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ORIGINAL ARTICLE

Frontal Bone Healing Is Sensitive to Wnt Signaling Inhibition
via Lentiviral-Encoded Beta-Catenin Short Hairpin RNA

Lei Zhang, MD,1,2,* Leslie Chang, BS,1,3,* Jiajia Xu, PhD,1 Carolyn Ann Meyers, BS,1 Noah Yan,1

Erin Zou,1 Catherine Ding,4 Kang Ting, DMD, DMedSci,4,5 Chia Soo, MD,4,6

Shen Pang, PhD,4 and Aaron W. James, MD, PhD1,4

The Wnt/b-catenin signaling pathway plays an integral role in skeletal biology, spanning from embryonic skeletal
patterning through bone maintenance and bone repair. Most experimental methods to antagonize Wnt signaling in vivo
are either systemic or transient, including genetic approaches, use of small-molecule inhibitors, or neutralizing
antibodies. We sought to develop a novel, localized model of prolonged Wnt/b-catenin signaling blockade by the
application and validation of a lentivirus encoding b-catenin short hairpin RNA (shRNA). Efficacy of lentiviral-
encoded b-catenin shRNA was first confirmed in vitro using bone marrow mesenchymal stromal cells, and in vivo
using an intramedullary long bone injection model in NOD SCID mice. Next, the effects of b-catenin knockdown
were assessed in a calvarial bone defect model, in which the frontal bone demonstrates enhanced bone healing
associated with heightened Wnt/b-catenin signaling. Lentivirus encoding either b-catenin shRNA or random se-
quence shRNA with enhanced green fluorescent protein (control) was injected overlying the calvaria of NOD SCID
mice and bone defects were created in either the frontal or parietal bones. Among mice treated with lentivirus encoding
b-catenin shRNA, frontal bone defect healing was significantly reduced by all radiographic and histologic metrics. In
contrast, parietal bone healing was minimally impacted by b-catenin shRNA. In aggregate, our data document the
application and validation of a lentivirus encoding b-catenin shRNA model that represents an easily replicable tool for
examining the importance of locoregional Wnt/b-catenin signaling in bone biology and regeneration.

Keywords: Wnt signaling, bone healing, bone repair, osteogenesis, skull, calvaria, beta-catenin shRNA, calvarial
bone defect, intramembranous bone, membranous bone

Introduction

The Wnt signaling pathway plays a widespread role in
both development and disease, including directing cell

proliferation, polarity, and cell fate decisions. Broadly, Wnt
signaling can be divided into noncanonical and canoni-
cal pathways. Canonical Wnt signaling regulates b-catenin
protein accumulation in the cytoplasm and transcriptional
activation of target genes that regulate skeletogenesis (see
MacDonald et al.1 for a review of the Wnt signaling path-
way). The Wnt/b-catenin pathway spans embryonic skele-
tal patterning through fetal skeletal development and is key

mediator of bone modeling and remodeling.2 This pathway
regulates cellular differentiation in bone precursors, including
osteoblasts.3 Better understanding of the regulatory mechanism
and effect of pathophysiological Wnt signaling is important in
the development of novel therapies in regenerative medicine.

As the Wnt family is an important mediator of bone for-
mation, we sought to develop a localized, temporally con-
trolled method to disrupt canonical Wnt signaling. This
model would allow us to characterize the importance of
Wnt signaling in endogenous bone repair, as well as better
examine local osteoinductive factors that potentiate Wnt/b-
catenin signaling in combination with other osteoblastogenic
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signaling pathways.4 Currently available experimental models
to disrupt Wnt signaling in vivo in a locoregional manner all
have drawbacks. Small-molecule inhibitors5 have potential
off-target effects, while neutralizing antibodies6 have con-
cerns with tissue bioavailability and prolonged bioactivity.
Few of these molecules have demonstrated selectivity studies,
limiting our understanding of the systemic effects particularly
as each structure may have subtle differences in interactions
with b-catenin/Tcf, b-catenin/E-cadherin, and b-catenin/ade-
nomatous polyposis coli (APC) complexes. Transgenic
mouse model7,8 has also been used to knock out b-catenin.
Although localized b-catenin knockout is possible using ta-
moxifen inducible Cre recombinase Ctnnb1 mice, PCR anal-
ysis demonstrates residual b-catenin from KO animals making
this an incomplete knockout.9

Therefore, we aimed to design an efficient model for lo-
calized and temporally controlled Wnt/b-catenin signaling
inhibition in osseous tissues. RNA interference is a powerful
technique that can be used to study gene function in mam-
malian cells. There are multiple mechanisms to delete gene
function, such as the use of short interfering RNA (siRNA),
which inactivates target gene expression before translation
into protein. siRNA gene knockdown has been previously
utilized in the Wnt/b-catenin pathway to understand effects
on neoplastic tissue and cell lines.10–12 However, increasing
concern with the probability of off-target effects,13 as well
as nondurable long-term gene silencing,14 makes use of
siRNA in in vivo models limited. Short hairpin RNA
(shRNA) infection with viral vectors generates stable
knockdown due to integration into DNA, reducing the need
for multiple rounds of transfection and greater reproduc-
ibility. Although there are multiple methods of shRNA de-
livery, viruses are the most efficient vectors as they are a
proficient intracellular gene delivery method with nuclear
localization.15 Among the viruses, lentiviral vectors are an
attractive option as they provide stable vector integration into
the host genome and infection of both mitogenic and quies-
cent cells.16 In addition, they are generally less toxic for cells
than adenoviral-mediated transduction.17 Finally, local de-
livery of shRNA accesses the target cell population directly,
allowing for locoregional knockdown of the targeted gene.

In this study, we report on the application and valida-
tion of a lentivirus encoding b-catenin shRNA structure. In
sequential studies, we first validated the vector using bone
marrow mesenchymal stromal cells (BMSCs) in vitro, fol-
lowed by exposure of the in vivo bone marrow milieu via
percutaneous intramarrow injection of the b-catenin shRNA
lentivirus. Finally, we validated our findings using a model of
membranous bone defect healing. In this study, frontal and
parietal bone defects were created in mice pretreated with
lentiviral-delivered b-catenin shRNA. Prior investigators
have shown that the frontal bone, a neural crest-derived bone,
demonstrates enhanced bone healing along with increased
Wnt/b-catenin pathway activation.18 We hypothesized that
frontal bone healing would show sensitivity to our model of
canonical Wnt signaling inhibition.

Materials and Methods

Antibodies and reagents

The following primary antibodies were used: anti-green
fluorescent protein (GFP, A-21311; 1:200; Thermo Fisher

Scientific), anti-Axin2 (ab32197, 1:200; Abcam Biotechnol-
ogy), and antiproliferating cell nuclear antigen (PCNA,
ab18897, 1:200; Abcam). Secondary antibody: DyLight
594 (DI-1594, 1:200; Vector Laboratories) (see Supple-
mentary Table S1; Supplementary Data are available on-
line at www.liebertpub.com/tea).

Viral production and purification

The lentiviral vector encoding b-catenin lentivirus
shRNA or enhanced GFP (eGFP) with random sequence
shRNA (control shRNA) was generated by cotransfection
of 293T cells with the b-catenin shRNA plasmid pLKO.1
(10878; Addgene) (see Supplementary Fig. S1 for the
structure map), and the helper plasmids pCMV-dR8.2-
vprX and pCMB.VSVG. b-Catenin targeting sequence is
GCTTGGAATGAGACTGCTGAT. Control shRNAs were
targeted against GFP. Following transduction, cells were
selected with puromycin. The viral vector was collected
from transfected cell cultures, and cell debris was removed
through 0.22 mm filtration and concentrated by Ultrafuge
at 4�C, 17,000 rpm for 60 min using Beckman SW32 ro-
tors. The pellets that contained the lentiviral vector were
resuspended with Dulbecco’s modified Eagle’s medium
(DMEM) to bring the concentration from 7.8 · 106 to
5 · 107 tissue culture infective dosage (TCID50)/mL for b-
catenin shRNA or control shRNA. Lentiviral vector titer
was estimated by measuring the gag p24 protein, 1 pg of
p24 reading was assigned as 10 TCID50 for freshly isolated
lentiviral vectors.

Human BMSC isolation

Human BMSCs were obtained from deidentified hip ar-
throplasty specimens in otherwise well individuals with
adaptation from previous reports.4 Cells were seeded onto
six-well plates at a density of 1 · 105 cells per well in
DMEM (Gibco) containing 10% fetal bovine serum (Ther-
mo Fisher Scientific, Inc.), 100 U/mL of penicillin, and
100 mg/mL of streptomycin (Gibco). Cultures were kept at
37�C in a humidified atmosphere containing 95% air and 5%
CO2. For all assays, cells from passage 2 only were used for
experiments. Human BMSCs were treated with lentivirus
encoding b-catenin shRNA and control shRNA lentivirus
(n = 3 for each group). Three days later, quantitative real
time-polymerase chain reaction (qRT-PCR) was used to
analyze the b-catenin expression in b-catenin shRNA or
control shRNA-transfected BMSCs.

Animals

All animal experiments were performed according to the
approved protocol of the Animal Care and Use Committee
at UCLA or Johns Hopkins University, purchased from
Jackson Laboratory. For intramedullary injection model,
8-week-old male NOD SCID mice were used (NOD.CB17-
Prkdcscid/J), while for the calvarial defect model, 19-week-
old male NOD SCID mice were used (see Supplementary
Table S2 for animal allocation). Each was housed in a single
pathogen-free ventilated cage, fed a standard rodent chow
diet, and provided tap water ad libitum. All anesthesia was
performed with 2–3% isoflurane in 100% oxygen at a flow
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rate of 1 L/min and operated upon on a warm, small animal
surgery station.

Intramarrow lentiviral injection

Intramarrow lentiviral injection was performed, adapted
from our previously reported methods.19 The right knee was
sterilized with Betadine Scrub�. A 5 mm-longitudinal inci-
sion was made along the medial aspect of the quadriceps-
patellar complex. The patella was dislocated laterally to
expose the intercondylar groove. A 0.9 mm k-wire on a tre-
phine drill was used to create a trephination defect. Using a
1-mL syringe with 27-gauge needle, b-catenin shRNA or
eGFP-shRNA control (5 · 107 TCID50/mL in 15 mL DMEM
or 5 · 107 TCID50/mL in 15 mL DMEM) was injected into
the intramedullary cavity (N = 6 mice per treatment group).
The quadriceps-patellar complex was then repositioned and
the medial arthrotomy was repaired with 5-0 Vicryl suture.
One week later, three mice of each group were sacrificed and
femoral bone and marrow were isolated in TRIzol for gene
expression analysis. Four weeks after injection, the remain-
ing three mice were harvested for radiographic analysis via
microcomputed tomography (microCT) (see again Supple-
mentary Table S2 for animal allocation).

Real-time polymerase chain reaction

b-Catenin expression was analyzed in both human BMSC
and murine bone tissue. qRT-PCR was performed 3 days
postlentiviral transfection with human BMSCs or 1 week
postlentiviral intramedullary injection with murine bone.
Total RNA from cells for real-time polymerase chain reaction
evaluation was extracted using TRIzol reagent (Invitrogen).
Murine bone tissue was homogenized in 2 mL of TRIzol
reagent per femur using mortar with liquid nitrogen. After
homogenization, insoluble material from the homogenate was
removed by centrifuging at 10,000 rpm for 10 min at 4�C. A
total of n = 3 replicates for both human and mice samples per
treatment group were used for RNA studies. The following
primer sequences were used for b-catenin, human: 5¢-ATG
GCTACTCAAGCTGAC-3¢ and 5¢-CAGCACTTTCAGCAC
TCTGC-3¢; mouse: b-catenin, forward primer 5¢-gtgctatctgtc
tgctctagta-3¢, reverse primer 5¢-cttcctgtttagttgcagcatc-3¢.

Calvarial lentiviral injection

Our second mouse model assessed the effects of b-catenin
knockdown in bone repair. In this study, subcutaneous in-
jection of lentiviral encoding shRNA was performed over-
lying the calvaria followed by bone defect creation. After
anesthesia, the skin overlying the calvaria was sterilized
with Betadine scrub. Subcutaneous injection in the midline
overlying the frontoparietal bones was performed using a
sterile 30-gauge needle, either delivering phosphate-
buffered saline (PBS) vehicle control (100 mL) or b-catenin
shRNA or eGFP-shRNA control (7.8 · 106 TCID50/mL in
100 mL DMEM or 7.8 · 106 · 107 TCID50/mL in 100mL
DMEM) (N = 3–5 mice per treatment group, see again
Supplementary Table S2 for animal allocation). One week
postinjection, 1.8 mm bone defects were created in either the
frontal or parietal bones for all lentivirus-treated mice. Be-
fore injury and 1 week postinjection, representative samples
were examined for domains of GFP expression after viral

injection. Next, and after anesthesia, the skin overlying the
calvaria was shaved and aseptically prepared using Betadine
scrub. The frontoparietal bones were exposed via a midline
anterior to posterior incision. The overlying pericranium
was gently removed from the right frontal bone and left
parietal bones using a cotton swab. A 1.8 mm full-thickness
right frontal bone defect and 1.8 mm full-thickness left pa-
rietal bone defect were created using a microsurgical drill
with a 1.8-mm-diameter trephine burr. Meticulous care was
taken to protect the neighboring sagittal, posterofrontal and
coronal sutures, and the underlying dura mater. Calvarial
defect sites were irrigated by saline. Finally, the skin was
sutured and the animal was monitored as per established
postoperative protocols.

microCT imaging and analyses

Femur samples were harvested 4 weeks postviral injec-
tion, and calvarial samples were harvested 4 weeks post-
defect creation (see Supplementary Fig. S2 for a time line of
animal studies). Samples were fixed in 4% paraformalde-
hyde for 24 h, transferred to PBS, and scanned using a high-
resolution microCT (SkyScan 1294; Bruker microCT N.V)
at an image resolution of 10 mm, with the following set-
tings: 1 mm aluminum filter, X-ray voltage of 65 kVp, anode
current of 153mA, exposure time of 65 ms, frame averag-
ing of 4, and rotation step of 0.3�. Three-dimensional (3D)
images were then reconstructed from the two-dimensional
(2D) X-ray projections by implementing the Feldkamp al-
gorithm using a commercial software package NRecon
software (2.0.4.0 SkyScan). For the 3D morphometric ana-
lyses of images, CTVox and CTAn software (1.13 SkyScan)
were used.

For analysis of trabecular bone formation in femoral
samples, regions of interest were drawn to select only
metaphyseal intramedullary trabecular bone with a prox-
imal to distal length of 1.225 mm (35 slices at 0.035 mm
each). Trabecular bone formation was analyzed with a
threshold value of 75 to all samples to isolate mineralized
bone for bone volume (BV) and tissue volume (TV)
measurements and calculations. Two-dimensional X-ray
images were obtained by the creation of an axial cut
through the center of the defect area. The bone mineral
density (BMD) and BV density (BV/TV) were calculated
from binary X-ray images.

For calvarial defect analysis, a cylindrical volume of in-
terest centered around each defect site was defined as the
1.8 mm in diameter and 1 mm in height with a threshold
value of 80. BV and TV measurements were calculated from
analyses performed for a volume of 100 slices (*1 mm).
The amount of bone formation was analyzed and quantified
in three different ways. First, BV and BV density (BV/TV)
were calculated from binary X-ray images. Second, bone
fractional area (BFA) was calculated by using CTVox to
create a 3D rendering of calvarial defect and measuring
pixels of bone in defect divided by total defect area using
Photoshop (Adobe, San Jose, CA). Finally, a bone healing
score from 0 to 4 was assigned by three blinded observers
according to previous published grading scales for calvarial
defect healing.20 Briefly, the grading system was as follows:
0—no bone formation, 1—few bony spicules dispersed
through defect, 2—bony bridging only at defect borders,
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3—bony bridging over partial length of defect, and 4—bony
bridging the entire span of defect at longest point.

Histologic analysis

After radiographic imaging, samples were transferred to
14% ethylenediaminetetraaceticacid for decalcification for
14–21 days. Samples were then embedded in optimal cut-
ting temperature compound and sectioned in a coronal plane
at 10 mm thickness. To track potential lentiviral diffusion
outside the injection site, histologic analysis was also per-
formed on the following tissues at 4 and 8 weeks postin-
jection: femur, tibia, heart, lung, skin, subcutaneous adipose,
stomach, small intestine, large intestine, kidney, liver, and
spleen. Hematoxylin and eosin (H&E) staining was per-
formed on serial sections.

Indirect immunofluorescent staining

For immunofluorescent staining, additional sections were
incubated with the following primary antibodies: anti-GFP
(A-21311, 1:200; Thermo Fisher Scientific), anti-Axin2
(ab32197, 1:200; Abcam Biotechnology), and anti-PCNA
(ab18897, 1:200; Abcam). Sections were washed with PBS
three times, 10 min each. Sections for PCNA staining were
then permeabilized with 0.5% Triton X-100 for 15 min. All
sections were blocked with 1% bovine serum albumin in
PBS for 1 h at 25�C; antigen retrieval was by trypsin en-
zymatic antigen retrieval solution for 10 min at 37�C
(ab970; Abcam). Axin-2, PCNA, and GFP primary anti-
bodies were added to each section at their respective dilu-
tions and incubated at 37�C for 1 h and then overnight at
4�C. Next, for Axin-2 and PCNA detection, a DyLight 594
goat anti-rabbit IgG (H + L) polyclonal (1:200) was used
as the secondary antibody. Sections were counterstained
with 4¢,6-diamidino-2-phenylindole mounting medium (H-
1500; Vector laboratories). All histological sections were
examined under a Zeiss 700 confocal microscope (Zeiss,
Thornwood, NY).

Statistical and power analyses

Means and standard deviations were calculated from
numerical data, as presented in the text, figures, and figure
legends. In figures, bar graphs represent means, whereas
error bars represent one standard error. The means of groups
were compared using the Mann–Whitney U test when only
two data sets were being compared and by the Kruskal–
Wallis test with posthoc tests of Bonferroni to compare
more than two groups. Intraclass correlation coefficient was
analyzed for independent scoring of defect sites. The sta-
tistical software SPSS for Windows Version 18.0 (SPSS)
was used for all statistical analyses. Statistical significance
was determined at the p < 0.05 level.

Two-sample sized analyses were performed to determine
animal numbers for long bone intramedullary injection and
calvarial studies. First, in vitro studies demonstrated large
effect sizes >5. To obtain an estimate of effect sizes ob-
servable for pilot intramedullary studies, we examined the
simplified scenario of control shRNA versus b-catenin
shRNA at a single time point. For this scenario with six
mice per group, a two-sample t-test will provide 80% power

to detect effect sizes of at least two assuming a two-sided
0.05 level of significance.

Next, a second power analysis was performed for in vivo
calvarial defect healing studies. Intramedullary injection
studies demonstrated large effect sizes from 4.98. To obtain
an estimate of the effect sizes observable for defect healing
studies, we again examined the simplified scenario of con-
trol shRNA versus b-catenin shRNA at a single time point.
For this scenario with three mice per group, a two-sample t-
test will provide 80% power to detect effect sizes of at least
3.0 assuming a two-sided 0.05 level of significance.

Results

Validation of lentiviral-encoded shRNA for b-catenin
knockdown in vitro and in vivo

In the first series of experiments, we aimed to validate the
ability of this model to regulate the expression of b-catenin.
First, we infected human BMSC with the lentivirus construct.
As expected, qRT-PCR analysis demonstrated a significant
knockdown of b-catenin expression, diminished by 73%
compared with eGFP-shRNA control 1 week postinfection
(Fig. 1A). We then sought to validate these results in an
in vivo model using murine intramedullary femoral injection
of lentivirus, adapted from our previous study.19 In this study,
intramedullary injection exposes the bone marrow milieu to
lentiviral-delivered shRNA. Consistent with in vitro findings,
after injection of lentivirus, there was a significant reduction
in the expression of b-catenin. One week postinjection, ani-
mals were sacrificed and harvested murine bone and bone
marrow demonstrated 52% decreased expression of b-catenin
compared with control (Fig. 1B). The phenotypic conse-
quences of intramedullary of b-catenin shRNA were next
assessed. microCT reconstruction of murine femurs was
performed at 4 weeks postinjection, and demonstrated a
significant reduction in trabecular bone by all parameters
examined. Using a colorized 3D reconstruction, trabecular
bone of the distal femoral metaphysis and metadiaphysis was
significantly reduced among the b-catenin shRNA group
compared with the control shRNA (Fig. 1C). In addition,
quantitative measurements of trabecular BMD were signifi-
cantly diminished in the b-catenin shRNA group compared
with control shRNA (Fig. 1D). A similar decrease was found
in measurements of trabecular BV/TV in the b-catenin
shRNA treatment group compared with control (Fig. 1E). In
sum, lentiviral-delivered shRNA mediated knockdown of b-
catenin both in vitro and in vivo, which in the case of in-
tramedullary injections resulted in a significant trabecular
bone phenotype.

Lentiviral-delivered b-catenin shRNA significantly
mediates frontal bone healing using
microtomographic analysis

We next sought to validate and examine lentiviral
shRNA-mediated b-catenin knockdown in the context of
bone repair. We first injected (i) PBS control, (ii) lentiviral
control shRNA, or (iii) lentiviral b-catenin shRNA subcu-
taneously to locally infect the frontal and parietal calvarial
bones. Validation of lentiviral delivery was confirmed by
visualization of eGFP reporter activity at 1, 4, and 8 weeks
postinjection within the frontal and parietal bones. At 1
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week, eGFP expression was observed in a strong and diffuse
manner not only in the periosteum but also in dura mater
and coronal suture mesenchyme. At 4 and 8 weeks post-
subcutaneous injection, sustained periosteal and dural eGFP
expression was observed, although a more patchy distribu-
tion was observed at the 8-week time point (Supplementary
Fig. S3). In addition, a survey of eGFP reporter activity at
distant sites by and large failed to identify eGFP expression
(Supplementary Fig. S4). The only extracranial eGFP ex-
pression was observed within scattered stromal cells of the
spleen, a finding consistent with prior reports.21

Next, we examined the phenotypic consequences on bone
healing in mice that had undergone pretreatment with or

without lentiviral shRNA-mediated b-catenin knockdown.
Frontal or parietal bone defects (1.8 mm diameter) were
created. Prior studies have documented that frontal bone
defects undergo significant osseous repair overtime, while
equal size defects in the parietal bone do not.18,22 microCT
reconstructions and analysis were performed at 4 weeks
postoperative (Fig. 2). First, results confirmed the differen-
tial healing between frontal and parietal bone defects. Pro-
nounced frontal bone defect healing was observed under
control conditions (PBS control or control shRNA). In
comparison, minimal bone healing was observed among
parietal bone defects under control conditions. Next, the
consequences of b-catenin knockdown were examined. In

FIG. 1. Efficacy of
lentiviral-delivered b-catenin
shRNA in vitro and in vivo.
(A) Human BMSCs were
treated with lentivirus en-
coding b-catenin shRNA or
control lentivirus-encoded
enhanced GFP. Using qRT-
PCR, a 73% knockdown was
observed, n = 3 per group (B–
E) Next, b-catenin shRNA
lentivirus was applied
in vivo, using a percutaneous
intramarrow injection model,
n = 6 per group. (B) After 1
week, 52% knockdown was
observed by qRT-PCR. (C)
After 4 weeks, microCT re-
constructions showed a sig-
nificant reduction in
trabecular bone formation.
(D, E) Trabecular BMD and
BV/TV were significantly
reduced with b-catenin
shRNA treatment. *p < 0.01
in comparison with control.
shRNA, short hairpin; BMD,
bone mineral density; BV,
bone volume; TV, tissue
volume; qRT-PCR, quantita-
tive real time-polymerase
chain reaction; BMSC, bone
marrow mesenchymal stro-
mal cell; GFP, green fluo-
rescent protein; microCT,
microcomputed tomography.
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those animals with b-catenin shRNA treatment, reduced
frontal bone defect reossification was observed in compar-
ison with PBS control or control shRNA. In contrast, pari-
etal bone defect healing was minimally impacted among the
b-catenin shRNA treatment group.

These differences were next confirmed by quantitative
radiographic metrics (Fig. 3), including BV (Fig. 3A), per-
centage BV (BV/TV) (Fig. 3B), and BFA (Fig. 3C). Finally,
after 3D-rendered models were generated, the extent of bone
formation within the calvarial defect was scored using a bone
healing score from 0 to 4 according to a previously published
scale for calvarial healing20 (Fig. 3D). Results confirmed that
across all frontal bone defect groups and all quantitative
metrics, significant reossification was observed in compari-
son with parietal bone defects. Control shRNA showed no
difference to PBS control across any parameter. Across all
quantitative endpoints, a significant reduction of frontal bone
defect healing was noted with b-catenin shRNA treatment.
In contrast, parietal bone defect healing was minimal under
all conditions, and was predominantly unchanged among b-
catenin shRNA-treated mice. These results confirmed prior
observations regarding the greater healing capacity of frontal
bone defects, and suggested that normal frontal bone healing
required intact Wnt/b-catenin signaling.

Lentiviral-delivered b-catenin shRNA inhibits frontal
bone osteogenesis

To further define effects of b-catenin knockdown, his-
tologic analyses of frontal and parietal bone defects were
next performed. H&E-stained histologic sections con-
firmed microCT findings (Fig. 4). Control-treated frontal
bone defects demonstrated extensive new woven bone ei-
ther contiguous with the bone defect margins or seen as
small detached trabeculae within the defect midsubstance
(Fig. 4A). In contrast, frontal bone defect healing was
significantly reduced with lentiviral-delivered b-catenin
shRNA, with reduced new bone formation at the defect
edge and predominantly undifferentiated mesenchyme
within the defect midsubstance (Fig. 4B). Consistent with
radiographic findings, control shRNA-treated parietal bone
defects were sharply marginated at the defect edge, with
little new bone formation (Fig. 4C). A similar histologic
appearance of parietal bone defects was observed among
the b-catenin shRNA-treated groups (Fig. 4D). Histologic
results were confirmed by histomorphometric means, either
by measuring bone area per high-power field within the
defect site (Fig. 4E) or relative remaining bone defect
length (Fig. 4F).

FIG. 2. Frontal bone heal-
ing is sensitive to lentivirus-
delivered b-catenin shRNA.
(A) microCT three-
dimensional reconstruction
images of frontal bone de-
fects (above, red) and parietal
bone defects (below, blue)
were performed 4 weeks
postoperatively. Animals
were pretreated with PBS
control, lentiviral-delivered
control shRNA (random se-
quence shRNA with GFP), or
lentiviral-delivered b-catenin
shRNA with GFP. (B) High
magnification of frontal and
parietal defects. Original
1.8 mm defect size is outlined
with a dashed black circle.
Scale bars: 1 mm. PBS,
phosphate-buffered saline.
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Next, more detailed immunohistochemical analysis of fron-
tal and parietal bone defects was examined under control
shRNA or b-catenin shRNA treatment conditions (Fig. 5). To
assess the functional changes to Wnt/b-catenin signaling, the
transcriptional target Axin-2 was assessed23 (Fig. 5A). Under
control shRNA conditions, Axin-2 expression as detected by
immunofluorescent staining was most clearly observed at the
leading bone defect edge and was most prominent within
frontal bone defects (see white arrowheads, Fig. 5A). A sig-
nificant decrease in Axin-2 expression was observed among the
b-catenin shRNA treatment groups. This reduction in Axin-2
immunofluorescent staining was most prominent among fron-

tal bone defects. A less dramatic reduction in Axin-2 im-
munostaining was also observed among b-catenin shRNA-
treated parietal bone defects. Finally, immunofluorescent
staining for PCNA was performed as a well-established
marker of cell proliferation.24 Predominantly, nuclear staining
was observed across all sections with weak cytoplasmic im-
munostaining. Similar to the domain of Axin-2 expression,
strong PCNA expression was predominantly localized to the
leading reossification front of the frontal or parietal bones. A
marked decrease in PCNA immunostaining was observed
among the b-catenin shRNA-treated defects, which was again
most notable within the frontal bone defects.

FIG. 3. microCT quantification of calvarial defect healing. microCT quantitative analysis performed at 4 weeks post-
operatively. Animals were pretreated with PBS control, lentiviral-delivered control shRNA (random sequence shRNA with
GFP), or lentiviral-delivered b-catenin shRNA with GFP. Frontal bone defects are shown in red, while parietal bone defects
are shown in blue. (A) BV, (B) BV/TV, (C) bone fractional area, and (D) semiquantitative healing score (grade) after 4
weeks. A significant reduction among frontal defect healing was noted across all markers with b-catenin shRNA treatment.
N = 3 mice per PBS and shRNA control group; N = 5 mice per b-catenin shRNA group. *p < 0.05.
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Discussion

The canonical Wnt/b-catenin pathway has long been studied
as an intrinsic mechanism for bone development and regen-
eration. Although there are many available in vivo models for
knockdown of this pathway, including conditional knockout
and siRNA inhibition,10–12 none offers a targeted, stable, and
prolonged avenue for b-catenin knockdown. In this study, we
used a lentiviral-delivered shRNA vector targeted to b-catenin.
Our results resulted in significant bone morphologic changes in
both an intramedullary injection model in the long bone and a
bone defect model.

Wnt signaling is known as an important regulatory pathway
for bone formation by inducing osteogenic differentiation and
inactivating pathways for osteopenic states. In mesenchymal
stem cells, b-catenin has been shown to promote differentia-
tion into osteoblasts and suppress differentiation into adipo-
genic or chondrogenic lineages by upregulation of osteogenic
regulators such as Runx2, Dlx5, and Osterix.25 Downstream
mediators of b-catenin likely lead to normal osteogenic
development by potentiating growth of osteoblasts; how-
ever, studies have found disturbances in b-catenin to also
regulate osteoclast differentiation.26,27 Conditional b-catenin
knockout mice demonstrated a dramatic increase in osteoclast

FIG. 4. Histologic exami-
nation of frontal and parietal
bone defect healing with b-
catenin shRNA. (A–D) Cor-
onal cross-sectional images
of bone defects at low-
magnification (4 · ) and cor-
responding (10 · ) images.
(A) Frontal bone defects with
lentiviral-delivered control
shRNA. (B) Frontal bone
defects with lentiviral-
delivered b-catenin shRNA.
(C) Parietal bone defects
with lentiviral-delivered
control shRNA. (D) Parietal
bone defects with lentiviral-
delivered b-catenin shRNA.
(E, F) Histomorphometric
analysis of serial hematoxy-
lin and eosin sections, quan-
tifying (E) bone area, and (F)
residual, relative bone defect
length. *p < 0.05; N = 3 mice
per PBS and shRNA control
group; N = 5 mice per b-
catenin shRNA group: N = 12
images analyzed per sample.
Large arrowheads indicate
original defect location,
while small arrowheads in-
dicate extent of bone healing.
Scale bars: 200 mm for
4 · images and 100mm for
10 · images.
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numbers,27 indicating the multiple roles b-catenin plays in
bone homeostasis. Although cell proliferation and apoptosis
are well-known methods in which b-catenin regulates bone
development, its function in multiple downstream regulator
domains means further study is required to fully understand
the effects of b-catenin knockdown on osteoprogenitor cells
and bone formation.

As the Wnt/b-catenin pathway functions in both bone
maintenance and repair, we wanted to validate this method
of b-catenin knockdown in a bone healing model. Initial
studies have determined differential healing pathways in
calvarial bones due to embryological differences in frontal
and parietal bone development. As the frontal bone is de-
rived from a neural crest origin, it has been shown to
demonstrate enhanced bone healing along with increased
Wnt/b-catenin pathway activation.18 Our results have con-
firmed previous reports by Li et al. that frontal bone healing
is enhanced due to the Wnt/b-catenin pathway,22 and we
have further demonstrated that knockout of this pathway
confers diminished frontal bone healing as well as dramat-
ically decreased expression of downstream targeted genes,
including Axin-2.

Interestingly, despite our knockdown of the b-catenin
pathway, frontal bone healing was still more significant than
parietal bone healing. This was found in both the control and
b-catenin shRNA groups, indicating that knockout of the
Wnt/b-catenin pathway does not fully diminish the differ-
ential pathways of bone healing. This is likely due to dif-

ferences in embryological origin of frontal and parietal bones,
resulting in other pathways known to play important roles in
calvarial osteogenesis, including transforming growth factor-
b, bone morphogenetic protein, and fibroblast growth factor
(FGF).28 For example, Quarto et al. have found differential
expression of FGF receptors between neural crest-derived and
parietal mesoderm-derived osteoblasts,29,30 suggesting intrin-
sic differences in frontal and parietal bone healing. Congruent
with these observations, our data suggest that Wnt signaling
interacts with multiple pathways that govern the enhanced
osteogenic potential in frontal bone healing. In the future, it
will be crucial to define the interplay between these signaling
pathways in the frontal bone, which our model of localized b-
catenin knockdown may facilitate. In addition, by specifically
knocking down b-catenin, we will be better able to tease out
the regulatory relationship between the Wnt pathway and
osteoinductive ligands.

In summary, we have generated a novel model for
studying the stable and localized inhibition of the Wnt/b-
catenin pathway through a lentiviral vector both in in vitro
and in vivo applications. Lentiviral-delivered b-catenin
shRNA model allows for specific and localized Wnt/b-ca-
tenin signaling blockade and can be used for further inves-
tigation of the importance of locoregional Wnt/b-catenin
signaling in bone regeneration. Validation of this model
both in static and dynamic in vivo models demonstrates the
breadth of Wnt/b-catenin inhibition on both bone mainte-
nance and regeneration.

FIG. 5. Immunohistochemical examination of frontal and parietal bone defect healing with b-catenin shRNA. Im-
munofluorescent staining performed on sections of frontal and parietal bone defects at 4 weeks postoperative among control
shRNA and b-catenin shRNA treatment conditions. (A) High-magnification (40 · ) images of Axin-2 immunofluorescent
staining at the bone defect edge, appearing red. (B) High-magnification (40 · ) images of proliferating cell nuclear antigen
immunofluorescent staining at the defect edge, appearing red. Cells were counterstained with 4¢,6-diamidino-2-phenylindole
(blue). White arrow heads point to immunofluorescent staining at the leading reossification front, while dashed white lines
indicate the bone (B) margin. Scale bar: 10mm.
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