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The growth plate’s response to load is partially mediated
by mechano-sensing via the chondrocytic primary cilium
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Abstract Mechanical load plays a significant role in bone
and growth-plate development. Chondrocytes sense and
respond to mechanical stimulation; however, the mecha-
nisms by which those signals exert their effects are not
fully understood. The primary cilium has been identified as
a mechano-sensor in several cell types, including renal
epithelial cells and endothelium, and accumulating evi-
dence connects it to mechano-transduction in
chondrocytes. In the growth plate, the primary cilium is
involved in several regulatory pathways, such as the non-
canonical Wnt and Indian Hedgehog. Moreover, it medi-
ates cell shape, orientation, growth, and differentiation in
the growth plate. In this work, we show that mechanical
load enhances ciliogenesis in the growth plate. This leads
to alterations in the expression and localization of key
members of the Thh-PTHrP loop resulting in decreased
proliferation and an abnormal switch from proliferation to
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differentiation, together with abnormal chondrocyte mor-
phology and organization. Moreover, we use the
chondrogenic cell line ATDCS5, a model for growth-plate
chondrocytes, to understand the mechanisms mediating the
participation of the primary cilium, and in particular
KIF3A, in the cell’s response to mechanical stimulation.
We show that this key component of the cilium mediates
gene expression in response to mechanical stimulation.

Keywords Collagen - Aggrecan - IFT88 - Osteopontin -
PKD - Cartilage

Introduction

It has been long known that mechanical stimulation plays a
critical role in the development and maintenance of the
skeleton [46], including the growth plate [44]. Chondro-
cytes possess mechano-sensing abilities [63], but how these
mechano-signals are received by the cells and what
mechanisms mediate their conversion into biological
responses are only partially understood [62].

One possible candidate for this mechanical processing is
the primary cilium. The primary cilium is critical to skel-
etal development; the embryonic cilium plays a role in the
earliest cellular determinative events establishing left-right
axis asymmetry [35] and primary cilia in the early mes-
enchyme is necessary for proper anterior-posterior limb
patterning (reviewed by [15, 16]). Primary cilium is also
vital for proper endochondral ossification, primarily due its
regulatory role in Ihh signaling [32]. Several pathologies
associated with ciliary dysfunction (ciliopathies) exhibit
bone deformities. For example, Jeune asphyxiating tho-
racic  dystrophy (ATD), an autosomal-recessive
chondrodysplasia characterized by short ribs and a narrow
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thorax, short long bones, inconstant polydactyly, and tri-
dent acetabular roof [7]. This organelle functions as a
complex signaling center [2] and has been identified as a
mechano-sensor in several cell types, including renal epi-
thelial cells and endothelium [42, 55]. In the skeletal
system, the primary cilium has also been shown as an
important mechano-sensor: in osteoblasts and osteocytes,
the primary cilium is required for bone cell response
(increase in the expression of osteopontin) to dynamic fluid
flow [34], for formation of new bone in response to cyclic
mechanical loading [76] and in mediating the osteogenic
differentiation of human mesenchymal stem cells to oste-
oblasts in response to fluid flow [18]. Moreover, it was
recently shown to be essential for the transduction of
mechanically regulated signals in response to compression
in sterna chondrocytes [83] and to be required for modu-
lation of Indian hedgehog (Ihh) signal transduction in
response to hydrostatic compression loading of growth-
plate chondrocytes [67].

The primary cilium is present on almost all eukaryotic
cell types, including chondrocytes [52, 84]. It consists of a
membrane-coated axoneme that projects from the cell
surface into the extracellular microenvironment. The axo-
nemes consist of nine microtubule doublets in a radially
symmetric arrangement which is commonly referred to as
9 + 0 arrangement (in apposed to 9 4+ 2 arrangement
which characterize the motile cilia). In addition, the pri-
mary cilium contains an intracellular basal body [53] which
originates from the mother centriole of the cell. The basal
body functions as both an anchor for the primary cilium
and a template for cilium extension [21], [53].

Axoneme growth occurs by a process called intrafla-
gellar transport (IFT), wherein cargo is transported up and
down the axoneme via complexes of IFT adaptor proteins
by the motor proteins kinesin-II and cytoplasmic dynein
1b, respectively [64]. Disruption of either the IFT or
kinesin-II proteins leads to impaired cilium assembly and
function [47].

The link between cilium function and growth-plate
development has been described in a number of studies.
Primary cilium has been shown to be involved in several
signaling pathways essential for regulation of the growth
plate, such as the non-canonical Wnt and Ihh pathways [15,
37, 49, 71, 72]. Chondrocytes express a single primary
cilium, which projects from the cell surface into the
extracellular matrix (ECM) and interacts with molecules
such as collagen and glycoprotein [22, 36, 39, 52, 53, 85].
It is found in all zones of the growth plate, oriented parallel
to the longitudinal axis of the bone, and it represents the
axis of chondrocyte polarity inside the growth plate [8].
The primary cilium mediates cell shape, orientation,
growth, and differentiation in the growth plate as deletion
of KIF3A, a subunit of the motor protein kinesin-II, results
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in defects in the columnar organization of the growth plate
together with reduced cell division, accelerated hypertro-
phic differentiation, and disruption of cell shape and
orientation relative to the long axis of the bone [72].

In this work, we use a previously reported protocol in
which bags are harnessed to the back of young chickens,
without surgical procedure or dramatic alterations in their
environmental conditions [56-58], to study the cilium’s
involvement in transducing mechanical load in chondro-
cytes. In addition, we use the chondrogenic cell line
ATDCS5, a model for growth-plate chondrocytes, to
understand the mechanisms mediating the participation of
the cilium, and in particular KIF3A, in the cell’s response
to mechanical stimulation. We show that growth-plate
chondrocytes respond to mechanical load by increasing the
number of primary cilium in vivo and by activating char-
acteristic signaling pathways both in vivo and in vitro. We
further establish the role of the primary cilium as a mec-
hano-sensor and regulator of mechano-signaling in the
growth plate.

Materials and methods
In vivo experiment
Animals and the loading model

As reported previously [56-58], 2-day-old broiler chickens
[48] were divided into two groups: control group (n = 30)
and the “BAG” group (n = 30) in which the chickens were
harnessed for 4 days with small bags (2.5 x 4 cm) filled
with sand, weighing 10 % of their BW. This protocol
applies a moderate supraphysiological load by using a
physiological loading pattern. Thus, the loading in this
experiment mimics but nevertheless enhances the loads
applied to bones under physiological conditions. At the end
of the loading period (when they were 6 days old), chick-
ens were sacrificed and proximal tibia samples were
processed for histology or for RNA. The experiment was
approved by the committee of ethics in animal
experiments.

RNA isolation, reverse transcription (RT), and real-time
PCR of chick’s growth-plates

RNA was extracted from proximal tibia growth-plates with
RNeasy Maxi kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. The RNA samples were pre-
pared from pools of five growth plates (from each group).
Three identical, independent experiments were performed.
Total RNA (1 ng) was reverse-transcribed with Reverse-
RT kit (ABgene, Epsom, UK).
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Table 1 Primers for real-time PCR

Gene

Accession no.

Forward (5’ — 3/)

Reverse (5" — 3)

Gallus gallus

18S AF173612 TCCGATAACGAACGAGACTCT
Thh U58511 GAGCTCACCCCAACTACAAC
ptc NM_204960 GGTGGGATTGTGCCAAGTCT
IFT88 XM_417145 AGGAGATAAGAGAGCAGCGCA
Kif3a NM_001030622 GTGTGCAAACATTGGTCCAGC
KDI XM_414854 AAGGAGTTCCGCCACAAGGT
PKD2 NM_001031140 GAAGGAGAGGGAGGATCTGGA
Mus musculus
GAPDH NM_008084 TGACGTGCCGCCTGGAGAAA
FOS NM_010234 CCTTTCCTACTACCATTCCC
EGR1 NM_007913 CCTATGAGCACCTGACCACA
OPN NM_009263 CGATGATGATGACGATGGAG
AGClI NM_007424 TCTTTGCCACCGGAGA
Ptcl NM_008957 TTGGGATCAAGCTGAGT
CTG
RUNX2 NM_009820 AGGCACAGACAGAAGCTTATG
Col2 NM_031163 GAACAGCATCGCCTACCTGG
ATF3 NM_007498 CAGTCACCAAGTCTGAGG
IHH NM_010544 TGGACTCATTGCCTCCCAGA
Coll0 NM_009925 CTCCTACCACGTGCATGTGAA
p21 NM_007669 GGCCCGGAACATCTCAGG
PKD1 NM_013630 GCCATCCAGCACTTCCTAGT
PKD2 NM_008861 AGGTGTTAGGACGGCTGCT
IFT88 NM_009376 TGCTGACTGCTGTGCTTGGT
IFT172 NM_026298 ACCACCCTGGTCCCTGAAG
SOX9 NM_011448 GCATCTGCACAACGCGG
KIF3A NM_008443 TCGGAACTCCAAACTGAC

CGGACATCTAAGGGCATCACA
TCATGACGGAGATGGCCAG
CCGAGAGCAAGAAAAGGCAG
TTCCCCTTTGCTACCACCAG
TTCTTGGCTCGGTTTGCATAT
CCCGGATGGACTTGGAGTC
TGAGCTGTGCCCACTGTCTT

AGTGTAGCCCAAGATGCCCTTCAG
CGCAAAAGTCCTGTGTGTTGA
GGGATAACTCGTCTCCACCA
CCTCAGTCCATAAGCCAAGC
TTTTTACACGTGAA
GGCTGTCAGAAAGGCCAAAG

GCGATCAGAGAACAAACTAGGTTTAGA
TGTTTCGTGCAGCCATCCT
TGGCAGCAGCAATTTTATTTCTT
CAAAGGCTCAGGAGGCTGGA
ACTCCCTGAAGCCTGATCCA
AAATCTGTCAGGCTGGTCTGC
GAGAAGCCGATCCACACATC
CCCTGTGGATCTCACTGTCC
ATGGCAGAAGACCTCCCGTAA
GGGCCCTAGCCAGGTGATT
CTCGTTCAGCAGCCTCCAG
GGCCCAATATTTGCACACATC

Real-time PCR was performed using the fluorescent dye
SYBR Green I (ABgene) with specific primers (Table 1)
and Gallus gallus ribosomal RNA as a normalizing control.

In-situ hybridization, immunohistochemistry,
and immunofluorescence

Tibial growth plates were fixed overnight in 4 % (v/v) Para
formaldehyde (Sigma Chemical Co., St. Louis, MO, USA)
at 4 °C, dehydrated in graded ethanol solutions, cleared in
chloroform, and embedded in Paraplast.

Sections (5 pm) were hybridized with either digoxi-
genin-labeled antisense probes for collagen type II (Col II)
and collagen type X (Col X) or (**S)-labeled probes for Ihh
and ptcl as described in our previous reports [56, 70, 79],
and photographed using dark and bright-field microscopy.
The radioactive signal of the (*°S)-labeled probes was
intensified using emulsion (Eastman Kodak Company,
Rochester, NY, USA) for 1 month, in the dark at room

temperature. No signal was observed in the sense-probe
hybridizations, used as controls.

Probes for ISH were prepared by PCR amplification of
cDNA from both chicken growth plates and primary cul-
tured chondrocytes, with the following primers:

Col II (F): ATATCCACGCCAAACTCCTG Col IT (R):
GCTCCCAGAACGTCACCTAC

Col X (F): CCACCTGGATTCTCCACTGT Col X (R):
TTCAAATCCTGGAAGACCTG

Ihh (F): CATCATCTTCAAGGACGAGGAGAACIhh
(R): TACTTGTTGCGGTCCCTGTCTGAC

ptc (F): CTCCTTTGGACTGCTTCTGG ptc (R):
AGGCAGAACCTGAGTTGTGG

Proliferating cell nuclear antigen (PCNA) immunohis-
tochemistry was preformed as described by Hasky-Negev
et al. [14]. Sections were deparaffinized with xylene,
washed twice in 100 % ethanol, and treated with 3 % H,O,
in distilled water for 30 min to block endoge-nous perox-
idase activity. Next, the sections were rehydrated through a
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graded series (95, 80, 70 %) of ethanol solutions, rinsed in
0.05 % PBS-Tween, and incubated for 1 h in 3 % normal
goat serum in PBS-Tween. Sections were then incubated
for 1 h with biotinylated mouse anti-PCNA primary anti-
body (Zymed) and washed 3 times for 10 min each in
0.05 % PBS-Tween. After washing, sections were incu-
bated with streptavidine peroxidase for 10 min and washed
again with PBS-Tween. Next, sections were incubated with
substrate solution for PCNA (5 mg 3,3-diaminobenzidine,
5 microL of H>O, in 10 ml H,O of double-distilled water)
for 15 min and washed with double-distilled water.

For the detection of primary cilia, growth-plate sections
were incubated in hyaluronidase (Sigma-Aldrich, Rehovot,
Israel) for 2 h at 37 °C and permeabilized using 0.5 % (v/
v) Triton X-100 in PBS for 5 min, followed by 5 % (v/v)
goat serum in PBS for 30 min at RT. Sections were labeled
overnight at 4 °C with a primary antibody raised against
acetylated o-tubulin followed by goat anti-mouse FITC
second antibody (Jackson ImmunoResearch, West Grove,
PA, USA) labeling for 2 h at RT. Nuclei were stained with
DAPI staining (Jackson ImmunoResearch).

Histomorphometric analysis

Histomorphometric measurements of the cells in the pro-
liferative and hypertrophic zones (PZ and HZ, respectively)
were performed by imaging the section under a 100X
objective, and acquiring at least three fields of view from
three different sections in each group. Using Olympus Cell
software, the number of cells was counted within a defined
region of 2.28 mm?. The cells’ area was measured for each
field of view and expressed as mean cell area/pm?
(&s.e.m).

For assessment of the flattened morphology in the PZ
and cell morphology in the HZ, the dimensions of 60 cells
in three fields of view from three different sections in each
group were measured on the X (horizontal) and Y (vertical)
axes. The X/Y ratio was calculated and used as an indicator
of flattened morphology, expressed as a mean (+s.e.m).

In vitro experiments
Mechanical stimulation of the cells

For all in vitro experiments, ATDCS cell line was used [1].
Cells were cultured as described previously [5, 20, 69]. For
mechanical  stimulation, cells were seeded at
2.5 x 10* cells/well into 4 cm?” silicon Stretch chambers
ST-CH-04 (B-bridge, Cupertino, CA, USA) coated with
0.1 % gelatin. Mechanical stimulation was applied with the
STREX cell device (B-Bridge). The applied protocol was
stimulation for short time points (30, 60, 240, or 360 min),
at 1 HZ and 20 % elongation.
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Isolation of human articular chondrocytes

292¢gG human articular chondrocytes were isolate from
healthy cartilage taken from patients undergoing total knee
replacement. All procedures were done according to the
ethics regulations of Georg-August-University, Goettingen,
Germany.

Scanning electron microscopy imaging

ATDCS chondrocytes cells were seed on coverslips coated
with 0.1 % gelatin and serum starved for 24 h. Cells were
fixed in 2.5 % glutaraldehyde/DMEM for 40 min, washed
with 0.1 M sodium phosphate buffer, and fixed in Kar-
novsky’s fixative (2 %  paraformaldehyde, 2.5 %
glutaraldehyde, and 0.1 M sodium phosphate buffer) for
1.5 h. Following fixation, cells were washed with 0.1 M
PBS dehydrated through a graded ethanol series, and pro-
cessed for critical point drying and coating. Samples were
imaged with a JCM6000 bench top scanning electron
microscope (Jeol).

Immunocytochemistry staining

For immunocytochemistry staining cells were seeded on
cover slip or in silicon chambers. Cells were fixed with 3 %
PFA +40.5 % Triton x 100 at 37 °C for 3 min and than
with 3 % PFA for another 20 min. Block was preformed
with 1 % BSA + 5 % Goat or Donkey serum in TBST,
followed by overnight incubation with primary antibodies
(see list). Next day, cells were incubated with secondary
antibodies (see list) for 1.5 h. Cells were viewed under the
light/florescence microscopy eclipse E400 Nikon using
light or the florescence filters for FITC, TRITC or DAPI.
Confocal images were taken with the DMI4000B Confocal
Microscopy (Leica, Wetzlar, Germany).

Quantification of the prevalence of ciliated cells and
measurements of the cilia length in unstimulated cells
compared to mechanical stimulated cells for short time
points (30—120 min) were performed using the “cell A”
software of the Olympus DP71 camera.

Antibodies for immunocytochemistry Primary antibodies:
mouse monoclonal anti-Acetylated o Tubulin (6-11B-1),
pericentrin (ab448, Zotal) mouse monoclonal anti-p-p38
(D-8)(SC-7973), rabbit polyclonal anti-patched (H-
267)(SC-9016), rabbit polyclonal anti-STATI1 (E-23)(sc-
346) (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
rabbit polyclonal anti-GFP (A11122) (Invitrogen, Grand
Island, NY, USA).

Secondary antibodies: anti-mouse Alexa 488, anti-
mouse Alexa 594, anti-rabbit Alexa 488, anti-rabbit Alexa
594 (Invitrogen), anti-mouse Dylight 594 (Pierce,
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Rockford, IL, USA), DAPI (Santa Cruz), Phalloidin-
TRICT (Sigma-Aldrich).

RNA isolation, reverse transcription (RT), and real-time
PCR

RNA was isolated from the cells using TRI reagent
(Sigma-Aldrich). cDNA was synthesized from 1 pg of
RNA using the high-capacity cDNA reverse-transcription
kit (Applied Biosystems, Foster City, CA, USA) according
to the manufacturer’s protocols.

Real-time PCR was performed using platinum SYBR
Green (Invitrogen) with 2 pl of cDNA template, and Mus
musculus gene specific primer sets (Table 1). Relative
quantification of the specific gene was normalized to
GAPDH housekeeping gene.

Protein isolation and western blot

Total protein was extracted from ATDCS cells. Protein
concentration was measured using a bicinchoninic acid
(BCA) protein assay reagent kit (Pierce Biotechnology)
according to the manufacturer’s protocols. Lysates (30 pg
protein) were separated by 10 % SDS-PAGE, transferred to
nitrocellulose membranes, incubated overnight with pri-
mary antibody (listed bellow) at 4 °C, followed by
incubation with peroxidase-conjugated secondary anti-
body, and detected with ECL [69].

Antibodies for western blot Primary antibodies: rabbit
polyclonal anti-p38 (c-20) (sc-535), mouse monoclonal
anti-p-p38  (D-8)(SC-7973), rabbit polyclonal anti-
STAT1(E-23)(sc-346), mouse monoclonal anti-GAPDH
(A-3)(sc-137175) (Santa Cruz Biotechnology), rabbit
polyclonal anti- KIF3A (ab11259) (abcam, Zotal), rabbit
polyclonal anti-GFP (A11122) (Invitrogen).

Secondary antibodies: goat anti mouse conjugated Per-
oxidase (115-035-003) (Jackson ImmunoResearch), Goat
anti rabbit conjugated HRP (sc-2004) (Santa Cruz
Biotechnology).

Flow cytometry (FACS) analysis for cell cycle

ATDCS5 cells were detached from the culture wells, cen-
trifuged (600 g, 5 min) and resuspended in 1 %
paraformaldehyde for 30 min, then centrifuged again. The
pellet was incubates for 1 h, in dark conditions at 4 °C in a
solution containing 50 pg/mL of propidium iodide, 0.1 %
sodium citrate, and 0.1 % Triton X-100. Cell cycle was
analyzed by fluorescence-activated cell sorting using a
linear scale, FL2 channel, excitation at 488 nm, and
emission at 575 nm. Data were collected from 50,000 cells.

Analyses of the FACS data were done with the WniMDI
2.9 free software [69].

Constructs and transient transfection of ATDCS5

The EGFP protein was sub cloned to the multiple cloning
site of the pCDNA3.1 with EcoRI and Notl restriction
enzymes. This pPCDNA-GFP vector was used as the back-
bone for the TRC-GFP vectors. The shRNA target sequence
for KIF3A, with the U6 promoter, was amplified from the
pLKO.1 vectors (TRCN0000090404- Mature Antisense:
ATAGTAATTGTAAAGATGGCG, TRCNO0000090405
Mature Antisense: TTTGCAGAACGCTTTCTTCGC) and
pLKO.1 Empty vector for the control (Open biosystems,
Epsom, UK) with specific primers and sub cloned to the
BgllI site of the pCDNA-GFP plasmid.

Transient transfection of ATDCS5 cells was carried out
with TransIT-LTI reagent (Mirus Bio LLC, Madison, WI,
USA) according to the manufacturer protocol. 48 h post
transfection, cells were taken for mechanical stimulation
tests, genes and protein analysis etc.

Statistical analysis

The results for the in vivo experiment are expressed as
mean *+ s.eem and for all in vitro experiments as
mean = SD Differences between groups were tested by
analysis of variance using Student’s ¢ test or one-way
analysis of variance and Tukey—Kramer HSD test, using
JMP 8.0 Statistical Discovery Software (SAS Institute
2000). Differences were considered significant at P < 0.05.

Results

Mechanical load alters the Thh—PTHrP loop
in the growth plate

Ihh, directly through its receptor Patched-1 (ptcl), increa-
ses chondrocyte proliferation and inhibits its hypertrophic
differentiation through induction of Parathyroid hormone-
related protein (PTHrP) expression [81, 82].

We examined the effect of mechanical load on the
expression of Thh (Fig. la, a’, ¢) and its receptor, ptcl
(Fig. 1b, b/, ¢), in the growth plates of supraphysiologically
loaded vs. physiologically loaded chickens (for conve-
nience, we will regard them from now on as loaded vs.
non-loaded chickens). In the control growth plates, Thh was
expressed in the pre-hypertrophic zone (Fig. l1a, a’) and
ptcl appeared as a typical “double band” [80] in the
resting and pre-hypertrophic zones (Fig. 1b, b’). Upon
mechanical loading, quantitative analysis of gene expres-
sion (RNA extracted from a pool of growth plates) showed
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Fig. 1 Mechanical load modifies the expression and localization of
Thh-PTHrP loop members. Growth-plates from loaded (BAG) or
control (CTRL) chicks were subjected to in situ hybridization with
Ihh (a, a), ptc (b, b’), PTHrP (e), and PPR (f, f') (*S)-labeled
antisense probes shown at 15X (a, b, e, f) and x40 (a’, b/, 1)
magnification. (¢, g) Ihh, ptc, PTHrP, and PPR expression was
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quantified using real-time PCR on growth-plate RNA. Values are
expressed as mean =+ s.e.m of three replicates, normalized to I8S.
Significantly different at P < 0.05. (d) Ihh expression overlaying on
ptc expression in growth plates from BAG and CTRL chicks, showing
the relative localization of these genes at x 15 magnification. (g) AC-
articular cartilage, PZ proliferative zone, HZ hypertrophic zone
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a significant decrease in the expression of Thh and ptcl
(Fig. 1c). Moreover, the pattern of ptcl expression became
narrower and restricted to the resting zone and upper pro-
liferative zone (Fig. 1b’). Interestingly, the relative
localization of these two genes in the growth plate was
changed by mechanical loading; overlaying the expression
zone of Thh (in green) on that of its receptor ptcl (in pur-
ple) demonstrated a reduction in the gap between them,
creating a zone in which both are expressed simultaneously
(Fig. 1d). This suggested that mechanical loading alters the
Ihh pathway in the growth plate.

PTHrP is regulated by Ihh [82], hence we assumed that
disrupted Ihh signaling might alter its gene expression.
Indeed, PTHrP expression, which was limited to the
reserve zone in the control growth plates (Fig. le), almost
vanished in the loaded growth plates (Fig. le). This
reduction was confirmed by real-time PCR analysis of
PTHrP expression (Fig. 1g). The expression of PTHrP
receptor was also modified by the load; in the control group
it was expressed in the pre-hypertrophic zone, and upon
loading, its expression zone became narrower and more
intense (Fig. 1f, ). Quantification of this gene’s expres-
sion also indicated an increase upon loading (Fig. 1g).

Taken together, these results proved that mechanical
loading alters the expression and localization of the major
components of the Thh—PTHrP loop in the growth plate,
and thus likely modifies the functionality of these key
regulators.

Mechanical load affects growth plate and chondrocyte
organization and morphology

We studied different growth-plate parameters that might be
connected to the dysfunctional Thh—PTHrP loop. We pre-
viously showed that growth plates respond to 4 days of
mechanical loading by exhibiting reduced thickness, nar-
rowed expression zones of collagen types II and X, and
reduced cell numbers in those zones [56]. Here, using
PCNA immunohistochemistry, we found that the reduction
in cell number is due to reduced proliferation (Fig. 2a).
While observing the plates, an interesting phenomenon was
detected: the transition between the proliferative zone
(positive for collagen II) and hypertrophic zone (positive
for collagen X) was more homogeneous in the growth
plates that were subjected to loading (Fig. 2b), suggesting
that not only proliferation is altered by the load, but also
the switch between proliferation and differentiation is
altered. This strengthened our hypothesis that the Ihh—
PTHrP loop is involved in mediating the growth plate’s
response to load and maintaining its normal functionality.

Next, we examined the morphology and organization of
the chondrocytes in the different zones of the growth plate.
The loaded growth plates showed higher organization, as

cells in the proliferative zone deviated less from the center
of the column (marked by a line extending from the first
cell in each column in Fig. 2c, PZ) compared with the
control growth plates in which more cells deviated from the
column line (Fig. 2c). Morphometric analysis showed a
significant increase in the number of cells per defined area
(Fig. 2d) and a decrease in the average cell area (Fig. 2e)
of chondrocytes in both zones as a result of the load.
Calculating the relative areas in the growth plates occupied
by cells or matrix showed no significant differences
between the control and ‘load’ groups in either zone. These
results indicated that mechanical load increases the number
of cells but decreases the size of each cell in a defined area
compared to the control.

The X/Y ratio of cell dimensions, reflecting cell flatness,
was significantly increased in the proliferative zone and
decreased in the hypertrophic zone as a result of loading
(Fig. 2f). The differences in the ratio resulted from a reduction
in the vertical (Y) axis length in the proliferative zone with no
change in the horizontal (X) axis, while in the hypertrophic
zone a reduction was observed in the horizontal (X) axis length
with no change in the vertical (Y) axis (Fig. 2g). Thus, the cells
in the proliferative zone were more spread out, whereas those
in the hypertrophic zone were more spherical, suggesting that
mechanical load affects chondrocyte morphology and orga-
nization within the growth plate.

Taken together, our results showed that growth-plate
chondrocytes are sensitive to mechanical load. This
response involves alteration in the function of the Thh—
PTHrP loop, affecting cell proliferation and the switch
between proliferation and differentiation, as well as chon-
drocyte shape and gross growth-plate morphology.

Mechanical load affects ciliogenesis in chondrocytes

A plausible candidate for the transduction of these load-
induced effects in the growth plate is the primary cilium.
Up-to-date information on the primary cilium as a mec-
hano-sensor in chondrocytes is reviewed in [40, 62]. To
examine this possibility, we studied the expression of genes
that have been shown to be associated with cilium
assembly and function [26, 28, 37, 72] such as kinesin II
(KIF3A), IFT88/Polaris, and the two polycystic kidney
disease genes (PKD1 and 2). We found significant up-
regulation of all of these genes in the growth plate after
4 days of mechanical loading (Fig. 3a). Accordingly, the
number of cells presenting primary cilium was increased in
both the proliferative and hypertrophic zones of the loaded
plates (Fig. 3b, c). These results show that loading induces
ciliogenesis in growth-plate chondrocytes in vivo, and
supported our suggestion that the primary cilium is
involved in the response to mechanical load. The results of
the in vivo model are summarized in a diagram (Fig. 4).
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Fig. 2 Mechanical load inhibits chondrocyte proliferation, sharpens
the transition between the zones and affects chondrocytes morphology
and organization. a PCNA immunohistochemistry was performed on
growth-plates from loaded (BAG) and control (CTRL) chicks:
PCNA-positive cells were counted, showing a reduction in the
number of proliferating cells after 4 days of loading. Values
expressed as mean & SD of four different samples. b Sections were
subjected to in situ hybridization with digoxygenin-labeled riboprobes
of antisense chicken collagen type II located in the proliferative zone
[54] and collagen type X located in the hypertrophic zone (HZ). Red
line indicating transition between the zones. ¢ Sections were stained
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with H&E and are presented at x1,000 magnification. Lines
extending from the center of the first cell in a column are drawn to
demonstrate the deviation of the chondrocytes from the columns in
the proliferative zone in these groups. Figures represent a typical field
used for the morphometric measurements of cells in the proliferative
and hypertrophic zones. Morphometric analyses were performed on
three different fields from three different animals d the number of
cells per defined area. e The mean cell area f the ratio of X/Y cell
dimensions as an indication of cell flatness. g The vertical (Y) and
horizontal (X) axis length of cells. Significantly different at P < 0.05
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Fig. 3 Mechanical load increase ciliogenesis in the growth plate.
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PKD1 and PKD2 was examined by real-time PCR on growth-plate
RNA isolated from mechanical load (BAG) compared to non-loaded
(CTRL) chicks. Values are expressed as mean * s.e.m of three
replicates, normalized to /8S. Significantly different at P < 0.05.

Response of ATDCS5 cells to mechanical stimulation
by activation of typical pathways and changes
in primary cilium-related genes

To better understand the role of the primary cilium in the
growth plate’s response to load, we continued our work with
the chondrogenic cell line ATDCS5 which serves as an excel-
lent model for chondrogenesis in vitro [1, 5, 20, 69].

Hypertrophic

b Acetylated a-tubulin stained the primary cilia (arrows) in strong
fluorescent green, while the cell cytoplasm stained light green. Nuclei
are stained with DAPI (blue) in the proliferative [54] and hypertro-
phic (HZ) zones. Scale bar 20pm. ¢ Cells presenting primary cilium
were counted

Mechanical stimulation was applied to the cells using the
STREX device. The applied protocol in all experiments was
stimulation for short times, over a period of up to 6 h, at 1 Hz
and 20 % elongation. This strain magnitude lies within the
lower range of magnitudes required for effective bone healing
in vivo, and normal cartilage maintenance [10, 45, 51].
First, we examined whether the cells’ response to
mechanical stimulation was as reported in the literature.
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Aggrecan Smo

Gli

Fig. 4 Diagram describing the ultrastructure of the primary cilium in
growth plate (GP) chondrocytes and a possible connection of the
primary cilium to mechanical stimulation effects on the cell. The
primary cilium consists of a membrane-coated axoneme that project
from the cell surface into the extracellular microenvironment.
a Unstimulated GP chondrocyte: Ihh, directly through its receptor
Patched-1 (ptcl), located in the cilium, increases chondrocyte
proliferation and inhibits its hypertrophic differentiation through

Changes in the cytoskeleton in response to mechanical
stimulation have been reported in articular chondrocytes
[4] and intervertebrate disc cells [29]. Here we show that
mechanical stimulation of chondrocytes induces modifica-
tions in the cellular arrangement of the cytoskeleton
(changes in F-actin) and formation of stress fibers along the
strain axis (Fig. 5a, arrowhead). In addition, we showed
that chondrocytes respond to mechanical stimulation by
activation of p38 MAPK (Mitogen-activated protein kina-
ses) (Fig. 5b, d), as previously reported in mesenchymal
stem cells [30], and showed for the first time that
mechanical stimulation activates the Statl (signal trans-
ducers and activators of transcription) pathway (Fig. 5c, d).
The mechanical load slightly induced the expression of the
cilia related genes PKDI, KD2, IFT88 and IFT172
(Fig. S5e). While dramatically and time dependent affecting
FOS and Early growth response protein (EGR1), two genes
which have been identified as immediate-early response
genes in osteoblasts’ response to load and stretch [45, 74],
as well as that of osteopontin (OPN) and aggrecan (AGC1)
(Fig. 5f), two chondrogenic genes known to respond to
mechanical load [30, 56, 77].

Moreover, ATDCS chondrocytes exhibited primary
cilium, as demonstrated by double staining with o acet-
ylated tubulin and pericentrin antibodies as well as using
scanning electron microscopy (Fig. 5g, h). In order to
understand whether and how load application affects
primary cilium distribution in chondrocytes in vitro. For
this purpose, quantification of the cilia presenting cells
were performed in cultured ATDCS5 chondrocytes sub-
jected to mechanical stimulation experiment (for 0, 30, 60
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Anterograde IFT
(IFT88+KIF3A)

Retrograde IFT
PKD1
PKD2

Ptch1

Hh signal

induction of Parathyroid hormone-related protein (PTHrP) expres-
sion. b Mechanical stimulated GP chondrocyte: morphological
change of the cell together with up-regulation of cilia related genes
(IFT88, KIF3A, PKD1 and PKD2) and formation of stress fibers.
Decrease in the expression of Ihh and ptcl results in major decrease
of PTHrP expression following reduced proliferation and switch for
differentiation

and 120 min). Measurements were calculated for more
than 500 cells from 3 different experiments, and showed
no significant differences between the unstimulated cells
and the stimulated cells for the different time points. In
parallel to the ciliated cells counting, we also measured
cilia length of more than 150 ciliated cells per time point,
and compared between the stimulated vs. unstimulated
cells. Again, we did not observe any significant difference
in the cilia length caused by the mechanical stimulation.
In all checked samples, around 80 % of the cells pre-
sented cilia (counted according to acetylated-tubulin
staining in comparison to nucleus DAPI staining), and
cilia length was 2.4 pM, as demonstrated also by others
[78]. These conflicting results between our in vivo and
in vitro model can be attributed to the different time scale
of the mechanical stimulation that the two models were
subjected to. While the in vitro model examine the
immediate response of the cells to mechanical stimulation
on ciliogenesis, the in vivo model tested a more prolong
stimulation period of 4 days.

Contrary to our data previous research [38] has shown
that cyclic compression (0-15 %; 1 Hz) for 24 and 48 h
reduce cilia incidence in articular chondrocytes grown in
3D agarose culture. We suspect that the cause for these
inconsistencies is once again, the time scale that was
investigated. However, our results are compatible with a
recent study that subjected primary articular chondrocytes
to cyclic tensile strain up to 20 % for 1 h at 0.33 Hz and
conclude that the primary cilia prevalence was not altered
in response to this stimulation [78]. But affected cilia
length of cells subjected to the highest strain by reduction
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«Fig. 5 ATDC5 chondrocytes respond to mechanical stimulation.
ATDCS cells were subjected to a 2D dynamic strain of 1 Hz and
20 % elongation for different time periods. a Actin arrangement was
detected by immunocytochemistry staining with phalloidin (red).
Stress fibers accumulation oriented with the strain direction is pointed
with arrow. Scale bar 20pm. b Immunocytochemistry with anti
phospho-p38 (green) antibody demonstrates p38 phosphorylation in
respond to the mechanical stimulation. Nuclei stained with DAPI.
Scale bars for DAPI and p-p38 50um. Scale bar for the overlay
100pm ¢ Immunocytochemistry with anti Statl (green) antibody
showing changes in the Statl levels and localization with time. Scale
bar 50pm. d Protein levels of p-p38, p-38, and Statl were quantified
using western blot analysis. Cell lysates were separated on SDS-
PAGE followed by bloting with antibodies against p-p38, p38, and
Statl. e Expression levels of PKDI1, PKD2, IFT88, and IFT172
(F) FOS, EGRI, osteopontin (OPN), aggrecan (AGCl), were
examined by real-time PCR. Values are expressed as mean + SD
of three replicates. Significantly different at P < 0.05. g SEM
presentation of primary cilia on ATDC5 chondrocyte (H) Immunocy-
tochemistry with acetylated o-tubulin (A-tb, green) and pericentrin
(red) antibodies for the detection of the primary cilium, and DAPI for
the nuclei (DAPI, blue)

of approximately 15.1 %. In conclusion, our findings sug-
gest an influence of mechanical stimulation on the process
of ciliogenesis in vivo, presumably due to the long duration
of stimulation.

IFT88 and ptcl receptor localize to the chondrocytic
primary cilium

The IFT complex is essential for cilium formation. IFT88 is
part of this complex and has been shown to localize to the
primary cilium [41]. Here we identified IFT88 in the primary
cilium in ATDCS murine chondrocytes (Fig. 6a) and in
292¢G human articular chondrocytes (Fig. 6b). Second, we
found that activation of the Thh pathway by SAG [6] results
not only in increased ptc1 (which is known to be downstream
of Thh) [9] mRNA expression (Fig. 7d), but also in accu-
mulation of ptcl at the chondrocytic cilium (Fig. 6c).

Knocking down KIF3A modifies cilium morphology
and functionality

Inactivation of KIF3A, one of the primary cilium’s build-
ing blocks [13, 17], results in deletion [31] or significant
reduction [25] in the number of primary cilium. In growth-
plate chondrocytes, inactivation of KIF3A results in
reduced Ihh expression [28].

To understand the role of the primary cilium in the
chondrocytes’ response to mechanical load, we partially
knocked-down KIF3A using transient transfection of shR-
NAi for Kif3A (shKIF3A). We used a construct that
knocked-down KIF3A while simultaneously expressing
GFP reporter gene, so that cells in which KIF3A was
silenced appeared green. 48 h post transfection we show in

@ Springer

Fig. 6a depletion of KIF3A protein in cells transfected with
two shKIF3A vectors. Although protein levels were dra-
matically reduced, the presence of primary cilium was not
abolished from the transfected cells (Fig. 7b, c¢), but only
moderately (albeit significantly) reduced in cells transfec-
ted with the shKIF3A-2 vector (Fig. 7b).

However, functionality of the primary cilium was
indeed damaged by KIF3A silencing. This was demon-
strated by the altered response of the cells to SAG
stimulation: while the control cells (nontransfected and
empty vector) showed an increase in ptcl expression fol-
lowing SAG treatment (Fig. 7d), the response of the
shKIF3A cells to SAG stimulation was markedly inhibited
(Fig. 7d).

KIF3A is involved in the chondrocytic response
to mechanical stimulation

Finally, we wanted to characterize the role of the primary
cilium in the ATDCS chondrocyte’s response to mechani-
cal stimulation. We transfected cells with either shKIF3A
or control vectors; 48 h post-transfection, mechanical
stimulation was applied. KIF3A reduction was validated by
the significantly lower protein-expression levels compared
to control cells (Fig. 8a). Next, a panel of mechano-sen-
sitive genes was examined by extensive real-time PCR
analysis, to: (1) characterize their response to mechanical
stimulation in chondrocytes, (2) differentiate these
responses in cells with normal KIF3A expression vs.
silenced KIF3A. The examined genes included chondro-
cyte-related genes, mechanical force-related genes and
primary cilium-related genes. Based on our results, we
clustered genes according to their pattern of KIF3A
dependence (Fig. 8b). Four different response clusters were
characterized:

1. the KIF3A-independent mechano-sensing cluster the
response of EGR1 to mechanical stimulation was
unaffected by KIF3A suppression;

2. the partially KIF3A-dependent mechano-sensing clus-
ter the response pattern of FOS, RUNX2, collagen
type II, and ATF3 to mechanical stimulation was not
affected by KIF3A knockdown. However the magni-
tude of the response changed;

3. the KIF3A-dependent mechano-sensing cluster this
cluster included AGCl, Ihh, collagen type X and p21
genes, whose response to mechanical stimulation was
abolished following KIF3A suppression;

4. the KIF3A ‘switching’ mechano-sensing cluster The
response pattern of OPN, PKDI1, PKD2, IFTS8S,
IFT172, and SOX9 to mechanical stimulation switched
to the opposite direction following KIF3A suppression.
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Fig. 6 IFT88 and ptcl receptor localized at the chondrocytic primary
cilium. a, b ATDCS cell line and 292gG primary human articular
chondrocytes were subjected to immunocytochemistry with anti
acetylated o-tubulin antibody for the detection of primary cilium (tb,
green), anti IFT88 antibody (IFT88, red) and DAPI for nuclei staining
(DAPI, blue). Shifted overlay (right panel) demonstrating the
localization of IFT88 to the primary cilium. ¢ ATDCS cells were

Taken together, these results suggested that normal
KIF3A levels are necessary for both maintenance of pri-
mary cilium function and facilitation of mechanical-load
signaling in chondrocytes. Moreover, disrupted KIF3A
levels and subsequently damaged cilium functionality
resulted in altered response of the chondrocytes to
mechanical load.

DAPI IFT88

SAG stimuli

i

%

shifted overlay

treated with SAG for the activation of the Hh pathway. The
localization of ptcl to the primary cilium was detected by immuno-
cytochemistry with anti acetylated o-tubulin antibody for the
detection of primary cilium (tb, red) and anti ptcl antibody (Ptcl,
green). Results showing accumulation of ptcl in the primary cilia
following SAG stimuli

Discussion

In this study, we show for the first time that mechanical
load up-regulates primary cilium number in the chicken
growth plate concomitant with altered chondrogenesis.
Moreover, we demonstrate that KIF3A is necessary for
primary cilium function and its ablation hampers the
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Fig. 7 Knocking down KIF3A modifies cilium morphology and
functionality. KIF3A was silenced by transient tranfection. a KIF3A
protein levels were determined by western blot analysis. (b, ¢) Control
(empty) and KIF3A knock-down cells were immuno-stained with
acetylated o-tubulin Abs (tb, red) to detect the primary cilium and
DAPI for nuclei staining (DAPI, blue). b The number of cells
presenting primary cilium on transfected cells (GFP) was counted and
presented as percent of total green cells. ¢ Staining showing the

chondrocyte’s response to mechanical load by altering the
expression of mechano-sensitive as well as chondrocyte-
specific genes. Chondrocytes, osteoblasts and osteoclasts
are constantly exposed to physical forces that modulate
their cellular phenotype and gene expression during
development and postnatal growth. During normal physical
activities, the cartilage, as a tissue, experience compression
as the primary mechanical load. At the cellular level, the
compression converts to various mechanical loads includ-
ing direct compression, hydrostatic pressure, shear and
tensile loading, interstitial fluid flow, electrokinetic effects,
and osmotic pressure [12, 65]. At the cellular level, these
biomechanical strains, together with biological factors
(e.g., growth factors, cytokines etc.), play important roles
in modulating chondrocytes physiology, metabolism, and
response to external loads. Numerous studies have inves-
tigated the effects of increased or decreased load on the
structure of mature bones [11, 48, 61]. However, only a
few studies have described the effect of mechanical load on
bone and growth-plate development at a young age, during
the rapid growth phase. In recent years, this has been a
major focus of our group [56-58]. We used a unique
loading protocol which mimics physiological loading pat-
tern to apply a moderate supraphysiological load,
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changed cilium morphology in the KIF3A knock-down cells
compared with control. The shKIF3A-1 cells showed a thinner
staining of the tubulin structure while the shKIF3A-2 cells demon-
strate a truncated cilium structure. d ATDCS cells were treated with
SAG for the activation of the Hh pathway. Ptcl mRNA was quantified
by real-time PCR. KIF3A knock-down attenuates the increase in ptcl
expression following SAG stimulation

consisting of 10 % of the young chickens’ body weight.
We have shown that even at low magnitude, addition of
load reduces the length and diameter of the long bones
(femur and tibia). This load also results in a narrower
growth plate, while mineralization and ossification are
increased. Here we show that mechanical load increases
ciliogenesis, which leads to alteration and probably mal-
function of the Thh—PTHrP loop in the growth plate. This is
followed by decreased chondrocyte proliferation and
irregularities in the switch between proliferation and dif-
ferentiation. Furthermore, the increased number of primary
cilium results in higher organization of the chondrocyte
columns. In vitro, we mimicked the cellular micro-envi-
ronment experiencing shear as well as tensile and
compression stresses: tensile load is induced during
stretching while compression load is induced during
release from stretch. Both acts induce fluid flow, thus
creating shear load. Taken together, the combination of
these three types of load represents the nature of loads
experienced by growth-plate chondrocytes. Using this
platform, we demonstrate the requirement of primary cil-
ium in the chondrocyte’s response to mechanical
stimulation, and show the role of KIF3A in mediating gene
expression in response to load.
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«Fig. 8 KIF3A isinvolved in the chondrocytic response to mechanical
stimulation. a KIF3A protein levels were determined by western blot
analysis. b Mechanical stimulation was applied on control (empty)
and KIF3A knock-down cells. mRNA expression of mechano-
sensitive genes was quantified using real-time PCR. The genes were
divided to 4 clusters depending on their dependence on KIF3A

The process of mechano-transduction in chondrocytes is
not fully understood. The primary cilium’s unique char-
acteristics make this organelle a potential player in
receiving and mediating a variety of signals into the cell.
Moreover, different mechano-receptors, such as integrins
and calcium channels, have been found to localize in the
primary cilium [27, 36, 54, 66]. Here we show that
mechanical load increases ciliogenesis in the growth plates
in vivo and the expression of cilium-related genes in
chondrocytes in vitro. Cell organization in cartilage ele-
ments is directly linked to primary cilium [8, 72], and its
disruption results in impaired ciliogenesis accompanied by
misoriented cells in the growth plate [28, 37]. We show
that mechanical loading results in the reciprocal phenotype:
increased ciliogenesis, increased expression of cilium-
related genes and increased cell organization. This provides
further evidence for the primary cilium’s involvement in
the growth plate’s response to mechanical load.

The connection of the primary cilium to the cell cycle
and proliferation is well established [50]. In normal pro-
liferating cells, the presence of cilia on the cell surface is
most commonly observed in the G1 phase [59]. Moreover,
cell-cycle regulators have been found to control the for-
mation or loss of cilia [50] and vice versa, some of the IFT
proteins, long thought to be relevant solely to protein
trafficking within the cilium, have recently been found to
function in cell-cycle control. For example, over-expres-
sion of IFT88 prevents the G1-S transition, whereas
depletion of IFT88 causes cilium disappearance and pro-
motes cell-cycle progression [60]. Therefore, it is
reasonable to suggest that the observed decrease in chon-
drocyte proliferation as a result of mechanical loading is
also connected to the primary cilium. However, it is
unclear whether the reduced proliferation enables the
appearance of primary cilium, or conversely, the increased
ciliogenesis affects the cell cycle.

One possible explanation is that the changes in cell
proliferation are also associated with the alterations in the
Thh—PTHrP loop observed in the loaded growth plates. This
loop is a master regulator of bone development, coordi-
nating chondrocyte proliferation and differentiation [23,
73]. Thh is considered an essential mediator of mechano-
transduction in cartilage; its expression is highly induced
by cyclic mechanical stress in proliferative sternal chon-
drocytes [87], as well as in mandibular condylar cartilage
where it was shown to convert mechanical strain into
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cellular proliferation and cartilage formation [43], [75].
Recently, the primary cilium was shown to modulate Thh
signal transduction in response to hydrostatic loading of
growth plate chondrocytes [67]. In vivo, the mechanical
load altered the expression and localization of Ihh and its
receptor ptcl as well as PTHrP, which is downstream of
Thh, thereby modifying the functionality of the Thh—PTHrP
loop in the growth plate. This is probably the main reason
for the decreased proliferation rate and abnormal switch
between proliferation and differentiation induced by the
load. Again, this also suggests involvement of the primary
cilium, given that Ihh signaling is mediated by this orga-
nelle [24].

In our in vitro model, we used this fact to prove that
knockdown of KIF3A damages the functionality of the
cilium: in control cells, mechanical stimulation induced Ihh
expression, and activation of the pathway by SAG stimu-
lation increased the expression of ptcl and its accumulation
in the cilium. Knockdown of KIF3A abolished these
responses. This gave us the opportunity to study the role of
KIF3A (and consequently of the primary cilium) in mec-
hano-signaling by comparing the response of wild-type and
damaged cilium cells to mechanical stimulation. By
examining a panel of genes, we were able to establish four
clusters which differ in their dependence on the cilium (i.e.
KIF3A) for a normal response to load. It is important to
note that although we focused on the cells’ immediate
response in 2D culture conditions. This approach is not
common in mechanical stimulation experiments, for two
main reasons: first most of these experiments are aimed at
discovering a phenotype for this manipulation, such as cell
differentiation; second, the commonly used systems, such
as 3D approaches, are too complex for an examination of
the short-term kinetics of mechanical stimulation [30].
However, the response to mechanical stimulation is sig-
nificantly affected by cell shape which is in turn dictated by
culture conditions i.e. 3D. Despite these limitation we still
believe that investigation of the immediate response to
mechanical stimulation in 2D culture can shed light on the
role of the primary cilium in mechano-transduction path-
ways.The four clusters described the extent of KIF3A’s
involvement in chondrocytes’ response to mechanical
stimulation. Clusters 1 and 2 represent genes which
respond to mechanical stimulation but are KIF3A-inde-
pendent. These genes are probably regulated through other
mechanisms, such as the MEK1/2 signaling pathway [45].
Alternatively, these changes might be related to the chan-
ges observed in the cytoskeleton following mechanical
stimulation. The cytoskeleton is vastly involved in mech-
anotransduction; forces can be applied directly through the
ECM or transmitted through the cytoskeleton to mecha-
nosensitive components to mediate cellular response which
can result in either reinforcement or fluidization of the
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cytoskeleton (Reviewed by Hoffman et al. [19]. Here we
have shown that mechanical stimulation of chondrocytes
resulted in changes in F-actin and formation of stress fibers
along the strain axis. Interestingly, primary cilium length is
also regulated through changes in either the actin or
microtubule network of the cytoskeleton [68], and loss of
ciliary genes such as IFT88 and KIF3A leads to hyper-
acetylation of cytosolic microtubules [3]. Clusters 3 and 4
also respond to mechanical stimulation, but their response
is KIF3A-dependent. Upon KIF3A knockdown, genes in
cluster 3 abolish the response whereas those in cluster 4
reverse the response. Interestingly, cluster 3 includes
mostly “chondrocytic” genes. AGC1 and collagen type X
are two major ECM proteins in the growth plate. They are
both highly up-regulated in response to mechanical stim-
ulation in control cells, probably to strengthen the cell
environment [86]. Thh is a key component in chondrogen-
esis [82], and is highly up-regulated following mechanical
stimulation [87]. Here we show that this regulation is
KIF3A-dependent. In addition, we show that p21’s
response to load is also KIF3A-dependent. Cell-cycle arrest
has been shown to be one of the phenotypes of mechanical
stimulation [33]. Moreover, it is well known that the pri-
mary cilium is connected to cell-cycle status [50]. Hence, it
is not surprising that the response of this cell-cycle inhib-
itor to mechanical loading is KIF3A-dependent.
Interestingly, we show that regulation of the primary cil-
ium-related genes PKD1, PKD2, IFT88, and IFT172 is
KIF3A-dependent. This proves that once a key protein such
as KIF3A is disrupted, other key ciliary genes are down-
regulated. The reduction in cilium number after KIF3A
knockdown might be mediated by this mechanism. How-
ever further studies are required to confirm this.

To conclude, this work proves that the primary cilium is
involved in growth-plate chondrocytes’ response to
mechanical load both in vivo and in vitro. Key components
of this organelle mediate gene expression, which ultimately
alters cell proliferation and differentiation, as well as cell
morphology and organization in the growth plate.
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