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Abstract
Intraflagellar transport (IFT) proteins are essential for the assembly and maintenance of cilia,
which play important roles in development and homeostasis. IFT80 is a newly defined IFT
protein. Partial mutation of IFT80 in humans causes diseases such as Jeune asphyxiating thoracic
dystrophy (JATD) and short rib polydactyly (SRP) type III with abnormal skeletal development.
However, the role and mechanism of IFT80 in osteogenesis is unknown. Here, we first detected
IFT80 expression pattern and found that IFT80 was highly expressed in mouse long bone, skull,
and during osteoblast differentiation. By using lentivirus-mediated RNA interference (RNAi)
technology to silence IFT80 in murine mesenchymal progenitor cell line-C3H10T1/2 and bone
marrow derived stromal cells, we found that silencing IFT80 led to either shortening or loss of
cilia and the decrease of Arl13b expression - a small GTPase that is localized in cilia.
Additionally, silencing IFT80 blocked the expression of osteoblast markers and significantly
inhibited ALP activity and cell mineralization. We further found that IFT80 silencing inhibited the
expression of Gli2, a critical transcriptional factor in the hedgehog signaling pathway.
Overexpression of Gli2 rescued the deficiency of osteoblast differentiation from IFT80-silenced
cells, and dramatically promoted osteoblast differentiation. Moreover, introduction of Smo agonist
(SAG) promotes osteoblast differentiation, which was partially inhibited by IFT80 silencing.
Thus, these results suggested that IFT80 plays an important role in osteogenesis through
regulating Hedgehog/Gli signal pathways.
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1. Introduction
Primary cilia are microtubule-based organelles localized on the surface of almost all
vertebrate cells including osteoblasts and osteocytes. These organelles are extended and
maintained by the transport of particles along the axoneme mediated by intraflagellar
transport (IFT) bidirectional machinery. IFT proteins are organized into two complexes.
Complex A containing IFT144, 140, 139, and 122 proteins mediates retrograde transport of
cargoes from the tip to the base of the cilia, while complex B containing IFT172, 88, 81, 80,
74/72, 57/55, 52, 46, 27, and 20 mediates anterograde transport of specific cargoes from the
base to the tip. The movement of IFT proteins is carried out by two different microtubule-
based motors: the anterograde (towards the cilia tip) motor is kinesin-II, which is composed
of Kif3a and Kif3b motor subunits; the retrograde (towards the cell body) motor is
cytoplasmic dynein-Ib. IFT complexes carry axonemal subunits to the site of assembly at the
tip of the axoneme and are necessary for axonemal growth [1]. In recent years, the
importance of IFT proteins for the development and function of the skeleton has been
demonstrated due to the findings of skeletal abnormalities in human cilia-associated
disorders [2–6] and in IFT-related mouse knockout studies [7–13]. Increasing studies have
shown that primary cilia/IFT regulate embryonic bone development [8, 14–18] and
mechanically regulate bone formation in adults[19, 20]. However, the function and
mechanism of IFT/cilia proteins in osteoblast differentiation and function are still largely
undefined.

Most recently, Xiao et al [21] reported that targeted deletion of PKD1 (polycystin-1) in
osteoblasts results in osteopenia phenotype, and impaired osteoblastic differentiation. While
Kif3a deficiency reverses the skeletal abnormalities in Pkd1 deficient mice by restoring the
balance between osteogenesis and adipogenesis[18]. Qiu et al [17] demonstrated that
osteoblast specific deletion of Kif3a causes increased cell proliferation, impaired
osteoblastic differentiation, and enhanced adipogenesis in vitro. They further found that
conditionally deleted Kif3a in osteoblasts results in the reduction or shorten of primary cilia
and develops osteopenia in vivo and suggested that Kif3a regulates osteoblastic
differentiation and function through multiple pathways including hedgehog, intracellular
calcium and Wnt signaling. These finding highlighted important roles of IFT and cilia
related proteins in osteoblast differentiation and bone development.

A number of studies have shown that the skeletal phenotypes observed in a variety of IFT
and ciliary component knockout lines can be attributed to abnormal hedgehog signaling
(Hh) [8, 12, 22]. Hh signaling is one of the major signaling pathways that regulate
osteogenesis and embryonic bone development and post-embryonic bone homeostasis [23,
24]. In vertebrates, the Hh family consists of three members: Sonic Hh (Shh), Indian Hh
(Ihh), and Desert Hh (Dhh)[24]. Hh protein binding to the transporter-like receptor Patched
(Ptch) releases Ptch inhibition of Smoothened (Smo) allowing the transduction of the Hh
signal to the primary cilium. This in turn activates Gli transcription factors that mediate the
transcription of Hh target genes in cells [25–27]. Without a cilium, hedgehog signaling is
abrogated, leading to a variety of skeletal malformations as well as embryonic lethality. For
example, deletion of IFT88 in limb mesenchyme resulted in shortening of the bone in the
limbs due to alterations in Ihh signaling and endochondral bone formation [8]. Conditional
deletion of IFT88 or Kif3α in chondrocyte lineage by using Col2α1-cre lead to abnormal
hedgehog signaling topography and apparent growth plate dysfunction [22, 28], which are
similar to conditional deletion of Ihh in postnatal cartilage (Ihhflox/flox, Col2a-CreER)[29].

IFT80 is a newly identified IFT protein, which encodes a 777-residue protein that contains
seven WD40 domains and is a component of the IFT complex B [30]. WD40 domains are
short motifs of approximately 40 amino acids that form circular beta propeller structures.
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During intraflagellar transport, this complex helps carry materials from the base to the tip of
cilia. Partial mutations of IFT80 in humans cause Jeune asphyxiating thoracic dystrophy
(JATD) and short rib polydactyly type III (SRPIII). Both diseases have severe bone
abnormalities including shortening of the long bones and constriction of the thoracic cage
[31–33]. SRP type III is a more severe disorder with a range of extra skeletal malformations,
including cleft lip or palate, cystic renal disease, gastrointestinal, urogenital, brain and/or
cardiac malformations. These two diseases often lead to death prenatally or in infancy due to
respiratory insufficiency. However, currently, it is still unclear if the abnormal bone
phenotype result from the effect of IFT80 mutation on osteogenesis or indirect effect of
mutation of IFT80 in human tissues. Therefore, in this study, to identify the role and
mechanism of IFT80 in osteoblast differentiation, we first identified the gene expression
pattern of this newly discovered protein in various mouse tissues, including skull and bone
among others, and confirmed IFT80 is predominantly expressed in bone as well as during
osteoblast differentiation. We further determined the effect of IFT80 on osteoblast
differentiation and activation and on the Hh/Gli signaling transduction pathway. Our results
demonstrated that the IFT80 gene plays an essential role in osteoblast differentiation and
likely is involved in Hh/Gli signal pathway.

2. Materials and Methods
2.1. Cell lines and cell culture

HEK293T human embryonic kidney cell line, C3H10T1/2 murine mesenchymal progenitor
cell line and RAW264.7 murine monocyte/macrophage cell line were obtained from
American Type Culture Collection (ATCC). For preparation of mouse BMMs and BMSCs,
animal procedures were conducted in accordance with the protocol approved by the
Institutional Animal Care and Use Committee (IACUC) of University at Buffalo (UB). Both
femora and tibias were removed and soft tissues were detached from the bone of 6-week-old
C57BL/J wild type mice. The metaphysis from both ends was resected and BMMs were
collected by flushing the diaphysis with PBS. BMSCs were expanded as described
previously [34]. For osteoblast differentiation, C3H10T1/2 cells and BMSCs were
respectively seeded at a density of 5×104 cells/cm2 and maintained in complete growth
media for 24 hrs (α-modified Eagle’s medium with 10% fetal bovine serum (FBS, Gibco),
100U/ml penicillin and 100mg/ml streptomycin) in a humidified atmosphere of 5% CO2 at
37°C, then the cells were induced with osteogenic medium (OS media), i.e. the growth
medium with 10−8M dexamethasone, 50 μg/ml ascorbic acid and 10 mM β-glycerol-
phosphate [35] for the indicated times based on different experiments. For osteoclast
differentiation, RAW264.7 cells and BMMs were respectively induced with 10ng/ml
RANKL and 20ng/ml M-CSF for 0, 24 and 96 hours [36].

2.2. IFT80 shRNA lentivirus packaging, tittering and cell infection
To identify the function of IFT80 gene in osteoblast differentiation and osteoblastic
signaling pathways, we used lentivirus-mediated mouse pGIPZ-IFT80 shRNA plasmids and
control pGIPZ-scrambled shRNA (Open Biosystems, RMM4532-NM 026641) to package
IFT80 recombinant lentivirus according to the manufacturer’s instructions. Briefly, five
individual vector pGIPZ-IFT80 shRNAs were respectively co-transfected with the
packaging plasmids, pCMV-Dr8.2 and pCMV-VSVG (Addgene) [37] into HEK293T cells
(ATCC) using calcium phosphate co-precipitation method. The medium was replaced with
fresh complete growth media after co-transfection for 8 hours. After 48–72 hrs, the lentiviral
supernatant was harvested and the titer was determined by infecting HEK293T cells with
serial dilutions of concentrated lentivirus in the presence of 4 μg/ml polybrene (Sigma). For
infection of target cells, the viral supernatant was added to C3H10T1/2 cells or BMSCs.
Following incubation for 24 hrs, the virus-containing media was removed and replaced with
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fresh growth medium. At 48 hrs following the transfection, the cells were analyzed by RT-
PCR, western blot and immunostaining to test silent efficiency of the IFT80 gene. For
osteoblast differentiation, after the infection of the cells for 24 hrs, the virus-containing
media was replaced with OS media for the indicated times based on the different
experiments.

2.3. Production of recombinant retrovirus
Retroviral vector pBMN-Gli2 was constructed by inserting a full-length 6.18kb Gli2 cDNA
(access no. NM_027770) into the EcoRI and Not I site of pBMN- I-GFP vector (pBMN)
(Addgene), and packaging was performed as the protocol from Dr. Garry Nolan Laboratory,
Stanford University. Briefly, retrovirus vectors pBMN-I-GFP (control vector) and pBMN-
Gli2 were separately transfected into the phoenix-ecotropic packaging cell line by CaCl2
precipitation method [38]. Following the transfection, the cells were placed in a 32°C
humidified incubator for 48 hrs. The media containing infectious virus was harvested and
filtered through a 0.45 mm filter for tittering assay. The retrovirus carrying Gli2 cDNA was
then used to infect 70–80% subconfluent proliferating C3H10T1/2 cells with the presence of
8μg/ml Polybrene to enhance the efficiency of infection. The Gli2 protein expression were
confirmed by performing immunostaining and western blot [36].

2.4. RT-PCR and Quantitative real time RT-PCR analyses
All animal procedures were approved by IACUC of UB. Total RNA was extracted from 14-
day-old C57BL/6J mouse tissues including the lung, spleen, kidney, muscle, liver, heart,
brain and calvaria (free of periosteum), OS media-BMSCs and C3H10T1/2 cells, or
RANKL/M-CSF- induced BMMs and RAW264.7 cells using TRIzol reagent (Invitrogen).
cDNA was synthesized from 1 μg total RNA using the SuperScript III reverse transcriptase
kit (Invitrogen) in a final volume of 20 μl. Primers were designed with the IDT SCI primer
design tool (Integrated DNA Technologies, San Diego, California). RT-PCR experiments
were performed with a Bio-Rad C1000 thermal cycler (Bio-Rad, Hercules, CA), and real-
time PCR experiments were performed with an ABI prism 7500 (Applied Biosystems,
Grand Island, NY) in triplicate. Sequence and product lengths for each primer pair were:
BMP2, forward primer 5′ GTTTGG CCTGAAGCAGAGAC 3′, reverse primer 5′
TCTAAATGGGCCACTTCCAC 3′; ALP, forward primer 5′
GGGCATTGTGACTACCACTC 3′, reverse primer 5′ AGTCAGGTTGTT CCGATTCA
3′; RUNX2, forward primer 5′ CACTGCCACCTCTGACTTCT 3′, reverse primer 5′
CACCATCATTCTGGTTAGGC 3′; IFT80, forward primer 5′ AAGGAACCAAAGCAT
CAAGAATTAG 3′, reverse primer 5′ AG ATGTCATCAGGCAGCTTGAC 3′; GAPDH
forward primer 5′-ACCACAGTCCATGCCATCAC-3′; reverse primer 5′-TCCACCACCC
TGTTGCTGTA-3′. Samples were analyzed in triplicate and the raw data consisted of PCR
cycle numbers required to reach a fluorescence threshold level. The relative expression level
of target genes was normalized with geNorm software (Primer Design Ltd) using GADPH
gene as reference to determine the normalization factor [39]. The data were expressed as the
mean ± SE.

2.5. Alkaline phosphatase (ALP) activity
ALP activity was determined using the ALP assay kit (Sigma) according to the
manufacturer’s instructions. Briefly, cells were lysed with 0.5% Triton X-100. ALP assay
was performed in alkaline buffer solution (1.5 M, pH 10.3) containing 10 mM p-nitrophenyl
phosphate as a substrate. Following the addition of the stop solution (3 M NaOH solution),
the optical density was determined using a microplate reader set at 405 nm. ALP activity
was normalized with the value of DNA content and expressed as nmol of p-nitrophenol
produced per minute per mg of total DNA. DNA concentration was measured according to
the method of Schneider [40].
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2.6. Alizarin red staining
To measure extracellular matrix Ca deposits for bone nodule formation, cellular matrix was
stained using Alizarin red dye, which combines with Ca in the matrix as previously
described [41, 42]. At 14 days following the induction with OS media, cells were washed
with PBS twice and then fixed with 2.0% formaldehyde. The cells were stained with 40
mmol/L of Alizarin red solution (pH 4.4) for 40 mins at room temperature and rinsed with
deionized water twice. The images of stained cells were captured using a phase contrast
microscope with a digital camera (IM50, Leica, Germany). The concentration of Alizarin
Red staining in the samples was determined by comparing the absorbance values with those
obtained from Alizarin Red standards. Briefly, the cells were destained for 15 mins with
equal amount of 10% (w/v) cetylpyridinium chloride (sigma) in 10 mM sodium phosphate
(pH 7.0). The equal volume of the destained solution was then transferred to a 96-well plate,
and measured at the absorbance of 562 nm [43].

2.7. Von Kossa staining
Because Ca coprecipitates with the phosphate ion in the matrix, von kossa staining (which
stains phosphate ions) was also used for determining mineralization in the cultures [44, 45].
Cells were washed with PBS and fixed with 2.0% formaldehyde for 15 mins. After washing
with deionized water 3 times, cells were incubated with 5% silver nitrate at room
temperature under ultraviolet light for 1 hour. After washing with deionized water, the
images of the stained cells were photographed using phase-contrast microscope.

2.8. Immunocytochemistry staining
Mouse eyes, calvarial bone and kidneys tissue were dissected from wild type C57BL/J mice
in accordance with the protocol approved by IACUC of UB. Immunofluorescence staining
analysis of IFT80 expression in mouse tissues were performed as described previously [38].
The cells were seeded at 1×105 cells/well on 24-well plates and incubated overnight,
followed by infection with lentivirus IFT80 shRNA and/or retrovirus pBMN-Gli2 for 24
hours. The cells were sequentially induced with OS media with 10% FBS for 3 days. After
48 hours of serum starvation (without FBS), the cells were fixed with 100% ice-cold
methanol for 10 min and washed 3 times with PBS. Fixed cells were blocked with 5% BSA
in PBS for 60 min. The cells were then incubated with primary antibody diluted in PBS
containing 1% BSA for 1 hour. The primary antibodies used were as follows: anti-IFT80
antibody (Abnova, Walnut, CA. 1:500), anti-γ tubulin (Sigma, T3320, AK-151:1000) and
mouse monoclonal anti-acetylated tubulin antibody (Sigma, T7451, 6-11B-1, 1:1,000). After
washing 3 times in PBS, Alexa Fluor 488-, Alexa Fluor 568- or Alexa Fluor 647
(Invitrogen, Grand Island, NY)-conjugated anti-rabbit or anti-mouse IgG was added in PBS
with 1% BSA for 1 hour. In the final washes, 6-diamidino-2-phenylindole (DAPI) (Sigma)
was added and used as a counterstain for nuclei. Fluorescence images were acquired using a
Zeiss Axioimager microscope.

2.9. Western blot analysis
Cells were lysed with NP40 buffer (1% NP-40, 0.15 M NaCl, 50mM Tris, pH 8.0)
containing protease inhibitors (Sigma). Protein quantitation was performed with BCA
protein assay reagent (Pierce, Rockford, IL, USA). Equal amounts of protein from the
different groups were denatured in SDS sample buffer and separated on 8–10%
polyacrylamide-SDS gel based on the protein molecular weight. Proteins were transferred to
polyvinylidene difluoride membrane. The antibodies to osteocalcin (abcam 13418), collagen
I (abcam 34710), Gli2 (abcam 7195), IFT80 (Abnova, PAB15842), GAPDH (cell signaling
technology, 14C10) and β-catenin (Cell signaling technology, 9562) were used to detect the
target proteins. The antigen-antibody complexes were detected using the appropriate
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secondary antibodies (Sigma) and the enhanced chemiluminescence detection system, as
described in [38, 46]. The blots were visualized and quantified using Fluor-S Multi-Imager
and Multi-Analyst software (Bio-Rad).

2.10. Statistical analyses
Statistical analysis was performed using software SPSS-17.0. Data were analyzed using one-
way analysis of variance and Tukey HSD test was applied as a post hoc test if significance
was determined. Statistical significance for two groups was assessed using Student’s t-test.
All experiments were at least triplicated. All values were expressed as means ± SD. The
probability level (P) at which differences were considered significant was at P<0.05.

3. Results
3.1. Ift80 is highly expressed in osteoblast progenitor cells, osteoblasts, and bone

To identify the expression pattern of IFT80, we first analyzed IFT80 mRNA expression on
10 kinds of mouse tissues by performing real time RT-PCR. The result showed that IFT80
was highly expressed in the long bone and skull. It is abundant in eye, lung, spleen and
kidney tissues. IFT80 was also expressed in muscle, heart, liver, and brain tissues, but to a
far lesser extent (Fig. 1A). This result was further confirmed by immunostaining in mouse
long bone, eye and kidney tissues (Fig 1B). To further characterize the expression pattern of
IFT80 during osteoblast and osteoclast differentiation, real time RT-PCR analysis were
performed for the time course of IFT80 expression in C3H10T1/2 cells and primary mouse
bone marrow derived stromal cells (BMSCs) for osteoblast differentiation and in primary
mouse bone marrow-derived monocytes (BMMs) and RAW264.7 cells for osteoclast
differentiation. As show in Fig. 1C, IFT80 was expressed in C3H10T1/2 cells, RAW264.7
cells, and primary BMSCs and BMMs. The expression of IFT80 was slightly decreased
about 5% – 19% during osteoblast and osteoclast differentiation. The levels of IFT80 during
osteoblast differentiation are much higher than those during osteoclast differentiation. To
further confirm these results in protein level, C3H10T1/2 cells were induced with OS media
for 0, 3, 14 and 17 days, the protein level of IFT80 was detected by western blot. Similar to
the results from Real time PCR, IFT80 was expressed in preosteoblast and mature
osteoblasts (Fig. 1D–E). These results indicate that IFT80 protein is predominantly
expressed in early stages of osteoblast, and it continues to be expressed throughout the
entirety of differentiation.

3.2. Silencing IFT80 blocks IFT80 expression and impairs cilia formation
The primary cilium is an organelle present in almost all eukaryotic cells, including
osteoblasts (33). IFT proteins are required for primary cilia biogenesis [47–49]. To
determine the effects of silencing IFT80 on cilia formation, we used lentivirus-based RNAi
gene silencing technology to knockdown IFT80 gene expression in C3H10T1/2 cells and
mouse primary BMSCs. After transfection of five unique pGIPZ-IFT80 shRNA constructs
respectively, the recombinant lentiviruses (I1, I2, I3, I4 and I5) were used to assess silencing
efficiency. As shown in Fig. 2A–B, IFT80 expression was diminished and/or undetectable in
the I1 and I3 constructs compared to cells infected with the control pGIPZ-scrambled
shRNA (pGIPZ) lentivirus as well as the other constructs (I2, I4, I5). Fluorescent
immunostaining analysis showed that the expression of IFT80, and Arl13b, a small GTPase
that is localized in cilia and required for cilia formation [50], was blocked in the IFT80-
silenced cells compared with that of the control cells (Fig. 2C–D). To further assess the
IFT80 silencing effects on cilia formation in mouse BMSCs, the cells were co-stained with
the antibodies to gamma tubulin (red), acetylated α-tubulin (bright blue), and DAPI (Blue)
for detecting cilia. As shown in Fig. 2E, cilia, as visualized by localization of gamma tubulin
(red) and acetylated α-tubulin (bright blue), about 75–80% cells showed apparent cilia
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formation on the control cells (pGIPZ). However, in IFT80-silenced cells, only about 15–
20% cells have cilia formation, and among those cells, about 5–10% cells showed shorten
cilia compared to the control. These results indicated that silencing IFT80 impairs cilia
formation.

3.3. Silencing IFT80 inhibits osteoblastic differentiation and mineralization
ALP activity and matrix mineralization are important factors for bone formation. Alkaline
phosphatase hydrolyzes pyrophosphate and provides inorganic phosphate to promote
mineralization in osteoblast [51]. To determine whether silencing IFT80 affects ALP
activity and osteoblast marker gene expression, C3H10T1/2 cells were infected with pGIPZ-
IFT80 shRNA (I3) or pGIPZ-scrambled shRNA (pGIPZ) lentiviruses and induced with OS
media for 7 days. ALP activity was then examined as described in the Materials and
Methods section. As shown in Fig. 3A, silencing IFT80 significantly inhibited ALP activity.
ALP activity in the control group (pGIPZ) was 2.9 fold of that in IFT80-silenced group (I3)
(n=6, p<0.01). Meanwhile, real time RT-PCR showed that silencing IFT80 significantly
suppressed the expression of osteoblast marker genes - RUNX2, OCN, BSP and ALP as
shown in Fig. 3B. The level of RUNX2, BSP, ALP and OCN in control cells are
respectively 3.5, 3, 5 and 2 folds of that in IFT80 silenced cells, indicating IFT80 regulates
osteoblast marker gene expression. To test whether IFT80 affects cell mineralization,
C3H10T1/2 cells were infected with I3 or pGIPZ, and then induced with OS media for 14
days. Von Kossa and Alizarin Red staining assays detected the phosphate and calcium
deposits on the cells, respectively. As shown in Fig. 3C–D, silencing IFT80 led to the
apparent reduction of calcium and phosphate deposits (Fig. 3C). Quantitative mineralization
levels based on Alizarin Red staining in IFT80-silenced cells was significantly lower than
that in control cells (n=6, p<0.05) (Fig. 3D). This indicates that IFT80 plays a critical role in
osteoblast differentiation, activation, and cell mineralization. To confirm our findings on
primary BMSCs, BMSCs were infected with I3 and pGIPZ, and then induced with OS
media for 2 days for western blotting, 7 days for ALP assays and 14 days for alizarin red
staining. Similar to the results from osteoblast progenitor cell line, the expression of IFT80
was undetectable in IFT80-silenced cells (Fig. 3E), and silencing IFT80 significantly
inhibited cell mineralization (Fig. 3F). ALP activity in pGIPZ group was 2.7 fold higher
than that in the IFT80-silenced group (Fig. 3G); indicating IFT80 plays an important role in
osteogenesis and cell mineralization.

3.4. Ectopic expression of Gli2 rescues the impaired osteoblast differentiation and
mineralization resulting from silencing IFT80

It has been reported that intraflagellar transport is essential for efficient hedgehog signaling
(Hh) [52–54]. Gli transcriptional factors play essential roles in Hh-mediated pathway, bone
development and osteoblast differentiation [55–57]. To investigate whether IFT80 controls
osteoblast differentiation through the Hh-Gli pathway, we first analyzed whether silencing
IFT80 affects Gli2 gene expression in C3H10T1/2 cells by western blot. As shown in Fig.
4A–B, silencing IFT80 markedly inhibited Gli2 gene expression. Next we looked at whether
ectopic expression of Gli2 can rescue the deficiency of osteogenesis, resulting from
silencing IFT80, and restore osteoblast differentiation. A recombinant retrovirus of Gli2
gene (pBMN-Gli2) was generated by using the pBMN-I-GFP retrovirus system. Then
pBMN-I-GFP (the empty vector as a control) or pBMN-Gli2 were separately transfected
into Phoenix-ecotropic cells and packaged into recombinant retroviruses. C3H10T1/2 cells
were infected with the Gli2-expressing virus (Gli2) or with the control virus (pBMN) as
described [38]. To confirm the ectopic expression of Gli2, we detected Gli2 protein by
Western blot analysis. As shown in Fig. 4C–D, the protein level of Gli2 was significantly
increased in Gli2-overexpresed cells compared with that in the control cells. Notably, the
expression of Gli2 in IFT80-silenced cells could rescue the impaired ALP activity and cell
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mineralization as shown in Fig. 4E–G. ALP activity in Gli2 group was 10, 2.5, and 2.2 folds
greater than that of the I3, pGIPZ, and I3+Gli2 groups, respectively (n=6, p<0.01).
Moreover, overexpression of Gli2 significantly promoted ALP activity and cell
mineralization of normal osteoblastic progenitor cells. These results indicate that IFT80
regulates osteoblast differentiation and mineralization through the Gli2-mediated pathway.

3.5. IFT80 and Gli2 regulate osteoblast marker gene expression
The osteoblast-associated molecules such as type I collagen (Col I), Runx2 (early
differentiation marker), and osteocalcin (OCN) (late differentiation marker) are considered
osteoblast markers [39, 58, 59]. To investigate the effect of IFT80 and Gli2 on the
expression of osteoblast marker genes, C3H10T1/2 cells were infected with the IFT80-
silenced (I3) or control (pGIPZ) lentivirus for 48 hrs followed by infection with Gli2-
overexpressed (Gli2) or control (pBMN) retrovirus for 48 hrs, and then induced with OS
media for 7 days. The expression of bone morphogenetic protein 2 (BMP2), ALP, and
RUNX2 was detected by RT-PCR and quantitative Real Time RT-PCR (Fig 5A–B). We
found that overexpression of Gli2 significantly increased BMP2, ALP and RUNX2
expression compared with that in the control cells, indicating that IFT80 affects osteoblast
differentiation and mineralization through regulating osteoblast marker gene expression.
Consistent with the above result, Western Blot analysis revealed that the expression of Col I
and OCN was attenuated in IFT80-silenced cells, but could be increased in Gli2-
overexpressed cells after being induced with OS media for 7 days (Fig. 5C–D). This
demonstrates that IFT80 facilitates osteoblast differentiation and mineralization through
regulating the expression of Gli2 and osteoblastic marker genes BMP2, Runx2, Col I, and
OCN.

3.6. IFT80 acts downstream of smoothened in Hh signaling pathway
Hh signaling is characterized by Smoothened (Smo)-dependent activation of Gli1 and Gli2,
which transcriptionally regulate target genes. Smo is activated upon Hh stimulation or
treatment with the agonist of Smo such as SAG, [27, 60–62]. Knowing that silence of IFT80
down-regulates Gli2 expression, and ectopic expression of Gli2 is able to rescue the
deficiency of osteoblast differentiation in IFT80-silenced cells, we further explored whether
the activation of Hh and Smo signaling can promote osteoblast differentiation and whether
IFT80-silencing can block the function of Smo. We found that treatment with SAG (10nM)
could significantly promote osteoblast differentiation; however, when silencing IFT80, this
promotion was partially inhibited (Fig 6A–B). The normalized level of mineralization in the
I3+SAG group is 0.64 folds that of the SAG group. By performing western blot, we further
show that overexpression of Gli2, or treatment with SAG, up-regulated the expression of
Gli2 in IFT80-silenced cells and control cells as shown in Fig 6C–D. These results provide
the first evidence that IFT80 regulates osteogenesis through Hh/Gli pathway, and IFT80 acts
downstream of Hh-Smo and upstream of Glis in this pathway.

4. Discussion
It has been reported that partially mutation of IFT80 in human causes diseases such as Jeune
asphyxiating thoracic dystrophy (JATD) and short rib polydactyly (SRP) type III with
abnormal skeletal development [31, 33, 63]. However, based on these mutation
observations, it is still unclear if the abnormal skeletal phenotype were resulted from indirect
effect of mutation of IFT80 in human tissues or due to the effect of IFT80 mutation on
osteogenesis. Therefore, in this study, we have addressed this question by using lentivirus
mediated gene silencing method to knockdown of IFT80 in osteoblast progenitor cells. We
demonstrated that IFT80 expression was predominant in bone tissues, and that IFT80
silencing impaired osteoblast differentiation and cell mineralization and decreased the
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expression of the osteoblast-specific genes. Also IFT80 silencing inhibited cilia formation.
Gain-of-function experiments via overexpression of Gli2 showed the enhancement of
osteoblast differentiation and mineralization in control cells and could rescue the deficiency
of osteogenesis from silencing IFT80. Moreover, treatment of SAG could promote
osteoblast differentiation which was partially inhibited by silencing IFT80. Those finding
suggest that IFT80 regulates osteoblast differentiation and mineralization through Hh/Gli
signal pathway and IFT80 functions downstream of Smo and upstream of Glis. This report is
the first to demonstrate that IFT80 is directly involved in the regulation of osteoblast
differentiation through Hh signaling pathway.

Our results showed that IFT80 was highly expressed in adult long bone and skull. It is
abundant in eye, lung, spleen and kidney tissues. IFT80 was also expressed in muscle, heart,
liver, and brain tissues, but to a far lesser extent. We further found that IFT80 expressed in
all stages of osteoblast differentiation, but the expression level of IFT80 gradually decreased
during the later stages of osteoblast differentiation. These results suggest diversity in the
function of IFT80. In agreement with this, cilia with IFT particles are expressed on the
surface of almost all vertebrate cells including osteoblasts and osteocytes[18]. In addition,
the loss of the IFT proteins in mice resulting in a complex series of pathologies involving
not only the skeleton, but also kidney, liver, brain, testis, eye, pancreas, etc [17–19, 22, 32,
33, 64–66], indicating that IFT proteins/cilia may have different functions in specific tissues
and cell types or during distinct stages of cell differentiation. In this study, by silencing
IFT80 in osteoblastic precursor cell stage, we have investigated the effect of IFT80 silencing
on osteoblast differentiation and mineralization. However, we cannot rule out the possibility
that IFT80 might also play an important role in mature osteoblast mechanotransduction,
because cilia are not only involved in cell differentiation and function, but also acts as a
mechanical sensor [19, 20].

Intraflagellar transport proteins are microtubule-based transport machinery, which are
essential for the assembly and maintenance of cilia [47, 67]. Accumulated evidence has
shown that defective IFT could result in impaired cilia [48, 54] with a class of human
genetic disorders. Conditional deletion of IFT88 in the developing limb showed the
disrupted cilia on different cell populations of developing limb and abnormal endochondral
bone formation [8]. Most recent studies have shown that disruption of Kif3a significantly
inhibited primary cilia formation in osteoblasts and reduced osteoblast differentiation in
vitro and bone formation in vivo [17, 18]. Knockdown of IFT80 in zebrafish, and
Tetrahymena thermophila, which produced shortened or absent cilia [31, 68] with symptoms
associated with JATD such as abnormal skeletal development resulting in a long, narrow
thorax, short ribs, shortened long bones, and occasional polydactyly [69]. Consistent with
these previous studies, our results show that silencing IFT80 from osteoblast progenitor cells
cause loss of cilia in 80–85% cells and the shorten cilia length in 5–10% cells. Moreover, we
found that silencing IFT80 inhibits the expression of cilia marker protein- Arl13b, which
plays a direct role in the assembly or maintenance of the axoneme [70]. Thus, we provide
the first evidence that IFT80 plays an essential role in cilia formation in osteoblast
progenitor cells.

Much evidence revealed that there are connections between the Hedgehog (Hh) signal
pathway and the primary cilium as well as IFT [52, 54, 71]. Kif3a-deficient mouse has a
phenotype similar to that of an Indian Hh (Ihh)-deficient mouse [22], suggesting the
relationship between Ihh and primary cilia and their role in skeletogenesis. Gli transcription
factors including Gli1, Gli2 and Gli3 are key effectors of the Hh signaling system [72].
Mutant studies revealed that Gli2 function primarily as the main transcriptional activator
whereas Gli3 as the transcriptional repressor of the mammalian Hh pathway [73–75]. In
contrast, Gli1 function is transcriptional activator and dispensable for development, as Gli1
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null mice are viable and appear normal [76]. It has been reported that loss of Kif3a and
IFT88 also led to a significant decrease of Gli2 expression, reduced cilia number and
length[8, 22]. Consistent with those findings, our results showed that silencing IFT80
disrupted cilia formation and suppressed the expression of Gli2. In addition, our results
show that overexpression of Gli2 could promote osteoblast differentiation and rescued the
deficiency of osteogenesis from IFT80 silencing. These results indicate that IFT80 acts
upstream of Glis and regulates Gli2 expression in Hh signaling pathway, and Gli2 directly
regulates osteogenesis. In agreement with this view, Andrea Kesper et al [57] found the
expression of Gli2 in preosteoblasts is sufficient for the induction of osteoblast
differentiation in absence of Gli3. Shimoyama et al [77] reported that overexpression of
Gli2- but not Gli3-induced osteoblast differentiation; whereas dominant-negative Gli2
markedly inhibited Ihh-dependent osteoblast differentiation. Most recently, Hojo et al [78]
demonstrated SAG induces osteoblast differentiation and osteoblast marker gene expression,
and SAG induction is inhibited in Gli1−/− and Gli2−/− cells relative to that in wild type cells.
This report agree with our finding that treatment with SAG in control cells promoted
osteoblast differentiation and silencing IFT80 could decrease Gli2 expression and partially
inhibit this SAG enhancement. Currently, we have no evidence for the precise mechanism. It
is most likely because 15–20% of IFT80 silenced cells still have cilia existed which can
response to ectopic higher level of Hh and Smo signaling to compensate the reduced Hh
signaling transduction in IFT80 silencing cells. It is also possible that similar to the
suppressor of fused (Sufu) [79], which regulates Gli protein levels in cilium-independent
manner, SAG activated, high level of smo regulates Gli2 protein level through both cilia
independent and dependent pathways in osteoblast differentiation.

It has been shown that there is a definite lineage-specific differentiation of mesenchymal
stem cells into osteoblasts upon Hh protein stimulation [80, 81]. Furthermore, the expression
of molecules that stimulate osteoblast differentiation, including BMP-2, -4, and -7 is
regulated by Hh signaling [82, 83]. Shimoyama et al. [77] reported that overexpression of
Gli2 and treatment with Ihh promotes osteoblast differentiation by regulating RUNX2
expression and function. Zhao, et al [84] reported that Gli2 plays a critical role in osteoblast
differentiation by up-regulating BMP-2 expression in osteoblast precursor cells. Our results
showed that silencing IFT80 significantly inhibited osteoblast differentiation, calcium
deposition in extracellular matrix and the expression of osteoblast marker gene expression –
RUNX2, BSP, BMP2, Col I and OCN. The level of RUNX2, BSP, ALP and OCN in control
cells are respectively 3.5, 3, 5 and 2 folds of that in IFT80 silenced cells. Overexpression of
Gli2 could rescue these deficiencies, indicating that Gli2 plays critical role in IFT80-
mediated osteoblast differentiation. Thus, our finding supports a model that IFT80 regulates
the expression of Gli proteins, allowing them to acquire full transcriptional activity and
regulate osteoblast differentiation and osteoblast marker gene expression.

In summary, our results demonstrate that IFT80 plays a critical role in osteoblast
differentiation through regulating Hh/Gli pathway and osteoblast marker gene expression.
The study presented here adds to the increasing body of evidence suggesting that IFT80 acts
on osteoblastic progenitor cells to promote osteoblast differentiation. Most recently, Rix et
al. group [66] generated a murine IFT80 gene-trap line, and Hypomorphic levels of IFT80
result in more than 97% embryonic lethality. This early embryonic lethality precluded direct
analysis of the roles of IFT80 in bone developmental processes in those mutants. Generating
IFT80 conditional knockout model would facilitate to elucidate the other possible pathways
such as wnt signaling, calcium signaling pathways coordinated by primary cilia and IFT80
for osteogenesis and mature osteoblast function such as acting as a mechanosensor, like
PKD1 or PKD2 genes [21, 85]. The findings on those studies would provide novel gene
therapeutic approaches and drug targets for treatment of JATD, SRPIII and other bone
diseases.
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Highlights

1. IFT80 was highly expressed in bone tissue and during osteoblast differentiation.

2. Silencing IFT80 led to either shortening or loss of cilia and blocked
osteogenesis

3. Overexpression of Gli2 rescued osteogenic deficiency of IFT80-silenced cells

4. Introduction of SAG promoted osteogenesis, which was inhibited by silencing
IFT80

5. IFT80 stimulates osteogenesis through regulating Hedgehog/Gli signal pathway
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Fig. 1.
IFT80 is prominently expressed in bone tissue and during osteoblast differentiation. (A)
Real time RT-PCR analysis of IFT80 expression in mouse tissues. Total RNA was extracted
from mouse tissues: brain, liver, eye, lung, heart, kidney, spleen, muscle, long bone and
skull. (B) Immunostaining for IFT80 expression. Bright green is positive for expression of
IFT80 (red arrows). (C) Real time RT-PCR analysis for IFT80 at transcriptional level during
osteoblast and osteoclast differentiation. C3H10T1/2 cells and BMSCs were respectively
induced with OS media for 0, 7 14 and 21 days respectively. Raw264.7 cells and BMMs
were respectively induced with M-CSF/RANKL (20ng/ml) for 0, 1, 2 and 4 days. (D)
Western Blot analysis of IFT80 protein expression during osteoblast differentiation.
C3H10T1/2 cells were induced with OS media for 0, 3, 7, 14 and 17 days. (E)
Quantification of protein levels from immunblots as in D. The protein levels of IFT80 were
normalized to GAPDH.
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Fig. 2.
Silencing IFT80 inhibits the expression of Arl13b, IFT80, gamma tubulin and acetylated α-
tubulin, and impairs cilia formation. (A) Western blot analysis of IFT80 expression.
C3H10T1/2 cells were infected with pGIPZ-IFT80 shRNA (I1–I5) or pGIPZ-scrambled
shRNA (PGIPZ) lentiviruses for 48 hrs, and then the protein was extracted to detect IFT80
expression. IFT80 expression was silenced in I1 and I3. (B) Quantitative analysis of protein
levels from immunoblots as in A. The protein levels of IFT80 were normalized to GAPDH.
(C) Immunofluorescence staining for IFT80 location and expression. IFT80 was expressed
in control group (pGIPZ, red), but blocked in IFT80-silenced cells. Nuclear were stained
with DAPI (blue). (D) Immunofluorescence staining for Arl13b location and expression.
Arl13b was expressed in control group (pGIPZ, red)), but not in IFT80-silenced cells.
Nuclear were stained with DAPI (blue). (E) Immunofluorescence staining for cilia by
detecting the location and expression of gamma tubulin (red) and acetylated α-tubulin
(bright blue). Nuclear were stained with DAPI (dark blue). Cilia existed in control cells, but
not in IFT80-silenced cells.
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Fig. 3.
Silencing IFT80 inhibits osteoblastic ALP activity, osteoblast marker gene expression, and
cell mineralization. (A) ALP activity assay. C3H10T1/2 cells were infected with pGIPZ-
IFT80 shRNA (I3) or pGIPZ-scrambled shRNA (pGIPZ) lentiviruses, induced with OS
media for 7 days, and then ALP activity was examined. ALP activity in control group was
2.9 fold of that in IFT80-silenced group (n=6, *p<0.01). (B) Real time RT-PCR for
analyzing the expression of RUNX2, OCN, BSP and ALP. C3H10T1/2 cells were infected
with pGIPZ-IFT80 shRNA (I3) or pGIPZ-scrambled shRNA (pGIPZ) lentiviruses and
induced with OS media for 7 days. (C) Von Kossa and Alizarin Red staining. C3H10T1/2
cells were infected with I3 or pGIPZ as described in Material and Methods, and then
induced with OS media for 14 days. (D) Quantitative mineralization level based on Alizarin
Red staining. The mineralized level in IFT80-silenced cells was significantly lower than that
in control cells (n=6, *p<0.05). (E–G) Silence of IFT80 in mouse BMSCs. Primary BMSCs,
derived from mouse bone marrow, were infected with I3 or pGIPZ and then induced with
OS media for: E, 2 days for western blotting; F, 14 days for Alizarin Red staining; G, 7 days
for ALP assays (n=6, *p<0.05).
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Fig. 4.
Ectopic expression of Gli2 rescues the impaired osteoblast differentiation and mineralization
resulting from IFT80 silencing. (A) Western blot analysis of Gli2 expression. C3H10T1/2
cells were infected with pGIPZ-shRNA IFT80 (I3) or pGIPZ-scrambled shRNA (pGIPZ)
lentiviruses for 48 hrs, at which time the protein was extracted for detecting Gli2 expression.
(B) Quantitative analysis of protein levels from immunoblots as in a. The protein levels of
Gli2 were normalized to GAPDH. (C) Western blot analysis for ectopic expression of Gli2.
C3H10T1/2 cells were infected with the Gli2-expressing retrovirus (Gli2) or with a control
retrovirus (pBMN). Gli2 protein level was significantly increased in Gli2-overexpresed cells
compared with the control cells. (D) Quantitative analysis of protein levels from
immunoblots as in c. The protein levels of Gli2 were normalized to GAPDH. (E–F) ALP
activity assay. C3H10T1/2cells were first infected with either I3 or pGIPZ for 48hrs,
followed by infection with pBMN or Gli2 for an additional 48 hours. The cells were then
induced with OS media for 7 days before detection of the ALP activity assay. Each bar is
expressed as the mean ± SD (unit/min*mg DNA) of six determinations: Gli2 vs. I3, pGIPZ,
or I3+Gli2, ***p30.001; I3 vs. I3+Gli2 or pGIPZ, *p30.001; I3+Gli2 vs. pGIPZ, **p>0.05.
(f) Von Kossa and Alizarin Red staining. After the infection protocol outlined above in e,
cells were induced in OS media for 14 days prior to Von Kossa and Alizarin Red staining.
(G) Quantitative mineralization level based on Alizarin Red staining. Each bar is expressed
as the mean ± SD (unit/min*mg DNA) of three determinations. Gli2 vs. I3, pGIPZ, or
I3+Gli2, ***p30.001; I3 vs. I3+Gli2 or pGIPZ, *p30.001; I3+Gli2 vs. pGIPZ, **p>0.05.
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Fig. 5.
IFT80/Gli2 regulates osteoblast marker gene expression. C3H10T1/2 cells were first
infected with either I3 or pGIPZ for 48hrs, followed by infection with pBMN or Gli2 for an
additional 48 hours, and then induced with OS media for 7 days. (A) RT-PCR.
Overexpression of Gli2 significantly increased BMP2, ALP and RUNX2 expression
compared with that in the control cells. (B) Real time RT-PCR. Overexpression of Gli2
increased by 2.7, 2.8 and 3.9 fold the expression of BMP2, ALP and RUNX2, respectively.
(C) Western Blot. The expression of Col I and OCN was attenuated in IFT80-silenced cells,
but rescued and increased in Gli2- overexpressed cells. (D) Quantitative analysis of protein
levels from immunoblots as in C. The protein levels were normalized to GAPDH.
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Fig. 6.
IFT80 silencing inhibits the SAG induced osteoblast differentiation and mineralization. (A–
B) C3H10T1/2 cells were infected with pGIPZ-IFT80 shRNA (I3) or pGIPZ-scrambled
shRNA (pGIPZ) lentiviruses, and treated with OS media with 10nM SAG for 24 days to
study effects on cell mineralization. (A) Alizarin Red staining. Quantitative mineralization
level based on Alizarin Red staining reported as the mean ± SD from tests of samples in
triplicate. There are significant differences between the SAG group vs. other groups
(**p<0.01), and between I3 vs. pGIPZ or I3+SAG (***P<0.001). There is no different
between pGIPZ vs. I3+SAG (* P>0.05), indicating that SAG completely rescued the
deficiency of osteoblast mineralization resulting from silencing IFT80. (B) Von kossa
staining. (C–D) Western blots. C3H10T1/2 cells were infected with I3 or pGIPZ, followed
by co-infection with Gli2-expressing retrovirus (Gli2) or with a control retrovirus (pBMN)
for 24 hrs. The infected cells were treated with OS media with or without 10nM SAG for 7
days for analysis of Gli2 expression. Overexpression of Gli2, or treatment with SAG, up-
regulates the expression of Gli2 in IFT80-silenced cells as well as control cells.
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