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Abstract  12 

In the musculoskeletal system, appropriate cell and tissue responses to mechanical 13 

force delineate morphogenesis and ensure lifelong health. Despite this, how 14 

mechanical cues are integrated into biological programmes remains unclear. Primary 15 

cilia are microtubule-based organelles that tune a range of cell activities, including 16 

signalling cascades activated or modulated, by extracellular biophysical cues. Here, 17 

we demonstrate that the inducible, cartilage-specific deletion of Intraflagellar transport 18 

protein 88 (IFT88), which reduces ciliation in the adolescent mouse growth plate (GP), 19 

uncouples chondrocyte differentiation from cartilage resorption and mineralisation in 20 

a mechano-dependent manner. Targeting IFT88, inhibits hypertrophic chondrocyte 21 

VEGF expression, vascular recruitment, osteoclastic activity and the replacement of 22 

cartilage with bone. These effects are largely restricted to peripheral tibial regions 23 

beneath the load-bearing compartments of the knee. Increases in physiological 24 

loading, in control mice, also impairs ossification in the peripheral GP, mimicking the 25 

effects of IFT88 deletion. Strikingly, limb immobilisation rescues disrupted VEGF and 26 

restores epiphyseal dynamics in Ift88cKO mice. These data indicate, that during this 27 

pivotal phase in adolescent skeletal maturation that defines the cessation of growth, 28 

ciliary IFT88 protects the coordinated ossification of the growth plate from an otherwise 29 

disruptive heterogeneity of physiological mechanical forces.  30 
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Introduction  31 

All biological processes take place in the presence of mechanical forces (1). 32 

Biophysical environmental cues must be assimilated into pre-programmed genetic 33 

plans; cells and the extracellular matrix (ECM) collectively integrate mechanical forces 34 

to orchestrate tissue mechanoadaptations befitting developmental period and location. 35 

The creation, maturation and homeostasis of the musculoskeletal (MSK) system 36 

depends upon the regulated integration of, and balanced response to, mechanical and 37 

biological cues. How forces are translated into appropriate mechano-adaptations, at 38 

tissue level, remains to be understood and is a challenging question to address.   39 

The primary cilium has been proposed to play a central role in cellular 40 

mechanotransduction (2-6). However, the mechanism by which cilia transduce or 41 

influence the cellular response to mechanical force in health and disease is still 42 

debated (7-11). A singular, microtubule-based organelle assembled by the vast 43 

majority of cell types, the cilium is a well-established nexus for the transduction of 44 

external cues, acting as a nanoscale scaffold for the regulation of multiple signalling 45 

pathways, including growth factor signalling (12-15). The ciliopathies, congenital 46 

disorders associated with mutations to ciliary-associated genes or biology, have a 47 

well-described MSK subset (16), demonstrating the fundamental importance of the 48 

primary cilium in human skeletal development. The developmental depletion of key 49 

ciliary genes in the mouse (17-23) results in impaired growth, and premature 50 

epiphyseal fusion, when the growth plate (GP), the cartilaginous template for long 51 

bone formation, fuses to become bone early. Far less is known about ciliary influence 52 

in adulthood, but ciliary IFT88 remains influential in post-natal articular cartilage (24).   53 

Longitudinal bone growth is underpinned by endochondral ossification (EO), a 54 

carefully coordinated process of cell and tissue differentiation, that ultimately results 55 

in GP cartilage being replaced by bone. Elongation requires the GP to be organised 56 

into columns of chondrocytes, continuously supplied, throughout growth, by a stem 57 

cell niche (25, 26). Progeny of this niche undergo proliferation, enlargement through 58 

hypertrophic differentiation (27) and ultimately either apoptosis or transdifferentiation 59 

(28), all the while secreting and remodelling a regionally specialised extracellular 60 

matrix. Thus, a highly organised sequence of cellular and extracellular signalling 61 
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events enables dynamic, almost simultaneous mineralisation and resorption of 62 

cartilage, vascular invasion and the creation of bone. During EO, complex gradients 63 

of growth factor signalling coordinate differentiation of cells and matrix. One example 64 

of signalling underpinning this programme of differentiation, is the Indian hedgehog 65 

(Ihh)-Parathyroid hormone-related protein (PThrP) feedback loop, which acts to 66 

balance proliferation and hypertrophic differentiation (29-33). In a similar fashion to 67 

targeting of cilia in early development, as cilia are central regulators of Hedgehog (Hh) 68 

signalling, disruption of this loop by genetic perturbation, results in accelerated GP 69 

closure (12, 13, 15). Comparatively to EO, the signalling events underlying fusion of 70 

the GP, the abrupt discontinuation of EO demarcating the cessation of growth, are 71 

poorly understood. 72 

Both Hh signalling, PThrP signalling, and their downstream effects have themselves 73 

been previously demonstrated to be mechano-regulated. For example, hydrostatic 74 

strain applied to GP chondrocytes results in increased Ihh signalling and proliferation 75 

(34). Indeed, either by modulation of the expression of ligands, receptors or by their 76 

release from sequestration within the matrix, growth factor signalling in cartilage and 77 

bone is highly mechano-regulated (35-37). A number of studies illustrate the 78 

importance of mechanics in animal models of bone growth. In the absence of 79 

mechanical forces exerted by muscular contraction, proliferation decreased in the GP 80 

of embryonic chicks (38, 39). Tissue mechanics are also required for the intercalation 81 

of growth plate chondrocytes to affect extension (40, 41). Despite the importance of 82 

mechanotransduction to skeletal development, health and disease, the cellular and 83 

molecular components that might comprise a system that supports mechanical 84 

homeostasis in cartilage and many other tissues, analogous to the bone mechanostat 85 

originally proposed by Frost (42), remain elusive.  86 

We hypothesised that, IFT88, and by extension the primary cilium, maintains profound 87 

influence in the post-natal growth plate. We show ciliary IFT88 plays an instrumental 88 

role in coordinating adolescent epiphyseal biology in vivo. We propose that cilia protect 89 

the carefully orchestrated cessation of growth, from otherwise disruptive mechanical 90 

forces and offer a new paradigm for the role of cilia in tissue mechanotransduction 91 

during morphogenesis.  92 
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Results 93 

Deletion of IFT88 in the juvenile and adolescent growth plate inhibits 94 

endochondral ossification and growth plate closure 95 

To delete Ift88, in a cartilage-specific, inducible, manner AggrecanCreERT2;Ift88fl/fl 96 

(Ift88 cKO) mice were generated. To assess efficacy of Cre recombination in growth 97 

plate (GP) chondrocytes, the AggrecanCreERT2 was crossed with a TdTomato 98 

reporter line. Effective Cre recombination was identified in many, but not all, GP 99 

chondrocyte columns following tamoxifen administration (n=3) (Figure. 1A). 100 

Chondrocyte columns expressing Tdtomato were evenly spread throughout the GP, 101 

with no bias to particular regions. By the point of analysis, 2 weeks post-tamoxifen, 102 

cells within the Primary Spongiosa also expressed Tdtomato. Immunohistochemical 103 

(IHC) staining of cryosections from 10-week-old mice, enabled visualisation of cilia in 104 

situ (Figure 1B, Supplementary figure 1A) and indicated a ~20% reduction in cilia 105 

prevalence in GP chondrocytes (Figure 1B, ****p<0.0001, Fisher’s exact test, 106 

contingency data shown in Supplementary Figure. 1B, n=4 in each group). Whilst in 107 

the mouse the GP never fully fuses, on approach to skeletal maturity, the rate of 108 

longitudinal bone growth decreases between 4 and 10 weeks of age, and tibial GP 109 

length reduces with age from approximately 0.26mm to 0.04mm (Figure. 1C) indicative 110 

of GP closure. Tamoxifen was administered to control and AggrecanCreERT2;Ift88fl/fl 111 

mice (Ift88 cKO) at 4, or 6, or 8 weeks of age (Figure. 1D). GP lengths were analysed 112 

two weeks later, using MicroCT images of whole knee joints, taking the mean of 8 113 

length measurements across the full width (Supplementary Figure. 1C). Analysis 114 

revealed, deletion of IFT88 resulted in statistically significantly longer GP, compared 115 

with controls (****p<0.0001, two-way ANOVA, Figure. 1E). Whilst variance increased, 116 

GP length in AggrecanCreERT2;Ift88fl/fl, remained similar to that of control mice at the 117 

age tamoxifen was administered (two weeks prior) across all timepoints. Thus, GP 118 

narrowing during each of these periods was effectively abolished. Though not the 119 

focus of this study it was clear that the bone in the tibial diaphysis, particularly at 6 120 

weeks of age, appeared increased in density. Analysis of the region of bone directly 121 

beneath the GP revealed an increase in BV/TV at 6 weeks of age (Supplementary 122 

Figure. 2A). Strikingly, elongated cartilaginous GP in AggrecanCreERT2;Ift88fl/fl were 123 
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characterised by large, regions with little or no mineral density that were largely 124 

restricted to one or both sides of the tibia. (Figure.1F). 125 

 126 

Figure 1. Deletion of IFT88 reduces growth plate ciliation and inhibits growth 127 

plate closure. A, Cryosections of knee joints counterstained with nuclear DAPI, 128 

were taken from 6-week-old AggrecanCreERT2;TdTomato mice that received 129 

tamoxifen (TM) at 4 weeks of age (scale bar =500um). White arrows point to 130 

chondrocyte populations exhibiting TdTomato reporter activity. B, Percentage 131 

ciliation in 10-week-old GP in AggrecanCreERT2;Ift88fl/fl and Ift88fl/fl control mice 2 132 
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weeks after tamoxifen. **** p=<0.0001, Fisher’s Exact test, contingency data shown 133 

in supplementary Figure 1B, Error bars shown are S.D.  Image depicts primary cilia 134 

staining in GP chondrocytes in situ. C, Violin plots depict GP length of control 135 

animals (also treated with tamoxifen) at 4, 6, 8, 10, 24, and 34 weeks of age. D, 136 

Schematic indicates age of tamoxifen administration (TM) and collection (arrows). E, 137 

Violin plots depict GP lengths of control (Ift88fl/fl) and AggrecanCreERT2;Ift88fl/fl (cKO) 138 

mice at 6, 8, and 10 weeks of age. F, Partial 3D construction of MicroCT scans at 6 139 

and 10 weeks of age. Points represent mean GP length per animal in violin plots. 140 

Genotype effect analysed by two-way ANOVA, pairwise analysis by unpaired t-tests 141 

corrected for multiplicity and using a 1% FDR, *p<0.05, ****p<0.0001.  142 

 143 

IFT88 deletion inhibits ossification of the peripheral growth plate 144 

MicroCT images suggested the effects of IFT88 deletion were restricted to the 145 

peripheral regions of the GP, directly below the load-bearing articular surfaces of the 146 

knee (Figure. 2A), while comparatively the central region of the GP, had narrowed 147 

normally through ossification. Considering only the 8-10 week period, in order to focus 148 

on GP fusion processes and avoid the confounding effect of tibial widening at earlier 149 

timepoints (Supplementary Figure. 2B), maximum GP length measurements were 150 

taken in lateral, central and medial regions of control and AggrecanCreERT2;Ift88fl/fl 151 

mice and plotted relative to control animals (Figure. 2B). This analysis revealed the 152 

largest effects were observed in the medial peripheral region of the GP, where GP 153 

length was twice that of controls. Comparatively modest effects on GP length were 154 

measurable in the lateral region, whilst only very small, but nevertheless statistically 155 

significant, differences were observed centrally (Figure. 2B). Von Kossa staining also 156 

indicated disruption to mineralisation and trabecular organisation beneath the 157 

peripheral regions of failed ossification in AggrecanCreERT2;Ift88fl/fl mice (Figure 2C). 158 

Previous studies investigating GP closure describe bone bridging events associated 159 

with heterogenous local tissue mechanical stresses (43). Fewer and lower density 160 

bone bridges were observed in AggrecanCreERT2;Ift88fl/fl mice compared with controls 161 

(Figure. 2D). This reduction in bridging was again particularly striking on the medial 162 

side of the limb (Figure. 2E).  163 
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 164 

Figure 2. IFT88 deletion inhibits peripheral growth plate ossification A, MicroCT 165 

partial 3D construction of AggrecanCreERT2;Ift88fl/fl mice at 10 weeks of age. B, 166 

Maximum growth plate lengths taken from the lateral, medial and central sections of 167 

the GP of AggrecanCreERT2;Ift88fl/fl animals, normalised to the Ift88fl/fl. Analysis by 168 

pairwise unpaired t-tests corrected for multiplicity, FDR 1%, *p=<0.05, **p=<0.01  169 

Ift88fl/fl n=17; AggrecanCreERT2;Ift88fl/fl n=19. C, Von Kossa staining of Ift88fl/fl and 170 

AggrecanCreERT2;Ift88fl/fl. Label highlights region of medial bone with disorganised 171 

trabeculae. D, Number of bridges and bridge density in control and 172 

AggrecanCreERT2;Ift88fl/fl. Points represent median value per animal. Analysed by 173 

two-way ANOVA, *p<0.05, **p<0.01, Ift88fl/fl n=8; AggrecanCreERT2;Ift88fl/fl n=8. E, 3D 174 

representation mapping GP bridges across tibial articular surfaces of the knee. Colour 175 

scale indicates the density of the bridges.    176 
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Increased physiological loading disrupts peripheral growth plate closure 177 

Previous modelling has indicated heterogeneity of physiological mechanical stresses 178 

across the width of the GP during limb loading (43, 44). Given the peripheral, most 179 

pronounced on the medial side, pattern to the failed ossification in 180 

AggrecanCreERT2;Ift88fl/fl mice, we hypothesised that coordinated epiphyseal closure 181 

is sensitive to the depletion of IFT88, due to a critical role for cilia in 182 

mechanosensation/transduction, as has been previously proposed (45, 46). 183 

Therefore, we surmised GP narrowing in control mice, between 8 and 10 weeks of 184 

age, would be sensitive to acute changes in limb loading. First, we tested the effect of 185 

removing mechanical input to the adolescent GP hypothesising this may inhibit GP 186 

dynamics in a similar manner to that observed upon depletion of cilia. Double 187 

neurectomy was performed on the right hind limb at 8 weeks of age. Cutting both the 188 

femoral and sciatic nerves rendered the right hind limb incapable of weight bearing 189 

(off-loaded), whilst the left (contralateral) became the predominant weight bearing hind 190 

limb taking increased load by means of compensation. MicroCT revealed GP in off-191 

loaded limbs of 10 weeks old Ift88fl/fl control mice were not strikingly different when 192 

compared with naïve Ift88fl/fl control mice (Figure 3A, quantified in 3D) and relative 193 

narrowing, across the width of the limb, was uniform. However, the contralateral limbs 194 

of operated animals exhibited similar bi-lateral regions of failed ossification to that 195 

observed in naïve AggrecanCreERT2;Ift88fl/fl mice (Figure. 3A, right-hand image), with 196 

an associated increase in average GP length when compared with paired off-loaded 197 

limbs (Figure 3B). In order to further investigate whether increases, rather than 198 

decreases, to physiological loading, disrupt coordinated GP ossification, mice were 199 

given access to free wheel exercise between 8 and 10 weeks of age. At 10 weeks of 200 

age exercised Ift88fl/fl control mice also exhibited inhibition of GP closure in the 201 

periphery, again often most pronounced on the medial side (Figure. 3C, relative 202 

quantification of mean GP length in Figure. 3D). Von Kossa staining confirmed a failure 203 

of mineralisation and alterations to bone architecture beneath in control mice after two 204 

weeks of wheel exercise (Figure 3E). Von Kossa indicated the inhibitory effects on 205 

mineralisation were greatest on the medial side, but that the mineralised architecture 206 

beneath the lateral plateaus was also altered.  207 
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 208 

Figure 3. Acute increases in physiological limb loading inhibit peripheral 209 

growth plate dynamics. A, MicroCT partial 3D construction of off-loaded and 210 

contralateral joints from Ift88fl/fl control mice. B, GP lengths of paired off-loaded 211 

(right) and contralateral (left) joints in Ift88fl/fl control mice. C, MicroCT partial 3D 212 

construction of joints from Ift88fl/fl control mice following two weeks wheel exercise. 213 

D, Quantitation of GP length of naïve, off-loaded, contralateral and wheel exercised 214 

Ift88fl/fl control mice. Points in violin plots represent mean growth plate length per 215 

animal. Analysed by one-way ANOVA ANOVA, *p<0.05, ****p<0.0001, n=9-12. E, 216 

Von Kossa staining of Ift88fl/fl following 2 weeks wheel exercise. 217 

Limb immobilisation rescues growth plate ossification in IFT88cKO mice 218 

In contrast to the initial hypothesis that primary cilia may be a positive regulator of the 219 

GP response to mechanical stress, we next tested if ciliary IFT88 could be regulating 220 

GP closure, in a mechanically-dependent manner, by protecting GP dynamics from 221 

disruptive mechanical force. AggrecanCreERT2;Ift88fl/fl mice also underwent double 222 
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neurectomy surgery to off-load the joint. In AggrecanCreERT2;Ift88fl/fl mice, GP 223 

dynamics were rescued in by off-loading (Figure. 4A) and the difference in GP length 224 

between genotype was abolished by off-loading (Figure 4C). The removal of ciliary 225 

IFT88 in conditions of increased mechanical loading (contralateral and wheel) did not 226 

influence the effects of increased loading on GP closure. 227 

 228 

Figure 4. Limb immobilisation rescues the effect of IFT88 deletion on GP 229 

ossification. A, MicroCT partial 3D construction of AggrecanCreERT2;Ift88fl/fl mice of 230 

naïve, off-loaded and contralateral joints. B  MicroCT partial 3D construction of control 231 
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and AggrecanCreERT2;Ift88fl/fl wheel exercised joints. C, GP length of control and 232 

AggrecanCreERT2;Ift88fl/fl mice in naïve, off-loaded, contralateral and wheel exercised 233 

mice. Points in violin plots represent mean GP length per animal. Statistical 234 

comparisons represent unpaired t-tests, corrected for multiplicity, FDR 1%, 235 

****p<0.0001, n=9-23. 236 

 237 

Collectively, these data indicate that IFT88 is a mechanical force-dependent regulator 238 

of the adolescent GP, apparently acting to dampen its responsivity and/or protect 239 

against otherwise disruptive physiological forces within the GP, to ensure coordinated 240 

ossification across the width of the limb. Next, we explored the cellular and molecular 241 

basis to these findings.  242 

 243 

Deletion of ciliary IFT88 does not impair chondrocyte differentiation, but inhibits 244 

cartilage resorption, ‘trapping’ differentiated hypertrophic chondrocytes in 245 

expanded regions of the peripheral growth plate.  246 

In order to understand the cellular and molecular mechanism underpinning the 247 

phenotype of AggrecanCreERT2;Ift88fl/fl mice, we assessed the cellular and matrix 248 

composition of the peripheral regions of failed ossification by histology. Safranin O 249 

staining, in naive Ift88fl/fl (control) animals revealed highly organised columns of 250 

chondrocytes in a small resting/proliferative population and larger hypertrophic 251 

population within the proteoglycan-rich GP. In contrast in AggrecanCreERT2;Ift88fl/fl 252 

animals, the disrupted peripheral regions directly beneath articular cartilage surfaces 253 

(Figure 5A, dashed lines) , were expanded regions of proteoglycan-rich cartilage 254 

predominantly populated with swollen and disorganised, hypertrophic chondrocytes 255 

(Figure. 5A). Collagen X staining of the matrix surrounding large, hypertrophic cells 256 

indicated normal differentiation of this population (right-hand panels of Figure 5, IgG 257 

control shown in Supplementary Figure 3B). Off-loaded limbs exhibited similar GP 258 

morphology in both Ift88fl/fl control and AggrecanCreERT2;Ift88fl/fl, however Collagen 259 

X expression appeared reduced in both genotypes (Figure. 5B). In contrast, GP from 260 
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contralateral limbs were disrupted in a manner similar to naïve 261 

AggrecanCreERT2;Ift88fl/fl mice, an effect only enhanced in contralateral limbs of  262 

AggrecanCreERT2;Ift88fl/fl where hypertrophic chondrocytes appeared even more 263 

enlarged (Supplementary Figure. 3A). Wheel exercise also resulted in enlarged 264 

peripheral regions of cartilage full of disorganised hypertrophic chondrocytes, 265 

although, as seen in immobilised limbs, Collagen X staining was weaker. This 266 

impaired ossification phenotype, observed in AggrecanCreERT2;Ift88fl/fl mice during 267 

adolescence, is in stark contrast to that seen with disruption of Hh signalling in 268 

embryonic and early post-natal mice, which results in accelerated hypertrophic 269 

differentiation and a reduced proliferation zone, resulting in premature ossification 270 

(29, 32, 33). Assessment of the relative populations of GP chondrocytes revealed no 271 

statistically significant changes in any population in AggrecanCreERT2;Ift88fl/fl mice 272 

(Supplementary Figure. 3C). However, especially on the medial side, trends towards 273 

reductions in non-hypertrophic cells, associated with increases in hypertrophic 274 

populations, were observed with deletion of IFT88 and increased limb loading (wheel 275 

exercise). This indicated, in contrast to Hh disruption, a relative expansion of the 276 

hypertrophic populations. TUNEL staining revealed very low levels, and no 277 

differences, in apoptosis, between control and AggrecanCreERT2;Ift88fl/fl animals 278 

(Supplementary Figure. 3D) indicating the phenotype was not associated with an 279 

inhibition of cell death at the junction between GP cartilage and bone. Thus, in 280 

AggrecanCreERT2;Ift88fl/fl mice, chondrocyte differentiation appeared uncoupled from 281 

GP ossification. 282 

To directly evaluate whether deletion of IFT88 altered GP hedgehog signalling, 283 

RNAScope was performed to assess the expression of the Hh transcription factor 284 

Gli1, an indicator of pathway activity. Gli1 expression was assessed on an individual 285 

cell basis and revealed that deletion of IFT88 was associated with small (13%) 286 

increases in Gli1 expression as assessed by number of Gli1-positive cells  287 

(Supplementary Figure 4, ****p<0.0001, n= 4 animals in each group). This increase 288 

was most predominant in the non-hypertrophic chondrocytes (Supplementary Figure 289 

4C). No differences in Gli1 expression were observed when comparing peripheral 290 

regions to central regions suggesting changes to GP Hh signalling were not the 291 
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primary cause of changes to GP dynamics in the peripheral regions upon deletion of 292 

IFT88.  293 

 294 

Figure 5. Impaired GP dynamics with IFT88 deletion and increased limb 295 

loading are associated with peripheral cartilaginous regions filled with 296 

disorganised hypertrophic chondrocytes. A, Safranin O stained knee joints of 297 

naïve joints. Yellow boxes on 4x (left) and 10x (middle) images are enlarged to show 298 
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GP, (scale bar= 500μm). White dotted lines highlight region of GP affected is directly 299 

beneath the articular surfaces. B , Safranin O stained knee joints of off-loaded joints. 300 

Yellow boxes on 4x (left) and 10x (middle) images are enlarged to show GP, (scale 301 

bar= 500μm) C, Safranin O stained knee joints (4x) of wheel exercised joints. Yellow 302 

boxes on 4x (left) and 10x (middle) images are enlarged to show GP, (scale bar= 303 

500μm). Representative images shown: n=6-15 in all groups. 304 

AggrecanCreERT2;Ift88fl/fl . A, B & C, Analysis by immunohistochemistry to assess 305 

ColX protein expression. Counterstained with nuclear DAPI. White dashed lines 306 

outline the GP, (n=5 in all groups).   307 

 308 

Deletion of ciliary IFT88 impairs osteoclastic recruitment to the peripheral 309 

growth plate 310 

Enlarged growth plates are characteristic of protease knockout models (47, 48). It is 311 

still debated which cell types and proteases are responsible for GP resorption but we 312 

first assessed chondroclastic and osteoclastic activity at the GP/bone frontier using 313 

Tartrate-resistant acid phosphatase (TRAP) staining. In naïve, Ift88fl/fl control mice, 314 

uniform clastic activity was observed along the chondro-osseous junction (Figure 6A, 315 

top left, black arrows). In contrast, in naive AggrecanCreERT2;Ift88fl/fl TRAP staining 316 

was absent in peripheral regions of failed ossification (white arrows, Figure 6A), 317 

whereas the central region was largely unaffected (black arrows). In off-loaded 318 

Ift88fl/fl control joints, osteoclastic activity was reduced, in the periosteum and 319 

trabeculae, but was still present along the chondro-osseous junction across the width 320 

of the GP. In off-loaded AggrecanCreERT2;Ift88fl/fl mice uniform osteoclastic activity 321 

was observed across the GP thus rescuing differences between genotypes (Figure. 322 

6A, top and bottom middle, black dotted arrows). Wheel exercise in control Ift88fl/fl 323 

mice, resulted in similar osteoclastic activity to that observed in naïve 324 

AggrecanCreERT2;Ift88fl/fl mice, namely a loss of TRAP staining in peripheral GP 325 

regions but not the central region (Figure. 6A, top and bottom right, black and white 326 

arrows). In exercised AggrecanCreERT2;Ift88fl/fl, TRAP staining was absent from the 327 

chondro-osseous junction across the width of the limb, but staining was more 328 
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pronounced in the trabeculae below. Upon examination of the bone marrow at higher 329 

magnification, what appeared to be enucleated erythrocytes were visible in controls 330 

(Fig. 7B, left hand image, white arrows), at the chondro-osseous frontier. These cells 331 

appeared to invade the remnant spaces left behind by a hypertrophic cell (Figure. 332 

6B, left hand image, black arrow). Conversely, in AggrecanCreERT2;Ift88fl/fl mice, 333 

there were far fewer erythrocytes and lack of bone marrow (Figure. 6B, right hand 334 

image, white arrows). Erythrocytes appeared unable to reach the growth plate to 335 

invade hypertrophic cell remnant shells (Figure. 6B, right hand image, black arrows).  336 

337 
Figure 6. Wheel exercise and IFT88 deletion impairs osteoclast recruitment 338 

associated with failed ossification. A, Representative TRAP and haemotoxylin 339 

staining in naïve, off-loaded and wheel joints. Black arrows point to normal 340 

osteoclastic activity in the primary spongiosa, whereas white arrows indicate where 341 

this staining is perturbed. Black dotted arrows point to normal trabecular bone, 342 

whereas white dotted arrows point to disrupted trabecular bone formation. (n=5 in all 343 

groups). B, Naïve control and AggrecanCreERT2;Ift88fl/fl mice 20x images. White 344 

boxes show area zoomed in adjacent picture. White arrows show red blood cells in 345 

the bone marrow. Black arrows point to hypertrophic chondrocyte lacunae.   346 
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Ciliary IFT88 safeguards mechanosensitive VEGF expression, enabling the 347 

coordinated vascular invasion supporting epiphyseal ossification.  348 

The carefully coordinated invasion of novel blood vessel types shapes limb 349 

development and has been shown to be critical to GP resorption during growth (49). 350 

Immunohistochemical staining of CD31, a blood vessel marker, revealed homogenous 351 

expression throughout the bone up to the osteochondral junction in Ift88fl/fl control 352 

animals (Figure 7Ai top panels). In contrast, peripheral regions of the GP cartilage 353 

where ossification failed in AggrecanCreERT2;Ift88fl/fl, revealed vessels were absent in 354 

these areas (Figure 7Ai bottom panels). Off-loading the joints rescued vessel invasion 355 

in AggrecanCreERT2;Ift88fl/fl with CD31 expression consistent across the width of the 356 

tibia in both genotypes (Figure 7Bi). However, in both Ift88fl/fl control and 357 

AggrecanCreERT2;Ift88fl/fl wheel exercised mice, failed regions of ossification were 358 

again associated with inhibited vascular recruitment in peripheral regions (Figure 7Ci).  359 

To coordinate vessel invasion of the epiphyseal cartilage, vascular endothelial growth 360 

factor (VEGF) is released by hypertrophic chondrocytes. The genetic deletion of VEGF 361 

is also associated with enlarged GP (50). Histological sections were assessed for 362 

VEGF expression by IHC, revealing expression of VEGF in hypertrophic chondrocytes 363 

closest to bone in 10-week-old naïve Ift88fl/fl control mice and very strong staining in 364 

the Primary Spongiosa below (Figure 7Aii, top panels). In contrast, 365 

AggrecanCreERT2;Ift88fl/fl mice expressed no VEGF in regions of failed ossification, 366 

and only very low expression in the middle regions of the joint (Figure 7Aii, bottom 367 

panels). VEGF expression at the GP/bone frontier was present in off-loaded 368 

AggrecanCreERT2;Ift88fl/fl mice, thus immobilisation restored uniform VEGF 369 

expression across the width of the limb at the chondro-osseous junction. VEGF 370 

expression was reduced with off-loading in control mice, suggesting its expression is 371 

both IFT88 regulated and mechanosensitive. Wheel exercise in both control and 372 

AggrecanCreERT2;Ift88fl/fl mice, whilst not inhibitory to VEGF expression, clearly 373 

disrupted its localisation within the GP and bone beneath (Figure 7Cii). The unaffected 374 

central regions of the growth plate, expressed VEGF in a tighter localisation at the 375 

osteochondral junction.  376 
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Collectively these data indicate ciliary IFT88 regulates the mechanosensitive 377 

expression of VEGF, ensuring coordinated invasion of blood vessels, osteoclastic 378 

recruitment, GP cartilage resorption and ossification as skeletal growth draws to a 379 

close. 380 

 381 

Figure. 7. Ciliary IFT88 protects mechanosensitive expression of VEGF in 382 

hypertrophic chondrocytes. Ai, Bi and Ci, Representative (10x) CD31staining 383 

(red) counterstained with nuclear stain DAPI (blue) in naïve (Ai), Off loaded (Bi) and 384 

wheel exercised (Ci) Ift88fl/fl control and AggrecanCreERT2;Ift88fl/fl animals. White 385 

dashed lines demarcate the osteochondral junction between bone and GP cartilage. 386 

Yellow dashed lines indicate presumptive frontier of vascularisation if not disrupted. 387 

Aii, Bii and Cii, Representative (20x) VEGF staining (yellow) counterstained with 388 
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DAPI (blue) in naïve (Aii), off loaded (Bii) and wheel exercised (Cii) control and 389 

AggrecanCreERT2;Ift88fl/fl animals. White dashed lines demarcate the GP.  390 

 391 

Discussion 392 

Research has repeatedly associated primary cilia with the cellular response to 393 

mechanical force, perhaps most famously in the context of propagating the kidney 394 

epithelial cell response to flow, perturbed in polycystic kidney disease (2). Given the 395 

congenital nature of the ciliopathies, the focus of cilia research has largely been on 396 

the cell and tissue development (51). Thus, our understanding of the roles of cilia in 397 

post-natal tissue has remained comparatively limited. We hypothesised that cilia 398 

would maintain influence in the juvenile and adolescent limb, where pivotal tissue 399 

adaptations follow largely pre-programmed genetic instructions, but are shaped by 400 

gradients of growth factor signalling and mechanotransduction. We have recently 401 

shown that ciliary Ift88 is critical to the juvenile maturation and adult homeostasis of 402 

articular cartilage, controlling a program of calcification as cartilage matures (24). 403 

Here, we describe the effects of inducible and tissue-specific deletion of ciliary Ift88 in 404 

the adolescent growth plate. We suggest the phenotype reveals how the potentially 405 

disruptive effects of mechanical forces are mitigated during this pivotal period in the 406 

limb, illustrating an example of negative regulation of the response to mechanical force 407 

by the primary cilium. We propose that, in this context, the cilium may act as a cellular 408 

and tissue ‘mechano-dampener’.           409 

Analysis of a reporter line revealed a mosaic activity of the AggrecanCreERT2 used to 410 

delete Ift88. Importantly, given the localisation of the phenotype in the IFT88cKO 411 

model (;Ift88fl/fl), no bias was observed to Cre activity between the centre and periphery 412 

of the GP. By using IFT88fl/fl as our control, we controlled for any potential effects of 413 

tamoxifen, albeit our tamoxifen doses were below those characterised to effect bone 414 

structure (52). As we assessed tomato signal two weeks after tamoxifen 415 

administration, observed GP activity may be an underestimate of activity due to 416 

aggrecan-positive lineages transdifferentiating to the Primary Spongiosa below, 417 

although Cre activity was still apparent in resting, potentially recycling, populations at 418 

the top of the growth plate and potentially therefore active in recently described stem 419 
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cell populations (25, 53). Whilst the slowing of supply of new cells to the GP may well 420 

underpin epiphyseal senescence in  adolescence (26), the apparently normal 421 

progression of chondrocyte lineages within IFT88cKO GP does not suggest stem cell 422 

renewal or differentiation has been affected but rather chondrocyte GP exit is inhibited. 423 

The observation of tomato positive cells in bone is suggestive of translocation from 424 

GP to bone at this timepoint but also raises the prospect that bone resident populations 425 

have been directly affected by the Aggrecan Cre. Roles for cilia in bone progenitors 426 

(54) and osteocyte biology and mechanobiology (4) have been previously described, 427 

thus changes to the bone architecture beneath the GP may be the direct result of Cre 428 

activity on bone cell populations or indirect effects due to altered limb biomechanics 429 

or alterations in upstream ossification. Our IHC analysis was able to confirm reductions 430 

in cilia number in the GP. We cannot rule out that deletion of Ift88 might have non-431 

ciliary effects, including via changes to the cytoskeleton. Previous models targeting 432 

Ift88 have documented changes to the chondrocyte cytoskeleton, implicated in 433 

regulating cellular strain (55), and more specifically in F-actin networks leading to 434 

failed hypertrophic reprogramming of chondrocytes (22). IFT proteins including IFT88 435 

have recently been shown to interact directly with the Hippo effector YAP1 in a ciliary 436 

independent manner (56). Cartilage-specific disruption of YAP-TAZ also results in 437 

altered limb morphogenesis (57) but associated with changes in extracellular matrix.  438 

The effects of the conditional, inducible deletion of Ift88 we describe here, contrast 439 

with that seen in the GP of Hh and cilia models earlier in development (19, 58) (29) 440 

where Hh is a pro-proliferative signal which when lost results in premature GP closure. 441 

This immediately suggested that either the roles of Hh are altered in the adolescent 442 

GP or the most important role of cilia in the GP, at this age, is not the tuning of a Hh 443 

signal, but regulation of the cell and tissue response to another external cue. The 444 

appearance of regions of failed ossification, directly beneath the load-bearing articular 445 

cartilage plateaus, implicated an anatomical heterogeneity of tissue remodelling, 446 

potentially downstream to anisotropic tissue mechanics across the width of the limb 447 

(43, 44). This led us to hypothesise that the loss of cilia was altering GP sensitivity to 448 

mechanical force, with ramifications in peripheral regions of the tibial GP that 449 

modelling suggests experience greater stresses (43, 44). Indeed, direct analysis of Hh 450 

signalling by RNA scope did not find striking changes to the intensity or pattern of GLI1 451 
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expression, an indicator of pathway activity, that might explain the peripheral failures 452 

of ossification. Thus, our interpretation is that the primary underlying mechanism in 453 

IFT88cKO adolescent growth plates is altered mechanoadaptation, independent of the 454 

cilium’s role in tuning Hh signalling, but through disruption of VEGF signalling.   455 

Previous studies have investigated the effects of changes to mechanical loading 456 

during growth, for example by harnessing an extra 10% body weight to chickens (59) 457 

which resulted in narrowing of the GP and enhancements of ossification and 458 

vascularisation. In contrast, the mimicry of high impact exercise in juvenile rats 459 

monitored from 4 to 12 weeks of age also limited growth, but was associated with 460 

increased GP length (60). We were surprised to find that simply the increased 461 

compensatory loading in the contralateral limb of our double neurectomy experiments 462 

or the provision of a wheel for exercise for 2 weeks, resulted in striking inhibition of 463 

peripheral ossification of the GP in control mice, that very closely resembled that seen 464 

with conditional deletion of IFT88. We would assume, these rapid effects might recover 465 

with time, and represent an acute change for relatively sedentary caged mice, but they 466 

nevertheless demonstrate the sensitivity of GP dynamics at this timepoint. This 467 

extends the rationale for more research into the effects of acute changes to 468 

biomechanics during adolescence. In addition to modelling the effects of loading in a 469 

number of animal models, cross-sectional studies of adolescents engaged in physical 470 

activity demonstrate that sporting activity is strongly associated with epiphyseal 471 

extension and hypertrophy, and the development of CAM morphology, itself a strong 472 

risk factor for hip pain and the development of osteoarthritis (OA) in humans (61). A 473 

better understanding of the interactions between mechanical loading and the maturing 474 

skeleton will only strengthen our appreciation of the risks associated and pathological 475 

processes that underlie, common pathologies such as OA, but also other 476 

mechanically-associated chondropathies.     477 

We propose that cilia might act to dampen or threshold the cellular response to 478 

mechanical forces in the GP that might otherwise be disruptive to its coordinated 479 

closure, predisposing the limb to poor health later in life. Cilia have been proposed to 480 

play a critical role in mechanotransduction in chondrocytes and/or the GP before, on 481 

the basis of both correlations between loading and cilia prevalence in situ (45) and in 482 
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vitro evidence from chondrocyte cell lines (6, 45, 62). Cilia have recently been shown 483 

to play a critical role integrating mechanical loading and force in tendon (63). 484 

Furthermore the removal of cilia in the vascular endothelium left turbulent regions of 485 

the vasculature predisposed to the formation of atherosclerotic plaques (64), perhaps 486 

another example of ‘mechanoflammation’ recently coined in the OA field (65).  We 487 

have previously investigated apparent roles for ciliary proteins in the cellular response 488 

to inflammatory cues (66, 67). As such cilia appear to act at the interface between 489 

biological and biophysical programs of bioregulation in tissue, with very likely cell type 490 

and environmental specificity. Our interpretation of the in vivo studies presented here 491 

is that in the adolescent epiphysis, in the absence of the influence of cilia, the 492 

differential of force, and thereby likely cellular strain in the hypertrophic region, across 493 

the width of the GP, results in heterogeneity of VEGF expression, a disrupted rather 494 

than tightly controlled expression pattern at the chondro-osseous junction (Figure 8). 495 

As demonstrated previously in vitro (68, 69), limb VEGF expression is 496 

mechanosensitive in situ, as indicated by its scattered nature in wheel exercised mice 497 

and the reductions seen in the bone with immobilisation. AggrecanCreERT2;Ift88fl/fl 498 

mice exhibited a loss of VEGF expression which we propose impairs the recruitment 499 

of type H vessels (49) and osteoclasts, inhibits cartilage resorption, hypertrophic 500 

chondrocyte transdifferentiation and ultimately the coordinated ossification of the GP. 501 

These effects were all rescued upon off-loading the limb by immobilisation 502 

demonstrating the requirement of physiological loading for the IFT88 phenotype. Liu 503 

et al. (70) demonstrated that deletion of the retrograde ciliary IFT80 using a Col2a1 504 

Cre to constitutively delete in chondrocytes, impaired chondrocyte differentiation in the 505 

context of fracture healing. The authors reported reduced angiogenesis and VEGF 506 

mRNA expression in this context. VEGF function in vascularisation has also recently 507 

been linked to cilia in pancreatic islets (71) albeit in the context of ligand internalisation 508 

and downstream signalling rather than expression. Whilst VEGF expression is 509 

mechano-regulated, the nature of the mechanical stress and identity of transducing 510 

signals driving VEGF expression that IFT88 dampens the response to, remain open 511 

questions.  512 

Both adaptability and resilience to mechanical forces are critical to tissue maturation 513 

and health. We conclude that ciliary Ift88 plays a critical role in this context in the 514 
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juvenile and adolescent growth plate, its removal resulting in failed resorption and 515 

ossification of the growth plate at the end of growth. This phenomenon, observed in 516 

AggrecanCreERT2;Ift88fl/fl mice, is dependent on mechanical force, implying that 517 

IFT88, and potentially by extension the primary cilium, acts as a ‘mechano-dampener’, 518 

protecting carefully coordinated epiphyseal biology from otherwise disruptive 519 

mechanics. 520 

 521 

Figure 8. Proposed role of cilia in ensuring coordinated GP dynamics in face of 522 

disruptive force heterogeneity across the limb.  In control (normal) scenario, a 523 

gradient of force exists across the width of limb, as a result of load-bearing at the 524 

articular surfaces and imperfect re-distribution of stresses by secondary ossification 525 

(SOC) centre. In this context cilia ensure an equal expression of VEGF by hypertrophic 526 

chondrocytes across the osteochondral frontier, acting to dampen responses to high 527 

loads, and potentially sensitise chondrocytes in regions experiencing lower forces. 528 

This ensures coordinated, uniform GP resorption and mineralisation. With the loss of 529 

cilia (IFT88cKO), the VEGF signal is disrupted, resulting in a failure of this coordinated 530 
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advance in the peripheral regions and the ‘trapping’ of hypertrophic chondrocytes. 531 

Note: Histology images are different joints from Ift88fl/fl (left) and 532 

AggrecanCreERT2;Ift88fl/fl (right) respectively.  533 

 534 

Materials and Methods 535 

Animals: All mice were housed in the biomedical services unit (BSU) at the Kennedy 536 

Institute, within the University of Oxford. Mice were housed 4–7 per standard, 537 

individually-ventilated cages and maintained under 12-h light/12-h dark conditions at 538 

an ambient temperature of 21°C. Ift88fl/fl mice were obtained from Jackson labs (Stock 539 

No. 022409) and maintained as the control line, and in parallel offspring were crossed 540 

with the AggrecanCreERT2 mouse line, AggrecanCreERT2;Ift88fl/fl (Ift88 cKO), 541 

originally generated at the Kennedy Institute of Rheumatology (72). The TdTomato 542 

reporter mouse line B6.Cg-Gt(ROSA)26Sortm14(CAG-TdTomato)Hze/J was originally from 543 

Jackson Laboratories (Stock No. 007914). For all experiments, apart from double 544 

neurectomy (off loaded) and wheel exercised (male only), both genders were used 545 

and no effect of gender was observed in the data.                546 

Antibodies: The following primary antibodies were used for IHC in tandem with 547 

Invitrogen AlexaFluor secondaries: Acetylated-a-tubulin (6-11B-1, MilliporeSigma, 548 

Burlington, MA, USA), Arl13b (ProteinTech, Rosemont, IL, USA, 17711-1-AP). Anti-549 

type X collagen (polyclonal Abcam, Cambridge, MA, USA, ab58632), Anti-CD31 (Goat 550 

IgG R&D systems, AF3628) Anti-Vegf (monoclonal Abcam, Cambridge, MA, USA, 551 

ab232858).                    552 

Tamoxifen treatment: Tamoxifen (Sigma-Aldrich, catalog no. T5648) was dissolved 553 

in 90% sunflower oil and 10% ethanol at a concentration of 20mg/ml by sonication. 554 

Tamoxifen was administered via intraperitoneal injection at ages according to 555 

experimental requirement, on three consecutive days at 50-100mg/kg (dependent on 556 

animal weight).                         557 

Double neurectomy: One or two days prior to surgery, mice were transferred to 558 

cages containing soft bedding. Briefly, animals were prepared for surgery, 559 

anaesthesia and analgesia as previously described (73), and the right hind limb was 560 

shaved from the knee up to the hip and in the groin. Fur on the back just above the 561 
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right limb is also shaved to expose the area from the spine to the flank on the right-562 

hand side. Using a 3mm size 15 ophthalmic scalpel (MSP, Puerto Rico), a longitudinal 563 

incision is made from the right knee joint up towards and inwards towards the groin. 564 

Fine-toothed forceps were used to separate the overlying skin to reveal the muscle, 565 

femoral artery and the femoral nerve running in very close proximity. Using curved 566 

forceps, the femoral nerve is separated from its soft tissue attachments underneath. 567 

The femoral nerve is carefully transected using micro-dissecting scissors and a 0.5cm 568 

section is removed. The wound was closed using the above suturing method with 569 

additional sutures added as required. The mouse is turned on to its front and the right 570 

hindlimb is stretched out. Using a 3mm size 15 ophthalmic scalpel (MSP, Puerto Rico), 571 

an incision of approximately 2cm is made from the spine outwards. Using curved 572 

forceps, the overlying skin is separated to reveal the muscle and the sciatic nerve. The 573 

curved forceps are inserted under the sciatic nerve to separate it from the surrounding 574 

tissue. A 2-4mm region of the sciatic nerve is removed. Following this, the wound was 575 

sutured using the described method above with additional sutures added as required. 576 

Mice were transferred to a recovery chamber as described above and recovered within 577 

10 minutes of anaesthetic withdrawal. Mice were subsequently housed in soft bedding 578 

without environment-enhancing balconies or tubes to prevent aggravation of exposed 579 

skin. Animals were disturbed as little as possible. Sudocrem was applied to the skin 580 

of the foot if aggravated. For wheel exercise mouse experiments, animals had access 581 

to a wheel for two weeks following tamoxifen at 8 weeks of age.        582 

MicroCT BV/TV: Knee joints were imaged using a MicroCT scanner (SkyScan1172 583 

X-ray microtomograph, Antwerp, Belgium) within 70% ethanol (10μm/pixel, 3 minutes 584 

of acquisition time) (74). Using the CTan (Brucker Belgium) programme, saved image 585 

sequences were opened in the software to conduct 3D parameter analysis. Regions 586 

of interest including the epiphysis and the bone directly underneath the epiphyseal 587 

plate were defined and used to calculate the bone volume (BV), total volume (TV), 588 

ratio of BV to TV (BV/TV).                                                                               589 

Bridging analysis: Scans were performed with an 1172 X-Ray microtomograph 590 

(Skyscan, Kontich, Belgium). The high-resolution scans with a pixel size of 5µm were 591 

imaged. The applied X-ray voltage was 50kV, X-ray intensity 200µA with a 0.5mm 592 

aluminum filtration. The scans were taken over 180 degrees with a 0.7-degree rotation 593 
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step. The images were reconstructed and binarised with a threshold of 0 to 0.16, ring 594 

artefact reduction was set at 10 using the SkyScan NRecon software package 595 

(SkyScan v 1.6.9.4, Bruker MicroCT, Kontich, Belgium). The images then were 596 

realigned vertically using DataViewer software (version 1.5.1.2 64-bit, Skysan, 597 

Belgium) to ensure similar orientation for bridging analysis. Bony bridging was 598 

analysed using a 3D quantification method as previously described (43) MicroCT 599 

scans of the tibiae were segmented using Avizo® software (V8.0, VSG, Burlington, 600 

VT, USA). The volume images were manually aligned along with the metaphyseal 601 

tibial shaft and central point of each individual bridge was selected, quantified and 602 

projected onto the tibial joint surface. From this, the areal number density of bridges 603 

(N, per 256 µm × 256 µm window) was then calculated, and the distribution was 604 

superimposed on the tibial surface (each bridge has a colour that represents the areal 605 

number density at the bridge location).           606 

Growth plate cartilage measurements: Images of histology were taken using an 607 

Olympus Osteometric microscope using a 10x lens. Quantification of cartilage width 608 

was conducted with Image J (NIH, Bethesda, MD, USA). To assess growth plate 609 

length from the lateral, medial and middle regions, maximum measurements, were 610 

taken from three consecutive sections from the middle of the joint (9 measurements 611 

per mouse). To find the length of non-hypertrophic region, the length of the 612 

hypertrophic region was taken away from growth plate length.           613 

Histology: Knee joints were harvested into 10% neutral buffered formalin (CellPath, 614 

Newtown, UK) for 24-48 hours. Joints were decalcified (EDTA), paraffin embedded, 615 

coronally sectioned through the entire depth of the joint. Sections (4μm), at 80μm 616 

intervals were stained with Safranin O. TRAP staining: 70mg of Napthol AS-TR 617 

phosphate disodium salt (Sigma) dissolved in 250ul NN-dimethyl formamide (Sigma) 618 

and added to 50ml of 0.2M sodium acetate buffer at pH 5.2. 2. 115mg of sodium 619 

tartrate dihydrate (Sigma) and 70mg of fast red salt TR 1,5-napthalenedisulfonate 620 

(Sigma) was dissolved into this solution. Fixed, decalcified, unstained coronal knee 621 

sections were deparaffinised, rehydrated and placed into this solution and incubated 622 

at 37°C for 2 hours. Sections were washed briefly in deionised water and 623 

counterstained with Meyer’s Haemotoxylin (Sigma) for 1 minute and washed in 624 

deionised water before being mounted in aqueous mounting medium. Von Kossa 625 
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staining: 164μm cryosections of knee joints were defrosted in deionised water for 5 626 

mins and incubated for 7 mins under UV light in 5% aqueous silver nitrate. Sections 627 

were rinsed thoroughly in deionised water and placed in sodium thiosulfate for 5mins, 628 

rinsed and then counterstained with Neutral red (1%) solution for 2 mins. Slides were 629 

dehydrated and mounted in Prolong Gold and visualised. TUNEL: In situ detection of 630 

apoptosis was conducted using TACS® 2 Tdt-Fluor In Situ apoptosis kit (Trevigen, 631 

4812-30-K), after deparaffinising sections.           632 

Immunohistochemistry: Fixed, decalcified, unstained coronal knee sections were 633 

deparaffinised, rehydrated, quenched in 0.3M glycine and treated with proteinase K 634 

for 30 minutes. Samples underwent chondroitinase (0.1U) treatment for 30mins at 635 

37oC, permeabilised by 0.2% Triton X-100 for 15mins, and blocked in 5% goat serum 636 

and 10% bovine serum albumin (BSA) in phosphate-buffered saline. Samples were 637 

incubated with primary antibody or IgG control, or no primary, overnight at 4oC. 638 

Sections were washed and incubated with Alexa-conjugated 555 secondary 639 

antibodies for 30 mins. Samples were incubated with nuclear stain DAPI (1:5000), 640 

before mounting in Prolong Gold and visualised.               641 

Cilia staining and confocal: Knee joints were harvested into ice cold 4% PFA and 642 

incubated in the fridge for 24 hours. Knee joints were subsequently transferred to ice 643 

cold 10% sucrose for 24 hours. This was repeated with 20% and 30% ice cold sucrose. 644 

Knee joints were then embedded into Super Cryo Embedding Medium (C-EM001, 645 

Section-lab Co. Ltd) and stored at before -80 oC. 16μm sections were collected using 646 

a pre cooled cryotome at -16 oC with Cryofilm type 3C (16UF) 2.5 cm C-FUF304. 647 

Sections were stored at -80 oC. Slides were hydrated for 5 mins in 1x phosphate-648 

buffered saline (PBS), fixed for 10 mins with 4% formaldehyde 0.2% Triton X-100 in 649 

PBS. Sections were incubated in blocking buffer (10% bovine serum albumin, 5% goat 650 

serum in PBS) for 10 mins, followed by a 45-min incubation at RTP with primary 651 

antibody diluted in blocking buffer (1:1000 ac-a-tubulin, 1:500 Arl13b). After three 5min 652 

washes in PBS, sections were incubated with alexa-conjugated 555 secondary 653 

antibodies for 30 mins diluted in blocking buffer (1:500). After three 5mins washes in 654 

PBS, nuclei were stained using 1:5000 DAPI diluted in PBS for 5 mins, washed once 655 

in PBS and mounted in prolong gold. Imaging and analysis images were acquired 656 

using an Olympus FluoView FV1000 Confocal Microscope (Olympus, Tokyo, Japan) 657 
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with an oil immersion x63 objective to produce confocal serial sections for maximum-658 

intensity z-stack (4.6 to 5.2μm thick) reconstruction of GP sections with laser voltage, 659 

offset and gain held constant. 6 images of the growth plate per joint across the width 660 

of the tibia were taken and reconstructed. Cilia positive and cilia negative cells were 661 

blind counted by 2 individuals and their analysis averaged for each joint.  662 

RNAscope®: Knee joints were harvested into ice cold 4% PFA and incubated in the 663 

fridge for 24 hours. Knee joints were subsequently transferred to ice cold 10% sucrose 664 

for 24 hours. This was repeated with 20% and 30% ice cold sucrose. Knee joints were 665 

then embedded into Super Cryo Embedding Medium (C-EM001, Section-lab Co. Ltd) 666 

and stored at before -80 oC.  8μm sections were collected using a pre cooled cryotome 667 

at -16 oC with Cryofilm type 3C (16UF) 2.5 cm C-FUF304. Sections were stored at -80 668 
oC. Slides were washed with PBS for 5mins and then baked at 60oC for 30mins. Slides 669 

were fixed using ice cold 4% PFA for 15 mins at 4 oC. Increasing concentrations of 670 

ethanol made in milli-Q water was applied, 50%, 70%, 100%, and 100% fresh ethanol, 671 

5mins for each gradient. The sample was air dried for 5mins and incubated with 672 

hydrogen peroxide (PN 322381) for 10mins. Slides were submerged twice in milli-Q 673 

water and then transferred into pre-warmed Target Retrieval Buffer (1X) (322000) in 674 

the steamer for 10mins at 75oC. Slides were washed briefly in milli-Q water before 675 

being submerged briefly in 100% ethanol and air dried for 5mins. Protease III (PN 676 

322381) was used to cover the sample and incubated in a HybEZTM Oven at 40oC for 677 

30mins. Slides were submerged briefly in milli-Q water. RNAscope® Multiplex 678 

Fluorescent Reagent Kit v2 Assay reagents (323100) was subsequently followed. We 679 

used RNAscope® Probe-Mm-Gli1-C2 (311001-C2) to assess Gli1 expression in GP 680 

cartilage and OpalTM 690 Reagent Pack FP1497001KT for visualisation. Lateral, 681 

middle and medial regions of gp were images using a 60x lens, 520nm/px, 377.6 μm 682 

x 619.77 μm, using a Zeiss 980 confocal microscope. Following normalisation with 683 

positive (RNAscope® 3-plex Positive Control Probe-Mm, PPIB gene, 320881) and 684 

negative (RNAscope® 3-plex Negative Control Probe-Mm, bacterial dapB gene, 685 

320871) control probes, the number of Gli1 positive and negative nuclei were counted 686 

and averaged across the three regions per mouse.  687 
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Supplementary Data. 910 

 911 

Supplementary Figure 1.  A, IHC staining for primary cilia in GP tissue sections 912 

from control and AggrecanCreERT2;Ift88fl/fl animals. Scale bar 20µM. White arrows 913 

indicate clearly identifiable primary cilia positive for both Acetylated-a-tubulin (green) 914 

and ARL13B (magenta). DAPI staining (blue) indicates nuclei. B Cilia positive and 915 

cilia negative counts taken from 6 regions of growth plate across tibia from n=4 mice. 916 

Fisher’s exact test shown ****p<0.0001. C 8 points of GP length measurements 917 

(yellow lines) across representative single uCT section.    918 

 919 
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 920 

Supplementary Figure 2. A, Partial 3D reconstruction of uCT scan to show the 921 

primary spongiosa region of bone directly below GP analysed and associated BV/TV 922 

(%) quantitation. B Tibia width measurements (from uCT). Pairwise unpaired-t-tests, 923 

corrected for multiplicity shown. *p=<0.05.  924 

 925 

 926 

 927 
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 928 

Supplementary Figure 3. A, Safranin O stained knee joints of contralateral joints 929 

from control and AggrecanCreERT2;Ift88fl/fl animals. Yellow boxes on 4x (left) and 930 

10x (middle) images are enlarged to show GP, (scale bar= 500μm).B, Rabbit IgG 931 

control for conditions matched to Collagen X staining. C Analysis of relative (%) 932 

hypertrophic and non-hypertrophic GP chondrocyte populations. Two-way ANOVA 933 

with multiple comparison tests shown.  D TUNEL staining (green) in control and 934 

AggrecanCreERT2;Ift88fl/fl animals. White arrows highlight TUNEL positive cells in 935 

GP.  936 
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 937 

Supplementary Figure 4. A, Representative RNAScope of Gli1 expression in GP on 938 

the medial side of control and AggrecanCreERT2;Ift88fl/fl animals, counterstained with 939 

DAPI (blue) (n=4 in each group). White dashed lines demarcate GP. White dashed 940 

box shows enlarged regions in adjacent image. B, Contingency data of Gli1 positive 941 

nuclei (Analysed by Fisher’s exact test, ****p<0.0001, % Gli1 positive shown in white) 942 

in naïve control and AggrecanCreERT2;Ift88fl/fl mice (n= 4 minimum in all groups). C, 943 

Contingency data of Gli1 positive nuclei in non-hypertrophic and hypertrophic regions 944 

of the GP to assess Gli1 expression by cell positivity (Analysed by Fisher’s exact test, 945 

**p<0.01) in naïve and AggrecanCreERT2;Ift88fl/fl mice (n= 4 in all groups). 946 
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