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Introduction

Primary cilia, microtubule-based hair-like organelles 
projecting from the surface of most vertebrate cells,1 are 
viewed as the antenna of the cells and the integration 
center of intracellular and extracellular signals.2–6 Cilia 
are assembled by the process of intraflagellar transport 
(IFT), which is composed of more than 20 unique pro-
teins and is organized in two complexes: IFT-B and IFT-
A. They work as bidirectional trains for transportation 
along the cilia axoneme and are responsible for antero-
grade and retrograde trafficking, respectively.7

Alterations of many ciliary proteins can cause 
bone dysplasia and are classified as skeletal ciliopa-
thies,8,9 among which patients with mutations of IFT 
proteins are concentrated.10 To date, mutations or 
alterations in genes encoding all six protein members 
of the IFT-A complex (IFT43, IFT121, IFT122, IFT139, 
IFT140, and IFT144) have been reported to have 
skeletal abnormalities,11–21 mainly including a short 

thorax and limbs11–15,17,18 and abnormalities in the 
shape of the epiphyseal plate,13–18,20 the level of bone 
mineralization,11,15,21 and the morphology and quan-
tity of primary cilia.12,14,15,17,19–21

To reveal the underlying pathological mechanisms, 
several mutation or knockout mouse models of IFTs 
have been established.15,21–23 Although ciliary misas-
sembly and aberrant transmission of developmental 
signals, such as Hedgehog (HH) and Wnt signaling, 
are commonly accepted explanations for ciliopathies, 
several recent studies both in human case reports 
and in mouse models have suggested that each 

859357 JHCXXX10.1369/0022155419859357IFT140 Expression in BoneZhang et al.
research-article2019

Received for publication February 8, 2019; accepted May 23, 2019.

Corresponding Author:
Yao Sun, Department of Oral Implantology, School of Stomatology, 
Tongji University, Shanghai Engineering Research Center of Tooth 
Restoration and Regeneration, 399 Middle Yanchang Road, Shanghai 
200072, China. 
E-mail: yaosun@tongji.edu.cn

Expression of IFT140 During Bone Development

Chenyang Zhang, Shuai Zhang, and Yao Sun
Department of Oral Implantology, School of Stomatology, Tongji University, Shanghai Engineering Research Center of Tooth Restoration and 
Regeneration, Shanghai, China (CZ, SZ, YS)

Summary
Primary cilia, hair-like organelles projecting from the surface of cells, are critical for sensing extracellular stimuli and 
transmitting molecular signals that regulate cell functions. During bone development, cell cilia are found in several 
types of cells, but their roles require further investigation. Intraflagellar transport (IFT) is essential for the formation 
and maintenance of most eukaryotic cilia. IFT140 is a core protein of the IFT-A complex. Mutations in IFT140 have 
been associated with cases of skeletal ciliopathies. In this study, we examined the expression of IFT140 during bone 
development. The results showed that, compared with many soft tissues, Ift140 (mRNA level) was highly expressed 
in bone. Moreover, its expression level was downregulated in the long bones of murine osteoporosis models. At the 
histological level, IFT140 was characteristically expressed in osteoblasts and chondrocytes at representative stages 
of bone development, and its expression level in these two types of cells was observed in two waves. These findings 
suggest that IFT140 may play an important role in the process of chondrogenic and osteogenic differentiation during 
bone development. (J Histochem Cytochem 67: 723–734, 2019)
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ciliary component may have distinct functions within 
or even outside the cilia.24–27 Therefore, it is neces-
sary to separately study the relationship between 
each IFT protein and bone development. Here, we 
focus on IFT140, a core protein of the IFT-A complex, 
in retrograde IFT, which has been identified in skeletal 
ciliopathies and Mainzer-Saldino and Jeune syn-
dromes.16,17 First, we found that the transcriptional 
level of Ift140 was downregulated in the long bones of 
aging- and ovariectomy (OVX)-induced osteoporotic 
mouse models. Furthermore, IFT140 showed charac-
teristic expression in osteoblasts and chondrocytes at 
representative stages of bone development.

Materials and Methods

Mouse Models

All mice used were C57BL/6, and they were raised 
under standard animal housing conditions with free 
access to food and water. All experimentation using 
animals was approved by the animal experiment eth-
ics committee of Tongji University (TJLAC-018-019). 
Two models of osteoporosis were used in this study: 
The mice in the aging group were naturally aging, 
12-month-old C57BL/6 mice of either sex; 3-month-old 
C57BL/6 mice of either sex were used as the control 
group. For the OVX mice, the mice were ovariecto-
mized (or sham-operated) at 2 months of age, and at 
4 months after surgery, femurs from both groups were 
collected for total RNA extraction.

Cell Culture

For the primary cell cultures, osteoblasts, bone mar-
row mesenchymal stem cells (BMMSCs), and chon-
drocytes were cultured in α-MEM containing 10% 
FBS. For cell lines, MC-3T3-E1 (murine osteoblast-
like cell line) was cultured in DMEM with 10% FBS, 
and MLO-Y4 (murine osteocyte-like cell line) was cul-
tured in α-MEM containing 5% FBS and 5% calf 
serum (CS). All complete media contained penicillin 
(1 U/ml) and streptomycin (1 μg/ml), and all cell lines 
and primary cells were cultured at 37C in a humid 
incubator with 5% CO

2
.

For the preparation of primary cells (osteoblasts, 
BMMSCs and chondrocytes), osteoblasts were iso-
lated from mouse calvarial bone via a serial digestion 
method. In brief, 3-day postnatal C57BL/6 mice of 
either sex were sacrificed by decapitation and soaked 
in 75% ethanol for sterilization. Then, the calvarial 
bones were carefully dissected and subjected to 
sequential digestion with 2 mg/ml collagenase type I 
(Sigma-Aldrich; St Louis, MO) followed by 0.25% 

trypsin (Gibco; Grand Island, NY) at 37C for 10 min 
each. Next, the calvarial bones were cut into pieces 
and digested again in collagenase type I for 30 min. 
Cells and fragments were spun down and cultured in 
α-MEM complete medium. Primary BMMSCs and 
chondrocytes were isolated from bone marrow and 
articular cartilage of 4-week-old C57BL/6 mice long 
bones. After anesthesia by intraperitoneal infusion with 
5% sodium pentobarbital, the mice were sacrificed, 
and femurs and tibias were dissected and cut open to 
expose the marrow cavity. The cell suspension was 
prepared by repeatedly rinsing the cavity with sterile 
PBS. The cells were collected by centrifugation and 
cultured in α-MEM complete medium. For chondrocyte 
isolation, the articular cartilage was removed from the 
femoral heads and digested in 0.25% trypsin at 37C 
for 10 min. Next, the cartilage was cut into pieces and 
digested in collagenase type II (2 mg/ml) for 1 hr, and 
the cells were spun down and washed with PBS before 
being plated in α-MEM complete medium.

In Vitro Osteogenic and Chondrogenic Induction 
of BMMSCs

To induce osteogenic or chondrogenic differentiation, 
third-generation BMMSCs were seeded in six-well 
plates with osteogenic or chondrogenic medium, 
respectively. The osteogenic medium was prepared 
by addition of dexamethasone (10 nM), β-
glycerophosphate (5 mM), and ascorbic acid (50 μg/
ml) to α-MEM complete medium. Chondrogenic induc-
tion was performed using a StemPro Chondrogenesis 
Differentiation Kit (Invitrogen; Grand Island, NY). The 
media were changed every 3 days. The cells were 
harvested for analysis of Ift140 and Runx2/Sox9 lev-
els by real-time PCR every 3 days. Each experiment 
was conducted in triplicate.

Reverse Transcription Quantitative PCR (RT-
qPCR) Analyses

RT-qPCR was performed to assess the mRNA expres-
sion levels of Ift140 in multiple organs, in femurs in 
various mouse models of osteoporosis, and in several 
types of bone cells. Total RNA from organ tissues and 
cultured cells was extracted using TRIzol Reagent 
(Invitrogen) per the manufacturer’s instructions. First-
strand cDNA was synthesized from 1 μg of total RNA 
in a final volume of 20 μl with oligo(dT) primers (Roche; 
Basel, Switzerland). The expression of target and 
internal reference genes was evaluated by RT-qPCR 
with a Fast Start Universal SYBR Green Master Kit 
(Roche, Switzerland). The primers used were as 
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 follows: mouse Ift140: forward, 5′-CAGACCTGGACAG 
CACCATC-3′ and reverse, 5′-CAGTGCGCTGGTCC 
ACATAG-3′; mouse Runx2: forward, 5′-GCACAA 
ACATGGCCAGATTCA-3′ and reverse, 5′-AAGCCAT 
GGTGCCCGTTAG-3′; mouse Sox9: forward, 5′-AGC 
TCACCAGACCCTGAGAA-3′ and reverse, 5′-TCCC 
AGCAATCGTTACCTTC-3′; mouse GAPDH: forward, 
5′-GGGAAGCCCATCACCATCTT-3′ and reverse, 5′-G 
CCTCACCCCATTTGATGTT-3′ (primers were synthe-
sized by Invitrogen; Shanghai, China). The mouse 
GAPDH gene was used as an internal control for each 
sample. Four samples were collected from each group, 
and the reactions were run in triplicate. The relative 
mRNA expression levels of the genes were calculated 
using the 2–ΔΔCt method.

Image Acquisition and Processing

For the imaging in tissue, a Nikon Eclipse 80i com-
pound microscope with a Nikon DS-Ril camera (Nikon; 
Tokyo, Japan) was used, and NIS-Elements BR imag-
ing software (version 4.20) was employed. To show the 
distribution of IFT140-positive cells in the long bone in 
a single view at high resolution, images (taking by 10× 
objective lens) were stitched together using the auto-
matic photomerge tool of Adobe Photoshop.

Immunofluorescence Analysis

Mice of different ages were anesthetized, and then 
heart perfusions were performed with 4% paraformal-
dehyde (PFA). Long bone were removed, fixed (4% 
PFA, overnight), decalcified (10% EDTA for a month), 
and dehydrated (30% sucrose, overnight) before being 
embedded in OCT compound, and then 5 µm frozen 
sections were cut and subjected to immunofluores-
cence staining. Sections of different ages were stained 
in the same batch. Sections were blocked with 1% goat 
serum for 2 hr at room temperature, followed by incuba-
tion with primary antibody at 4C overnight. The sections 
were washed three times in PBS and then incubated 
with secondary antibodies (1:2000; Alexa Fluor 488 
Goat Anti-Mouse IgG/Alexa Fluor 568 Goat Anti-Rabbit 
IgG; Invitrogen) for 1 hr at room temperature, away from 
light. Next, the sections were washed three times in 
PBS, mounted with ProLong Gold antifade reagent con-
taining DAPI (Invitrogen), and coverslipped.

For dual immunofluorescence staining in vivo, the 
cilia axoneme was labeled by acetylated α-tubulin 
staining, and the cilia basal bodies were labeled by 
γ-tubulin staining. The acetylated α-tubulin antibody 
(produced in mouse, T6793; Sigma-Aldrich) and 

anti-γ-tubulin antibody (produced in rabbit, T3320; 
Sigma-Aldrich) were mixed and diluted (1:1000) as 
the primary antibodies. Similarly, to visualize the 
colocalization of IFT140 and cell cilia, antiacetylated 
α-tubulin (1:1000) antibody and anti-IFT140 anti-
body (1:500) were mixed and diluted as primary anti-
bodies. All antibodies used were diluted in blocking 
buffer, and nonimmune IgG instead of the primary 
antibody was used as the negative control.

Morphometric Analysis and Quantification

Using ImageJ software, the mean percentages of 
IFT140-positive regions, both in growth plate chondro-
cytes and in trabecular osteoblasts, were calculated in 
10 random fields (~20 cells in each field) for each 
immunofluorescence image. The positive signal thresh-
old was set according to the signal intensity of the 
respective negative control image. The ratio of IFT140-
positive signal in cells was calculated by dividing the 
measured IFT140-positive area by the total area of the 
cells (prohypertrophic chondrocytes and osteoblasts). 
To facilitate the illustration of IFT140 expression change 
at different growth stages and locations in the long 
bone, thresholds of 10%, 30%, 50%, and 70% were 
used to classify IFT140 expression levels into several 
grades: a ratio greater than 70% (++++), between 70% 
and 50% (+++), between 50% and 30% (++), between 
10% and 30% (+), and less than 10% (+/–).

Statistical Analyses

Statistical analysis was performed using SPSS soft-
ware 20.0. All values are expressed as mean ± SEM. 
The statistical significance between the two groups 
was assessed using Student’s t-test. A value of p<0.05 
was considered significant.

Results

Expression of IFT140 in Osteogenesis-related 
Cells

We first detected the mRNA expression levels of Ift140 
in heart, liver, lung, kidney, eye, paranephros, bone, 
and tooth. In addition, in comparison with various soft 
tissue organs, Ift140 was abundantly expressed in 
bone and tooth, which are hard tissues (Fig. 1A). In 
bone, the expression of Ift140 was particularly promi-
nent at 5- to 10-fold higher than in major soft tissues 
(Fig. 1A). To clarify whether IFT140 is related to bone 
disease, we further verified its expression in two 
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classical osteoporosis models (naturally aging and 
OVX mouse models) and found that Ift140 was signifi-
cantly downregulated in bone disease groups com-
pared with control groups (Fig. 1B).

To characterize the expression levels of Ift140 
among bone cells responsible for bone formation, 
the expression of Ift140 in several types of primary 
cells (BMMSCs, preosteoblasts, chondrocytes) or 
cell lines (MC-3T3-E1 and MLO-Y4) was assessed. 
The results showed the highest expression in chon-
drocytes and the lowest expression in undifferenti-
ated mesenchymal stem cells, with intermediate 
expression in osteoblasts (Fig. 1C). During chondro-
genic and osteogenic inductions of mesenchymal 
stem cells, the expression patterns of Ift140 were 

consistent with the trends of Sox9 and Runx2, which 
are early markers for chondrogenic and osteogenic 
differentiation (Fig. 1D and E).

Subcellular Localization of IFT140 in 
Chondrocytes and Subchondral Osteoblasts In 
Vivo

As chondrocytes and preosteoblasts are the two cell 
types with the highest expression of IFT140, and early 
osteogenesis and chondrogenesis were the periods 
with high expression of Ift140, we next examined the 
subcellular expression of IFT140 in chondrocytes and 
subchondral osteoblasts in vivo. By double-labeling 

Figure 1. Expression characteristics of IFT140 in osteogenesis-related cells. (A) The mRNA expression level of Ift140 in the organs of 
1-week-old mice, n=4. (B) RT-qPCR shows the mRNA expression of IFT140 in mouse femurs of two osteoporosis models compared 
with controls. Young and aged, 3-month-old and 12-month-old, C57BL/6 mice; sham and OVX, 6-month-old female C57BL/6 mice, 4 
months after sham surgery or oophorectomy; n=4 in each group. (C) The mRNA expression of Ift140 in cultured bone cells, BMMSCs, 
primary chondrocytes, MC-3T3-E1 (murine osteoblast-like cell line), primary osteoblasts, and MLO-Y4 (murine osteocyte-like cell line). 
(D and E) The mRNA expression levels of Ift140 and early differentiation markers (Sox9, Runx2) during chondrogenetic/osteogenic 
induction of BMMSCs. The abscissa indicates the induction time in days. The values of target genes were normalized to GAPDH. Cell 
samples were collected every 3 days; error bars represent SEM. Abbreviations: RT-qPCR, reverse transcription quantitative PCR; OVX, 
ovariectomy; BMMSCs, bone marrow mesenchymal stem cells; SEM, standard error of the mean. *p<0.05, **p<0.01, and ***p<0.001, as 
determined by Student’s t-test.
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immunofluorescence staining, the presence of cilia can 
be detected in both chondrocytes (embryonic mice 
long bone) and subchondral osteoblasts (2-week-old 
mice long bone) in tissue, as acetylated α-tubulin spe-
cifically labels the axoneme (green) and γ-tubulin spe-
cifically labels the basal body (red) of cilia (Fig. 2A and 
B). Moreover, colocalization of IFT140 and acetylated 
α-tubulin could be observed both in chondrocytes (Fig. 
2C, E, and G) and in subchondral osteoblasts (Fig. 2D, 
F, and H). In addition, a large amount of IFT140-positive 
signals could be detected in the cytoplasm (Fig. 2G and 
H), which suggested that the distribution of IFT140 in 
these two types of cells might not be limited to cilia.

Expression of IFT140 in Long Bone During 
Embryonic Development

Next, at the histological level, we detected the expres-
sion and localization of IFT140 in mouse long bones at 
several representative stages of bone development. At 
embryonic day 12.5, IFT140 was weakly expressed in 
condensed mesenchymal cells of limb buds that give 
rise to the future cartilage primordium (Fig. 3B). At 
embryonic day 16.5, embryonic chondro-osseous 
rudiment was already formed, and high expression of 
IFT140 could be observed in hypertrophic chondro-
cytes and preosteoblasts around the perichondrium 
(Fig. 3E).

Expression of IFT140 in Postnatal Long Bone

After birth, the temporal and spatial expression of 
IFT140 in long bone was evaluated at different devel-
opmental stages, including newborn (the first ossifica-
tion center is basically formed, Fig. 4A), week 1 (the 
secondary ossification center begins to form, Fig. 4D), 
week 2 (the secondary ossification center is basically 
formed, Fig. 4G), week 4 (the rapid development 
period of long bone, Fig. 5A–E), and week 8 (mice 
enter the stage of sexual maturation, when bone 
begins to grow more slowly, Fig. 5F–J).

On the first day after birth, strong signals of IFT140 
were detected in chondrocytes of the growth plate, and 
weak signals could also be observed in the subchon-
dral bone of the trabecular area (Fig. 4A–C). At week 1, 
with the development of the growth plate, the chondro-
cytes were arranged in columns, and IFT140 was 
detected in almost all layers of chondrocytes in the 
growth plate (Fig. 4D and E). Compared with the new-
born mice, the expression level of IFT140 was increased 
in the trabecular bone area (Fig. 4D and F). During this 
period, positive signals of IFT140 appeared in 

differentiated chondrocytes of the epiphyseal plate 
near the future secondary ossification center area 
(indicated by asterisk in Fig. 4D). At week 2, the IFT140 
stained area in the future secondary ossification center 
area gradually expanded. In addition, the distribution of 
IFT140-positive cells in the growth plate was uneven. In 
general, the staining persisted in areas of both the pro-
liferative zone and prehypertrophic zone of the growth 
plate (Fig. 4H), which was much stronger than the 
hypertrophic zone near the calcified layer (Fig. 4J), and 
IFT140 expression was much stronger in subchondral 
bone cells than in chondrocytes (Fig. 4J and K).

At week 4, the expression levels of IFT140 in both 
the chondrocytes of the growth plate and bone cells 
of subchondral trabeculae decreased compared with 
week 2. In addition, the expression in newly formed 
bone tissue in the secondary ossification center 
increased (Fig. 5A–E). At week 8 (Fig. 5F–J), bone 
development entered a slower phase, when only  
a small fraction of chondrocytes retained IFT140-
positive staining. In contrast, despite a visible 
decrease in its expression, IFT140 signals could 
also be clearly observed on the surface of trabecular 
bone under the growth plate and in the secondary 
ossification center.

Evaluation of IFT140 Expression Levels During 
Bone Development

To further summarize the dynamic change in IFT140 
expression in both trabecular and cartilage tissue with 
time, we conducted fluorescence quantification, and 
the data are summarized in Table 1. For the trabecular 
region, the IFT140 signal in osteoblasts was weak at 
birth (+/–, 7.66%), reached a peak at the week 1 (++++, 
84.93%), decreased at week 2 (+++, 68.86%), and 
then stabilized after 4 weeks of age (++, 41.73%). For 
the cartilage region, after birth, the IFT140 signal was 
strongest (++, 42.25%) in prehypertrophic chondro-
cytes in the growth plate, then decreased gradually 
(++, 38.33%), and was maintained at a low level after 4 
weeks of age (+/–, around 3%). In the epiphysis, a 
weak signal could be observed in chondrocytes at 
week 1 (+, 22.86%), which was enhanced 1 week later 
(+, 32.25%). At week 4, when most of the highly differ-
entiated cartilage cells were replaced by bone remod-
eling, low expression of IFT140 (+/–, 8.23%) was 
observed in the remaining chondrocytes. In brief, the 
expression level of IFT140 occurred in waves, with 
expression peaks observed in turn in chondrocytes 
and osteoblasts, which is consistent with the represen-
tative stages during bone development.
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Figure 2. Subcellular location of IFT140 shown by immunofluorescence staining. (A and B) The cilia of chondrocytes (A) and subchon-
dral osteoblasts (B) were costained with acetylated α-tubulin (green) and γ-tubulin (red). (C–H) The subcellular localization of IFT140 in 
chondrocytes (C, E, G) and subchondral osteoblasts (D, F, H); images of the red, green, and blue channels are presented, respectively; 
the green channel images (E and F) show acetylated α-tubulin; the red channel images (G and H) show IFT140 signal, and the magnified 
regions of the cilia are shown in boxes; nuclei were visualized by DAPI staining (blue); C and D are merged images; colocalization of 
IFT140 and acetylated α-tubulin was indicated by arrows. (I–M) Three-channel luminescent images of the NC group, the chondrocytes 
(I, K, L), and subchondral osteoblasts (J, L, M). Scale bar = 10 μm. Abbreviation: NC, negative control.

To better understand the correlation between cilia 
and cytoplasmic localization of IFT140, double 
immunofluorescence costaining of cilia (acetylated 
α-tubulin) and IFT140 at four representative time-
points (week 1, week 2, week 4, and week 8) of 
postnatal long bone growth was performed (Fig. 6). 
In the growth plates, the ciliated cells have been 

observed between the proliferative layer and the 
prehypertrophic layer, and cells with strong cyto-
plasmic staining of IFT140 have been found mostly 
in the prehypertrophic and hypertrophic layers  
(Fig. 6A). In subchondral bone, ciliary structures  
can be observed in only a few of the bone cells  
(Fig. 6B).



IFT140 Expression in Bone 729

Discussion

Bone morphogenesis is the result of bone progeni-
tor cells working in orders orchestrated by various 
developmental signaling. Some key signaling path-
ways, such as HH and Wnt, are mediated by the cor-
rect assembly of cilia, which depends on IFT.28,29 
Thus far, alterations of several IFT genes, both in 
humans and in animal models, have suggested that 
IFT plays an essential role in bone develop-
ment.11,15–18,22,23 It is known that some components 
of the IFT-B complex can regulate osteogenesis. 
Deletions of these genes (IFT80 and IFT88) in 
osteoblast precursor cells disrupt primary cilia and 
block osteoblast differentiation.22,23 However, little is 
known about how IFT-A complex members are 
involved in bone developmental processes.

In this study, we investigated the expression pat-
tern of IFT140, a core protein of the IFT-A complex, 
during bone development. The results showed that, 
compared with most of the soft tissue organs, IFT140 
was highly expressed in bone (Fig. 1A). Moreover, its 
expression was downregulated in the long bones of 
mice with aging- and OVX-induced bone loss (Fig. 
1B). Furthermore, the expression of IFT140 was cor-
related with bone formation markers during the 

differentiation of BMMSCs (Fig. 1D and E). These 
data suggest that IFT140 may play a specific role 
during bone formation.

On further investigation, in the middle stage of 
embryo development (chondrogenesis and peri-
chondrium formation stage), IFT140 was strongly 
expressed in the differentiated chondrocytes and 
preosteoblasts around the perichondrium (Fig. 3E). 
After birth, when the primary ossification center had 
formed, IFT140 expression had increased signifi-
cantly. At week 2, the expression of IFT140 in chon-
drocytes of the growth plate became weaker than at 
the earlier timepoints, was maintained at a high level 
in the trabecular bone area of rapid osteogenesis, 
and then decreased after the period of rapid growth 
and development (Figs. 3–5 and Table 1). In sum-
mary, IFT140 expression was found to be involved in 
crucial stages of endochondral ossification and was 
present in active chondrocytes and osteoblasts near 
chondrogenic–osteogenic interfaces. These findings 
suggest that IFT140 might be closely related to the 
process of endochondral bone formation and it may 
serve as a development indicator of rapid growth, 
both in cartilage and in trabeculae of long bone.

Given that some IFTs have been found to regulate 
activities of bone cells, they are involved in cartilage 

Figure 3. Expression of IFT140 in mouse long bone during embryonic development. (A) H&E staining of mouse limb bud at embryonic 
day 12.5. (B) immunofluorescence staining showing the expression of IFT140 (red) with DAPI staining (blue) in the boxed region of (A). 
(C) H&E staining of mouse upper limb at embryonic day 16.5. (D) Magnified image of the boxed region in (C). (E) Immunofluorescence 
staining of IFT140 (red) and DAPI staining (blue), the same position as shown in (D). Figs. 3C–E are stitched images. Scale bar = 100 μm.
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Figure 4. Expression of IFT140 in newborn, 1, and 2-week-old mouse long bone. (A, D, G) The expression of IFT140 in newborn, 1, 
and 2-week-old mouse tibia (immunofluorescence staining). (B, C, E, F, H–K) The boxed regions in (A), (D), and (G) were magnified and 
are shown on the right. Asterisk in (D) marks the site where the future second ossification center will form. Figs. 4A, 4D, and 4G are 
stitched images. Scale bar = 50 μm.

and bone formation22,23,30; in patients, IFT140 muta-
tions lead to short stature and insufficient rib growth 
leading to a narrow thorax;16–18 for cauli,21 a mouse 
model with a recessive missense mutation in the 
Ift140 gene also exhibits severe skeletal malforma-
tion, all of which are associated with the process of 
endochondral ossification. Therefore, the characteris-
tic expression of IFT140 during endochondral osteo-
genesis will provide ideas for revealing the pathogenic 
mechanisms of skeletal ciliopathies.

Herein, at the subcellular level, IFT140 was found 
localized in both cilia (tip and base) and cytoplasm 

of chondrocytes and subchondral osteoblasts (Fig. 
2A and B). In the growth plate, chondrocytes arrange 
through sequential differentiation steps in columns, 
and cilia have been observed mainly in cells between 
the proliferative layer and the prehypertrophic layer 
(Fig. 6A), which indicates the requirement for cilia at 
a specific phase during chondrocyte hypertrophy. 
Moreover, IFT140 expression was more extensive 
than cilia distribution (Fig. 6A); while the strong posi-
tive cells of IFT140 were mainly concentrated in the 
hypertrophic layer (Fig. 6A), the ciliary cells and 
IFT140 strong positive cells partially, but not 
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completely, overlapped in the columnar regions of 
the growth plate. Similarly, in the subchondral bone 

cells, only a few IFT140-positive cells exhibited cilia 
(Fig. 6B). The mismatch of IFT140 expression and 
cilia distribution may be, on one hand, due to the 
fact that not all cilia can be observed at the histo-
logical level in tissue. On the other hand, it may not 
exclude the possibility of an independent role of 
IFT140 in cytoplasm as postulated in “the functions 
outside cilia theory” of IFTs. Cilia are extensions of 
the cytoskeleton, and an increasing number of cili-
ary proteins have been found to serve functions out-
side cilia. For example, IFT20 has been found to be 
responsible for transport between the Golgi com-
plex and the base of the cilium, during which the 
involvement of IFT140 is necessary27; some IFTs 
are also associated with exocytosis even in cells 
without cilia.31 These indications led us to speculate 
that IFT140, to some extent, might serve distinct 
roles that are not exclusive to cilia (e.g., mediating 
matrix vesicle transport), and the potential functions 
remain to be revealed.

Figure 5. Expression of IFT140 in 4- and 8-week-old mouse long bone. (A and F) Images of immunofluorescence staining showing the 
IFT140 signal in 4- and 8-week-old mouse tibia. (B–E and H–K) The boxed regions in (A) and (F) were magnified and are shown on the 
right. Figs. 5A and 5F are stitched images. Scale bar = 50 μm.

Table 1. Quantitative Assessment of IFT140-positive Signals in 
Chondrocytes and Trabecular Cells.

Chondrocytes Trabecular Cells

 POC SOC POC SOC

E16.5 + (29.26) N N N
Newborn ++ (42.25) – (0.02) +/– (7.66) N
Week 1 ++ (38.33) + (22.86) ++++ (84.93) N
Week 2 + (13.33) + (32.25) +++ (68.86) N
Week 4 +/– (3.77) +/– (8.23) ++ (41.73) +++ (59.75)
Week 8 +/– (2.96) +/– (6.73) ++ (35.57) ++ (44.50)

“++++”and “+++,” strong positive; “++,” moderate positive; “+”and 
“+/–,” low; “–,” negative; “N,” no such type of cell here. The numbers 
in parentheses represent the mean percentage of IFT140-positive signals 
in the cell.
Abbreviations: POC, primary ossification center; SOC, secondary 
ossification center; E16.5, embryonic day 16.5.
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