHOA, CDC42 and RAC are essential for osteoclast function
[40–43]. Our microarray analysis strategy identified Rhoc as an NFATc1-dependent
transcript in osteoclasts, and thus a candidate regulator of these cells. To determine if RHOC
exhibits a non-redundant function in osteoclasts, the bone phenotype of Rhoc−/− mice was
examined. Trabecular BV/TV, trabecular parameters and cortical thickness was equivalent
in RHOC-deficient mice and their WT sex-matched littermates (Fig. 5A, B and S4A).
Consistent with this result, bone histomorphometric parameters, including measures of
osteoblast and osteoclast numbers and activity, were similar between female WT and
Rhoc−/− mice (Table S3). Ex vivo WT and Rhoc−/− bone marrow derived osteoclasts were
comparable, as assessed by the formation of TRAP+ multinucleated cells (Fig. 5C), the
expression of key genes in the osteoclast differentiation program (Fig. 5D), and pit
formation on dentin (Fig. 5E). As generalized inhibition of Rho proteins interferes with actin
podosome function [44], actin ring formation was examined in Rhoc−/− osteoclasts and no
alterations were identified (Fig. 5F). The absence of Rhoc mRNA in Rhoc−/− osteoclasts
was confirmed by qPCR to ensure that the lack of an observed phenotype was not due to
residual transcripts (Fig. S4B). Thus, unlike other Rho subfamily GTPases, RHOC does not
appear to be a significant regulator of osteoclast formation or function.

Charles et al. Page 8

Bone. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RAB subfamily proteins are essential regulators of vesicular trafficking in osteoclasts, with
RAB7 and RAB3D regulating vesicular trafficking to the ruffled border [45, 46]. Although a
number of additional RAB subfamily members are expressed in osteoclasts, their specific
function is unknown [40]. RAB38, a member of the RAB subfamily of small GTPases, is
strongly induced by RANKL in an NFATc1 dependent manner (Fig. 1B). RAB38 is
essential for protein sorting to the melanosome [25], and plays a role in phagosome and
lamellar body maturation [47, 48], but its expression and function in osteoclasts has not
previously been reported. Rab38cht/cht mice (chocolate mice) harbor a spontaneously
occurring G146T mutation in Rab38, resulting in a Gly to Val substitution in the GTP-
binding pocket predicted to disrupt function based on the effect of analogous mutations in
RAS and RAB5 [25]. Examination of Rab38cht/cht mice and WT sex-matched littermates
revealed no differences in BV/TV, trabecular parameters, or cortical thickness (Fig. 6A, B
and S5A). Similarly, the Rab38cht/cht mutation did not affect in vitro bone marrow derived
osteoclasts as demonstrated by the formation of TRAP+ multinucleated osteoclasts (Fig.
6C), tissue culture supernatant TRAP activity (Fig. 6D), the expression of markers of
osteoclast maturation (Fig. S5B), or resorptive function (Fig. 6E). Thus, these data indicate
that RAB38 is not a significant regulator of osteoclast formation or function and that the
multiple RAB subfamily members expressed in osteoclasts may have redundant roles.

4. Discussion
Commercially available RNA microarrays have made the rapid analysis of the complete
transcriptome of cells under defined conditions affordable. Microarray profiling provides an
unbiased method to detect genes that are differentially expressed between two or more
conditions and identify genes and pathways relevant to biologic processes. We set out to
identify regulators of osteoclast function utilizing an RNA microarray profiling approach.
As NFATc1 is a key regulator of the osteoclast transcriptional program, subsets of genes
associated with osteoclast function are likely to be NFATc1-dependent. We compared the
transcriptome of WT and NFATc1-deficient OCPs differentiated with MCSF and RANKL
and detected a number of known regulators of osteoclast differentiation and function ([14]
and Fig. 1A and Table S2). This approach also previously identified Slc4a2, which encodes
an anion exchanger required for osteoclast acid secretion, thus validating our focus on
NFATc1-regulated transcripts [19]. To identify additional regulators of osteoclast function,
we further analyzed this data set, now selecting for transcripts highly (6-fold or more)
induced in the presence of NFATc1. This approach identified 80 unique genes, including 4
known osteoclast regulators. Utilizing existing knowledge about general biologic processes
in osteoclasts to filter the list of 76 NFATc1-dependent genes without previously identified
roles in osteoclast differentiation, we identified five candidate osteoclast regulators. A
reasonable biologic rationale for a role for each of these candidates in bone biology existed,
and the regulated expression of each during osteoclastogenesis was confirmed. Despite this,
a rigorous analysis utilizing knockout mouse models did not detect a role for any of these 5
candidates in osteoclast function or maintenance of normal adult bone mass.

Biologic or functional significance is often inferred from large differences in gene
transcription between two conditions, but as our results demonstrate, this information should
be considered hypothesis generating rather than definitive evidence for the functional
relevance of a given gene product. The inability to detect functional significance for the
highly differentially expressed genes examined here could have several biologic
explanations including redundancy of function and compensatory changes in transcription
other genes in the same pathway.

A great strength of RNA microarray analysis is its capacity to analyze large numbers of
transcripts in parallel. However, multiple comparison testing and the intrinsic variability of
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microarray data require that results from microarray analysis be validated by qPCR or
Northern blotting. Moreover, microarray probes are designed on the basis of inferences from
genomic sequence data and probe choice may influence the detection of differentially
expressed genes, particularly if a transcript has multiple splice variants. The example of
Serpind1 demonstrates that whether or not a gene is detected as differentially expressed by
microarray can be highly dependent on the transcript region targeted by the probeset.
Serpind1 probset 1418680_at detected the exon 5 and 3’UTR region of the Serpind1 mRNA.
To validate this finding we used primers targeting exons 3 and 4 of Serpind1 and identified a
RANKL- and NFATc1-dependent transcript in the osteoclast. Regulation of Serpind1
expression however was revisited after discovering that Serpind1−/− mice lack an osteoclast
phenotype. Interestingly, no qPCR product was detected in osteoclasts using primers
spanning the exon 2–3 junction. These data suggest that the relevant mRNA generated from
the Serpind1 locus in osteoclasts lacks exon 2 and could explain the absence of a skeletal or
osteoclast phenotype in Serpind1−/− mice in which exon 2 was deleted. Identification of the
relevant Serpind1 transcript in osteoclasts is being pursued.

In the case of Nhedc2, as well as Serpind1, redundancy is a possible explanation for the lack
of a bone phenotype in the knockout mice, as homologs of both are expressed in osteoclasts
in an NFATc1-dependent manner. Resolution of roles of these protein families in bone
biology in vivo will require the generation of compound mutant mice. This will be
particularly challenging for the Nhedc homologs, Nhedc2 and Nhedc1, as these genes are
located adjacent to one another on mouse chromosome 3. Thus, any targeting strategy would
need to generate null alleles with a single vector, as opposed to generating knockout mice in
parallel and crossing the resultant mutant lines.

For RHOC and RAB38, redundancy is also a likely explanation for the normal bone
phenotype of Rhoc−/− and Rab38cht/cht mice. Several Rho subfamily members, including
RHOA, CDC42 and RAC are essential for osteoclast function. CDC42 regulates BMM
proliferation, osteoclast differentiation and survival. Mice with a conditional deletion of
Cdc42 in osteoclasts are osteopetrotic, while deletion of Cdc42Gap, whose gene product
negatively regulates CDC42 function, results in osteopenia [42]. Deficiency of both Rac1
and Rac2 in osteoclasts decreases osteoclast formation and abrogates bone resorption,
resulting in osteopetrosis [41, 43]. Rho GTPases are essential for formation and organization
of the osteoclast podosomes, though the experimental method did not distinguish between
RHOA, RHOB and RHOC function [44]. RHO A, B and C share 85% sequence identity,
and while most studies focus on RHOA function, differential expression patterns, as well as
differences in binding regulators and effectors suggest that these proteins may have non-
redundant functions in some systems [49]. Our data however, indicate that RHOC is not
essential for osteoclast function. Likewise although other RAB family members have been
implicated in vesicular trafficking in osteoclasts [40, 45, 46], RAB38 appears dispensable.
However, it is also possible that the Rab38cht mutation does not affect RAB38 function in
the osteoclast and that a true null allele would reveal a phenotype.

It is more difficult to argue the case for redundancy as an explanation for the observation
that Adcy3−/− osteoclasts differentiate and resorb normally despite solid evidence for a
negative regulatory role for cAMP in osteoclast differentiation. Although transcripts from
Adcy2, 5, 6, 7 and 9 are also detected in osteoclasts, measurement of cAMP levels in
cultured osteoclasts demonstrates that cAMP levels are significantly diminished in the
absence of ADCY3. Thus, the absence of an in vitro osteoclast phenotype in Adcy3−/−

cultures suggests that the lower levels of cAMP induced by RANKL are insufficient to
affect osteoclastogenesis. However, cAMP does rise in response to RANKL in Adcy3−/−

osteoclasts, suggesting either that other adenylate cyclases or reductions in
phosphodiesterase activity contribute to elevations in cAMP during differentiation.
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Strengths of our study include the 1) independent validation of our microarray results with
qPCR, 2) rigorous use of WT sex-matched littermates as controls for our micro-CT studies,
3) analysis of both male and female WT and mutant mice by micro-CT and 4)
complementation of the in vivo studies with ex vivo osteoclast differentiation and activity
assays. The lack of histomorphometric data for 4 of the 5 mutants we analyzed is a weakness
of our study, but the absence of a significant bone mass phenotype by micro-CT and normal
osteoclast function ex vivo strongly suggests this data would not have provided additional
insight. Given the cost of bone histomorphometry, a decision was made not to pursue these
studies. An additional weakness is that mutant mice were only analyzed at a single age at
baseline. Thus, it is possible that a function for some or all of these genes in the osteoclast in
vivo would be revealed at a different age or in models of pathologic bone resorption. Lastly,
we have not determined whether the genes examined here (Nhedc2, Adcy3, Serpind1, Rhoc,
Rab38) are direct NFATc1 target genes. Perhaps had the list of NFATc1-dependent
transcripts reported in Table S2 been refined for direct regulation by NFATc1, by chromatin
immunoprecipitation for example, our list of genes for follow-up in vivo studies would have
been enriched for functional importance.

5. Conclusion
Gene expression profiling of murine wild-type and NFATc1-deficient osteoclast precursors
stimulated with RANKL identified 80 unique transcripts that are highly NFATc1-dependent,
including 4 known osteoclast regulators. Analysis of additional candidate osteoclast
regulators whose transcription was validated to be RANKL-induced and NFATc1-dependent
did not identify genes required for osteoclast function. Our findings underscore the difficulty
of extrapolating functional significance from differential expression, highlight the need for
careful validation studies of expression, and exemplify the need for experimental validation
before functional importance can be attributed to differentially expressed genes in a given
biologic process. These data also suggest that NFATc1 ensures the fidelity of the bone
resorption pathway by inducing the expression of a large number of functionally redundant
genes in the osteoclast.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Microarray profiling was used to identify NFATc1 dependent transcripts in the
osteoclast

• These NFATc1 dependent transcripts encompass 80 genes, including 4 known
osteoclast regulators

• Five candidate regulators were selected for study: Nhedc2, Serpind1, Adcy3,
Rhoc and Rab38

• Knock out mice in each of these genes exhibited normal bone mass and
osteoclast function
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Fig. 1. Identification of potential osteoclast regulators by expression profiling
(A) Microarray analysis of Nfatc1fl/fl and Nfatc1Δ/Δ OCPs stimulated for 3 d with MCSF
and RANKL. Shown is a heat map depicting genes up or down regulated 6-fold. NFATc1-
dependent transcripts selected for further study, as well as representative known regulators
of osteoclast function are highlighted. (B) Real-time PCR analysis for the expression of the
indicated genes in cultures of Nfatc1fl/fl and Nfatc1Δ/Δ OCPs stimulated with MCSF alone
or with MCSF and RANKL to stimulate osteoclast differentiation. (*, p<0.05; **, p<0.01;
****, p<0.0001).
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Fig. 2. Analysis of Nhedc2GT/GT mice and osteoclasts
(A, B) Micro-CT quantification of femoral (A) metaphyseal trabecular BV/TV and (B)
midshaft cortical thickness of 12–14 week old female and male Nhedc2+/+ (n=9, female;
n=11, male) and Nhedc2GT/GT (n=9, female; n=11, male) mice. (C) Serum TRAP5b levels
in 10-week old female and male Nhedc2+/+ (n=7, female; n=6, male) and Nhedc2GT/GT

(n=8, female; n=7, male) mice. (D) TRAP stain of Nhedc2+/+ and Nhedc2GT/GT osteoclast
cultures. (E) Real time PCR analysis for osteoclast marker genes in samples from Nhedc2+/+

(n=5) and Nhedc2GT/GT (n=4) OCPs stimulated with MCSF alone or with MCSF and
RANKL to induce osteoclast differentiation. (F) resorption of calcium phosphate coated
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tissue culture wells incubated with Nhedc2+/+ and Nhedc2GT/GT osteoclasts. (G) Real time
PCR analysis for Nhedc2 expression in Nhedc2+/+ (n=5) and Nhedc2GT/GT (n=4) OCPs
stimulated with MCSF alone or with MCSF and RANKL to induce osteoclast
differentiation. (H) Western blot for NHEDC2 protein on samples from Nhedc2+/+ and
Nhedc2GT/GT OCPs stimulated with MCSF alone or with MCSF and RANKL to induce
osteoclast differentiation. Immunoblots for Cathepsin K and HSP90 are shown as positive
controls for osteoclast differentiation and protein loading, respectively. (I) Real time PCR
analysis for Nhedc1 expression in Nfatc1fl/fl and Nfatc1Δ/Δ OCPs stimulated with MCSF
alone or with MCSF and RANKL to induce osteoclast differentiation. (n.s., not significant;
**, p<0.01.)
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Fig. 3. Analysis of Serpind1−/− mice and osteoclasts
(A, B) Micro-CT quantification of femoral (A) metaphyseal trabecular BV/TV and (B)
midshaft cortical thickness of 12 week old female and male Serpind1?/+ (female, n=7; male,
n=6) and Serpind1−/− (female, n=4; male, n=3) mice. (C) TRAP stain of Serpind1+/+ and
Serpind1−/− osteoclast cultures. (D) resorption of calcium phosphate coated tissue culture
wells incubated with Serpind1+/+ and Serpind1−/− osteoclasts. (n.s., not significant; **,
p<0.01.)
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Fig. 4. Analysis of Adcy3−/− mice and osteoclasts
(A, B) Micro-CT quantification of femoral (A) metaphyseal trabecular BV/TV and (B)
midshaft cortical thickness of 8-week old female and male Adcy3?/+ (female, n=6; male,
n=5) and Adcy3−/− (female, n=7; male, n=8) mice. (C) TRAP stain of Adcy3+/+ and
Adcy3−/− osteoclast cultures. (D) Toluidine blue stained bovine cortical bone slices cultured
with Adcy3+/+ and Adcy3−/− osteoclasts. (E) cAMP levels in cultures of in Adcy3+/+ and
Adcy3−/− OCPs stimulated with MCSF alone or MCSF and RANKL to induce osteoclast
differentiation (n=3 per group). (n.s., not significant; *, p<0.05; **, p<0.01.)

Charles et al. Page 20

Bone. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Analysis of Rhoc−/− mice and osteoclasts
(A, B) Micro-CT quantification of femoral (A) metaphyseal trabecular BV/TV and (B)
midshaft cortical thickness of 8–10 week old female and male Rhoc?/+ (female, n=7; male,
n=2) and Rhoc−/− (female, n=5; male, n=2) mice. (C) TRAP stain of Rhoc+/+ and Rhoc−/−

osteoclast cultures. (D) Real time PCR analysis for osteoclast marker genes in mRNA
samples from Rhoc?/+ and Rhoc−/− OCPs stimulated with MCSF alone or with MCSF and
RANKL to induce osteoclast differentiation (n=2 per group). Lack of differences in gene
expression between Rhoc+/+ and Rhoc−/− osteoclasts is representative of 3 independent
experiments. (E) Lectin-TRITC stained dentin slices cultured with Rhoc+/+ and Rhoc−/−

osteoclasts. (F) Phalloidin stain of Rhoc+/+ and Rhoc−/− osteoclast cultures. (n.s., not
significant). (n.s., not significant)
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Fig. 6. Analysis of Rab38cht/cht mice and osteoclasts
(A, B) Micro-CT quantification of femoral (A) metaphyseal trabecular BV/TV and (B)
midshaft cortical thickness of 16 week old female and male Rab38+/+ (female, n=2; male,
n=4) and Rab38cht/cht (female, n=3; male, n=3) mice. (C) TRAP stain of Rab38+/+ and
Rab38cht/cht osteoclast cultures. (D) TRAP assay on the culture supernatants of Rab38+/+

and Rab38cht/cht (n=6 per genotype) OCPs stimulated with MCSF along or MCSF and
RANKL to induce osteoclast differentiation. (E) Von kossa stain of calcium phosphate
coated tissue culture wells incubated with Rab38+/+ and Rab38cht/cht osteoclasts. (n.s., not
significant)
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