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INTRODUCTION: The subject of this research is the need for improved osteoporosis therapies. The 
purpose of this study is to test the efficacy of parathyroid hormone (PTH) mono-therapy and PTH+ anti-
resportive combination therapies on Nmp4-knockout (KO) and wild type (WT) mice. The scope of the 
research comprises the following specific aims: (i & ii) to determine the impact of Nmp4 on the efficacy of 
PTH mono- and combination therapies with bisphosphonates and the selective estrogen receptor modulator 
(SERM) raloxifene in ovariectomized (ovx) mice; (iii) to determine the cell type-specific contributions to the 
enhanced response of the Nmp4-KO mouse to these osteoporosis therapies.  
 

BODY:  
During Year 1 we successfully accomplished a number of objectives in the following Subtasks:  

i. Subtasks 2.1, 2.2, 3.1-3.5: Compared impact of ovariectomy (ovx) on WT and Nmp4-KO bone loss. 
Evaluated the response of the ovx WT and ovx Nmp4-KO mice to PTH mono-therapy and initiated 
combination therapies.  

ii. Subtasks 4.2.a and 4.3.a: Initiated breeding of the conditional knockout mice for production of 
Nmp4fl/fl 3.6Col-Cre+, Nmp4fl/fl Cathepsin K-Cre+, and Nmp4fl/fl-Cre– mice.  

iii. Subtask 6.2: Initiated culture evaluation of WT and Nmp4-KO mesenchymal stem progenitor cells 
 

KEY FINDING: Nmp4-KO mice are not protected from ovx-induced bone loss  
 Figure 1 outlines the treatment regimen used to evaluate the impact of Nmp4 on an osteoporosis pre-
clinical mouse model. To determine whether disabling Nmp4 activity protects mice from ovx-induced bone loss, 

we removed the ovaries or performed 
sham operations on WT and Nmp4-KO 
mice as described in detail in our 
ACURO-approved protocol. Briefly, 
through a small skin incision, the muscle 
wall was incised 1cm lateral to the 
midline 1-2cm below the last rib to enter 

the abdominal cavity. The periovarian fat pad was grasped and exteriorized. The fallopian tube between the fat 
pad and uterus was clamped, crushed, and the ovary removed. The procedure was repeated on the contralateral 
side. The sham procedure included all steps except removing the ovaries. Both ovx genotypes experienced 
significant weight gain and decreased uterine weight. There was no genotype x treatment interaction (Table 1). 

 
 WT and Nmp4-KO mice showed significant trabecular bone loss of the distal femur and L5 vertebra 
4wks after ovx as measured by µCT (Table 1, references describing methods1, 2 in appendix). The KO mice 
exhibited a modest enhanced bone loss (BV/TV) that was near significant in the femur and only just significant 
in the L5 vertebra (Table 1, BV/TV, gene x treat). This may be due to the elevated number of osteoclast 
progenitors in the null mice1. We observed no change in the serum bone formation (P1NP) or the resorption 
(CTX) markers 4wks post-op (Table 1).   

Figure 1: Schematic showing the treatment regimen of WT and Nmp4-KO mice 
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KEY FINDING: Nmp4-KO mice exhibit an enhanced PTH-induced restoration of bone lost to ovx  
 We initiated treatment of both WT and Nmp4-null ovx animals with PTH (30µg/kg/day) or vehicle 
control 4wks after surgery. The duration of hormone therapy lasted 4wks (8wks post-op) and 8wks (12wks 
post-op). The ovx Nmp4-KO mice showed a significantly enhanced PTH-induced gain in femoral BV/TV at 
4wks and 8wks of therapy compared to their ovx WT littermates (Figure 2A). The KO mice also showed an 
enhanced PTH response at the L5 vertebra at 8wks of treatment (Figure 2B). There was no difference in bone 
parameters between the vehicle-treated genotypes suggesting that bone loss was equivalent between the 
genotypes at 8wks and 12wks post-ovx (Figure 2). Table 2 provides additional architectural parameters of the 
distal femur and L5 vertebra from these treatment groups. 
	   

 

  

Figure 2: Trabecular bone volume/total volume (BV/TV) of ovx WT and ovx Nmp4-KO mice as determined by microCT analysis [A] 
distal femur and [B] L5 vertebra. Trabecular bone architecture was analyzed as previously described1, 2. Briefly, femurs/L5 were excised 
from mice after euthanasia, the muscle and connective tissue removed, and the bones transferred to 10% buffered formalin, 4°C for 48 
hr, after which the bones were placed in 70% ethanol (4°C) until analyzed. Data are average ± SD, number of mice/experimental group 
= 8-9). Statistical differences were determined using a 2-way ANOVA. The Tukey’s HSD (femur) or LS Means Student t (L5) post hoc 
tests were used to determine differences between the treatment groups if a significant genotype x treatment interaction was indicated. 
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KEY FINDING: Ovx does not deplete the expanded Nmp4-KO osteogenic reserve 
 Null bone marrow (BM) showed a significant elevation in CD45-/CD105+/CD146+/nestin+ 
osteoprogenitors at the end of 4wk therapy, irrespective of treatment (Figure 2A). By the end of 8wks 
treatment (12wks post-op) there was no difference in the number of these BM cells between the genotypes. 
However, there was a significant elevation in the number of these cells in the peripheral blood (PBL) of the 
untreated KO mice (Figure 2D). The KO mice showed a significant elevation in CD8+ T cells in both the BM 
and the PBL throughout the entire therapy regimen (Figure 2B and 2E). PTH significantly decreased the 
numbers of these cells in the BM at 8wks therapy in both genotypes (Figure 3B) but had no impact on the 
number of these cells in the PBL (Figure 2E). Disabling Nmp4 had little to no effect on CD4+ T cells, nor did 
treatment with PTH (Figure 2C and 2F), as we previously observed in the healthy mice1.  

 

 
KEY FINDING: Nmp4-KO mesenchymal 
stem/progenitor cells (MSPCs) exhibit an enhanced 
proliferation in culture and precocious 
mineralization 
Expanded MSPC cultures were established using a 
standard protocol (reference [3] in appendix). Briefly, 
long BM was isolated from euthanized WT and KO 
mice 6-8wks of age and the mononuclear cells were 
isolated using a Ficoll gradient. These cells were 
plated in Mesencult™ Media + Mesencult™ 
Stimulatory Supplement (StemCell™ Technologies, 
Vancouver BC, Canada) and maintained in culture for 

3-4wks without passage and fed every 5-7 days by removing 50% of the old media and adding 50% fresh media. 
At approximately 80% confluence, the cells were passaged at 1:3 dilution for two more passages before use or 
were frozen for storage. Cells were 
used for experiments between 
passages 5-10. For comparing cell 
proliferation rates between WT 
and Nmp4-KO MSPCs, the cells 
were transferred to α-MEM 
medium. To evaluate 
mineralization ascorbic acid and 
beta-glycerophosphate was added. 

KO MSPCs from healthy mice 
exhibited modest but significantly 
enhanced proliferation (Figure 4A). 
and precocious mineralization 
(Figure 4B), consistent with our in vivo observations. 
  

Figure 3:	  	  Flow cytometry analysis (FACs) of the femoral bone 
marrow (BM) and the peripheral blood (PBL) from ovx WT and ovx 
Nmp4-KO mice treated with human PTH (1-34) [30µg/kg/day] or 
vehicle control for 4wks or 8wks (treatments initiated 4wks post-
op).	  These samples were analyzed as previously described1 
(reference in appendix). Briefly, whole BM was isolated by flushing 
the femurs of experimental mice with α-MEM supplemented with 
10% FBS. PBL was collected from the mice by cardiac puncture. The 
red blood cells (RBCs) were lysed with an RBC lysis buffer (Qiagen) 
before the PBL and BM were processed for flow cytometric analysis. 
All antibodies for flow cytometry were purchased from BD 
Biosciences. Stained samples were analyzed on an FACS Caliber 
(BD Biosciences), and results were quantified using FlowJo Version 
8.8.6 software (Tree Star, Inc.). (Average ± SD, number of 
mice/experimental group = 8-9). Statistical differences were 
determined using a 2-way ANOVA. A Tukey’s HSD post hoc test 
was used to determine differences between the treatment groups if 
a significant genotype x treatment interaction was indicated. 

Figure 4: [A] Comparative growth rates of expanded WT and Nmp4-KO MSPCs. Cell 
counts/day (n=4 lines per genotype log10 cells/well, 3 wells/sample, average ± SD, t test, 
t<0.05). Note: each ‘line’ is derived from a single mouse [B] WT and KO MSPCs 
maintained in osteogenic medium for 7 and 14 days and then stained with alizarin red. 
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KEY FINDING: Nmp4-KO and WT mice undergoing therapy exhibit similar bone histomorphometry and 
serum profiles   
 We performed dynamic bone histomorphometry on WT and Nmp4-KO mice as previously described2 at 
the end of 4wks PTH/VEH therapy (Table 3). Additionally, we evaluated the serum bone formation (P1NP) and 
resorption (CTX) markers, as described2, at the end of the 8wk treatment regimen (Table 3). There was a 
strong treatment effect for all of these parameters, as expected. However, no significant differences were 
observed in any of these parameters between the genotypes. This was surprising considering the significant 
increase in PTH-induced bone formation observed in the null mice as compared to the WT animals. A plausible 
explanation for these results is that we missed the time point where significant differences in bone formation 
activity were transpiring. We are presently finishing static bone histomorphometry analysis for osteoblast and 
osteoclast numbers.  
  

 

ADDITIONAL RESEARCH ACTIVITIES:  
Breeding of conditional knockout (KO) mice 
The objectives for subtasks 4.2.a and 4.3.a are the breeding of Nmp4fl/fl 3.6Col-Cre+, Nmp4fl/fl Cathepsin K-
Cre+, and Nmp4fl/fl-Cre– mice. There are a number of crosses required to produce these mice and the entire 
breeding scheme is shown in Figure 5. 

 
Figure 5: Breeding scheme for Nmp4 
conditional KO mice. The Neo gene is 
removed from the flox construct by 
crossing a our confirmed flox germline 
transmission mice with b B6 
(FLP*)Sor/J mouse. Select progeny c are 
bred with d Cre+ mice to remove the FLP 
(Flip) and to introduce the specific Cre. 
These mice are backcrossed further onto 
a C57B6/J strain [e & f]. This will 
produce g heterozygous Nmp4 flox mice 
lacking Cre- and h heterozygous Nmp4 
flox mice containing Cre+. Breeding 
these mice will produce i homozygous 
Nmp4 flox mice with or without Cre. 
These are bred and all offspring j are 
used for the study. Nmp4+/+;Cre- mice 
k generated from the h x g crosses are 
used to test for the effects of non-
recombined Nmp4 floxed. Red cages 
designate mice kept temporarily; blue 
cages are mice maintained as a source of 
breeders/experimental mice. 

We are presently breeding our germline transmission mice (a) with the B6.129S4-
Gt(ROSA)26Sortum2(FLP)Sor/J mice (b) obtained from Jackson labs.  
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ADDITIONAL RESEARCH ACTIVITIES [continued]:  
Tally of mice completing combination treatments:  
During this first year we initiated the PTH combination studies using the bisphosphonates alendronate (ALN) 
and zolendronate (ZOL) and the SERM raloxifene (RALOX). The experiments are progressing without any 
significant difficulties. The mice are not exhibiting any adverse reactions to the therapeutic regimens. Table 4 
shows the running tally of the mice for these treatments at the writing of this progress report. 
  

 

KEY RESEARCH ACCOMPLISHMENTS:  
• KEY FINDING: Nmp4-KO mice are not protected from ovx-induced bone loss  
• KEY FINDING: Nmp4-KO mice exhibit an enhanced PTH-induced restoration of bone lost to 

ovariectomy 
• KEY FINDING: Ovx does not deplete the expanded Nmp4-KO osteogenic reserve 
• KEY FINDING: Nmp4-KO MSPCs exhibit an enhanced proliferation and precocious mineralization 

in culture 
• KEY FINDING: Nmp4-KO & WT mice under therapy exhibit similar histomorphometry and serum 

profiles   
• Initiated breeding of conditional KO mice 
• Initiated PTH combination treatments  

 
REPORTABLE OUTCOMES:  
Abstract presentations in which the DOD support was acknowledged:  

1. American Society for Bone & Mineral Research:  
a. Date/location: October 4-7 2013, Baltimore, MD 
b. Title: Nmp4/CIZ-knockout mice are hyper-responsive to anabolic agonists but susceptible to 

ovariectomy-induced bone loss 
c. Authors: Paul Childress, Marta Alvarez, Joseph P Bidwell 
2. American Society for Bone & Mineral Research: 
a. Date/location: September 12-15 2014, Houston, TX 
b. Title: Improving parathyroid hormone (PTH) therapy in an osteoporotic mouse model 
c. Authors: Paul Childress, Yu Shao, Selene Hernandez-Buquer, Yongzheng He, Daniel Horan3 Alexander 

G. Robling, Stuart Warden, Feng-chun Yang, Matthew R Allen, Joseph P Bidwell 
3. 4th annual National Clinical and Translational Science Predoctoral Programs Meeting 
a. Date/location: May 5-7, 2013, Mayo Clinic, Rochester MN 
b. Title: Enhancing Parathyroid Hormone (PTH) Osteoporosis Therapy 
c. Authors: Paul Childress, Joseph P. Bidwell 
4. 5th annual National Clinical and Translational Science Predoctoral Programs Meeting 
a. Date/location: April 9-11, 2014, Omni Shoreham Hotel, Washington, DC 
b. Title: Developing Nmp4 as a drug target to enhance parathyroid hormone therapy for osteoporosis 
c. Authors: Paul Childress, Joseph P. Bidwell 
 

Funding applied for based on work supported by this award: 
Agency: The Indiana Clinical and Translational Sciences Institute 
Program: Collaboration in Translational Research Pilot Grant Program 
Title: Boosting bone anabolism  
Date submitted: 05/09/2014 
Total costs & dates if funding awarded: $75,000 [09/01/2014-08/31/2016] 
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Employment received based on experience/training supported by this award:  
Paul Childress: PhD graduate student in the Bidwell lab has accepted a post-doctoral position with Dr. Melissa 
Kacena, Department of Orthopaedic Surgery, Indiana University School of Medicine 
 
CONCLUSION: Key experimental discovery for 1st year of DOD study 
Our key discovery is that ovariectomy does not abrogate the enhanced response to PTH therapy in our 
Nmp4-KO mouse pre-clinical model. The deficiency in estrogen, the leading cause of osteoporosis, does not 
attenuate the number or responsiveness of the null osteoprogenitors or their supporting CD8+ T cells.  
 “So what?’  
This pre-clinical breakthrough is important because it suggests that disabling Nmp4 or some component of its 
pathway will enhance and extend PTH-induced regeneration of osteoporotic bone in post-menopausal female 
veterans. PTH is the only FDA-approved anabolic osteoporosis therapy and adds significant amounts of bone 
to the osteoporotic skeleton. Therefore, this drug has the potential to restore the bone lost in a variety of VA 
clinical settings. However, a drawback to PTH use is that potency declines within 2 years and thus it is not 
suitable as a long-term therapy, which is problematic in treating a chronic degenerative disease. Women 
comprise the fastest growing group of the US veterans contributing to the looming osteoporosis epidemic 
within the veteran population. The Veterans Affairs (VA) health care system will be in high demand by female 
veterans of Operation Enduring Freedom and Operation Iraqi Freedom.  
 
REFERENCES:  
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mesenchymal stem/progenitor cells. Hum Mol Genet. 15(19):2837-45. 

 
APPENDIX:  
Note: Full copies of cited references [1-3, see above] that include details for materials and methods are included 
below. 
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ORIGINAL RESEARCH REPORT

Nmp4/CIZ Suppresses the Parathyroid Hormone
Anabolic Window by Restricting Mesenchymal Stem Cell

and Osteoprogenitor Frequency

Yongzheng He,1,2,* Paul Childress,3,* Mark Hood, Jr.,3 Marta Alvarez,3 Melissa A. Kacena,4

Michael Hanlon,3,{ Bryce McKee,3 Joseph P. Bidwell,3 and Feng-Chun Yang1–3

Parathyroid hormone (PTH) anabolic osteoporosis therapy is intrinsically limited by unknown mechanisms. We
previously showed that disabling the transcription factor Nmp4/CIZ in mice expanded this anabolic window
while modestly elevating bone resorption. This enhanced bone formation requires a lag period to materialize.
Wild-type (WT) and Nmp4-knockout (KO) mice exhibited equivalent PTH-induced increases in bone at 2 weeks
of treatment, but by 7 weeks, the null mice showed more new bone. At 3-week treatment, serum osteocalcin, a
bone formation marker, peaked in WT mice, but continued to increase in null mice. To determine if 3 weeks is
the time when the addition of new bone diverges and to investigate its cellular basis, we treated 10-week-old null
and WT animals with human PTH (1–34) (30 mg/kg/day) or vehicle before analyzing femoral trabecular ar-
chitecture and bone marrow (BM) and peripheral blood phenotypic cell profiles. PTH-treated Nmp4-KO mice
gained over 2-fold more femoral trabecular bone than WT by 3 weeks. There was no difference between
genotypes in BM cellularity or profiles of several blood elements. However, the KO mice exhibited a significant
elevation in CFU-F cells, CFU-FAlkPhos + cells (osteoprogenitors), and a higher percentage of CFU-FAlkPhos +

cells/CFU-F cells consistent with an increase in CD45 - /CD146 + /CD105 + /nestin + mesenchymal stem cell
frequency. Null BM exhibited a 2-fold enhancement in CD8 + T cells known to support osteoprogenitor dif-
ferentiation and a 1.6-fold increase in CFU-GM colonies (osteoclast progenitors). We propose that Nmp4/CIZ
limits the PTH anabolic window by restricting the number of BM stem, progenitor, and blood cells that support
anabolic bone remodeling.

Introduction

Anabolic therapy is the preferred pharmacological in-
tervention for osteoporosis [1], and parathyroid hormone

(PTH) is the only FDA-approved drug that adds bone to the
osteoporotic skeleton; however, its bone-forming activity, or
anabolic window is intrinsically limited to about 2 years,
thereafter falling to baseline [2–5]. Therefore, PTH is not ap-
proved as a long-term osteoporosis therapy, and its use is in-
dicated only for those patients who are at a high risk of fractures
or who are unresponsive to other available therapies [6].

While the mechanisms regulating the extent of the PTH
anabolic window are unknown, we demonstrated that dis-
abling the transcription factor nuclear matrix protein 4/
cas-interacting zinc-finger protein (Nmp4/CIZ) in mice sig-
nificantly extends and augments PTH bone-forming capacity;

treatment of wild-type (WT) and Nmp4- knockout (KO)
mice with intermittent PTH for 7 weeks resulted in signifi-
cant increases in serum osteocalcin, a marker for bone for-
mation, but these serum profiles as a function of time were
strikingly different [7,8]. In the WT mice, serum osteocalcin
peaked at 3 weeks of treatment and returned to baseline by 7
weeks of hormone administration [7]. However, in the null
mice, this PTH-induced surge in serum osteocalcin exceeded
that observed in the WT mice and was still climbing at the
end of the 7-week treatment regimen [7]. Consistent with this
sustained serum osteocalcin surge, at the end of the 7-week
treatment period, the null mice had gained significantly
more femoral, vertebral, and tibial trabecular bone than WT
mice while maintaining robust increases in cortical bone
[7,8]. These enhanced increases in cancellous bone in the
Nmp4-KO skeleton all showed significant treatment · genotype

1Department of Pediatrics, Indiana University School of Medicine, Indianapolis, Indiana.
2Herman B Wells Center for Pediatric Research, Indianapolis, Indiana.
Departments of 3Anatomy & Cell Biology and 4Orthopaedic Surgery, Indiana University School of Medicine, Indianapolis, Indiana.
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interactions, thus demonstrating that Nmp4/CIZ suppresses
PTH-stimulated anabolism [7,8].

When in the PTH treatment regimen does bone formation
in the Nmp4-KO mice eclipse WT growth, and what sustains
this extended and enhanced anabolic activity? The WT and
Nmp4-KO mice exhibited equivalent PTH-induced increases
in trabecular bone during the first 2 weeks of treatment;
however, at this treatment point, femoral mRNA profiles
revealed a transient enhanced increase in PTH-stimulated c-
fos and Fra-2 expression in the null mice as well as an ele-
vated expression of Nfatc1 in these animals [7]. Although
these transcription factors mediate numerous functions
within the context of bone, this is consistent with an
enhanced PTH-induced increase in mesenchymal stem cell
self-renewal and/or recruitment of null osteoblasts and
osteoclasts into the anabolic window [9–13]. Interestingly,
the untreated Nmp4-KO mice had a modest, but significantly
elevated, bone mineral density and bone mineral content as
compared to WT animals [8] despite modestly elevated lev-
els of serum C-terminal telopeptides of type I collagen (CTX),
a marker for bone resorption [7]. The Nmp4-KO bone mar-
row (BM) yielded *1.8-fold more osteoclasts in vitro as
compared to WT marrow, and the null osteoclasts were
significantly more active than their WT counterparts [7].
Therefore, bone formation was exceeding resorption, but
how this occurred was not clear (eg, osteoblast–osteoclast
coupling [14] and/or intrinsic differences in stem and pro-
genitor pools that support bone formation or resorption).

To address whether the enhanced PTH-stimulated addi-
tion of trabecular bone in the Nmp4-KO mice is coincident
with the initial surge in the serum osteocalcin, and to de-
termine the cellular basis of this sustained enhanced anabolic
activity, we treated WT and Nmp4-KO female mice with
intermittent PTH for 3 weeks before harvesting femurs,
femoral BM, and peripheral blood (PBL). Our data reveal
that the Nmp4-KO mice show significantly enhanced PTH-
stimulated addition of trabecular bone at 3 weeks of hor-
mone treatment, and that Nmp4 has a profound regulatory
role in BM population dynamics. Disabling this transcription
factor results in alterations in stem, progenitor, and blood
cell populations that accommodate the prolongation of the
PTH anabolic window while maintaining bone remodeling.
These data reveal novel aspects of how the PTH anabolic
window is regulated and have implications for a novel ad-
juvant osteoporosis therapy.

Materials and Methods

Mice

Nmp4-KO mice, backcrossed onto a C57BL/6J background
for 6–7 generations, [7,8], and their WT littermates were used
for these studies. Our local Institutional Animal Care and
Use Committee approved all experiments and procedures
involving the production and use of the mice described in
this investigation.

PTH treatment

Before initiating hormone treatment, 8-week-old female
WT and Nmp4-KO mice were given 100 mL sterile saline by
subcutaneous (sc) injection, once daily to habituate them to
handling. At 10 weeks of age, animals were sorted into 4

treatment groups based on equivalent mean-group–body
weight. These 4 groups included (1) vehicle-treated WT; (2)
PTH-treated WT; (3) vehicle-treated Nmp4-KO, and (4) PTH-
treated Nmp4-KO mice. Experimental animals were injected
sc with human PTH 1–34 [hPTH(1–34), Bachem Bioscience,
Inc.] at 30mg/kg/day, daily or vehicle control (0.2% BSA/
0.1% 1.0 mN HCl in saline; Abbott Laboratory) for 3 weeks.
There was no significant difference in initial and final mean-
group-body weights between genotypes. In a separate ex-
periment, the BM of untreated female WT and Nmp4-KO
mice (13 weeks of age) was harvested to compare the mul-
tipotent mesenchymal stem cell (CD45 - /CD146 + /
CD105 + /nestin + ) frequency.

CFU-F AlkPhos + assay [15]

BM was flushed from femurs; single-cell suspensions were
prepared, and cells were seeded into 6-well plates at an
initial density of 1 · 106 cells/well. Each culture well con-
tained 2 mL of complete a-MEM supplemented with 100 IU/
mL penicillin, 100 mg/mL streptomycin, 25mg/mL ampho-
tericin, 2 mM l-glutamine (Hyclone Laboratories, Inc.),
ascorbic acid (50 mg/mL, Sigma), and 10% fetal bovine serum
(FBS; Atlanta Biologicals). The medium was changed every 2
days for 14 days. Subsequently, cells were fixed and stained
for alkaline phosphatase using a Sigma-Aldrich Alkaline
Phosphatase Staining Kit and then counted for colony-
forming units—fibroblastic/alkaline phosphatase + (CFU-
FAlkPhos + ). Colonies were defined as positive staining with 25
or more cells per colony. After counting CFU-FAlkPhos +

colonies, the cells were stained with crystal violet, and all
colonies were counted for total CFU-F.

Flow cytometry

Whole BM was isolated by flushing the femurs of experi-
mental mice with a-MEM supplemented with 10% FBS. PBL
was collected from the mice by cardiac puncture. The red
blood cells (RBCs) were lysed with an RBC lysis buffer (Qia-
gen) before the PBL and BM were processed for flow cyto-
metric analysis. All antibodies for flow cytometry were
purchased from BD Biosciences. Stained samples were ana-
lyzed on an FACS Caliber (BD Biosciences), and results were
quantified using FlowJo Version 8.8.6 software (Tree Star, Inc.).

Clonogenic assays

Colony-forming units (CFU-Cs) were assayed as previ-
ously described [16]. Briefly, 2.5 · 104 BM mononucle-
ated cells or 25mL PBL was seeded onto a 35-mm gridded
dish containing methylcellulose and murine stem cell fac-
tor (100 ng/mL), murine granulocyte–macrophage colony-
stimulating factor (10 ng/mL), murine interleukin 3 (IL3,
5 ng/mL), murine recombinant macrophage–colony stimu-
lating factor (10 ng/mL), and human erythropoietin (4 U/
mL) for 7 days at 37�C in a 5% CO2 incubator. Colonies were
scored using an inverted light microscope. All cytokines
were purchased from PeproTech.

Hemavet analysis

PBL was collected from the WT and Nmp4-KO mice and
processed for blood cell enumeration using the Hemavet 950
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FS according to the manufacturer’s instructions (Drew
Scientific).

Micro computed tomography

We previously reported no differences in the femur length
between Nmp4-KO and WT mice at 8 and 17 weeks of age
[8]. Therefore, after euthanasia, a 2.6-mm span (*5 mm3 of
medullary space) of the distal femoral metaphysis was
scanned in 70% ethanol on a desktop microcomputed to-
mography (mCT) (mCT 35; Scanco Medical AG) at 10-mm
resolution using 55-kVp tube potential and 400-ms integra-
tion time to measure trabecular three-dimensional (3D)
morphometric properties as previously described [17]. From
the 3D constructs, trabecular bone volume per total volume
(BV/TV, %), connectivity density (Conn.D, mm - 3), structure
model index (SMI), trabecular number (Tb.N, mm - 1), tra-
becular thickness (Tb.Th, mm), and spacing (Tb.Sp, mm)
were calculated using Scanco software.

Statistical analysis

The program JMP version 7.0.1 (SAS Institute) was used to
process all statistical evaluations. We employed a 2-way
analysis of variance (ANOVA) for the PTH studies using
genotype and treatment as the independent variables. If a
genotype · treatment interaction was indicated, the data
were analyzed by a Tukey honestly significant difference
(HSD) post hoc test to determine significant differences be-
tween the experimental groups. Statistical significance was
set at P £ 0.01 to guard against type I errors. A separate ex-
periment was conducted using a distinct group of our ex-
perimental mice for the purpose of comparing the frequency
of multipotent mesenchymal stem cells (CD45 - /CD146 + /
CD105 + /nestin + ) in untreated female WT and Nmp4-KO
mice. These data were analyzed with a 2-sample t-test, as-
suming unequal variances and statistical significance was set
at P £ 0.05. The numbers of mice per treatment group are
indicated in the appropriate Figures and Tables.

Results

Nmp4-KO mice exhibited an enhanced increase
in femoral trabecular bone after 3 weeks
of treatment

To determine if the divergence between the WT and
Nmp4-KO mice in serum osteocalcin levels at 3 weeks is
coincident with the beginning of the enhanced addition of
trabecular bone in the null animals observed at 7 weeks [7],
we sorted WT and Nmp4-KO mice into 4 treatment groups
and harvested the femurs for mCT analysis as described in
the Materials and Methods section. Although the WT and
null mice had previously shown equivalent PTH-induced
increases in trabecular bone at 2 weeks of treatment [7], in
the present study, the null mice exhibited significantly aug-
mented PTH-stimulated increase in femoral trabecular bone
as compared to their WT littermates at 3 weeks (Fig. 1). The
Nmp4-null mice showed a more robust PTH-stimulated in-
crease in BV/TV compared to the WT animals during the
first 3 weeks of treatment (Fig. 1A). The KO mice added
*2.3-fold more bone than their WT littermates in response to
PTH (Fig. 1A). The 2-way ANOVA indicated a strong ge-

notype · treatment interaction, and the Tukey HSD post hoc
determined that there was no difference in BV/TV between
the vehicle-treated WT and KO animals (Fig. 1A). While
PTH treatment increased connectivity parameters (Conn.D,
mm - 3) for both genotypes, a significantly greater enhance-
ment was observed in Nmp4-KO mice compared to WT mice
(Fig. 1B). Again, there was no difference between the vehicle-
treated WT and null mice. The SMI was used to evaluate the
PTH-induced alteration in femoral trabecular morphology.
This parameter measures changes from a rod-like to a plate-
like form, and the lower the value, the more plate-like the
shape, which is indicative of an increase in bone strength
[18]. PTH treatment of both WT and Nmp4-KO mice resulted
in a significant transition to a more plate-like morphology,
which was more pronounced in the null mice with a signif-
icant genotype · treatment effect (Fig. 1C). Interestingly, the
SMI value for the femoral bone of the KO mice treated with
vehicle was statistically equivalent to that of the WT mice
treated with PTH (Fig. 1C). While PTH treatment signifi-
cantly increased trabecular thickness (Tb.Th, mm, Fig. 1D) in
null mice, treatment did not alter trabecular thickness in WT
mice. Finally, PTH equivalently increased the trabecular
number (Tb.N, mm - 1, Fig. 1E) and decreased spacing
(Tb.Sp, mm, Fig. 1F) in both genotypes.

BM cellularity, spleen weight, and the profiles
of most blood elements did not differ between
the WT and Nmp4-KO mice

To address whether there are differences between the
Nmp4-null and WT mice in the BM or PBL cellular profiles
supportive of the observed enhanced PTH-induced addition
of trabecular bone, we obtained immunophenotypic, clono-
genic, and hematological profiles at 3 weeks of treatment
(Tables 1–3). The spleen weight measured, as a% of total
body weight, did not differ with the genotype, but did
modestly increase with PTH treatment in both WT and null
mice (Table 1). The profiles of blood elements between the
Nmp4-KO and WT mice were unremarkable. We observed
no differences between any of the treatment groups in the
BM and PBL profiles of the RBCs, WBCs, platelets, neutro-
phils, lymphocytes, eosinophils, monocytes, B-cell lineages,
CD4 + T cells, or the Lin(-)Sca-1( + )c-Kit( + ) (LSK) cells (Ta-
bles 1 and 2). Finally, there were no differences between WT
and Nmp4-KO mice in CFU-C, CFU-G, CFU-GEMM, and
CFU-M cells (Table 3). PTH treatment had no impact on any
of these parameters (Tables 1–3).

Nmp4-KO BM yielded more multipotent MSCs
(CD146 + /nestin + ), CFU-FAlkPhos + , CFU-GM,
and CD8 + T cells than WT BM

To determine if the source of this augmented bone for-
mation in Nmp4-null mice is derived, in part, from an ex-
panded pool of osteoprogenitors, we obtained BM from our
experimental groups for analysis of CFU-FAlkPhos + colonies
as described in the Materials and Methods section. We re-
covered *4-fold more CFU-FAlkPhos + colonies from the null
mice than the WT animals (Fig. 2A). The total number of
CFU-F colonies was significantly elevated in the Nmp4-KO
cultures (Fig. 2B), and the percentage of CFU-FAlkPhos + /total
CFU-F colonies was significantly increased in the cultures
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from the Nmp4-null BM as compared to the WT BM (Fig. 2C).
There was a trend toward increased yield of CFU-F and
CFU-FAlkPhos + cells with PTH treatment in both genotypes,
but this was not significant. Therefore, we next addressed
whether the frequency of the self-renewing multipotent
mesenchymal stem cell (CD45 - /CD146 + /CD105 + /nes-
tin + ), the precursor of CFU-F-derived lineages, including
osteoprogenitors, is elevated in untreated Nmp4-KO mice.
Indeed, we observed a nearly 4-fold increase in this cell
phenotype in the null BM (Fig. 2D).

Nmp4 has no significant influence on the percentage of
CD4 + T cells in the BM or PBL (Table 2), but recent studies
have demonstrated that CD8 + T cells play an obligatory role
in the PTH anabolic response via their release of the glyco-

protein Wnt10b, a potent agonist for osteoprogenitors
[19,20]. Indeed, the present data show that the percentage of
CD8 + T cells in the null BM was 2-fold greater than that
observed in the WT BM (Fig. 3A), but there was no difference
in the percent CD8 + T cells in the PBL between the geno-
types (Fig. 3B). Additionally, PTH treatment had no effect on
the size of this population of cells in either the BM or PBL.

Next, to address whether the observed modest elevation
in bone resorption in the null mice and the enhanced number
of osteoclasts derived from their BM [7] is due, in part, to an
increase in osteoclast progenitors, we evaluated the number
of CFU-GM cells from our treatment groups. Indeed, the
Nmp4-null mice exhibited a modest (*1.6-fold), but signifi-
cant, increase in CFU-GM cells as compared to their WT

FIG. 1. Disabling Nmp4
enhanced PTH-induced in-
creases in femoral cancellous
bone after 3 weeks of treat-
ment. Microcomputed to-
mography-acquired femoral
trabecular architecture, in-
cluding (A) BV/TV%; (B)
Conn D mm - 3; (C) SMI; (D)
Tb.Th mm: (E) Tb.N mm - 1:
(F) Tb.Sp mm was compared
between WT and Nmp4-KO
mice that had been treated
with intermittent hPTH (1–
34) 30mg/kg/day or vehicle
for 3 weeks (average – SD,
number of mice/experimen-
tal group = 10). Statistical dif-
ferences were determined
using a 2-way ANOVA. A
Tukey’s HSD post hoc test
was used to determine dif-
ferences between the treat-
ment groups if a significant
genotype · treatment interac-
tion was indicated, and there
was such an interaction for
BV/TV, Conn D, SMI, and
Tb.Th. HSD, honestly sig-
nificant difference; PTH,
parathyroid hormone; VEH,
vehicle; SMI, structure model
index; Tb.N, trabecular num-
ber; Tb.Th, trabecular thick-
ness; Tb.Sp, trabecular spacing;
WT, wild type; KO, knockout.
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littermates (Fig. 4). PTH had no effect on the number of these
cells (Fig. 4).

Discussion

A significant drawback to the use of PTH as an osteopo-
rosis drug is that its anabolic potency declines within a rel-
atively short period of time, which is particularly
problematic in treating a chronic degenerative disease [21].
The cellular and molecular mechanisms underlying this
closing of the PTH anabolic window are unknown. We have
recently determined that deleting the transcription factor
Nmp4/CIZ from mice significantly extends the PTH ana-
bolic window and results in enhanced trabecular bone for-
mation without compromising hormone-stimulated gains in
cortical bone [7,8].

An intriguing aspect of the Nmp4-KO mouse response to
anabolic doses of PTH is that the enhanced addition of tra-
becular bone requires a lag period to materialize [7]. Pre-
viously, we reported that both WT and null mice exhibited
equivalent PTH-stimulated increases in trabecular bone
during the first 2 weeks of a 7-week treatment. In this study,
we compared hormone-induced increases in femoral can-
cellous bone after 3 weeks of treatment and indeed observed
that the Nmp4-KO mice exhibited a > 2-fold increase in PTH-
induced accrual of femoral trabecular bone formation as
compared to their WT littermates. This enhanced response to
PTH was manifested in an augmented increase in BV/TV,
trabecular connectivity (Conn D), and trabecular thickness
(Tb.Th). Additionally, PTH had a greater impact on the SMI
in the null mice. A decrease in SMI indicates a change in
cancellous architecture from a rod-like to a plate-like

Table 1. Peripheral Blood of the WT and Nmp4-KO Mice Was Analyzed Using the Hemavet

950 as Described in the Materials and Method Section

WT KO 2-Way ANOVA P values

VEH PTH VEH PTH Genotype Treatment Gene · Treat

Cellularity (106/femur) 9.1 – 6.2 8.1 – 5.6 14.3 – 7.1 11.5 – 6.6 0.04 0.33 0.64
% Spleen weight 0.40 – 0.03 0.47 – 0.06 0.42 – 0.08 0.46 – 0.07 0.84 0.01 0.49
WBC (K/mL) 4.8 – 1.1 4.9 – 1.4 4.5 – 1.6 5.6 – 1.6 0.70 0.16 0.24
NE (K/mL) 0.70 – 0.28 0.62 – 0.40 0.56 – 0.32 0.73 – 0.33 0.86 0.67 0.22
NE% 14.2 – 3.3 12.6 – 6.1 12.7 – 5.7 12.8 – 4.7 0.88 0.33 0.82
LY (K/mL) 1.0 – 0.78 4.1 – 1.1 3.7 – 1.4 4.8 – 1.3 0.62 0.11 0.26
LY% 82.4 – 4.3 83.8 – 5.9 82.2 – 8.1 84.4 – 4.8 0.88 0.33 0.82
MO (K/mL) 0.13 – 0.05 0.14 – 0.06 0.16 – 0.09 0.12 – 0.03 0.89 0.53 0.21
MO% 2.7 – 0.87 2.9 – 1.0 3.6 – 2.1 2.2 – 0.53 0.69 0.15 0.06
EO (IC/mL) 0.03 – 0.05 0.03 – 0.04 0.04 – 0.05 0.02 – 0.03 0.92 0.49 0.54
EO% 0.54 – 0.88 0.56 – 0.53 1.17 – 1.57 0.43 – 0.52 0.42 0.24 0.23
RBC (M/mL) 9.6 – 0.46 9.1 – 1.5 8.6 – 1.2 8.8 – 1.4 0.09 0.67 0.38
PLT (K/mL) 493.8 – 124.7 486.6 – 167.4 378.9 – 207.9 487.5 – 142.8 0.27 0.32 0.26

WT and null mice were treated with intermittent PTH or vehicle for 3 weeks (number of mice/experimental group = 9–14). A 2-factor
ANOVA was used to evaluate the impact of genotype and treatment on the individual parameters. Statistical significance was set at P < 0.01
to guard against type I errors. Percent (%) spleen weight is the weight of the organ divided by the total body weight.

WT, wild type; VEH, vehicle; PTH, parathyroid hormone; KO, knockout; ANOVA, analysis of variance; EO, eosinophils; LY, lymphocytes;
MO, monocytes; NE, neutrophils; PLT, platelets; RBC, red blood cell; WBC, white blood cells.

Table 2. Immunophenotypic Evaluation of BM and PBL Cell Types in WT and Nmp4-KO Mice Using

Fluorescence Activated Cell Sorting Analysis as Described in the Materials and Method Section

WT KO 2-Way ANOVA P values

Units (%) VEH PTH VEH PTH Genotype Treatment Gene · Treat

Pre-B (BM) 11.6 – 7.2 12.1 – 7.0 7.6 – 4.7 9.7 – 5.7 0.08 0.45 0.65
Pre-B (PBL) 17.5 – 6.5 20.0 – 7.8 11.7 – 6.5 16.9 – 7.6 0.04 0.06 0.52
Immature B (BM) 5.9 – 1.3 6.3 – 2.7 6.8 – 3.5 6.3 – 4.4 0.64 0.95 0.65
Immature B (PBL) 20.7 – 10.9 22.3 – 8.5 25.1 – 11.3 22.8 – 11.6 0.43 0.90 0.54
Mature B (BM) 3.5 – 3.5 3.5 – 3.7 3.0 – 3.0 3.5 – 3.4 0.81 0.75 0.79
Mature B (PBL) 5.7 – 3.8 5.5 – 4.8 7.2 – 6.7 8.3 – 6.7 0.20 0.79 0.68
CD4 + T (BM) 1.6 – 0.39 1.4 – 0.40 1.9 – 0.74 2.0 – 1.0 0.03 0.73 0.36
CD4 + T (PBL) 15.8 – 2.5 15.6 – 4.3 16.3 – 5.5 17.1 – 3.7 0.41 0.79 0.68
Myeloid (BM) 34.5 – 5.7 36.4 – 4.8 32.0 – 7.6 34.1 – 11.2 0.30 0.38 0.97
Myeloid (PBL) 6.0 – 2.5 5.3 – 1.3 5.9 – 2.9 7.4 – 4.4 0.24 0.65 0.22
LSK (BM) 0.11 – 0.06 0.11 – 0.06 0.12 – 0.14 0.26 – 0.22 0.05 0.07 0.09
L5K (PBL) 0.03 – 0.03 0.03 – 0.03 0.03 – 0.04 0.02 – 0.03 0.60 0.95 0.92

Mice were treated with PTH or vehicle for 3 weeks (number of mice/experimental group = 11–14). Statistical significance was set at P < 0.0l.
LSK, lin-/Scal + /c-Kit + ; BM, bone marrow; PBL, peripheral blood.
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morphology and is a result of alterations in modeling and
remodeling [18,22,23]. This suggests that PTH-stimulated
increases in bone strength are enhanced in the Nmp4-KO
mice, although this must be confirmed by biomechanical
testing.

Our data indicate that deleting Nmp4/CIZ establishes a
BM microenvironment that is primed for anabolic signals.
We observed no differences in femur cellularity, % spleen
weight, or in the profiles of the vast majority of blood ele-
ments; however, there was a striking difference in the
number of osteoprogenitor cells as evaluated by the clono-
genic CFU-FAlkphos + assay. The Nmp4-null BM yielded 4-fold
more of these colonies than did the WT BM. In an earlier
study, Noda and colleagues observed that BM cultures from
null mice yielded about 3-fold more mineralized nodules
than WT mice [24], which is equivalent to measuring CFU–

osteoblast colonies [25]. In the present study, we also deter-
mined that the total number of CFU-F colonies obtained
from the null mice was significantly elevated as was the%
CFU-FAlkphos + /total CFU-F. These data together suggest that
Nmp4 suppresses the frequency of CFU-F cells and impedes
commitment to the osteogenic lineage. This is consistent with
the elevated number of CD45 - /CD146 + /CD105 + /nes-
tin + cells obtained in the Nmp4-KO mice. These cells are self-
renewing multipotent mesenchymal stem cells and contain
all the bone marrow colony-forming-unit fibroblastic colony
activity [26,27]. PTH did not significantly impact the number
of CFU-FAlkPhos + colonies recovered from the BM of either
genotype, although there was a trend toward modestly ele-
vating the frequency of these cells. A variety of studies have
shown conflicting stimulatory and inhibitory effects of PTH
on osteoprogenitor proliferation [28–30]; however, the

Table 3. Clonogenic Assays of WT and Nmp4-KO Mice as Described in the Materials and Method Section

WT KO 2-Way ANOVA P values

Units: colony/femur VEH PTH VEH PTH Genotype Treatment Gene · Treat

CFU-C 27307 – 13080 31311 – 17107 44898 – 22460 40573 – 27265 0.04 0.98 0.52
CFU-G 1145 – 2204 936 – 1402 560 – 998 284 – 460 0.12 0.54 0.93
CFU-GEMM 941 – 1219 762 – 830 1065 – 1817 847 – 987 0.78 0.61 0.96
CFU-M 7409 – 4316 9405 – 7227 11229 – 6172 9629 – 6478 0.27 0.91 0.33

WT and null mice were treated with intermittent PTH or vehicle for 3 weeks (number of mice/experimental group = 10–14). A 2-factor
ANOVA was used to evaluate the impact of genotype and treatment on the individual parameters. Statistical significance was set at P < 0.01
to guard against type I errors.

FIG. 2. Nmp4-KO BM yielded more osteogenic stem and progenitor cells irrespective of treatment. (A) Total number of
CFU-FAlkPhos + colonies in BM cultures derived from WT and Nmp4-KO mice treated with intermittent hPTH (1–34) 30 mg/
kg/day or vehicle for 3 weeks. (B) Total number of CFU-F colonies. (C) The percent CFU-FAlkPhos + colonies/total CFU-F
colonies (average – SD, number of mice/experimental group = 6–8; statistical differences determined by a 2-way ANOVA).
(D) The frequency of femoral CD45 - /CD146 + /CD105 + /nestin + multipotent mesenchymal stem cells in untreated WT
and Nmp4-KO mice; FACS was used to evaluate the BM from each mouse as described in the Materials and Methods section
(average – SD, number of mice/experimental group = 12–20; statistical difference was determined using a 2-sample t-test
assuming unequal variances). BM, bone marrow; FACS, fluorescence activated cell sorting.
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prevailing view is that intermittent PTH recruits osteopro-
genitors into the osteoblast differentiation pathway and en-
hances their survival instead of increasing the size of
this progenitor pool [31, and references therein]. It is the
accumulation of repeated new waves of osteoprogenitors
with enhanced osteogenic potential that mediates the PTH-
stimulated increase in bone mass [28,32]. This may also
explain that the observed lag period before the enhanced
PTH-induced bone formation phase is initiated in the Nmp4-
null mice. If indeed the anabolic effect of intermittent PTH is
the result of consecutive waves of committed osteoblast
differentiation accumulated from each PTH exposure, in
which hormone only acts on the BM early osteoprogenitor
cells [28], then the rate of PTH osteoprogenitor recruitment
would be equivalent in both the WT and KO mice, but the
WT osteoprogenitor pool would be depleted before the KO
population. This is consistent with the observed equivalent
addition of bone during the first 2 weeks of treatment, but
the divergence in both serum osteocalcin and bone formation
in the null mice at 3 weeks [7 and the present work]. Finally,
the Nmp4/CIZ-KO osteoblast exhibits a modest, but signifi-
cant, enhanced response to numerous anabolic stimuli, in-
cluding PTH, BMP2, and mechanical loading [24,33–35];

therefore, an expanded population of such cells is certainly
consistent with the augmented skeletal bone mineral density
and bone mineral content of the null animals.

The expanded Nmp4-KO osteoprogenitor pool may be
supported by the 2-fold increase in BM CD8 + T cells as
compared to the WT mice. CD8 + T cells express the PTH
receptor PTHR1 and support intermittent hormone anabolic
activity via their secretion of the glycoprotein Wnt10b, a
potent agonist of osteoblast activity [19,20]. PTH-induced
bone formation was significantly reduced in T-cell-deficient
mice and in these mice reconstituted with Wnt10b—/— T cells
[20]. Interestingly, we observed no difference in the level of
CD8 + T cells in the PBL, suggesting that the recruitment
and/or the retention of these cells is enhanced in the null BM
microenvironment. BM CD8 + T cells consist chiefly (*50%)
of CCR7 + l-selectin + central memory cells [36], and the
mechanisms underlying this concentration in the marrow
involve PSGL-1-mediated rolling and VCAM-1-VLA-4-
mediated arrest in BM venules [36]. The retention of these
cells may be enhanced by CXCL12 (a ligand for CXCR4
on central memory T cells) [36]. Finally, IL15-dependent
homeostatic proliferation of memory T cells contributes to
their disproportionate presence in the BM [37,38]. Whether
the null BM microenvironment is enriched in these various
cytokines and/or selectin ligands and adhesion molecules
remains to be determined.

A second provocative aspect of the Nmp4-KO skeletal
phenotype is that the baseline bone mineral density and
bone mineral content are slightly increased despite a
modest elevation of bone resorption [7]. While the increase
in osteoclast number may be attributed to coupling (eg,
increased osteoblast support of an increase in osteoclasto-
genesis [14 and references therein]), the present data sug-
gest that this reflects intrinsic differences in osteoclast
progenitor populations. We observed a modest (1.6-fold),
but statistically significant, increase in CFU-GM cells in the
null mice as compared to their WT counterparts. Although
CFU-C cells were elevated in the Nmp4-KO mice, this only
approached significance, and there was no difference in the
levels of CFU-M cells between the genotypes. The precise
lineage of the osteoclast and its relationship to other he-
matopoietic cells is controversial; however, there are a
number of studies supporting the hypothesis that the os-
teoclast lineage branches to terminal differentiation via the
CFU-GM cells before further passage toward the mono-
cyte/macrophage lineage [39,40].

FIG. 3. Nmp4-KO BM harbored more CD8 + T cells than WT BM irrespective of treatment. (A) FACS analysis showed that
there were significantly more CD8 + T cells in the BM of Nmp4-KO mice as compared to that observed in WT mice. (B) No
differences between WT and Nmp4-KO mice in CD8 + T cells were detected in the PBL (average – SD, number of mice/
experimental group 11–14; statistical differences were determined using a 2-way ANOVA). PBL, peripheral blood.

FIG. 4. More CFU-GM cells were obtained from Nmp4-KO
mice than WT mice, irrespective of treatment. Intermittent
hPTH (1–34) 30mg/kg/day or vehicle was administered
for 3 weeks as described in the Materials and Methods sec-
tion (average – SD, number of mice/experimental group =
10–14; statistical differences were determined using a 2-way
ANOVA).
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The present data suggest that the heightened bone anab-
olism and modestly elevated bone resorption in the global
Nmp4-KO mouse are derived, in part, from a unique con-
fluence of BM stem, progenitor, and blood cells. The null BM
harbors an expanded pool of MSCs (CD146 + /nestin + ), os-
teoprogenitors, and CD8 + T cells, which together supply the
osteoblasts necessary for the observed augmented bone-
forming activity, even in the presence of elevated bone
resorption driven by the modestly enlarged CFU-GM pool
(1.6-fold) that contributes to the osteoclasts. This may sup-
port an environment of enhanced anabolic remodeling.

Our data do not directly relate the differences in cellular
composition observed in the Nmp4-KO mice to enhanced
PTH-stimulated increases in trabecular architecture. To ad-
dress this issue, a combination of genetic-, drug-, and
transplantation-based approaches will be required, because
all of these methods have strengths and drawbacks, yet their
intersection reveals complementary aspects of the phenom-
enon under study. However, the previously observed
heightened PTH-responsiveness and osteogenic capacity of
Nmp4-KO BMSCs and osteoblasts in culture [24,33,35] and
the enhanced number of the progenitors of these cells
(present study) likely make a substantial contribution to the
extended anabolic window. Additionally, Nmp4/CIZ de-
ficiency augmented newly formed trabecular bone mass
after femoral BM ablation as compared to WT mice [24],
confirming the enhanced osteogenic capacity of the recon-
stituted KO BM. It is certainly tenable that multiple stem/
progenitor types are necessary for maintaining an open
PTH anabolic window, and that one transcription factor has
significant direct and/or indirect control over these popu-
lations was unexpected despite the fact that Nmp4/CIZ is
expressed in multiple cell and tissue types [41]. Nmp4/CIZ
has been proposed as a potential target for osteoporosis
therapy, [42] and the present data further develop this idea,
suggesting that disabling Nmp4/CIZ may provide an ad-
juvant therapy for extending PTH clinical efficacy by ex-
panding the stem/progenitor populations sustaining its
anabolic action.
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Abstract How parathyroid hormone (PTH) increases bone

mass is unclear, but understanding this phenomenon is sig-

nificant to the improvement of osteoporosis therapy. Nmp4/

CIZ is a nucleocytoplasmic shuttling transcriptional repressor

that suppresses PTH-induced osteoblast gene expression and

hormone-stimulated gains in murine femoral trabecular bone.

To further characterize Nmp4/CIZ suppression of hormone-

mediated bone growth, we treated 10-week-old Nmp4-

knockout (KO) and wild-type (WT) mice with intermittent

human PTH(1–34) at 30 lg/kg daily or vehicle, 7 days/week,

for 2, 3, or 7 weeks. Null mice treated with hormone

(7 weeks) gained more vertebral and tibial cancellous bone

than WT animals, paralleling the exaggerated response in the

femur. Interestingly, Nmp4/CIZ suppression of this hormone-

stimulated bone formation was not apparent during the first

2 weeks of treatment. Consistent with the null mice enhanced

PTH-stimulated addition of trabecular bone, these animals

exhibited an augmented hormone-induced increase in serum

osteocalcin 3 weeks into treatment. Unexpectedly, the Nmp4-

KO mice displayed an osteoclast phenotype. Serum C-ter-

minal telopeptide, a marker for bone resorption, was elevated

in the null mice, irrespective of treatment. Nmp4-KO bone

marrow cultures produced more osteoclasts, which exhibited

elevated resorbing activity, compared to WT cultures. The

expression of several genes critical to the development of

both osteoblasts and osteoclasts was elevated in Nmp4-KO

mice at 2 weeks, but not 3 weeks, of hormone exposure. We

propose that Nmp4/CIZ dampens PTH-induced improvement

of trabecular bone throughout the skeleton by transiently

suppressing hormone-stimulated increases in the expression

of proteins key to the required enhanced activity and number

of both osteoblasts and osteoclasts.

Keywords c-fos � Fra-2 � Ephrin � Osteoclastogenesis �
Osteocalcin � Osteoporosis

Parathyroid hormone (PTH) therapy is the only osteoporosis

treatment that restores bone to the aged skeleton; however,

its expense makes it the least cost-effective [1, 2]. The

development of shorter PTH-based treatments yielding

similar efficacy as the longer-term therapy will improve its

cost–benefit ratio [2], but this requires a better understanding

of the mechanisms underlying the PTH anabolic response.
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Data on the self-limiting pathways to PTH action,

inherent to all endocrine response loops, are lacking; and it

is these molecules that may provide the best pharmaceutical

targets for improving hormone efficacy and cost-effective-

ness [3]. For example, as PTH activates the osteoblast

generation of cAMP and the enhanced expression of

RUNX2, it simultaneously stimulates phosphodiesterase

activity [4] and Smurf1-mediated RUNX2 proteasomal

degradation [5].

We recently demonstrated that disabling the nucleocy-

toplasmic shuttling transcription factor Nmp4/CIZ (nuclear

matrix protein 4/cas interacting zinc finger protein) in mice

enhances the skeletal response to anabolic PTH [6], sug-

gestive of a significant role in the hormone’s self-limiting

pathways. Ten-week-old Nmp4-knockout (KO) mice trea-

ted with intermittent PTH for 7 weeks exhibited an aug-

mented increase in femoral trabecular bone compared to

wild-type (WT) mice without compromising the hormone-

stimulated increases in bone mineral density (BMD) and

content throughout the skeleton [6].

The ubiquitously expressed Nmp4/CIZ appears to act as

a general repressor of anabolic bone growth, in part, by

suppressing the transcription of genes that support the

development of the osteoblast phenotype, including the

pro-alpha1(I) chain (Col1a1) and the Mmp-13 promoters

[3, 7, 8]. This trans-acting protein suppressed the PTH

induction of rat Mmp-13 transcription in UMR-106-01

osteoblast-like cells via its binding to a PTH-responsive

element in the 50 regulatory region of the gene [8], but

whether Nmp4 represses the hormone responsiveness of

other tissues has not been reported.

In the present study we determined that Nmp4/CIZ

suppressed the PTH-stimulated improvement of trabecular

bone throughout the mouse skeleton and was not site-

specific, as is common in other mouse models [9, 10]. Most

surprisingly, we discovered that the null mice have an

osteoclast phenotype. Analysis of serum biochemistry,

bone histomorphometry, bone mRNA expression profiles,

and osteoclast cell culture suggested that the numbers and

activities of both osteoblasts and osteoclasts are enhanced

in Nmp4-KO mice due, in part, to a transient derepression

of key transcription factors and signaling proteins common

to pathways critical for the development and hormone

responsiveness of both cell types.

Materials and Methods

Mice

Construction of the Nmp4-KO mouse, its backcrossing six

generations onto a C57BL/6J background, and the baseline

phenotype have been described [6]. As in our previous

study, WT C57BL/6J mice from Jackson Laboratories (Bar

Harbor, ME) were used as controls [6]. Experiments

designed to compare the response of WT and Nmp4-KO

mice to PTH compensated for any differences in genetic

and environmental factors (see Statistical Analyses). Our

local Institutional Animal Care and Use Committee

approved all experiments and procedures involving the

production and use of the experimental mice described in

this study.

PTH Treatment Regimen

Prior to the start of an experiment, 8-week-old female WT

and Nmp4-KO mice were given 100 ll sterile saline by

subcutaneous (sc) injection once daily to acclimatize them

to handling. At 10 weeks of age, mice were sorted into four

groups based on equivalent mean group body weight. The

four treatment groups were (1) vehicle-treated WT, (2)

PTH-treated WT, (3) vehicle-treated Nmp4-KO, and (4)

PTH-treated Nmp4-KO. Mice were injected sc with

human PTH(1–34) (Bachem Bioscience, Torrance, CA) at

30 lg/kg daily or vehicle control (0.2% BSA/0.1% 1.0 mN

HCl in saline; Abbott Laboratory, North Chicago, IL) for

the times specified (see Results). Additionally, animals

were administered intraperitoneal injections of calcein

green (20 mg/kg; Sigma-Aldrich, St. Louis, MO) and

alizarin red (25 mg/kg, Sigma-Aldrich) 6 and 3 days

before being killed, respectively.

Dual-Energy X-Ray Absorptiometry

Bone mineral content (BMC, g), areal bone mineral density

(aBMD, mg/cm2), and body weight were measured weekly

(8–12 weeks of age). BMC and aBMD were obtained for

the postcranial skeleton by dual-energy X-ray absorptiom-

etry (DEXA) using an X-ray PIXImus mouse densitometer

(PIXImus II; GE-Lunar, Madison, WI) as previously

described [6]. We report whole-body (WB), femur, tibia,

and spine BMD and BMC.

Micro-Computed Tomography

Vertebrae, femora, and tibiae were dissected from WT and

Nmp4-KO animals after death; the connective tissue and

muscle were removed; and the bones were stored in 10%

buffered formalin at 4�C. After 48 h, the bones were

transferred to 70% ethanol and stored at 4�C until ana-

lyzed. We previously described our methodology for

assessing the trabecular microarchitecture at the distal

femoral metaphysis and within the fifth lumbar vertebra

using a desktop micro-computed tomographer (lCT 20;

Scanco Medical, Bassersdorf, Switzerland) [6, 9]. Cancel-

lous bone of the tibia was evaluated by scanning the
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proximal 20% of each tibia at 9 lm resolution. A micro-

focus X-ray tube with a focal spot of 10 lm was used as a

source. Precisely 90 lCT slices were acquired per bone

beginning 1 mm from the epiphysis and extending distally

1.53 mm using a slice increment of 17 lm. For each slice,

600 projections were taken over 216� (180� plus half of the

fan angle on either side). Proximal tibia stacks were

reconstructed to the third dimension using a standard

convolution–backprojection procedure with a Shepp-Logan

filter using a threshold value of 275. The Scanco software

permitted evaluation of tibial, femoral, and vertebral tra-

becular bone volume per total volume (BV/TV), connec-

tivity density (Conn.D, mm-3), structure model index

(SMI), trabecular number (Tb.N, mm-1), trabecular

thickness (Tb.Th, mm), and trabecular spacing (Tb.Sp,

mm) from the 3D constructs. To evaluate cortical archi-

tecture, a single slice was taken through the midshaft femur

(simply by measuring the number of slices for the whole

femur and dividing by 2), and the cortical area (CA, mm2),

marrow area (MA, mm2), and total area (TA, mm2) were

calculated [6]. Additionally, the moment of inertia (the

resistance of the bone to a bending load) was derived from

these data. These parameters included the largest (IMAX,

mm4) and smallest (IMIN, mm4) flexural rigidity as well as

the polar moment of inertia (J, mm4), which is the torsional

and bending rigidity around the neutral axis of the bone and

perpendicular to the x and y axes passing through the center

of mass [11].

Quantitative Real-Time PCR Analysis

Femoral or tibial RNA from mice that had been treated

with intermittent PTH or vehicle for 2 or 3 weeks was

harvested either 1 or 24 h after the last injection. The

harvesting, processing, and analysis protocols for quanti-

tative real-time PCR analysis have been described [6, 9].

Real-time PCR primers and probes were obtained from

Assays-on-DemandTM (Applied Biosystems, Foster City

CA; see Table 1). The DDCT method was used to evaluate

gene expression between WT and KO animals using Rplp2

as the normalizer after screening several housekeeping

gene candidates. The coefficient of variation of Rplp2 was

Table 1 Real-Time PCR

Primers from Assays-on-

DemandTM

Gene (mRNA) ABI Assay ID

Alpl (alkaline phosphatase) Mm01187117_m1

Bcl2 (B-cell lymphoma 2) Mm00477631_m1

Bmp2 (bone morphogenic protein 2) Mm01340178_m1

c-fms (colony stimulating factor 1 receptor [CSF1R]) Mm01266652_m1

c-fos (FBJ murine osteosarcoma viral oncogene homolog) Mm00487425_m1

Col1a1 (type I; pro-alpha1(I) chain) Mm00801666_g1

EphB4 (ephrin type-B receptor 4) Mm01201157_m1

EphrinB2 (EPH-related receptor tyrosine kinase ligand 5) Mm00438670_m1

Fra-2 (fos-related antigen 2) Mm00484442_m1

Igf-1 (insulin-like growth factor 1) Mm0043559_m1

JunD (Jun proto-oncogene related gene d) Mm00495088_s1

Lef1 (lymphoid enhancer-binding factor-1) Mm00550265_m1

M-csf (macrophage colony stimulating factor 1) Mm00432686_m1

Mcp-1 (monocyte chemotactic protein-1) Mm00441242_m1

Mkp-1 (MAPK phosphatase 1) Mm00457274_g1

Mmp-13 (matrix metalloproteinase 13) Mm00439491_m1

Nfatc1 (nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1) Mm012479445_m1

Nurr-1 (nuclear receptor-related factor 1) Mm00443056_m1

Opg (osteoprotegerin) Mm00435452_m1

Osterix (Sp7 transcription factor) Mm00504574_m1

Pthr1 (parathyroid hormone receptor 1) Mm00441046_m1

Pthrp (parathyroid hormone-related peptide) Mm00436057_m1

Rage (Ager) (receptor for advanced glycation endproducts) Mm00545815_m1

Rankl (receptor activator for nuclear factor j B ligand) Mm00441908_m1

Runx2 (runt-related transcription factor 2) Mm00501578_m1

Smad3 (Sma- and Mad-related protein) Mm01170760_m1

Sost (sclerostin) Mm00470479_m1
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typically 2–3% between all samples. Normalization against

internal control genes is most frequently used because it

can control all variables including cell number [12, 13].

The data represent the mean ± standard deviation from at

least six mice per genotype.

Bone Histomorphometry

Femora were removed from WT and Nmp4-KO animals

after death and fixed as described above. The anterior face

of the epiphyseal plate was cut to expose the marrow

cavity. Samples were then dehydrated with graded alco-

hols, embedded in methyl-methacrylate, sectioned (4 lm)

with a microtome (RM2255; Leica Microsystems, Wetzlar,

Germany), and mounted on standard microscope slides. All

histomorphometric parameters were obtained following

ASBMR guidelines [14]. Mineral apposition rate (MAR),

mineralizing surface (MS/BS), and bone formation rate

(BFR) were obtained from a 0.03-mm2 metaphyseal region

of interest 250–1,750 lm below the growth plate using

ImagePro 3.1 software (Media Cybernetics, Bethesda,

MD). Some sections were stained for tartrate-resistant acid

phosphatase (TRAP). The number of TRAP? cells on the

bone surface (Trap? N/BS) and the TRAP-stained surface

to bone surface (Trap? S/BS) were determined.

Serum Biochemistry

Intact serum osteocalcin was measured using the sandwich

ELISA BTI Mouse Osteocalcin EIA Kit (Biomedical

Technologies, Stoughton MA) [15]. Serum C-terminal te-

lopeptides (CTX) were determined using the RatLaps
TM

ELISA (Immunodiagnostic Systems, Scottsdale, AZ) [15].

Osteoclast Culture and Activity

To compare the number of osteoclasts derived from Nmp4-

KO and WT mice, bone marrow was flushed from the long

bones of animals 6–8 weeks old. Cells were seeded into

24-well culture dishes at an initial density of 2.1 9 105/

mm2 and cultured in alpha-MEM (Invitrogen, Carlsbad,

CA) supplemented with 10% FBS (Hyclone, Logan, UT)

and 20 ng/ml of recombinant human M-CSF (Peprotech,

Rocky Hill, NJ) for 2 days and then supplemented with

20 ng/ml of recombinant human M-CSF and 80 ng/ml of

recombinant human RANKL (Peprotech) for the duration

of the experiment. The cell culture medium was changed

every third day until osteoclasts were visible. Once

osteoclasts had formed, the cells were fixed with 2.5%

glutaraldehyde in phosphate-buffered saline for 30 min at

room temperature and stained for TRAP (Sigma-Aldrich)

and TRAP?, multinucleated (C3) cells were counted.

The osteoclast resorption activity of cells derived from

KO and WT mice was evaluated using a standard pit assay

[16]. Bone marrow was isolated as above and plated into

six-well culture dishes at 2 9 106 cells/well (2.1 9

105 cells/mm2). As detailed above, cells were incubated in

alpha-MEM containing 10% FBS and 20 ng/ml M-CSF for

2 days. The medium was removed and replaced with fresh

medium containing 20 ng/ml M-CSF and 80 ng/ml

RANKL for an additional 2–3 days. Mature osteoclasts

were detached by trypsinization, washed once, replated

onto dentin slices (Immunodiagnostic Systems), and cul-

tured for an additional 48 h in medium containing 20 ng/

ml M-CSF and 80 ng/ml RANKL. Dentin slices were

washed, incubated in 6% NaOCl for 5 min, and sonicated

for 20 s to remove cells. Resorption pits were stained with

a solution containing 1% toluidine blue and 1% sodium

borate for 1 min, washed with water, and air-dried. Pit

surface area was quantified using ImagePro 7.0 on a Leica

DMI4000 with a 109 objective. Results were normalized

for osteoclast number, as determined by counting TRAP?

cells containing three or more nuclei. Experiments were

performed in triplicate, and results represent average pit

area per dentin slice/osteoclast number.

Statistical Analyses

Statistical analysis was processed using JMP version 7.0.1

(SAS Institute, Cary, NC). Experiments designed to com-

pare the response of WT and Nmp4-KO mice to PTH

compensated for any differences in genetic and environ-

mental factors; i.e., the fact that WT mice were not bred in-

house was accounted for by our analyses. For example, raw

BMD and BMC data were converted to percent change

(8–12 weeks of age). Comparing hormone-treated to

vehicle-treated within each genotype for all end-point

analyses removed baseline differences from those factors

and permitted analysis for genotype 9 treatment interac-

tions, i.e., whether WT and Nmp4-KO mice responded

differently to hormone for the parameter under consider-

ation. We employed a two-factor ANOVA for these anal-

yses. If a genotype 9 treatment interaction was indicated,

the data were analyzed by a Tukey HSD post hoc test to

determine significant differences between the experimental

groups. For the serum analysis experiment we used a

repeated-measures multivariate analysis of variance (MA-

NOVA) to evaluate the raw longitudinal serum osteoclast

and CTX levels over the 7-week hormone treatment period.

Additionally, we converted the serum data to percent

change and analyzed with the two-factor ANOVA. The

genotype 9 time term for the raw longitudinal serum data

is equivalent to the genotype term for the percent change

data; i.e., both terms indicate a difference in the rate of

either osteocalcin/CTX increase or bone accrual (for the
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BMD/BMC study) between WT and null mice. For some

experiments, unpaired t-tests were employed as indicated.

Data are presented as mean ± SD unless otherwise indi-

cated. Statistical significance was taken at P \ 0.05.

Results

Nmp4-KO Mice Exhibited Enhanced PTH-Induced

Acquisition of Trabecular Bone Throughout

the Skeleton Compared to WT Mice After 7 Weeks,

but not 2 Weeks, of Treatment

We previously showed that Nmp4-KO mice exhibited a

significantly exaggerated PTH-stimulated increase in fem-

oral trabecular bone compared to WT mice after 7 weeks

of hormone challenge [6]; here, we addressed whether

Nmp4/CIZ represses PTH-induced improvement in other

parts of the skeleton and if this suppression is evident from

the start of the treatment regimen. Animals were treated

with intermittent hPTH(1–34) 30 lg/kg daily or vehicle for

7 weeks from 10 weeks of age. Mice were sorted in the

four treatment groups, and the cancellous architecture was

characterized as described in ‘‘Materials and Methods’’

section. The Nmp4-KO L5 vertebra BV/TV exhibited a

more robust increase in response to 7 weeks of PTH than

the WT BV/TV as demonstrated by a strong treatment

effect and significant genotype 9 treatment interaction

(Fig. 1a). The PTH-induced change in vertebral morphol-

ogy from a rod-like to a plate-like form was more pro-

nounced in the null mice (SMI, Fig. 1c). Vertebral Tb.Th

was significantly enhanced in response to 7 weeks of

hormone in null mice but not in WT animals (Fig. 1e),

whereas PTH had an equivalent impact on Tb.Sp (Fig. 1f),

a consequence of the fact that these parameters do not have

a simple reciprocal relationship [14]. PTH had an equiva-

lent impact on Conn.D (Fig. 1b) in the genotypes. Finally,

there was a strong genotype effect for all the measured

vertebral parameters, consistent with the more robust tra-

becular architecture in the null mice (Fig. 1a–f). Typical

lCT scans of L5 vertebra from mice treated with inter-

mittent hormone or vehicle for 7 weeks are shown in

Fig. 1g.

To evaluate the early hormone response of the L5 ver-

tebra, we compared bones from WT and Nmp4-KO mice

that had been treated with PTH or vehicle for 2 weeks. The

L5 vertebra trabecular bone showed no improvement after

2 weeks of hormone in either WT or null animals (Fig. 1a–f).

However, there was a genotype effect for BV/TV, Conn.D,

SMI, and Tb.Th (Fig. 1a–c, e, respectively); thus, the

enhanced vertebral trabecular architecture observed in the

17-week-old null mice irrespective of treatment was

apparent in these mice at 12 weeks of age.

Nmp4/CIZ also repressed the hormone-induced increase

in tibial cancellous bone (Fig. 2). The PTH-stimulated

increase in tibial BV/TV after 7 weeks of hormone was

greater in null than WT mice (Fig. 2a). PTH increased

tibial Tb.N in both genotypes but significantly more so in

null mice (Fig. 2d), and the hormone-stimulated change in

tibial SMI was more pronounced in null mice (Fig. 2c).

PTH had a comparable positive effect on Conn.D (Fig. 2b),

Tb.Th (Fig. 2e), and Tb.Sp (Fig. 2f) in WT and null mice

with 7 weeks of treatment. Typical lCT scans of tibiae

from mice treated with hormone or vehicle for 7 weeks are

shown in Fig. 2g.

To evaluate the early hormone response of the tibia, we

compared bones from WT and Nmp4-KO mice that had

been treated with PTH or vehicle for 2 weeks. Both

genotypes showed equal hormone-induced improvement of

tibial BV/TV, Conn.D, SMI, and Tb.Th during the initial

2 weeks of treatment (Fig. 2a–c, e). PTH failed to improve

Tb.N and Tb.Sp in both WT and null mice during this

period of the regimen; however, there was a genotype

effect for these two parameters, indicating enhanced

aspects of tibial architecture in the null mice at 12 weeks of

age (Fig. 2d, f).

Disabling Nmp4 had no impact on any aspect of the

skeletal response to PTH (no genotype 9 treatment inter-

action) during the first 2 weeks of treatment including

femoral cancellous architecture (Table 2), midshaft cortical

architecture (Table 3), and the percent change in skeletal

BMD and BMC (Table 4). Consistent with Nmp4’s

repressive action on bone growth [6], genotype effects

were observed for some of these parameters indicative of

the modestly enhanced skeletal phenotype of the null ani-

mals. Interestingly, the genotype effects for WB BMC and

femoral and tibial BMD and BMC (Table 4) indicated that

the rate of bone accrual was lower in null mice over the

4-week period of measurement irrespective of treatment.

Enhanced PTH-Stimulated Increase in Femoral

Trabecular Bone Observed in Nmp4-KO Mice Occurred

After 2 Weeks and Before 7 Weeks of Hormone

Exposure

Histological sections of the femoral spongiosa prepared for

histomorphometry (Fig. 3a) confirmed our previous anal-

ysis using lCT [6] that Nmp4-KO mice added more can-

cellous bone in response to 7 weeks of hormone treatment

than WT mice. However, BFR parameters were not dif-

ferent between the null and WT mice at the end of treat-

ment and, in fact, were declining, suggesting that the PTH

response was beginning to plateau in both genotypes. MS/

BS (the proportion of bone surface undergoing minerali-

zation) was significantly decreased in both genotype

treatment groups, consistent with the declining PTH
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responsiveness (Table 5). Additionally, we did not observe

a significant hormone-induced increase in BFR in either of

the genotypes at this point in treatment (Table 5). Never-

theless, PTH equally enhanced MAR in both genotypes at

this time point (Table 5).

Our histomorphometric analysis of mice treated with

PTH or vehicle for 7 weeks included the parameters of

TRAP? S/BS and TRAP? n/BS, which provide an estimate

of the size and number of osteoclast precursors and mature

osteoclasts normalized to the bone surface. Clearly, ana-

bolic hormone treatment enhanced the absolute number of

osteoclasts and the total osteoclast surface over bone in

both genotypes as evident from the histological sections

(Fig. 3b); normalizing these parameters to the bone surface

revealed that, although both parameters are elevated in null

mice, the differences are not statistically significant

(Table 5). However, there were strong treatment effects;

i.e., PTH significantly attenuated the percent bone surface

covered by TRAP? cells and their number/surface

(Table 5). Interestingly, there was a genotype 9 treatment

interaction for TRAP? S/BS, indicating that hormone had a

larger impact on the reduction of bone surface covered by

osteoclasts in null mice than in WT animals (Table 5).

Nmp4-KO Mice Exhibited Strikingly Different Serum

Osteocalcin and CTX Profiles Compared to WT

Animals

Whole blood was collected and the serum separated from

the mice of the four treatment groups at 10 weeks of age

(before initiation of treatment), 13 weeks of age (3 weeks

of PTH/vehicle treatment), and 17 weeks of age (7 weeks

of PTH/vehicle treatment). The raw longitudinal data and

the percent change data for osteocalcin, a standard marker

for bone formation and osteoblast number, revealed that

null and WT mice had equivalent serum levels just prior to

hormone treatment but that the Nmp4-KO mice exhibited a

higher rate of increase over the hormone treatment period

(genotype 9 time interaction, longitudinal data; genotype

interaction, percent change data) and an enhanced response

to hormone (genotype 9 treatment interaction, Fig. 4a, b).

Specifically, null mice showed an enhanced and sustained

increase in osteocalcin after 3 weeks of treatment, while

WT animals showed a peak at 3 weeks of treatment, fol-

lowed by a decline by 7 weeks of treatment (Fig. 4a, b).

CTX, a marker for bone resorption, was significantly

elevated in Nmp4-KO mice compared to WT animals

before and during the hormone treatment period. CTX was

elevated with PTH treatment in both genotypes, but this

increase was not statistically significant (Fig. 4c, d).

Bone Marrow from Nmp4-KO Mice Yields More

Osteoclasts than Marrow from WT Mice and the Null

Osteoclasts Exhibit Enhanced Resorbing Activity

To confirm our serum data indicating increased activity of

osteoclasts in Nmp4-KO mice, we compared the number of

these cells derived from bone marrow cultures of untreated

null and WT animals at 7–8 weeks of age. Bone marrow

preparations from three null mice and four WT mice were

cultured in six-well plates and treated with M-CSF and

RANKL as described in ‘‘Materials and Methods’’ section.

On average, the Nmp4-KO bone marrow cultures produced

twofold more osteoclasts than the WT marrow (null =

1,608 ± 87 osteoclasts/well, WT = 877 ± 243 osteoclasts/

well; P \ 0.05, data presented as average ± SD). This

experiment was performed twice, yielding similar results.

Next, we compared the dentin-resorbing activities of

Nmp4-KO and WT osteoclasts. Mature osteoclasts were

obtained from the bone marrow of WT and null mice

(n = 2–3 mice per group) as described in ‘‘Materials and

Methods’’ section. Fully differentiated bone marrow-

derived osteoclasts were replated on dentin slices for 48 h.

The area resorbed was quantified and normalized for

TRAP? osteoclasts. Nmp4-KO osteoclasts exhibited a 50%

increase in the area resorbed on dentin compared to WT

osteoclasts (null = 154 ± 4.6% area resorbed/Trap? cells,

WT = 100 ± 13.3% area resorbed/Trap? cells; P \ 0.05,

data presented as average ± SD).

Nmp4-KO Mice Exhibit a Transiently Enhanced Basal

or PTH-Stimulated Expression of Genes Common

to Osteoblast and Osteoclast Development

To follow up on our observation that both osteoblast and

osteoclast numbers were enhanced in null mice, we ana-

lyzed femoral RNA harvested during the early phase of

PTH treatment to evaluate the expression of genes that

Fig. 1 Disabling Nmp4 enhanced PTH responsiveness of vertebral

cancellous bone. lCT-acquired vertebral (L5) trabecular architecture

including a BV/TV, b Conn.D (mm-3), c SMI, d Tb.N (mm-1),

e Tb.Th (mm), and f Tb.Sp (mm) was compared between WT and

Nmp4-KO mice that had been treated with intermittent hPTH(1–34)

30 lg/kg daily or vehicle for 7 weeks (number of mice/experimental

group = 11–12). To evaluate the early hormone response, we

compared bones from WT and Nmp4-KO mice that had been treated

with intermittent PTH or vehicle for 2 weeks using the same

experimental design (number of mice/experimental group = 5–7).

No improvement was observed after 2 weeks of intermittent PTH

treatment in either WT or null animals (a–f). There was a genotype

effect for BV/TV, Conn.D, SMI, and Tb.Th (a–c and e, respectively)

consistent with the enhanced trabecular architecture of the null mice,

regardless of treatment. g lCT images of vertebral trabecular bone

from WT and Nmp4-KO mice that had been treated with intermittent

PTH or vehicle for 7 weeks. Scale bar 1 mm. Data presented as

average ± SD. P values were determined with a two-factor ANOVA.

Tukey’s HSD post hoc test was used to determine differences between

the treatment groups if a significant genotype 9 treatment interaction

was indicated

b
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support the development of both cells. Animals were treated

with intermittent PTH or vehicle for 2 or 3 weeks and RNA

was harvested 1 h after the last injection. The AP-1 tran-

scription factors c-fos and Fra-2 exhibited a significantly

enhanced PTH-stimulated increase in Nmp4-KO mice

(genotype 9 treatment interaction) after 2 weeks of treat-

ment, but these differences were absent after 3 weeks of PTH

(Table 6). Additionally, the transcription factor Nfatc1 was

significantly elevated in the femur of null mice (genotype

effect) at the 2-week time point but equivalent to the WT

expression at 3 weeks of treatment (Table 6). We also

examined the expression of several genes that mediate

osteoblast–osteoclast signaling. Interestingly, the Nmp4-KO

mice showed a significant increase in the expression of

EphB4, the receptor for EphrinB2, its transmembrane ligand,

which also showed an elevation in expression that approa-

ched significance; but again, these differences between the

genotypes disappeared at the 3-week time point (Table 6).

Both EphB4 and EphrinB2 were responsive to PTH in the

null and WT mice (Table 6). Interestingly, the Rankl/Opg

ratio was diminished in the null mice compared to WT ani-

mals at 2 and 3 weeks of treatment, which was significant at

the later time point (Table 6).

Further comparative analysis of femoral gene expression

profiles between WT and null mice at the 2-week time

period failed to show any significant differences between

the two genotypes with one exception (Table 7). The

expression of the prosurvival gene Bcl2 was not different in

WT and null mice and did not respond to hormone in either

genotype at this point in the treatment regimen; however,

Table 2 PTH-induced improvements in femoral trabecular architecture were equivalent in WT and Nmp4-KO mice after the first 2 weeks of

treatment

WT KO 2-Way ANOVA P-values

VEH PTH VEH PTH Genotype Treatment Genotype 9

treatment

BV/TV 0.016 ± 0.001 0.042 ± 0.012 0.019 ± 0.007 0.047 ± 0.017 0.3349 \0.0001 0.8654

Conn D, mm-3 0.86 ± 0.81 22.11 ± 7.10 1.66 ± 1.09 14.14 ± 11.74 0.1904 \0.0001 0.1131

SMI 3.39 ± 0.21 2.72 ± 0.39 3.51 ± 0.25 3.24 ± 0.37 0.0170 0.0009 0.1197

Tb.N, mm-1 1.61 ± 0.19 1.78 ± 0.19 1.98 ± 0.35 2.44 ± 0.39 0.0002 0.0131 0.2100

Tb.Th, mm 0.043 ± 0.002 0.056 ± 0.004 0.042 ± 0.003 0.052 ± 0.005 0.1232 \0.0001 0.4117

Tb.Sp, mm 0.629 ± 0.066 0.575 ± 0.058 0.523 ± 0.103 0.422 ± 0.080 0.3048 0.0004 0.4783

WT and Nmp4-KO mice were treated with intermittent PTH or vehicle (number of mice/experimental group = 6–7) for 2 weeks. A two-factor

AVOVA was used to evaluate the individual parameters

Table 3 Cortical architecture at the midshaft femur from WT and Nmp4-KO mice treated with vehicle or intermittent PTH for 2 weeks

WT KO 2-Way ANOVA P-values

VEH PTH VEH PTH Genotype Treatment Genotype 9

treatment

MA 1.40 ± 0.08 1.34 ± 0.07 1.39 ± 0.09 1.39 ± 0.13 0.5363 0.4618 0.4141

CA 0.98 ± 0.03 1.04 ± 0.06 1.01 ± 0.07 1.08 ± 0.07 0.1073 0.0067 0.6478

TA 2.38 ± 0.09 2.38 ± 0.11 2.40 ± 0.13 2.47 ± 0.17 0.2392 0.4539 0.4223

IMAX 0.41 ± 0.02 0.41 ± 0.05 0.40 ± 0.04 0.43 ± 0.06 0.9661 0.2440 0.2649

IMIN 0.21 ± 0.02 0.23 ± 0.02 0.23 ± 0.02 0.26 ± 0.03 0.0084 0.0382 0.6726

J 0.63 ± 0.04 0.64 ± 0.07 0.63 ± 0.07 0.69 ± 0.09 0.3048 0.1254 0.3670

Number of mice/experimental group = 7–10. The parameters include cortical area (CA, mm2), marrow area (MA, mm2), total area (TA, mm2),

and the maximum, minimum, and polar moments of inertia (IMAX, IMIN, and J, respectively [mm4]). A two-factor ANOVA was used to evaluate

the individual parameters

Fig. 2 Nmp4-KO mice exhibited an enhanced PTH-induced increase

in tibial trabecular bone. lCT-acquired tibial trabecular architecture

including a BV/TV, b Conn.D (mm-3), c SMI, d Tb.N (mm-1),

e Tb.Th (mm), and f Tb.Sp (mm) was compared between WT and

Nmp4-KO mice that had been treated with intermittent PTH or

vehicle for 7 weeks (number of mice/experimental group = 8). To

evaluate the early hormone response, we compared bones from WT

and Nmp4-KO mice that had been treated with intermittent PTH or

vehicle for 2 weeks (number of mice/experimental group = 7–9).

Both genotypes showed equal hormone-induced improvement of

tibial a BV/TV, b Conn.D, c SMI, and e Tb.Th during the initial

2 weeks of treatment. There was a genotype effect for d Tb.N and

f Tb.Sp, indicating enhanced aspects of tibial architecture in null mice

at 12 weeks of age irrespective of treatment. g lCT images of tibial

trabecular bone from WT and Nmp4-KO mice that had been treated

with intermittent PTH or vehicle for 7 weeks. Scale bar 1 mm.

P values were determined with a two-factor ANOVA. Tukey’s HSD

post hoc test was used to determine differences between the treatment

groups if a significant genotype 9 treatment interaction was indicated

b
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the expression of Bax, the proapoptotic gene, was signifi-

cantly attenuated in Nmp4-KO mice (Table 7). M-csf, its

receptor c-fms, and the osteoclast recruitment cytokine

Mcp-1 showed no difference in their expression or PTH

responsiveness between WT and Nmp4-KO animals

(Table 7). Hormone induced over a 25-fold increase in

Nurr1 expression in both WT and null mice (Table 7). The

expression of Mkp-1, JunD, Smad3, and Lef1 was modestly

but equally elevated with PTH in both genotypes (Table 7).

Conversely, the mRNA expression of the receptor for

advanced glycation end products (Rage) was attenuated by

hormone treatment in both WT and Nmp4-KO mice

(Table 7).

Next, we characterized the expression of genes that

support bone formation by analyzing femoral RNA

obtained 24 h after the last injection of intermittent PTH or

vehicle after 2 weeks of treatment. We observed a treat-

ment effect but no genotype effect or genotype 9 treat-

ment interaction for Runx2, Osterix, Col1a1, Alpl, Mmp13,

Sost, Bmp2, and Pthr1 mRNA profiles (Table 7). Inter-

mittent hormone treatment did not impact the expression of

PTH-related peptide (Pthrp) in either genotype (Table 7).

Our preliminary evaluation of gene expression in the

tibia showed that the RNA profiles at 3 weeks of treatment

were generally similar to those observed for the femur at

the same time point with the exception of Nfatc1, which

was still significantly elevated in the tibia of the null mice

(Table 8). Additionally, the decrease in the Rankl/Opg

ratio did not reach significance in the tibia as demonstrated

for the femur (Table 8).

Discussion

The present data demonstrate that Nmp4/CIZ significantly

blunts PTH-stimulated improvement in cancellous bone

throughout the skeleton, that this repression of bone gain is

apparent between 2 and 7 weeks of hormone treatment, and

that Nmp4/CIZ suppresses osteoclast as well as osteoblast

number and activity, likely by regulating key transcription

factors critical to the development of both cells. The global

impact of Nmp4 on the trabecular skeleton is in stark

contrast to recent studies showing the site-specific effects

of Rage [9] and connexin 43 [10] on PTH-induced can-

cellous bone improvement.

Nmp4/CIZ repression of the PTH-mediated increase in

trabecular bone was not observed during the initial 2-week

treatment period; WT and KO mice showed equivalent

hormone-stimulated increases in BMD, BMC, trabecular

improvement, and enhanced expression of numerous genes

that support bone formation. At 7 weeks of hormone

challenge the striking expansion of the null trabecular

compartment had been added and bone histomorphometry

indicated that both the KO and WT mice exhibited a

diminished response to PTH, consistent with previous

observations on C57BL/6 mice [17]. However, starting at

3 weeks of hormone challenge, the KO mice exhibited an

enhanced and sustained PTH-induced increase in serum

osteocalcin. The significance of the 2- to 3-week lag period

required for distinguishing the difference in PTH-stimu-

lated bone formation between the Nmp4-KO and WT mice

remains to be elucidated. Does this delay represent the time

necessary to dramatically expand the null bone-forming

osteoblast population? Further histomorphometric analysis

at various time points throughout the treatment regimen is

required to address this question.

Of particular significance was our discovery of an

osteoclast phenotype in the Nmp4-KO mouse. The null

mice had significantly higher serum CTX; more osteoclasts

were recovered from Nmp4-KO marrow cultures than from

WT cultures, and the null osteoclasts were more active as

determined by in vitro resorption of dentin. Interestingly,

Table 4 Values for percent change (%D) BMD and BMC between 8 and 12 weeks of age

WT KO 2-Way ANOVA P-values

VEH PTH VEH PTH Genotype Treatment Genotype 9

treatment

%DWB BMD 5.27 ± 3.02 10.28 ± 2.83 6.18 ± 3.61 9.04 ± 2.81 0.8895 0.0032 0.3791

%DWB BMC 15.94 ± 7.39 22.73 ± 8.79 6.73 ± 6.14 16.34 ± 8.56 0.0158 0.0116 0.6410

%DFm BMD 12.86 ± 4.81 18.49 ± 1.69 8.93 ± 4.98 13.84 ± 3.74 0.0113 0.0026 0.8220

%DFm BMC 29.71 ± 11.72 36.01 ± 11.61 11.74 ± 8.87 23.59 ± 8.69 0.0009 0.0332 0.4950

%DTb BMD 7.25 ± 3.48 14.43 ± 4.90 5.98 ± 4.73 8.64 ± 4.86 0.0545 0.0096 0.2086

%DTb BMC 9.70 ± 7.20 24.84 ± 6.07 6.67 ± 4.53 11.61 ± 8.68 0.0045 0.0007 0.0608

%DSp BMD 6.22 ± 7.26 12.93 ± 6.41 9.57 ± 11.24 10.99 ± 9.44 0.8366 0.2421 0.4423

%DSP BMD 7.60 ± 8.61 15.11 ± 11.39 6.59 ± 15.10 10.96 ± 8.96 0.5635 0.1903 0.7246

Mice were challenged with vehicle or intermittent PTH for 2 weeks (10–12 weeks of age, number of mice/experimental group = 6–7). P values

were determined with a two-factor ANOVA

WB Whole body, FM femur, Sp spine
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PTH had a more significant impact on decreasing the

osteoclast-covered bone surface in null mice without sig-

nificantly lowering serum CTX, perhaps in part a

consequence of the enhanced activity of the null osteo-

clasts. Despite the multiple lines of evidence suggesting

higher bone resorption in the untreated nulls, these mice

Fig. 3 a PTH-induced

improvements in femoral

trabecular architecture were

enhanced in Nmp4-KO mice

after 7 weeks of treatment.

Femoral tissue sections were

obtained from WT and Nmp4-

KO mice treated with

intermittent PTH or vehicle for

7 weeks (number of mice/

experimental group = 5–6).

Additionally, animals were

administered intraperitoneal

injections of calcein green

(20 mg/kg) and alizarin red

(25 mg/kg) 6 and 3 days before

death, respectively. b Sections

were stained for TRAP to

evaluate osteoclast number and

surface. Histological sections

were prepared as described in

‘‘Materials and Methods’’

section. Scale bar 200 lm
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Table 5 Bone histomorphometry of the distal femur from WT and Nmp4-KO mice treated with intermittent PTH or vehicle for 7 weeks

WT KO 2-Way ANOVA P-values

VEH PTH VEH PTH Genotype Treatment Gene 9 treat

MAR (lm/day) 2.80 ± 0.20 3.30 ± 0.21 2.88 ± 0.22 3.19 ± 0.16 0.8288 \0.0001 0.2628

MS/BS (%) 0.53 ± 0.08 0.49 ± 0.05 0.52 ± 0.03 0.50 ± 0.04 0.9331 0.0507 0.3275

BFR (lm2/lm/day) 1.49 ± 0.08 1.61 ± 0.22 1.49 ± 0.16 1.59 ± 0.15 0.9135 0.0905 0.9175

Trap ? S/BS (%) 0.37 ± 0.03 0.36 ± 0.09 0.48 ± 0.07 0.33 ± 0.12 0.2420 0.0383 0.0549

Tukey’s HSD

KO VEH A

WT VEH A B

WT PTH A B

KO PTH B

Trap ? N/BS (mm-1) 0.45 ± 0.06 0.41 ± 0.11 0.60 ± 0.10 0.41 ± 0.10 0.0863 0.0110 0.0918

Number of mice/experimental group = 5–6). The parameters include mineral apposition rate (MAR), mineralizing surface/bone surface (MS/

BS), bone formation rate (BFR), the TRAP-stained surface to bone surface (TRAP? S/BS), and the number of TRAP-stained cells on the bone

surface (TRAP? N/BS). A two-factor ANOVA was used to evaluate the impact of genotype and treatment on the individual parameter.

A Tukey’s HSD post hoc test was used to determine differences between treatment groups if a significant genotype 9 treatment interaction was

indicated (TRAP? S/BS). Groups not connected by the same letter are significantly different

Fig. 4 PTH-treated Nmp4-KO mice exhibited strikingly distinct

serum chemistries from WT animals. Whole blood was collected

and serum separated from WT and Nmp4-KO mice treated with

intermittent PTH or vehicle (number of mice/experimental

group = 6–7) at baseline just prior to initiation of treatment, at

3 weeks of treatment, and at 7 weeks of treatment. a Raw longitu-

dinal serum osteocalcin concentrations showed no genotype effect but

revealed a significant treatment effect, a genotype 9 treatment

interaction, and a genotype 9 time interaction, indicating that WT

and null mice had equivalent baseline values but that Nmp4-KO had

an enhanced response to hormone and a higher rate of increase over

the experimental time period. b Percent change data confirmed the

raw longitudinal data, revealing a significant genotype effect (higher

rate of osteocalcin increase in nulls), a treatment effect, and a

genotype 9 treatment interaction over the experimental period.

c Raw longitudinal serum CTX concentrations showed a genotype

effect but no significant treatment effect, no genotype 9 treatment

interaction, and no genotype 9 time interaction. d Percent change

CTX data showed no significant responsiveness to hormone treatment

in WT and null mice. P values were determined with a repeated-

measures MANOVA (longitudinal data) or a two-factor ANOVA
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are not osteopenic and in fact have a modestly enhanced

skeleton, although the rate of bone accrual from 8 to

12 weeks is marginally slower in the null animals. Femoral

bone marrow-derived osteoblasts from Nmp4/CIZ-defi-

cient mice exhibited enhanced alkaline phosphatase

expression and formed more mineralized nodules than WT

osteoblasts [18], suggesting in vivo that the null osteoblast

outpaces the null osteoclast. Further study is required to

determine if there is an increased rate of remodeling

(activation frequency) with a positive bone balance in the

untreated mice and if so, how this is achieved.

Although the in vivo mRNA expression profiles repre-

sent a composite of multiple marrow and bone cell types,

the transiently enhanced expression of c-fos, Fra-2, and

Nfatc1 in the null mice may be part of the molecular

mechanism contributing to the apparent increased number

of osteoblasts and osteoclasts. Fra-2 plays a significant role

in chondrocyte differentiation and matrix production in

embryonic and newborn mice [19] and in regulating the

size of osteoclasts [20].

The contribution of c-Fos to the PTH anabolic response

involves both osteoblasts and osteoclasts; in the former it is

part of the immediate-early gene response [21] and, as

such, is critical for subsequent induction of select target

genes. As a key regulator of bone cell growth and differ-

entiation, c-Fos often interacts with RUNX2 [22]. PTH

stimulation of Mmp-13 transcription in osteoblast-like cells

requires the cooperative interaction between the c-Fos�c-

Jun AP-1 complex and RUNX2 [23], and Nmp4/CIZ

dampens this induction [8]. Consequently, the heightened

PTH-stimulated increase in osteoblast c-Fos activity in

Nmp4-KO mice may boost hormone transcriptional

induction of some genes supporting the anabolic response.

The impact of Nmp4/CIZ on c-fos and Fra-2 was specific

within the context of the PTH-induced immediate-early

response because we did not observe differences in other

Table 6 Comparative femoral RNA expression of WT and Nmp4-KO mice treated with PTH or vehicle for 2 or 3 weeks

Gene WT KO 2-way ANOVA P-values

VEH PTH VEH PTH Genotype Treatment Gene 9 treat

c-fos (2 weeks) 0.73 ± 0.25 7.94 ± 1.00 1.87 ± 0.71 12.04 ± 2.31 \0.001 \0.0001 0.0121

Tukey’s HSD

KO PTH A

WT PTH B

KO VEH C

WT VEH C

c-fos (3 weeks) 1.04 ± 0.31 8.73 ± 2.07 1.05 ± 0.31 8.33 ± 1.85 0.7380 \0.0001 0.7235

Fra-2 (2 weeks) 0.72 ± 0.15 4.25 ± 0.50 0.96 ± 0.13 5.56 ± 0.97 0.0028 \0.0001 0.0301

Tukey’s HSD

KO PTH A

WT PTH B

KO VEH C

WT VEH C

Fra-2 (3 weeks) 1.01 ± 0.12 5.32 ± 1.23 1.03 ± 0.18 4.72 ± 0.98 0.3905 \0.0001 0.3441

Nfatc1 (2 weeks) 1.03 ± 0.43 1.46 ± .0.31 1.48 ± 0.43 1.96 ± 0.27 0.0051 0.0074 0.8659

Nfatc1 (3 weeks) 1.00 ± 0.11 1.76 ± 0.48 1.02 ± 0.27 1.41 ± 0.26 0.2008 0.0002 0.1699

EphB4 (2 weeks) 0.80 ± 0.16 1.27 ± .0.12 0.98 ± 0.22 1.41 ± 0.21 0.0466 \0.0001 0.7544

EphB4 (3 weeks) 1.01 ± 0.16 1.78 ± 0.39 0.95 ± 0.33 1.74 ± 0.40 0.7131 \0.0001 0.9257

EphrinB2 (2 weeks) 0.75 ± 0.18 5.16 ± .0.68 1.19 ± 0.27 5.87 ± 1.23 0.0658 \0.0001 0.6555

EphrinB2 (3 weeks) 1.02 ± 0.24 6.85 ± 2.82 1.01 ± 0.32 6.24 ± 1.05 0.6209 \0.0001 0.6355

Opg (2 weeks) 0.85 ± 0.14 0.82 ± 0.14 1.23 ± 0.41 0.97 ± 0.21 0.0150 0.1625 0.2862

Opg (3 weeks) 1.03 ± 0.29 1.19 ± 0.33 1.13 ± 0.26 1.34 ± 0.26 0.2943 0.1372 0.8389

Rankl (2 weeks) 0.96 ± 0.11 21.34 ± 6.20 1.19 ± 0.59 16.75 ± 3.43 0.1492 \0.0001 0.1124

Rankl (3 weeks) 1.04 ± 0.34 13.72 ± 4.58 0.82 ± 0.26 11.04 ± 1.79 0.1663 \0.0001 0.2367

Rankl/Opg (2 weeks) 1.14 ± 0.18 27.39 ± 12.45 0.94 ± 0.23 17.84 ± 5.60 0.0954 \0.0001 0.1092

Rankl/Opg (3 weeks) 1.04 ± 0.18 11.53 ± 2.04 0.73 ± 0.22 8.60 ± 2.38 0.0207 \0.0001 0.0558

Number of mice/experimental group = 6–9 for 2 weeks or 6 for 3 weeks, harvested 1 h after the last injection. P values were determined with a

two-factor ANOVA. A Tukey’s HSD post hoc test was used to determine differences between treatment groups if a significant geno-

type 9 treatment interaction was indicated. Groups not connected by the same letter are significantly different
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aspects of this gene program including Nurr1, a tran-

scription factor participating in PTH-mediated osteoblast

gene induction [24]; Mkp-1, a phosphatase implicated in

PTH-mediated osteoblast cell cycle arrest [25]; JunD,

involved in osteoblast differentiation [26]; or Smad3 and

Lef1, trans-acting proteins involved in coupling the PTH

and Wnt signaling pathways in osteoblasts [27].

In addition to its role as a PTH-responsive osteoblast

transcription factor, c-Fos is critical to osteoclastogenesis

and plays a role in supporting the precursor cell’s capacity

to undergo differentiation [28]. It fulfills this role in part by

mediating the induction of Nfatc1, another key transcrip-

tion factor that supports osteoclastogenesis and osteoblast

development [29]; the elevation of c-fos mRNA expression

Table 7 Comparative femoral RNA expression of WT and Nmp4-KO mice treated with PTH or vehicle for 2 weeks (number of mice/

experimental group = 6–9) and harvested 1 or 24 h after the last injection

Gene WT KO 2-Way ANOVA P-values

VEH PTH VEH PTH Genotype Treatment Gene 9 treat

1 h post-injection

M-csf 1.13 ± 0.72 2.14 ± 0.70 1.19 ± 0.09 2.87 ± 0.53 0.1056 \0.0001 0.1665

Mcp-1 0.79 ± 0.20 2.60 ± 0.90 0.99 ± 0.24 2.61 ± 0.70 0.6657 \0.0001 0.7156

Bcl2 0.96 ± 0.12 1.02 ± 0.14 1.06 ± 0.20 1.03 ± 0.08 0.2997 0.7913 0.4563

Bax 1.02 ± 0.25 0.91 ± 0.14 0.69 ± 0.12 0.71 ± 0.04 0.0005 0.4604 0.3321

Nurr1 0.69 ± 0.22 56.37 ± 6.56 2.06 ± 1.49 58.62 ± 14.05 0.5750 \0.0001 0.8914

Mkp-1 0.83 ± 0.09 2.31 ± 0.90 1.13 ± 0.48 1.95 ± 0.32 0.8708 \0.0001 0.1022

JunD 0.80 ± 0.16 0.94 ± 0.16 0.78 ± 0.19 1.10 ± 0.16 0.3366 0.0036 0.2206

Smad3 0.78 ± 0.12 1.97 ± 0.34 1.05 ± 0.26 2.14 ± 0.63 0.1736 \0.0001 0.7403

Lef1 0.99 ± 0.19 1.52 ± 0.30 1.08 ± 0.21 1.36 ± 0.27 0.7196 0.0006 0.2293

Rage 0.87 ± 0.16 0.74 ± 0.13 1.07 ± 0.35 0.72 ± 0.27 0.3655 0.0261 0.2829

24 h post-injection

Runx2 0.86 ± 0.21 1.45 ± 0.34 0.59 ± 0.23 1.35 ± 0.84 0.2960 0.0007 0.6482

Osterix 0.63 ± 0.20 1.61 ± 0.48 0.49 ± 0.37 1.67 ± 0.96 0.8385 \0.0001 0.6460

Col1a1 0.92 ± 0.14 2.35 ± 0.65 0.75 ± 0.49 2.70 ± 2.45 0.8424 0.0017 0.5964

Alpl 0.96 ± 0.18 2.95 ± 0.69 0.81 ± 0.47 2.42 ± 1.63 0.3286 \0.0001 0.5814

Mmp13 0.73 ± 0.21 1.05 ± 0.28 0.51 ± 0.22 1.23 ± 0.61 0.3987 0.0007 0.3997

Sost 1.17 ± 0.22 1.79 ± 0.31 1.15 ± 0.38 1.59 ± 0.33 0.3328 \0.0001 0.4419

Bmp2 1.01 ± 0.14 1.41 ± 0.24 0.91 ± 0.26 1.15 ± 0.39 0.0898 0.0036 0.4394

Pthr1 0.86 ± 0.23 1.59 ± 0.40 0.68 ± 0.28 1.38 ± 0.68 0.2223 \0.0001 0.9071

Pthrp 0.75 ± 0.18 1.10 ± 0.44 0.89 ± 0.44 1.00 ± 0.44 0.9024 0.1154 0.4214

P values were determined with a two-factor ANOVA. A Tukey’s HSD post hoc test was used to determine differences between treatment groups

if a significant genotype 9 treatment interaction was indicated. Groups not connected by the same letter are significantly different

Table 8 Comparative tibial RNA expression of WT and Nmp4-KO mice treated with PTH or vehicle for 3 weeks (number of mice/experimental

group = 6) and harvested 1 h after the last injection

Gene WT KO 2-Way ANOVA P-values

VEH PTH VEH PTH Genotype Treatment Gene 9 treat

c-fos 1.05 ± 0.39 9.05 ± 3.57 1.66 ± 1.19 10.65 ± 3.05 0.2775 \0.0001 0.6243

Fra-2 1.02 ± 0.23 4.62 ± 1.63 1.28 ± 0.31 7.21 ± 3.08 0.0604 \0.0001 0.1178

Nfatc1 1.02 ± 0.20 1.42 ± 0.60 1.36 ± 0.45 2.00 ± 0.53 0.0262 0.0136 0.5470

EphB4 1.02 ± 0.22 1.80 ± 0.75 1.25 ± 0.34 2.07 ± 0.34 0.2372 0.0010 0.9216

EphrinB2 1.08 ± 0.45 5.13 ± 3.31 1.22 ± 0.31 7.40 ± 2.19 0.1551 \0.0001 0.2065

Opg 1.03 ± 0.25 1.4 ± 0.63 1.07 ± 0.23 1.57 ± 0.40 0.5314 0.0181 0.6969

Rankl 1.01 ± 0.18 10.51 ± 3.46 0.79 ± 0.18 11.19 ± 3.61 0.8226 \0.0001 0.6618

Rankl/Opg 1.07 ± 0.49 7.98 ± 1.64 0.76 ± 0.16 7.07 ± 0.75 0.1248 \0.0001 0.4467

P values were determined with a two-factor ANOVA
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in the nulls may ultimately contribute to the enhanced

Nfatc1 expression in these mice. Additionally, c-Fos has

multiple and complex roles in regulating osteoblast-derived

signals that regulate osteoclastogenesis and mature osteo-

clast activity including the RANKL/OPG signaling axis by

governing the transcriptional activity of the Opg gene in

the osteoblast and by activating RANKL target genes in

osteoclasts; c-Fos also activates the IFN-c-driven RANKL

negative feedback pathway in the osteoclast [30, 31]. The

Rankl/Opg ratio was attenuated in the null mice, which

achieved significance in the femur by 3 weeks of treat-

ment; perhaps this ultimately contributed some protective

effect from the enhanced osteoclast activity. Nmp4/CIZ

had a negligible impact on the mRNA expression of other

osteoclastogenic cytokines including Mcp-1, a cytokine

involved in osteoclast recruitment [32], as well as M-csf

and its receptor c-fms, which activate the proliferation and

survival of osteoclast precursors [33]. The significantly

attenuated expression of the proapoptotic gene Bax in the

null mice may contribute to a longer-lived osteoblast,

critical to the PTH-induced anabolic mechanism [5]; but

further studies are required to confirm this possibility.

Recent studies with c-fos-null animals indicate that

interaction between immature osteoclasts and preosteo-

blasts may be necessary for an optimal response to inter-

mittent PTH; specifically, the osteoclast precursors support

the differentiation of preosteoblasts [34–37]. In one

potential scenario this coupling is mediated by the bidi-

rectional interaction between an EphrinB2 ligand on the

preosteoclast and the EphB4 receptor on the preosteoblast

[34, 35]. Forward signaling from the osteoclast precursor to

the preosteoblast enhances differentiation of the latter,

whereas reverse signaling suppresses osteoclast differenti-

ation [35]. Therefore, PTH appears to activate both forward

and reverse EphrinB–EphB4 signaling, resulting in the

enhancement of bone formation and the restraining of

resorption [34]. This is consistent with the observed

increased expression of EphB4 in Nmp4-KO mice and the

marginally enhanced EphrinB2 expression in these ani-

mals. Future osteoblast–osteoclast coculture studies will be

needed to investigate the potential impact of Nmp4/CIZ on

the reciprocal regulation of these cells.

We propose that Nmp4/CIZ governs both the osteoblast

and osteoclast cellular arms of the PTH-induced anabolic

response by controlling the size, activity, and/or PTH

responsiveness of these cell populations, in part via the

modest suppression of several key transcription factors and

receptors critical to the developmental and/or response

pathways of both cells. The complex sequence of molec-

ular and cellular events underlying Nmp4/CIZ regulation

of bone remodeling remains to be elucidated. Nmp4/CIZ

has been previously identified as an attractive potential

therapeutic target for treating osteoporosis [38], and the

present finding that this protein regulates not only the

osteoblast but also the osteoclast underscores this assertion.
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Mutations in the NF1 tumor suppressor gene cause neurofibromatosis type 1, a pandemic autosomal domi-
nant genetic disorder with an incidence of 1:3000. Individuals with NF1 have a variety of malignant and non-
malignant manifestations, including skeletal manifestations, such as osteoporosis, scoliosis and short
statures. However, the mechanism(s) underlying the osseous manifestations in NF1 are poorly understood.
In the present study, utilizing Nf1 haploinsufficient (1/2) mice, we demonstrate that Nf11/2 mesenchymal
stem/progenitor cells (MSPC) have increased proliferation and colony forming unit-fibroblast (CFU-F)
capacity compared with wild-type (WT) MSPC. Nf11/2 MSPC also have fewer senescent cells and have a sig-
nificantly higher telomerase activity compared with WT MSPC. Nf11/2 MSPC have impaired osteoblast differ-
entiation as determined by alkaline phosphatase staining, and confirmed by single CFU-F replating assays.
The impaired osteoblast differentiation in Nf11/2 MSPC is consistent with the reduced expression of osteo-
blast markers at the mRNA level, including osteocalcin and osteonectin. Importantly, re-expression of the
full-length NF1 GTPase activating related domain (NF1 GAP-related domain) is sufficient to restore the
impaired osteoblast differentiation in Nf11/2 MSPC. Taken together, our results suggest that neurofibromin
plays a crucial role in modulating MSPC differentiation into osteoblasts, and the defect in osteoblast differ-
entiation may contribute at least in part to the osseous abnormalities seen in individuals with NF1.

INTRODUCTION

Neurofibromatosis type I (NF1) is a common autosomal domi-
nant genetic disorder with a prevalence of 1 in 3000 individ-
uals worldwide (1,2). NF1 occurs as a consequence of
mutations in the NF1 tumor suppressor gene, which encodes
the Ras-GTPase activating protein (Ras-GAP), neurofibromin.
Neurofibromin functions as a molecular switch that negatively
regulates the activation of p21Ras proteins by accelerating
intrinsic Ras-guanosine triphosphate (GTP) activity to the
inactive Ras-guanosine dephosphate (GDP) state. Ras is at
the apex of multiple signaling pathways, including the
MEK/ERK and PI3-K pathways, which modulate multiple

cellular functions, such as cell proliferation, differentiation
and survival (3,4).

NF1 functions as a GTPase in mesothelial-derived tissues
including fibroblasts (5,6) and osteoprogenitor cells (7),
which are relevant to skeletal development. Individuals with
NF1 suffer from a variety of non-malignant, debilitating mani-
festations, including café-au-lait macules, benign cutaneous
neurofibromas and learning disabilities (8,9). In addition,
up to 50% of NF1 patients suffer from a variety of skeletal
manifestations, including short stature, osteoporosis, pseudo-
arthrosis of the tibia, kyphoscoliosis and sphenoid wing
dysplasia (10–14). Recent clinical studies provide evidence
that individuals with NF1 are at significant risk for both
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generalized (13,15–17) and focal skeletal abnormalities
(16,18), and suggest that the pathogenesis of the osseous mani-
festations in NF1 may involve impaired development of the
skeletal system and impaired maintenance of bone structure
(13). Although precise pathology underlying the localized
skeletal abnormalities is incompletely understood, surgical
attempts to repair these focal skeletal abnormalities often
fail due to non-union and/or pseudoarthrosis of the healing
bones. Although clinical observations provide support to
suggest that generalized mechanisms regulating the generation
and remodeling of bone are impaired.

Functional defects in differentiated bone cells or impair-
ment in the self-renewing osteoprogenitor cells may underlie
the cause of abnormal bone development, fragility and
lowered fracture threshold in the adult skeleton due to pertur-
bations in key biochemical signaling pathways required to
maintain bone competence in NF1 (19). In some human dis-
eases and murine disease models with similar skeletal mani-
festations as NF1, defects in osteoprogenitor proliferation as
well as osteoblast differentiation and function are frequently
observed (7,20). Osteoblasts originate from pluripotent
mesenchymal stem/progenitor cells (MSPC) of the bone
marrow (21,22). MSPC are multipotent stem cells that have
the ability to give rise to a variety of mesoderm-derived
cells, including osteoblasts, chondrocytes, adipocytes and
muscle cells. Studies by Horwitz et al. have shown that allo-
geneic mesenchymal cells offer feasible post-transplantation
therapy for osteogenesis imperfecta and likely other disorders
originating in mesenchymal precursors (23,24).

Recent insights into the normal physiology of bone for-
mation and remodeling, the development of murine models
of NF1 and an increasing understanding of the potential cellu-
lar effects of haploinsufficiency of NF1, facilitate a detailed
evaluation of the pathological mechanisms underlying skeletal
disease in NF1. In the present study, utilizing cells derived
from Nf1þ/2 mice, we investigated the role of neurofibromin
in regulating the differentiation of MSPC into osteoblast and
chondrocyte lineages. Our study indicates that haploinsuffi-
ciency of Nf1 in MSPC leads to impaired osteoblast differen-
tiation. The deficiency in osteoblast differentiation reported
herein in part is responsible for the osseous abnormalities
observed in NF1 patients.

RESULTS

Nf11/2 mice have increased colony forming
unit-fibroblast (CFU-F)

To examine whether MSPC express neurofibromin, western
blot was performed to check the protein level of neurofibro-
min. MSPC from WT cultures demonstrate neurofibromin
expression (Fig. 1A). In contrast, a significant reduction of
neurofibromin expression was observed in Nf1þ/2 MSPC.
We next evaluated the frequency of Nf1þ/2 MSPC in
bone marrow by CFU-F assays. A 2-fold increase in the
frequency and total number of Nf1þ/2 CFU-F was obser-
ved compared with WT controls (Fig. 1B and C). Consistently
higher numbers of CFU-F were seen over a range of input
cells from Nf1þ/2 mice compared with WT controls
as shown quantitatively (Fig. 1D) and qualitatively by

photomicroscopy (Fig. 1E). The size of CFU-F derived from
Nf1þ/2 and WT bone marrow was also quantified based on
the cell number in each colony, i.e. 50–100 cells/colony,
100–1000 cells/colony as well as over 1000 cells/colony. A
significant increase in the number of colonies containing
50–100 cells and 100–1000 cells was detected in Nf1þ/2
cultures compared with cultures containing WT cells
(Fig. 1E). The average size of CFU-F was also significantly
larger in cultures derived from Nf1þ/2 mice compared with
WT controls utilizing a micrometer inside the objective
lens of a microscope (Fig. 1F, 2.7+ 1.2 mm versus
2.1+ 0.7 mm, respectively, �P , 0.01). These data indicate
that Nf1 haploinsufficient mice have an increased frequency
and total number of MSPC, which give rise to larger CFU-F
compared with WT controls.

Nf11/2 MSPC display an increased proliferative potential
compared with WT MSPC

The phenotype of MSPC derived from WT and Nf1þ/2 mice
was evaluated by examining the expression of a range of cell
surface markers unique to MSPC (Fig. 2A). Consistent with
previous studies (25), both WT and Nf1þ/2 MSPC are nega-
tive for the expression of CD45 and CD117, but positive for
the expression of CD29, CD105, CD49e, ColIA and CD44.

Figure 1. (A–F). Evaluation of frequency and size of CFU-F. The neurofibro-
min expression was measured by western blot (A). The frequency of CFU-F in
bone marrow from WT and Nf1þ /2 mice was measured and depicted as
CFU-F per 106 BMMNCs (B) or as total CFU-F per femur (C) (�P , 0.01).
(D) Clonogenic efficiency of CFU-F from different concentrations of plated
BMMNC from WT and Nf1þ /2 mice (�P , 0.01 for Nf1þ/2 versus WT
cells). (E) Qualitative comparison of CFU-F from Nf1þ/2 and WT
BMMNC taken with a Fujifilm digital camera (FinePix2400Zoom, Fuji
Photo film Co., Japan). (F) Categorical scoring of CFU-F based on number
of cells/colony (�P , 0.01 for Nf1þ/2 versus WT cells). (G) CFU-F size
was quantified in millimeters using a graduated ruler (�P , 0.01 for Nf1þ/
2 versus WT cultures using the x2 analysis). The results are from one of
five representative experiments.
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We next evaluated the impact of loss of neurofibromin on
MSPC proliferation. Total number of MSPC were scored by
counting viable WT and Nf1þ/2 MSPC cells over a span of
13 continuous passages in the MesenCult complete media
(MesenCult basal mediaþ 20% of MesenCult Supplemental)
as described in Materials and Methods, and the number of
MSPC from each passage was recorded, and a growth curve
was generated (Fig. 2B). While a steady increase in the
number of MSPC from WT and Nf1þ/2 mice was observed
over 13 passages, a significant increase at each time point
was observed in Nf1þ/2 MSPC compared with WT MSPC.
Consistently, the increased proliferation was also observed
in Nf1þ/2 MSPC with [3H] thymidine incorporation assay
following the 48 h culture in MesenCult complete media
after deprivation of 20% of MesenCult Supplemental
(Fig. 2C). Together, these results indicate that haploinsuffi-
ciency of Nf1 promotes the proliferation of MSPC.

Haploinsufficiency of Nf1 modulates senescence and
telomerase activity in MSPC

Cellular senescence is associated with a loss of proliferative
ability in response to mitogenic agents (26). To test whether
the increase in Nf1þ/2 proliferation was associated with a
change in cellular senescence, a senescent assay was per-
formed based upon histochemical staining for b-galactosidase
activity (27). A significant reduction in the number of
b-galactosidase positive cells was observed in Nf1þ/2
MSPC compared with WT MSPC (Fig. 3A). The quantitative
results indicate that nearly 35% of WT MSPC were senescent
and b-galactosidase positive. In contrast, only 5%
b-galactosidase positive senescent cells were observed

in Nf1þ/2 cultures (Fig. 3B). Collectively, these results
suggest that the increased proliferation in Nf1þ/2 MSPC is
associated with a decrease in the senescent activity of these
cells as compared with WT controls.

Telomerase activity has been demonstrated to reflect the
proliferation and differentiation status of cells (28). Given
that Nf1þ/2 MSPC have increased proliferation, we then
measured telomerase activity in WT and Nf1þ/2 MSPC uti-
lizing a sensitive polymerase chain reaction- (PCR) based
ELISA detection method (29). Consistently, higher levels of
telomerase activity were detected in Nf1þ/2 MSPC as com-
pared with WT MSPC (Fig. 3C). These data indicates that
haploinsufficiency of Nf1 results in down-regulation of the
senescent activity and increased telomerase activity, which
leads to the increase in Nf1þ /2 MSPC proliferation, indi-
cating an important role of Nf1 in modulating MSPC
proliferation.

Haploinsufficiency of Nf1 alters MSPC differentiation
in vivo and in vitro

One of the most important features of MSPC is their ability to
differentiate into multiple cell types, including osteoblasts and
chondrocytes. WT and Nf1þ/2 bone marrow mononuclear
cells (BMMNCs) were cultured under conditions that
promote the maturation of osteoblasts and chondrocytes.
Osteoblasts from WT controls displayed strong alkaline phos-
phatase (ALP) activity (Fig. 4A, upper panel). In contrast,
significantly less ALP expression was observed in Nf1þ/2
cultures [Fig. 4A, lower panel]. The CFU-ALP was calcu-
lated on a per femur basis and is shown in Figure 4B. A sig-
nificant reduction in the number of CFU-ALP was observed in
Nf1þ/2 mice as compared with that in WT mice. In addition,
the chondrocyte differentiation assay revealed that the CFU-F
from both WT and Nf1þ/2 mice expressed Alcian blue posi-
tive nodules, and no significant difference was found between
the two genotypes (data not shown). Data from the differen-
tiation assay suggests that haploinsufficiency of Nf1 in
MSPC impairs osteogenic differentiation, but not chondrocyte
differentiation.

Figure 2. Proliferation of MSPC. (A) Expression of cell surface markers
for WT and Nf1þ/2 MSPC. Isotype labeled in white and experimental in
black. (B) WT and Nf1þ/2 MSPC were cultured and expanded for 13 pas-
sages and the growth curves of WT and Nf1þ/2 MSPC were plotted. Three
independent experiments were performed. (C) WT and Nf1þ/2 MSPC
were plated in 96-well plates at a concentration of 1 � 104/well. [3H] thymi-
dine incorporation was measured following stimulation with MesenCut con-
taining 10% FBS and data is expressed as mean + SE from four individual
experiments (�P, 0.001 for Nf1þ/2 versus WT cells).

Figure 3. Haploinsufficiency of Nf1 reduces senescent cells and increases
the telomerase activity in MSPC. Senescent cells were scored as cells with
light blue cytoplasmic staining from WT (upper photograph) and Nf1þ/2
MSPC (lower photograph) (A) Quantitative summary (B) revealed
�P, 0.001 for Nf1þ/2 versus WT senescent cells from four independent
experiments. (C) Telomerase activity was measured using the TRAPeze
ELISA telomerase detection kit (�P, 0.01 for Nf1þ/2 cells versus WT
cells from four independent experiments).
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Differential mRNA expression of WT and Nf11/2 MSPC

To confirm the role of Nf1 in MSPC differentiation, expression
of osteogenic-specific genes, including osteocalcin and osteo-
nectin, was examined in both WT and Nf1þ/2 MSPC
(Fig. 5). Osteocalcin mRNA expression was detected at the
end of week 1 and week 4 in WT MSPC cultures. Strikingly,
no osteocalcin mRNA expression was detected in Nf1þ/2
cells at week 1, and low levels were observed in Nf1þ/2
cultures at week 4. Osteonectin mRNA, another marker for
osteogenic differentiation, was consistently reduced in
Nf1þ/2 cells compared with WT MSPC. MSPC differen-
tiation into chondrocytes was examined by assessing mRNA
expression of collagen I, collagen II and Aggreacan. Despite
low expression of Aggreacan mRNA in the Nf1þ/2 cells at
week 1, similar expression of Aggreacan mRNA was observed
in WT and Nf1þ/2 MSPC at week 4. The expression of col-
lagen I and collagen II was similar in WT and Nf1þ/2 MSPC
at weeks 1 and 4. These results support the observation that
haploinsufficiency of Nf1 in MSPC affects osteogenic differen-
tiation, but not the emergence of chondrocytes.

Differentiation of single CFU-F replating assay (SCRA)

Most MSPC studies are based on bulk cell cultures. Smith
et al. (30) established a single cell colony assay utilizing
human bone marrow-derived MSCs, which permitted analysis
of the differential clonal potential of small stem-like cells to

differentiate into osteoblasts in vitro. Similarly, in the
present study, we developed a colony-replating assay to under-
stand whether single CFU-F displays the potential to differen-
tiate into multiple lineages (Fig. 6). As shown in Table 1, 24
individual colonies picked from six WT marrow cultures
were able to generate osteoblasts or chondrocytes. However,
in Nf1þ/2 cultures, 11 out of 24 colonies were able to
differentiate into osteoblasts, whereas 24 out of 24 colonies
were able to differentiate into chondrocytes. Our study indi-
cates that MSPC from WT mice have the potential to differen-
tiate into osteoblasts as well as chondrocytes. However,
haploinsufficiency of Nf1 in MSPC leads to impairment in
osteogenesis.

Expression of Nf1 GAP-related domains into Nf11/2
MSPC increases osteoblast differentiation

Haploinsufficiency of Nf1 results in Ras hyperactivation in
multiple lineages (4–6,31–36). We next assessed the Ras
activity by Raf pull down assay in Nf1þ/2 MSPC following
24 h of starvation. Our results show that Nf1þ/2 MSPC have
increased Ras activity at baseline as compared with WT
MSPC (Fig. 7A). Ras activity also increased after stimulation
with 10% fetal bovine serum (FBS). To determine whether
reduced osteoblast differentiation in Nf1þ/2 MSPC is directly
related to altered p21ras activity, WT and Nf1þ/2 MSPC
were transduced with a recombinant retrovirus encoding full

Figure 4. Differentiation of MSPC from WT and Nf1þ /2 mice. (A) Differ-
entiation of MSPC from WT and Nf1þ /2 was evaluated in vitro. (A) shows
the ALP activity measured to define osteoblast differentiation after 14 days of
culture. (B) Frequency of CFU-ALP/femur was evaluated.

Table 1. Differentiation of single CFU-F colony

Total CFU-F
number

Cell type

Osteoblast Chondrocyte

WT 24 24 24
Differentiation efficiency (%) 100 100
NF1þ/2 24 11 24
Differentiation efficiency (%) 45.8� 100

Differentiation efficiency of CFU-F. The CFU-Fs were picked up from six
WT and six Nf1þ/2 cultures from individual mouse, and each CFU-F
was divided into two different cultures, and differentiation of osteoblast
or chondrocyte was evaluated.
�P, 0.001 for Nf1þ/2 versus WT cultures.

Figure 5. Differential mRNA expression of WT and Nf1þ/2 MSPC in differ-
ent culture conditions. WT and Nf1þ /2 bone marrow cells were differenti-
ated in osteogenic and chondrogenic differentiation medium for 1 and 4
weeks. Total RNA was extracted and RT–PCR was performed using specific
primers for osteoblast and chondrocyte lineage mRNA. One of the representa-
tive results from four independent experiments is shown.

Figure 6. Single CFU-F replating assay. Schematic diagram shows the pro-
cedure for the single CFU-F replating assay. CFU-Fs derived from WT and
Nf1þ/2 cultures were cloned from WT or Nf1þ/2 cultures from an individ-
ual mouse. Cells from individual CFU-F were then divided into two different
cultures, and differentiation of MSPC into osteoblasts or chondrocytes was
evaluated. Data represents one of three independent experiments.
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length NF1 GAP-related domain (GRD) and a selectable
marker, pac, selected in puromycin, and subjected to culture
for further osteoblast differentiation. In contrast to Nf1þ/2
MSPC expressing MSCV-pac alone, expression of NF1
GRD in Nf1þ/2 MSPC increased osteoblast formation
(Fig. 7B). The hyperactivation of Ras in Nf1þ/2 MSPC at
baseline was reduced after re-expression of NF1 GRD
(Fig. 7C). The restored osteoblast differentiation is consistent
with the normalized Ras GTP activity observed in Nf1þ/2
MSPC following transduction of NF1 GRD. Thus, increased
p21ras activity is directly linked to impaired osteoblast for-
mation in Nf1þ/2 MSPC.

DISCUSSION

The detection of somatic mutations in the residual normal NF1
allele within the tumors of individuals with NF1 is consistent
with NF1 functioning as a tumor-suppressor gene. However,
evidence in selected lineages (4–6,31,37) now indicates that
analogous to recent discoveries in p53 (38) and p27 (39)
gene dosage effects of NF1 alter cell fates and functions.
The majority of recent studies examining Nf1 haploinsuffi-
ciency have focused on the role of NF1 in modulating the
tumor microenvironment of plexiform neurofibromas and
optic gliomas (4–6,31–36). However, both clinical data
from NF1 patients and experimental studies in Nf1þ/2
mice support the hypothesis that haploinsufficiency of NF1
(Nf1) results in a range of non-malignant phenotypes,
including cerebrovascular disease (40), renal vascular

hypertension (41–43) and osseous abnormalities (10,13–
15,17,44), suggesting that haploinsufficient NF1 contributes
to pathogenesis in multiple lineages. Our present study
sought to understand the role of haploinsufficiency of NF1
(Nf1) in disrupting normal MSPC differentiation.

Given that osteoblasts are the progeny of MSPC, we utilized
primary MSPC to understand the mechanism underlying the
pathological changes in the bone of NF1 patients. The
Nf1þ/2 mouse model is a useful tool to understand the role
of Nf1 in modulating the biological functions and differen-
tiation of MSPC. Utilizing Nf1þ/2 mice, MSPC were cul-
tured from BMMNCs followed by evaluation of
proliferation and differentiation. We found that haploinsuffi-
ciency of Nf1 promotes MSPC proliferation, but impairs
osteoblast differentiation. Given that telomerase activity has
been shown to be associated with cellular proliferative poten-
tial in cultured cells and is reduced when a variety of cultured
cell types are induced to differentiate in vitro (28,45), the elev-
ated proliferation observed in Nf1þ/2 MSPC in vitro is con-
sistent with the elevated telomerase activity. In addition, the
decreased senescence in Nf1þ/2 MSPC is consistent with
an increased proliferation and decreased differentiation.
Recently, several groups have reported a spontaneous trans-
formation occurring after a long-term in vitro culture of
human and murine MSPC (46,47). Given that cells proliferate
rapidly after passage 5 in WT and Nf1þ/2 MSPC in our
study, we performed anchorage-independent soft agar colony
assay to check if the MSPC became transformed. No colonies
were observed in passage 8 and passage 14 MSPC from WT or
Nf1þ/2 cultures (data not shown). Thus, by one assay, MSPC
do not appear to transform under our culture condition through
14 cell passages.

Increasing evidence indicates that MSPC have the potential
to differentiate into multiple cell lineages, including osteo-
blasts and chondrocytes (30,48). We report that haploinsuffi-
ciency of Nf1 in MSPC induces an impaired differentiation
into osteoblasts compared with WT MSPC. Osteoblastic
markers progressively increase at the mRNA level during
osteoblastic cell differentiation (49); however, decreased
mRNA expression of two osteoblast markers, osteocalcin
and osteonectin, was observed in Nf1þ/2 MSPC as compared
with WT cells. Yu et al. (7) recently reported that Nf1þ/2
mice have less periosteal and endocortical bone formation
with significant differences in endocortical percent minera-
lized bone surface representing active bone forming area and
a significantly reduced bone formation rate relative to bone
surface area as compared with WT mice. This impaired
bone formation in vivo may be related to the impaired osteo-
blast differentiation from MSPC in vitro in Nf1þ/2 mice
reported herein. Though osteoblasts lineage has impaired
differentiation emerging from Nf1þ/2 MSPC, normal differ-
entiation of the chondrocyte lineage, another lineage arising
from Nf1þ/2 MSPC, was observed with similar levels of
expression for three chondrocyte markers—collagen I, col-
lagen II and Aggreacan, as compared with that in WT cells.
These results indicate that haploinsufficiency of Nf1 regulates
osteoblast differentiation from MSPC but not chondrocyte
differentiation.

Cycling multipotential progenitor cells from bone marrow
have been identified as those cells that undergo 40 or more

Figure 7. Evaluation of Ras activity and osteoblast differentiation in MSPC.
(A) Ras activity was measured in WT and Nf1þ/2 MSPC at basal level or
in the presence of 10% FBS for 5 min using Raf-pulldown assay. (B) Osteo-
blast differentiation was evaluated by ALP staining after three and seven days
of culture in the osteoblast differentiating culture condition using MSPC trans-
duced with NF1 GRD or MSCV-pac control. (C) Ras GTPase in the WT
MSPC, Nf1þ/2 MSPC transduced with MSCV-pac control or NF1 GRD
was measured. Data represents one of three independent results.
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population doublings (50). Few studies have examined the
clonogenic behavior of MSPC in vitro. Here, we utilized
SCRA which allowed us to detect the differentiation capacity
from a single CFU-F colony. Our results suggest that single
CFU-F display multiple lineage differentiation potential.
Using this method, we report that loss of a single Nf1
allele in MSPC diminishes MSPC differentiation into
osteoblasts. Precisely how haploinsufficiency of Nf1 alters
MSPC differentiation remains uncertain, but clearly the rela-
tive levels of important transcription factors necessary for
osteoblast differentiation were altered. A detailed transcrip-
tional comparison of WT and Nf1þ/2 MSPC may be
informative.

Neurofibromin, the protein encoded by NF1, functions as a
GAP for p21Ras by accelerating the hydrolysis of active
p21Ras-GTP to inactive p21Ras-GDP (36,51–53). We and
others have shown that neurofibromin-deficient mast cells
have increased p21ras activity in response to multiple hemato-
poietic cell growth factors, which is directly linked to
increased proliferation (35,52–55). Nose et al. (56) has pre-
viously shown that overexpression of Ras and MAP kinase
was associated with suppression of c-fos, whose up-regulation
is required for normal osteoblast functions. Consistent with
our and other previous studies in different cell lineages,
Nf1þ/2 MSPC have increased Ras-GTPase activity.
Re-expression of GRD in Nf1þ/2 MSPC restored the
impaired osteoblast differentiation defect, indicating that the
reduced osteoblast differentiation is directly associated with
the hyper Ras activity.

In conclusion, our study indicates that loss of a single allele
of Nf1 in MSPC results in impaired osteoblast differentiation,
which is mediated by hyper Ras activity, implying an import-
ant role of neurofibromin in regulating osteoblast differen-
tiation. The impaired osteoblast differentiation may be
associated with the osseous manifestations found in NF1
patients. Further study of the molecular and biochemical path-
way(s) of neurofibromin in modulating MSPC differentiation
may help elucidate a better understanding of the pathophysiol-
ogy underlying the malignant and non-malignant manifes-
tations of this common genetic disorder.

MATERIALS AND METHODS

Animals and materials

Nf1þ/2 mice were obtained from Dr Tyler Jacks at the Mas-
sachusetts Institute of Technology (Cambridge, MA, USA) in
a C57BL/6J.129 background and backcrossed for 13 genera-
tions into a C57BL/6J strain (57). Nf1þ/2 mice were geno-
typed by polymerase chain reaction (PCR) as previously
described (4). These studies were conducted with a protocol
approved by the Indiana University Laboratory Animal
Research Center using 4–8-week-old WT and Nf1þ/2
mice. Chemicals were purchased from Sigma (St Louis,
MO, USA) unless otherwise stated.

Isolation and expansion of MSPC

Bone marrow cells were collected from 4 to 8-week-old WT
and Nf1þ/2 mice by flushing the femurs and tibias with

Iscove’s MEM (Gibco-Invitrogen, Carsbad, USA) containing
2% FBS using a 21-gauge needle. BMMNCs were then
separated by low-density gradient centrifugation (36). Cells
were then washed twice with Iscove’s MEM and suspended
in mouse MesenCult basal medium supplemented with Mesen-
Cult Supplemental (Stem Cell Technologies Inc., CA, USA).
The cells were diluted to 2 � 106 cells/ml and 10 ml of the
single cell suspension was added into a 10 cm tissue culture
plate as previously described (58). The cells were plated into
a flask at 2 � 106/ml in 10 ml of complete MesenCult
medium. Once the culture reached 80–90% confluency,
cells were trypsinized and replated at 5 � 105 cells/75 cm2.
MSPC at passage 5 to passage 10 were used for the following
experiments.

CFU-F assay

To measure the frequency of MSPC in bone marrow, CFU-F
assay was performed as previously reported (58). Briefly,
different concentrations of BMMNCs as indicated in
Figure 1C and D were plated into six-well tissue culture
plates in triplicate for each condition in complete MesenCult
medium and incubated at 378C, 5% CO2. At day 14 of the
culture, media was removed, and each well was washed
with PBS and stained with HEMA-3 quick staining kit
(Fisher Scientific Company, VA, USA) according to the
manufacturer’s instruction. The plates were then rinsed in
deionized water and air-dried. Colonies with more than 50
cells were counted microscopically at 40X amplification by
a phase contract microscope. Colonies whose morphology
clearly differed from the MSPC morphology were excluded
from the results.

Proliferation assay

To examine the impact of neurofibromin in MSPC prolifer-
ation, we performed [3H]thymidine incorporation assays.
Briefly, MSPC from WT or Nf1þ /2 mice were deprived of
supplement for 24 h and 1 � 104 cells were plated in 96-flat
bottom well plates in 200 ml of a-MEM in a 378C, 5% CO2,
humidified incubator. The cells were then cultured for 48 h,
and [3H]thymidine was added to cultures 6 h prior to harvest
with an automated cell harvester (96-well harvester, Brandel,
Gaithersburg, MD, USA) and b emission was measured with
a microplate scintillation counter (Packard Bioscience
Company, Shelton, CT, USA). Assays were performed in
triplicate. For growth curve, MSPC were plated into a flask
at 2 � 106/ml in 10 ml of complete MesenCult medium.
Once the culture reached 80–90% confluency, cells were tryp-
sinized and replated at 5 � 105 cells/75 cm2. Cell numbers
were then recorded and plated at the same density each
time. The fold increase of cells was calculated for each time
point compared with the first point and the growth curve
was plotted.

Senescent assay

Histochemical staining for b-galactosidase activity was
utilized to measure the senescence of MSPC (27). WT
and Nf1þ/2 MSPC were plated in chamber slides at
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2 � 104/chamber and incubated at 378C, 5% CO2 for 72 h.
Cells were then stained with a Senescent Staining Kit
(Sigma) according to the manufacturer’s instruction. Senes-
cent cells displayed a blue color in the cytoplasma. Four thou-
sand cells were counted for each chamber and the percentage
of positive cells/4000 cells was determined.

Telomerase activity assay

Telomerase activity was examined using a telomeric repeat
amplification protocol (TRAP) TRAPeze Elisa telomerase
detection kit (Chemicon, Temecula, CA, USA) according to
the manufacturer’s instructions (29). Briefly, cell extracts
were incubated with biotinylated telomerase substrate oligonu-
cleotide at 308C for 30 min. The extended products were
amplified by PCR using Taq polymerase (Amersham Inter-
national), reverse primers and a deoxynucleotide mix contain-
ing dCTP labeled with dinitrophenyl (DNP). The conditions
for the two-step PCR were 33 cycles of 948C for 30 s, and
558C for 30 s on a PTC-100TM Programmable Thermal Con-
troller (MJ Research, Inc.). The amplification products were
immobilized on streptavidin-coated microtitre plates, and
then detected by anti-DNP antibody conjugated to horseradish
peroxidase. After addition of the peroxidase substrate
(3,30,5,50tetramethylbenzidine), the amount of TRAP product
was determined by measuring the absorbance at 450 nm and
650 nm via fast kinetic mode for 100 s using an Lmax micro-
plate luminometer and SoftMax Pro software (Molecular
Devices, Sunnyvale, CA, USA). For negative controls,
lysates were heat-treated by incubating at 858C for 10 min
prior to the TRAP assay to inactivate telomerase. The activity
was semi-quantified by ELISA as recommended by the
manufacturer.

Analysis of surface markers expression

Antibodies for flow cytometry were purchased from BD
PharMingen. MSPC were incubated with fluorescein isothio-
cyanate (FITC) anti-mouse CD44, R-phycoerythrin
(R-PE)-conjugated anti-mouse CD49e, R-PE-conjugated anti-
mouse CD29, purified anti-rat CD105 and anti-rat R-PE anti-
body. After 30 min of incubation at 48C, cells were washed
three times with PBS containing 0.1% BSA and analyzed by
fluorescence-activated cytometric analysis (Becton Dickinson,
San Jose, CA, USA).

Differentiation assays

Osteogenic differentiation was analyzed by quantitation
of mineral deposition. WT and Nf1þ /2 BMMNCs
were plated at 2 � 106/ml in osteogenic differentiation
medium (MesenCult+Supplemental, 1028mol/l dexametha-
sone, 5 mg/ml ascorbic acid 2-phosphate and 10 mmol/l
b-glycerophosphate) and maintained for 2 weeks, followed
by ALP activity assays. Briefly, cells were fixed in
citrate-buffered acetone for 30 s, incubated in alkaline-dye
mix for 30 min and counter-stained with Mayer’s Hematoxy-
lin for 10 min. Cells were then evaluated microscopically,
and the intensity of ALP staining was recorded.

To induce chondrogenic differentiation,BMMNCsweremain-
tained in chondrogenic differentiation medium (MesenCultþ
Supplemental, 1028mol/l dexamethasone, 5 mg/ml ascorbic
acid 2-phosphate, 10 mmol/l b-glycerophosphate and
10 ng/ml TGFb3) for 4 weeks. Cells were then fixed in 4%
paraformaldehyde in PBS for 30 min at room temperature,
washed with PBS and incubated with 1% Alcian Blue in
0.1 M HCl (pH 1.0). Chondrogenic cells were visualized as
blue-stained cells under the microscope.

To determine the differentiation potential of WT and Nf1þ/2
MSPC, an SCRA was performed. Briefly, 5 � 105 cells/well in
a six-well plate was seeded for CFU-F culture as described
earlier. Two weeks after the culture, single CFU-Fs were
picked up individually by adding EDTA–trypsin for 5 min
and stopped by adding 10% FBS, and transferred into each
Eppendrof tube. The cells from the single colony were then
divided among two tubes, and plated to two different wells
osteogenic and chondrogenic differentiation medium in a
48-well plate. Four weeks later, the cells were stained for
specific differentiation markers as described earlier. Twenty-
four individual colonies were picked from each genotype for
the analysis.

Reverse-transcriptase polymerase chain reaction
(RT-PCR)

MSPC were incubated in differentiation medium and total
RNA was extracted using the RNeasy mini kit (Qiagen, Valen-
cia, CA, USA) to purify total RNA and 100 ng RNA was used
for each reaction. RT-PCR was performed using Qiagen one
step RT-PCR kit according to the manufacturer’s instruction
at week 1 and week 4. The PCR products were resolved on
a 1.2% agarose gel. The primers used were GTAGCCATC
CAGGCTGTGTTGTC, ACAGCACTGTGTTGGCATAGAG
G for b-actin; Osteopontin TCACCATTCGGATGAGTCTG,
ACTTGTGGCTCTGATGTTCC 437 bp (59); Osteonectin
AGCGCCTGGAGGCTGGAGAC, CTTGATGCCAAAGCA
GCCGG 269 bp HM; Osteocalcin TCTGCTCACTCTGCT
GAC, GGAGCTGCTGTGACATCC 388 bp (60); Type I col-
lagen GAAGTCAGCTGCATACAC, AGGAAGTCCAGGCT
GTCC 313 bp (60); Type II collagen GCCTCGCGGTGAG
CCTGATC, CTCCATCTCTGCACGGGGT, IIA: 472 bp
(61), IIB: 268 bp; Aggreacan CCAAGTTCCAGGGTCACTG
TTACCG, TCCTCTCCGGTGGCAAAGAAGTTG 271 bp
(61). All the primers were synthesized by Sigma.

Generation of recombinant retroviral plasmids and
retroviral transduction of MSPC

Previously developed recombinant retrovirus constructs were
used in these studies (53). The internal sequences of these con-
structs are under the transcriptional control of the myeloproli-
ferative sarcoma retrovirus promoter. Constructs also contain
a puromycin resistance gene, pac, which is under the tran-
scriptional control of the phosphoglycerate kinase (PGK) pro-
moter. Two viruses were used in these experiments: a virus
expressing the full-length NF1 GTPase activating related
domain (NF1 GRD) and pac (MSCV-NF1 GRD-pac) and a
virus expressing the selectable marker gene alone
(MSCV-pac). The transduction protocol has been previously
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described and was used here with minor modifications (53).
Briefly, MSPC were cultured in liquid cultures of
MesenCultþ Supplemental and transduced with either
MSCV-NF1GRD or MSCV-Pac (control), and puromycin-
resistant cells were selected after 3 days.

Detection of p21Ras-GTP levels

MSPC were deprived of serum for 24 h and collected with or
without 10% FBS stimulation for 5 min. p21Ras activation
was subsequently determined using p21Ras activation
assay kits (Upstate Biotechnology, Lake Placid, NY, USA)
according to the manufacturer’s protocol and as described
previously (53).

Statistical analysis

Student’s t-test and x2 analysis was used to evaluate statistical
differences between WT and Nf1þ/2 MSPC. Statistical sig-
nificance was defined as P , 0.05.
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