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primary Cilia exhibit 
Mechanosensitivity to Cyclic tensile 
strain and Lineage-Dependent 
expression in Adipose-Derived 
stem Cells
Josephine Bodle1, Mehdi s. Hamouda1, shaobo Cai2, Ramey B. Williams1, susan H. Bernacki1 
& elizabeth G. Loboa1,3

Non-motile primary cilia are dynamic cellular sensory structures and are expressed in adipose-derived 
stem cells (AsCs). We have previously shown that primary cilia are involved in chemically-induced 
osteogenic differentiation of human ASC (hASCs) in vitro. Further, we have reported that 10% cyclic 
tensile strain (1 Hz, 4 hours/day) enhances hASC osteogenesis. We hypothesize that primary cilia 
respond to cyclic tensile strain in a lineage dependent manner and that their mechanosensitivity may 
regulate the dynamics of signaling pathways localized to the cilium. We found that hASC morphology, 
cilia length and cilia conformation varied in response to culture in complete growth, osteogenic 
differentiation, or adipogenic differentiation medium, with the longest cilia expressed in adipogenically 
differentiating cells. Further, we show that cyclic tensile strain both enhances osteogenic differentiation 
of hASCs while it suppresses adipogenic differentiation as evidenced by upregulation of RUNX2 gene 
expression and downregulation of PPARG and IGF-1, respectively. this study demonstrates that hAsC 
primary cilia exhibit mechanosensitivity to cyclic tensile strain and lineage-dependent expression, 
which may in part regulate signaling pathways localized to the primary cilium during the differentiation 
process. We highlight the importance of the primary cilium structure in mechanosensing and lineage 
specification and surmise that this structure may be a novel target in manipulating hASC for in tissue 
engineering applications.

Human adipose-derived stem cells (hASCs) are a multipotent stem cell type that can be easily isolated from excess 
fat tissue. Due to their ability to differentiate along a variety of mesenchymal lineages, they are being actively 
explored for their potential use in a wide range of tissue engineering and regenerative medicine therapeutics1–3. 
However, many of the underlying mechanisms of hASC lineage specification have yet to be elucidated.

hASC are capable of differentiating into adipogenic, osteogenic, chondrogenic, vasculogenic and myogenic 
lineages1,2,4–6. Specific combinations of chemical, mechanical and environmental factors are known to induce 
hASC differentiation towards these various cell phenotypes1,2,7–12. Previous work from our group and others, 
has shown that providing physiologically relevant mechanical stimulation can enhance hASC lineage specifica-
tion4,7,12–16. This is particularly observed when directing hASCs toward musculoskeletal cell phenotypes, which 
have a largely mechanical function in vivo. More specifically, we have shown that hASCs exhibit enhanced osteo-
genic differentiation via an increase in calcium accretion when cultured under 10% cyclic tensile strain and oste-
ogenic differentiation media (ODM) as compared to hASCs cultured in ODM in static culture7,17. Other groups 
have reported an enhanced osteogenic phenotype in hASCs when cultured under fluid flow conditions13. Further, 
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this mechanically controlled phenotypic development has also been observed in hASC-derived chondrogenic14 
and myogenic lineages4.

The mechanisms behind mechanical sensing and signal transduction have been investigated and these studies 
have largely implicated the cytoskeleton as well as cell-cell and cell-matrix interactions as sensors and effec-
tors of mechanical stimuli18. We propose that the primary cilium may also be another important cell structure 
involved in this process. Primary cilia are known to act as mechanosensors in bone and kidney epithelial cells 
when exposed to fluid shear19, and are also known to change their length in response to their mechanical envi-
ronment in tissues such as tendon and cartilage20,21. More recently, it has been shown that primary cilia exhibit 
dynamic length fluctuations during adipogenic differentiation throughout the duration of in vitro adipogenic 
differentiation in human mesenchymal stem cells (hMSCs) and hASCs22,23.

Primary cilia are non-motile cilia, which can be observed on nearly every mammalian cell type at some point 
during the cell cycle. The primary cilium emanates from the basal body, formed by the mother centriole, and it is 
composed of nine microtubule doublets arranged in a 9 + 0 configuration, with nine concentric tubulin doublets 
forming the axoneme of the cilium. They are structurally distinct from motile cilia (9 + 2), which are present in 
the mucosal epithelial layers of tissues such as the lung and intestinal tract and have a 9 + 2 microtubule config-
uration with an additional central pair of microtubules. Previous work from our group has shown that hASCs 
express primary cilia on anywhere from 20–65% of their cell population, without serum starvation, depend-
ing on confluency24. Further, we have shown that the expression of cilia-associated proteins Polycystin 1 (PC1) 
and Intraflagellar transport protein 88 (IFT88) play an important role in the osteogenic differentiation capacity of 
hASCs24. Under chemically-induced osteogenic differentiation, siRNA knockdown of PC1 and IFT88 conferred a 
reduction in hASC osteogenic differentiation. These data implicate primary cilia as chemosensitve cell organelles.

During the process of cell lineage specification, cells change and reorganize their cytoskeleton thus changing 
their cell morphology, characteristic of a particular phenotype25. In in vitro model systems, physically controlling 
cell morphology also modulates phenotypic specification in hMSCs and ASCs26,27. Moreover, applying mechani-
cal stimulation to stem cells effects changes in lineage commitment signals, often enhancing chemically induced 
phenotypes9,12,13,28–30. The primary cilium is somewhat contiguous with the microtubule cytoskeleton via the 
docking of the centrosome at the apical surface of the cell31. Thus it follows that the cilium structure itself may 
be sensitive to morphological changes effected by cytoskeletal reorganization in response to mechanical cues32. 
Conversely, the cilium structure is known to be a mechanosensing organelle in many tissues and in the case of 
stem cell differentiation, it may play a part in facilitating the mechanically-induced cytoskeletal reorganization.

Based on our previous work, we have established that primary cilia-associated proteins are involved in hASC 
osteogenic differentiation24 and that tensile strain enhances hASC osteogenesis7,12,16, and thus we hypothesize 
that the mechano-active primary cilium may be a critical structure in this process32. We postulate that the cilium 
structure is intimately involved in lineage specification processes and that it dynamically modulates and/or is 
modulated by chemically- and mechanically- induced hASC differentiation.

Results
Cyclic tensile strain enforces cellular alignment and differentially affects calcium accretion and 
lipid accumulation in osteogenic and adipogenic cells, respectively. When cultured in complete 
growth medium (CGM), osteogenic differentiation medium (ODM) or adipogenic differentiation medium 
(ADM) over the course of 17 days, hASCs begin to alter their cell morphology as they assume a committed 
cell phenotype (Fig. 1a–c). In CGM, expansion media devoid of additional chemical inducers of differentiation, 
hASCs orient randomly in a multitude of directions as they grow. However, with the addition of mechanical stim-
ulation in the form of 10% cyclic tensile strain (1 Hz, 4 hours/day) hASCs tend to align roughly perpendicular to 
the horizontal axis of strain (aligned between 0 ± 45° from the vertical axis) (Fig. 1d–f). This cellular orientation 
in response to strain was consistent independent of culture medium with all cell types demonstrating a proclivity 
to orient perpendicular to the axis of strain. Under static culture conditions, osteogenic hASCs show evidence 
of calcium accretion as visualized by accreted calcium crystals (denoted by blue arrows) over the cell monolayer 
surface (Fig. 1b). When undifferentiated and osteogenic hASCs are cultured under cyclic tensile strain, they 
exhibit an elongated morphology and appear highly oriented perpendicular to the axis of strain as compared to 
random orientation of the cells in the same induction media under static culture. Osteogenic hASCs exposed to 
strain also exhibit calcium accretion, however the crystal formations tended to be smaller, but more dispersed 
through the monolayer (Fig. 1e). Adipogenic hASCs tend to assume a more rounded cell phenotype indicative 
of adipogenic differentiation and show evidence of adipogenesis via accumulation of lipid vacuoles within the 
cells. Interestingly, in adipogenic cells, strain tended to encourage a slightly more elongated cell morphology and 
appeared to suppress formation of lipid vacuoles (Fig. 1c,f).

Cyclic tensile strain upregulates osteogenic gene expression markers and downregulates 
adipogenic ones. In light of these general observations, we then examined early gene expression markers 
upregulated in osteogenesis, runt-related transcription factor-2 (RUNX2), and adipogenesis, insulin-like growth 
factor-1 (IGF-1) and peroxisome proliferator-activated receptor gamma (PPAR-γ), after just 3 days under induc-
tive culture. In osteogenically differentiated hASCs, RUNX2 expression was upregulated under exposure to cyclic 
tensile strain as compared to both undifferentiated hASCs and osteogenic hASCs under static culture (Fig. 2a). 
Under static culture with adipogenic induction medium, IGF-1 and PPAR-γ gene expression were both upreg-
ulated as compared to hASC cultured in expansion medium (Fig. 2b,c). Interestingly, exposure to cyclic tensile 
strain resulted in diminished adipogenic gene expression compared to hASCs under static culture, however, 
hASCs still exhibit a significant upregulation of IGF-1 and PPAR-γ in the presence of strain.
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Gene expression of cilia-associated proteins varies in a lineage-dependent fashion. To deter-
mine whether cilia structure and signaling dynamics may vary under exposure to cyclic tensile strain under differ-
ing types of chemical induction media, we analyzed the gene expression of cilia-associated proteins Intraflagellar 
transport protein 88 (IFT88) and polycystin 1 (PKD1) (Fig. 3a–f), known mediators of hASC osteogenesis24. We 
found that after 3 days of culture, IFT88 was significantly downregulated in adipogenic hASCs exposed to strain 
(Fig. 3c) and PKD1 gene expression was significantly upregulated in response to strain in both undifferentiated 
and osteogenically differentiated hASCs (Fig. 3d–e). To further investigate the functional expression of primary 
cilia-associated signaling molecules, we analyzed the gene expression of Hedgehog signaling genes smoothened 
(SMO) and glioma-associated oncogene-1 (GLI1). In undifferentiated hASCs, strain significantly upregulated 
SMO and GLI1 expression as compared to hASCs in static culture (Fig. 3g,h). Further, GLI1 expression is signif-
icantly downregulated in osteogenic and adipogenic hASCs as compared to non-differentiated hASCs regardless 
of the mechanical culture condition (Fig. 3h). Osteogenic induction media significantly downregulated SMO gene 
expression compared the undifferentiated hASCs and this effect was seen in both the unstrained and strained 
conditions (Fig. 3g). Taken together, this suggests that primary cilia may exhibit a differential functional response 
to their surrounding mechanical environment depending on cell phenotype.

Cilia length and morphology are distinctly different between osteogenic and adipogenic hASC 
cell populations. To explore this concept further, we examined changes in cell morphology and primary cilia 
expression following 3 days and 14 days of culture under differing culture conditions (Fig. 4). We observed qual-
itatively that cell morphology changes in response to chemically-induced differentiation were concomitant with 
changes in cilia expression. Fewer cilia appeared to be expressed in hASC cultured in expansion media (Fig. 4a,d), 
however there was an increase in cilia expression with increasing osteogenic differentiation and assumption of 
an osteogenic cell morphology (Fig. 4b,e) (Table 1). Conversely, adipogenic cells appeared to prevalently express 
elongated cilia at day 3 of culture in ADM and a decreased number of cilia as they progressed towards a more 
committed adipogenic phenotype after 14 days of culture (Fig. 4c,f) (Tables 1 and 2).

Following our qualitative analysis on primary cilia in hASCs cultured under different media conditions, we 
adapted a semi-quantitative categorical analysis approach to analyze changes in cilia conformation from Gardner 
et al.20 (Fig. 4g). We used this analysis to visualize the distribution of cilia conformations present in each cul-
ture condition at 3 days of culture under induction medium (Fig. 4h). In quantifying cilia conformation under 
expansion, adipogenic or osteogenic differentiation medium for three days, we found distinct differences in the 

Figure 1. hASCs exhibit different cellular morphology in response to both chemical and mechanical 
stimulation. hASC cultured under complete growth medium (CGM) (a,d) osteogenic differentiation 
medium (ODM) (b,e) and adipogenic differentiation medium (ADM) (c,f) for 17 days either in static culture 
(a–c) or under 10% cyclic tensile strain (4 hours/day, 1 Hz). (d–f) Accumulation of calcium deposits (blue 
arrows) indicate osteogenic differentiation in both static and strained osteogenic hASC. (b,e) Lipid droplet 
accumulation within cells (yellow arrows) indicates adipogenesis in both static and strained adipogenic hASC. 
(c,f) No demarcated evidence of differentiation is observed in CGM, however all hASC exposed to strain tend to 
align perpendicular to the axis of strain (d–f).
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Figure 2. Gene expression of osteogenic RUNX2 (a) and adipogenic gene expression markers IGF-1 (b) and 
PPARG (c) following 3 days of culture. All cells were cultured under static (dark grey) and strained (light grey) 
conditions (strain at 10% cyclic tensile strain for 4 hours/day culture at 1 Hz). All values were normalized to 
hASCs cultured in complete growth medium without any induction media or mechanical stimulation. Cyclic 
tensile strain significantly upregulates baseline RUNX2 expression levels in osteogenic hASC as compared to 
unstrained osteogenically differentiated cells (***p < 0.001). (a) Conversely, cyclic tensile strain significantly 
downregulates IGF-1 (**p < 0.01) and PPARG gene expression in ADM samples. All gene expression data 
is reported as relative gene expression using the ddCT method. One-way ANOVA, Newman-Keuls multiple 
comparison post-hoc test, n = 3 independent cell samples. Error bars represent SEM.
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conformations of cilia expressed on each hASC phenotype (Fig. 4h). Osteogenic and unspecified hASCs had 
comparable distributions of cilium shapes within their populations, while adipogenic hASC cilia expression was 
distinctly different (Fig. 4h). The data is presented here from two different donor cell lines to illustrate that this is 
phenomenon is not a donor line-specific effect. Interestingly, adipogenic medium resulted in the widest variation 
in the distribution of cilia shapes, however this may be due to the elongated cilium structure being more prone 
to bending. When considering the mechanosensitive properties of the primary cilium, it is important to consider 
the length and shape of the mechanosensor as that effectively changes the forces experienced by the structure.

Figure 3. Gene expression of cilia-associated and Hedgehog signaling genes. Gene expression was analyzed 
following 3 days of culture in complete growth medium (CGM), osteogenic differentiation medium (ODM) 
or adipogenic differentiation medium under static (dark grey bars) or cyclic tensile strain (10% strain, 
4 hours/day at 1 Hz) (light grey bars). Cyclic tensile strain moderately upregulates IFT88 (a,b) and PKD1 (d,e) 
gene expression in undifferentiated and osteogenically differentiated hASCs. Conversely, strain moderately 
downregulates IFT88 (c) and PKD1 (f) gene expression in adipogenically differentiated hASCs. Gene expression 
of hedgehog signaling genes SMO (g) and GLI1 (h) exhibit higher expression in naïve hASCs as compared to 
osteogenically and adipogenically differentiated hASCs. Cyclic tensile strain upregulates both SMO (g) and 
GLI1 (h) in naïve hASCs. All gene expression data is reported as relative gene expression using the ddCT 
method. For all genes n = 3, Error bars represent SEM. Student’s t-test (a–f) One-way ANOVA, Newman-Keuls 
multiple comparison post-hoc test (g,h) (*p < 0.05, **p < 0.01, ***p < 0.001).
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Mechanical stimulation modulates cell morphology and primary cilia length in a lineage-dependent  
manner. We next aimed to characterize the effect of mechanical stimulation on cilia length following cul-
ture under differentiation media and exposure to strain over the course of 3 days. We observed a general trend 
that cilia length seemed to decrease following exposure to 10% cyclic tensile strain in hASC, but this was only 
statistically significant in the complete growth medium condition (Fig. 5a,g,j). Generally speaking, primary cilia 
tended to be on average longer on hASCs under differentiation media, but this marked difference in average cilia 

Figure 4. Primary cilia expression on differentiating hASC at day 3 (a–c) and day 14 (d–f) of culture. Primary 
cilia exhibit variation in their frequency of expression, length and conformation temporally throughout the 
differentiation process amongst different lineages. hASCs cultured in CGM (a,d) hASCs cultured in ODM 
(b,e) hASCs cultured in ADM. (c,f) White scale bar = 25 μm, Orange scale bar = 10 μm in zoomed image. 
Categorical analysis of primary cilia showing examples of cilia conformation frequently observed under 
immunofluorescence. (g) Doublets stained with acetylated tubulin are excluded from cilia frequency analysis 
as they are generally thought to be cytokinetic bundles, not cilia. Analysis of hASC primary cilia conformation 
following 3 days of culture under expansion medium (CGM), osteogenic differentiation medium (ODM) or 
adipogenic differentiation medium (ADM) for hASC lines derived from two separate donors (cell lines A and 
B). (h) Distribution of cilia conformation varies based on chemical stimulation and may be phenotype-specific. 
n > 750 cells analyzed for each media type.
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length was most significant in adipogenically differentiated hASC in both the unstrained and strained conditions 
(Fig. 5a,g–l). Under strained conditions, osteogenically differentiated hASCs also expressed a longer mean cilia 
length as compared to undifferentiated hASCs cultured in CGM (Fig. 5a,j,k). Not only were cilia the longest in 
adipogenically differentiated cells, hASCs exhibit a wide distribution of lengths across the adipogenic cell popu-
lation and strain appeared to enhance the wide variation in cilia length (Fig. 5d–f).

In addition to analyzing cilia length, we also semi-quantitatively characterized cell morphology. Interestingly, 
we found that cyclic tensile strain increased the aspect ratio of the cells cultured in CGM and ODM, but had no 
effect on adipogenic hASCs (Fig. 5b). Presumably this occurs concomitantly with cellular orientation roughly 
perpendicular to the axis of strain. We also analyzed cell area and strain seemed to only significantly affect this 
morphological parameter in osteogenically differentiating cells, with strain conferring an increase in cell area 
(Fig. 5c). A marginal increase in cell area was observed in adipogenically differentiated cells in response to strain, 
however this was not a statistically significant (Fig. 5c). Under static culture, it seems that the cell body of undif-
ferentiated hASCs cover a larger area than differentiated cells, though the differentiated cells seem more sensitive 
to this morphological parameter as their cell area is increased in response to strain (Fig. 5c).

Cyclic tensile strain enhances osteogenesis and suppresses adipogenesis. Our results show that 
both induction media and 10% cyclic tensile strain effects changes in cilia-associated gene expression, gene mark-
ers for adipogenic and osteogenic differentiation, as well as changes in cilia and cell morphology. Further, we 
observed qualitatively that nuclear RUNX2 protein expression was upregulated with culture in ODM under cyclic 
tensile strain (Fig. 6a,b). Concomitantly, adipogenesis is suppressed with exposure to 10% cyclic tensile strain 
following 14 days of culture in adipogenic medium as shown by diminished lipid accumulation (Fig. 6c).

Discussion
Within mesenchymal and adipose-derived stem cell types, adipogenesis is generally thought to be at odds with 
osteogenesis with each lineage resulting in cell types of very different physiological function. This theoretical 
paradigm of stem cell differentiation (Fig. 6d) is in part supported by the signaling pathways involved in pheno-
typic differentiation, suggesting that adipogenic cell types are mutually exclusive with osteogenic cell types when 
undergoing these lineage commitment processes33. We hypothesized that 10% cyclic tensile strain may contribute 
to separating the two lineages further; that is to say that strain not only enhances osteogenesis of hASCs7,12,16, but 
may also suppress inherent adipogenic signals. In vivo and cellular studies in cell types other than hASC suggest 
that mechanical stimulation likely suppresses adipogenesis34–36, however it is unclear if a specific stimulation 
modality and/or magnitude optimally inhibits adipogenesis. Further, in this study we characterized primary cil-
ium expression on hASCs and hASCs undergoing osteogenic or adipogenic lineage specification and highlight 
the potential differential function of this organelle in these different cell phenotypes.

Through our baseline analysis of hASC differentiation in CGM, ODM and ADM with and without strain, we 
observed stark differences between cell morphology and monolayer organization in hASC cultured in a static 
environment and hASC cultured under 10% cyclic tensile strain (1 Hz, 4 hours/day) (Fig. 1). There was evi-
dence of osteogenic and adipogenic differentiation in both the static and strained cultures after 14 days in their 

Day 3 Day 14

Average % Population 
Expressing Cilia

Standard 
Deviation

Average % Population 
Expressing Cilia

Standard 
Deviation

Cell Line A

Complete Growth Medium 34.08 ±10.22 23.17 ±4.33

Osteogenic Differentiation Medium 19.51 ±9.88 54.67 ±9.78

Adipogenic Differentiation Medium 44.14 ±15.93 16.89 ±5.05

Cell Line B

Complete Growth Medium 24.32 ±9.30 56.58 ±6.70

Osteogenic Differentiation Medium 26.59 ±15.43 61.06 ±16.95

Adipogenic Differentiation Medium 59.89 ±14.38 38.30 ±16.65

Table 1. Prevalence of hASC primary cilia expression under cell growth (CGM), osteogenic differentiation 
(ODM) and adipogenic differentiation (ADM) medium at 3 days and 14 days in static culture. Differentiation 
confers a difference in the frequency of cilia expression in temporal and lineage-dependent fashion. n > 240 
cells per media condition.

Media
Average Cilia 
Length (μm)

Standard 
Deviation

Complete Growth Medium 1.43 ±0.45

Osteogenic Differentiation Medium 1.38 ±0.49

Adipogenic Differentiation Medium 3.14 ±1.56

Table 2. A summary of apparent ciliary length as measured on immunofluorescent images of hASCs stained for 
acetylated α-tubulin. Cells were cultured on standard tissue culture-treated polystyrene plates for three days in 
cell growth (CGM), osteogenic differentiation (ODM) and adipogenic differentiation (ADM) medium. hASCs 
were grown to 85–100% confluency prior to the duration of the 72 hour media induction for the experiments. 
n > 300 cells per condition. derived from at least 3 biological replicates.
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respective induction media (Fig. 1). Irrespective of culture medium, the hASC tended to orient perpendicular to 
the axis of strain when exposed to strain, whereas non-mechanically stimulated cells exhibited a more random 
organizational pattern (Fig. 1). This is consistent with other studies on fibroblasts in response to cyclic tensile 
strain37, suggesting a realignment of the actin cytoskeleton perpendicular to the axis of strain prevents disruption 
of the internal tension within the cytoskeleton38. Interestingly, in the adipogenically differentiated cells, fewer cells 
appeared to accumulate lipid vacuoles than adipogenically differentiated hASC in static culture. This qualitative 
observation was the first sign that cyclic tensile strain may have an inhibitory effect on hASC adipogenesis in 
addition to our previous findings on hASC and hMSC osteogenesis12,28,29. Further, we observed qualitatively that 
though the adipogenic cells tended to align under strain, they maintained a more rounded morphology (Fig. 1f). 

Figure 5. Semi-quantitative characterization of cilia and cell morphology under different chemical and 
mechanical culture conditions. (a–f) Average primary cilium length varies across culture conditions (a) also has 
a distinct lineage-dependent distribution of cilia lengths as seen by the histograms of cilia length in complete 
growth medium (CGM) (d) osteogenic differentiation medium (ODM) (e) and adipogenic differentiation 
medium (ADM). (f) Cell aspect ratio quantifies the length (long axis of the cell)/width (short axis of the 
cell) to assess cellular elongation (b) and cell area quantifies cell adhesion/spreading interaction with the 
culture substrate. (c) Both parameters were used to assess phenotype-specific morphology. n > 300 cells were 
characterized per culture condition. Analysis was performed following 3 days of culture under CGM (g,j), 
ODM (h,k) and ADM (i,l) on hASCs exposed to static culture (g–i) or mechanical stimulation in the form of 
10% cyclic tensile strain (4 hours/day, 1 Hz) (j–l) on collagen I-coated silicone membrane BioFlex® plates. Cilia 
were identified with immunofluorescence using an antibody against ARL13b (green), actin (red) was stained 
with phalloidin and nuclei were stained with DAPI (blue). White scale bar = 25 μm, orange scale bar = 10 μm.
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This morphological observation was consistent with other studies of adipogenesis under strain, however the 
loading parameters and cell source differed from our study39.

To characterize the effect of 10% cyclic tensile strain on the differentiation of hASCs, we measured the expres-
sion of gene markers for osteogenesis (Fig. 2a) and adipogenesis (Fig. 2b,c) following 3 days of culture in induc-
tion media and daily exposure to strain. Cyclic tensile strain significantly upregulates RUNX2 gene expression 
in osteogenically differentiated hASCs which supports our previously published observations of hASC calcium 
accretion upregulation under 14 days culture under strain (Fig. 2a)12,40. This upregulation of RUNX2 gene expres-
sion has similarly been observed in MSCs exposed to mechanical stimulation in the form of oscillatory fluid 
shear41. IGF-1 is a secreted pro-adipogenic factor and PPARG is a nuclear receptor which is one of the central 
transcription factors in the adipogenic differentiation program42. Consistent with other adipogenic differentiation 
studies, IGF-1 and PPARG gene expression were significantly upregulated under adipogenic differentiation, as 
compared to gene expression of hASCs cultured in CGM and ODM43,44. Interestingly, exposure to strain con-
ferred a decrease in their expression (Fig. 2b,c). This suggests that mechanical stimulation in the form of strain 
quells the adipogenic gene expression program. However, under our loading parameters, the effect of mechanical 
stimulation is moderate compared to the effect of the chemical induction via adipogenic differentiation medium 
(Fig. 2b,c). Taken together our gene expression data is consistent with our qualitative observations of cell mor-
phology following two weeks of culture, suggesting that strain not only enhances the osteogenic differentiation 
program, but suppresses the adipogenic one.

Our previous work in hASC strain-mediated osteogenesis7,12,16 and the role of the primary cilia in osteogen-
esis24, provided the impetus to explore the role of the primary cilium as a potential mechanosensor. Following 
daily exposure to 10% cyclic tensile strain and 3 days of stimulation in differentiation medium, we found that both 
PKD1 and IFT88 gene expression were upregulated under 10% cyclic tensile strain in undifferentiated hASC and 
osteogenically differentiated hASC (statistically significant for PKD1 expression in CGM and ODM conditions) 
(Fig. 3d,e) and adipogenically differentiated hASC exhibited the opposite response (statistically significant for 

Figure 6. Osteogenic factors are upregulated under exposure to cyclic tensile strain and adipogenic factors 
are suppressed under exposure to strain. Runx2 nuclear expression in hASC in ODM (a,b) under static culture 
(a) and dynamic (10% cyclic tensile strain) culture (b) at 3 days. Lipid accumulation is suppressed in hASC 
cultured in adipogenic medium and cyclic tensile strain for 14 days. (c) Theoretic paradigm of mechanically-
induced differentiation enhancing the osteogenic phenotype, while simultaneously suppressing the adipogenic 
phenotype. (d) Scale bar = 25 μm. Lipid quantification n = 3 independent monolayers, error bars represent 
SEM, *p < 0.05.
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IFT88 in ADM) (Fig. 3c). These inversely-related cilia gene expression findings suggested that the primary cilia 
may differentially sense the surrounding mechanical environment based on cell phenotype, in part validating 
their phenotype-specific function, particularly when considered with the osteogenic and adipogenic gene marker 
expression profiles with strain (Figs 2 and 3a–f).

To gain some insight into the how cilia-associated genes may be related to cilia function, we analyzed the gene 
expression of Hedgehog signaling molecules which localise to the primary cilium, SMO and GLI1, under each 
induction media both with and without strain (Fig. 3g,h). We found that strain significantly upregulated SMO and 
GLI1 in undifferentiated hASCs and likely activates hedgehog signaling, but this effect was not observed in oste-
ogenic or adipogenic differentiated hASC (Fig. 3g,h). We found a marked downregulation of SMO and GLI1 gene 
expression with osteogenic and adipogenic differentiation. Our gene expression results were consistent with those 
reported by Plaisant et al. for MSCs undergoing osteogenesis suggesting that hedgehog signaling is decreased dur-
ing osteogenesis45. Further, others have reported that hedgehog signaling inhibits adipogenesis, which supports 
our observed downregulation of GLI1 in adipogenic hASCs46,47.

To further analyze the primary cilium structure in differentiated hASC, we used immunostaining to charac-
terize the level of cilia expression and length of cilia elongation for each media type at 3 and 14 days of culture 
(Table 1 and Fig. 4). Our results illustrated stark differences in cilia expression amongst committed cell types, con-
comitant with changes in overall cell morphology over time in culture, particularly in the adipogenically differ-
entiating cells (Fig. 4). We adapted a semi-quantitative categorical analysis approach from a report by Lavagnino 
et al. to analyze differences in cilia shapes among differing cell populations (Fig. 4g)48. In quantifying the cilia 
conformations observed on hASC cultured in expansion medium, adipogenic differentiation medium or oste-
ogenic differentiation medium for 3 days, we found that each phenotypic population had a distinctly different 
distribution of cilia conformations (Fig. 4h). Adipogenically differentiated hASC had a stark change in the dis-
tribution of cilia shapes within the cell population, exhibiting a relatively higher percentage of cilia in curved or 
bent conformations (Fig. 4c,f,h). This is likely related to the increase in average length of cilia on adipogenically 
differentiated hASC (3.14 μm ± 1.56) as compared to cilia observed in hASC cultured in CGM (1.43 μm ± 0.45) 
or ODM (1.38 μm ± 0.49) (Table 2), as the longer cilia may be more susceptible to bending. This may also be due 
to changing mechanical integrity of the cilia and a reduction in cilia rigidity, as proposed in an iPSC categorizing 
changes in cilia morphology with fibroblast reprogramming49.

Very few studies have explored changes in cilia expression with cell phenotype, however a study by Nathwani 
et al. reported observed changes in cilia length and presumed reductions in cilia rigidity in human induced pluri-
potent stem cells (iPSCs) derived from fibroblasts49, thus indicating that changes in cilia structure can change 
with phenotype. It is likely that the observed cilia morphologies in adipogenic hASCs may be due to both a 
change in cilia rigidity simultaneous with phenotype as well as observed cilia elongation making the cilium more 
susceptible to shape changes. A study on Bardet-Biedl syndrome proteins revealed that pre-adipocytes transiently 
express elongated primary cilia during the adipogenesis process, yet they lose their cilia upon terminal differenti-
ation50. More recently, Dalbay et al. has reported that cilia elongation and recruitment of IGF-1Rβ were required 
for adipogenesis in cultured hMSCs23. The findings of these studies were consistent with our observations of cilia 
on hASC undergoing adipogenic differentiation, supporting the idea that ciliary elongation is a necessary step in 
adipogenic differentiation, but is likely independent of the hedgehog signaling (Figs 3g,h and 4c,f).

Extending this analysis further, we examined cilia expression on hASC cultured on the collagen I-coated 
silicone membranes of BioFlex® plates and compared the effects of 10% cyclic tensile strain on each hASC phe-
notype (Fig. 5). 10% cyclic tensile strain appeared to not only affect primary cilia conformation of each specified 
cell type, but also cell body morphology. Across all differentiation phenotypes, strain downregulated the average 
measured ciliary length, compared to the unstrained control, though this trend was only statistically significant 
in the hASCs cultured in CGM (Fig. 5a). This trend of decreasing primary cilia length under strain is consistent 
with observations in tendon explants and supports the idea of the “stress deprivation paradigm” stating that in the 
absence of mechanical stimulation, cilia lengthen, and in the presence of strain, the ciliary axoneme is shortened 
or resorbed20. This tendon work was one of the most direct demonstrations of the mechanically-induced length 
and shape changes of primary cilia in musculoskeletal tissues, however this response also been shown in situ on 
cartilage tissue51 and in cultured immortalized kidney cell lines52.

A further morphometric analysis on the hASCs cultured under each condition revealed interesting lineage 
specific trends. Strain significantly increased both the cell aspect ratio and cell spreading (cell area) of hASCs 
cultured in ODM (Fig. 5b,c). The hASCs cultured in CGM and ADM did not exhibit any statistically significant 
changes in these parameters, though CGM cells exhibited an increase in cell aspect ratio and ADM cells did 
seem to exhibit an increase in cell spreading (Fig. 5b,c,h,i,k,l). The adipogenic hASCs appeared to be particularly 
impervious to any strain-induced cell elongation. Taken together with the upregulation of RUNX2 expression in 
osteogenic hASCs cultured under strain (Fig. 6a,b) and the diminished lipid accumulation of adipogenic hASCs 
cultured under strain (Fig. 6c), these data suggests a relationship between strain-induced morphology changes 
and cell lineage commitment (Fig. 6d).

A study by Killian et al. showing that geometric cues could modulate osteogenesis and adipogenesis in hMSCs 
provides support for our findings. They reported that culturing hMSCs on rectangular or elongated geometries 
with a large aspect ratio enhanced osteogenesis and reduced adipogenesis27. These phenomena are largely thought 
to depend on myosin-generated cytoskeletal tension, with an increase in cytoskeletal tension leading to osteogen-
esis, while a decrease in cytoskeletal tension leading to adipogenesis and modulating cytoskeletal tension has been 
achieved through constraining cell shape27,53 and through tuning stiffness of the culture substrate26. It may be that 
the cyclic tensile strain applied to our osteogenic hASCs enhances already increasing cytoskeletal tension and 
as such results in enhances osteogenesis. However, within the limitations of our study, it is unclear whether the 
mechanical stimulation or the induced cell morphology changes which might be the driving factor in this process.
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One of the primary aims of our study was to elucidate how the primary cilium may fit into the story of mech-
anotransduction and cell lineage specification. Based on the aforementioned principles of cell geometry and 
cytoskeletal tension, we can infer some basic information regarding the relationship between primary cilium 
length and lineage-specific cytoskeletal organization. Pitaval, et al. described a decrease in primary cilium length 
on RPE-1 cells (a retinal epithelium cell line) cultured on hard substrates compared to those cultured on soft 
substrates, indicating that the increased cytoskeletal tension on a stiff substrate resulted in shortened cilia length, 
whereas decreased cytoskeletal tension on a soft substrate resulted in elongated cilia54. We observed a similar 
trend with reduced cilia lengths on hASCs cultured on a hard substrate such as tissue culture plastic (Fig. 4 and 
Table 2) as compared to cilia lengths observed on hASCs cultured on the softer silicone membrane substrates 
(Fig. 5 and Table S1). Presumably, the elongated primary cilia may be a function of the reduction in cytoskeletal 
tension associated with the development of the adipogenic phenotype (Figs 4c,f, 5a,b,i,l and S1). Conversely, 
the increased cytoskeletal tension within the undifferentiated hASC and the development of an osteogenic phe-
notype results in the relatively shorter cilia (Figs 4b,e, 5a,b,g,h,j,k and S1). Furthermore, cyclic tensile strain is 
mechanically increasing cytoskeletal tension via stretch and as such results in the overall trend of a decreased 
average cilia length under strain (Fig. 5a). The large degree of variation observed in the cilia length data is likely 
due to a somewhat heterogeneous hASC population with cells starting at various levels of ‘stemness’ and/or cells 
differentiating towards their specified lineage at differing rates (Fig. 5a,d–f). In spite of this variation, it is clear 
that primary cilia are mechanosensitive and their expression corresponds to the specific cell phenotype and its 
expression is likely linked to cytoskeletal organization. Nevertheless, how these structures transduce signals to 
each other is still unclear.

Some have suggested that the primary cilium-mediated mechanotransduction functions through intracellu-
lar calcium signaling, the consensus mechanism by which the primary cilia in kidney epithelial cells transduce 
fluid flow. However, recent reports suggest that the mode of calcium signaling via the polycystin 1-polycystin 
2 ion channel complex mechanism is still a point of debate55,56 and in the context of osteogenic cell types, the 
mechanism of cilia-mediated mechanotransduction seems to be different than in kidney epithelial cells. Malone 
et al. reported that cellular calcium flux under fluid flow is unaffected by disruption of the primary cilium in 
MC3T3-E1 osteoblasts, in contrast to the characteristic cilium-mediated calcium flux in MDCK kidney cells 
exposed to fluid flow57. A subsequent study using a FRET-based imaging approach in osteocytes demonstrated 
that fluid flow induces an increase in calcium within the ciliary compartment mediated by transient receptor 
potential vanilloid 4 (TRPV4), a mechanosensitive calcium channel which concentrates around the primary cil-
ium58. More recently, similar TRPV4 functional activity in response to fluid oscillatory fluid flow has been impli-
cated in the calcium flux of osteogenic murine MSCs59. We have reported that electrical stimulation-induced 
calcium flux in osteogenic hASCs on the cellular level is not mediated by the primary cilium per se60. However, 
the limited sensitivity of our experimental setup prevented us from resolving calcium flux in the ciliary microdo-
main. Though our study focuses on tensile strain, we suspect the potential mechanotransduction mechanisms in 
osteogenic hASCs maybe be somewhat analogous and clearly there is a vast opportunity to explore these mech-
anisms in future work.

This investigation provides some insight on the primary cilia expression during the lineage commitment pro-
cess between osteogenic and adipogenic differentiation, but there is still a vast opportunity to understand how the 
biochemical and mechanical signaling activity of the primary cilium work together. The aforementioned “stress 
deprivation paradigm” in tendon is based on the principle that presumably a more extended cilium may detect 
smaller magnitude changes in the surrounding mechanical environment, and when larger magnitude mechan-
ical forces are present, the cilium no longer requires such a large “lever arm” to sense mechanical signals20. This 
explanation follows for mechanically sensitive tissue such as bone, however these changes can also be explained 
through a cell physiology model, suggesting that strain confers changes in the ciliary signaling pathways such 
as hedgehog, and therefore the cell modulates cilia length to modulate hedgehog signaling activity45. In our 
study, undifferentiated hASCs exhibit a significant upregulation of SMO and GLI1 gene expression in response 
to culture under cyclic tensile strain suggesting that exposure to strain specifically activates Hedgehog signal-
ing in uncommitted hASCs (Fig. 3g,h). This increase in Hedgehog signaling is concomitant with a decrease in 
ciliary length in uncommitted hASCs, supporting that a physical change in the primary cilium, and thus in the 
Hedgehog signaling compartment, may play a direct role in modulating signaling activity (Fig. 5a). A recent study 
on MSC cultured on topographically grooved substrates expressed a higher average cilia length as compared to 
MSC cultured on flat substrates. The grooved substrates conferred reduced actin cytoskeletal organization, but 
this topography-induced cilia expression modification also modulated Wnt signaling61. It is likely that both mod-
els are accurate and there may be both a mechanical and biochemical component to how cilia respond to their 
mechanical surroundings in a lineage-dependent fashion.

It is possible that the mechanical rigidity of the cilium is changing along with phenotype as predicted by both 
chemical and mechanical induction and thus it is more susceptible to the bending influence of the tensile strain49. 
This likely occurs concomitantly with lineage-dependent changes in cytoskeletal and nucleoskeletal rigidity62,63. 
As the basal body of the primary cilium is docked at the cell membrane and its structure is formed by acetylated 
tubulin, the cilium is contiguous with the cytoskeleton; it follows that the rigidity of the primary cilium likely also 
changes with cytoskeletal tension.

Our results clearly indicated that both 10% cyclic tensile strain and lineage specific chemical induction media 
can modify cilia expression along with lineage changes. Evidence from this study and previous work in our lab 
established that 10% cyclic tensile strain enhances osteogenesis, further supported by upregulation of RUNX2 
protein expression (Fig. 6a,b). Diminished lipid accumulation following 14 days of culture in adipogenic induc-
tion medium with exposure to strain further confirmed that osteogenesis is not only enhanced by 10% cyclic ten-
sile strain, but also that adipogenesis is suppressed by strain (Fig. 6c). Suppression of adipogenesis in cell culture 
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has been reported by others using immortalized mouse cell lines, however their strain parameters differed from 
our setup39.

When considering hASCs as a multipotent cell type, they have a general proclivity to become either cell phe-
notype, however adipogenesis and osteogenesis are considered to be orthogonal processes of differentiation and 
based on this theoretical principle33, it may be the case that 10% cyclic tensile strain diminishes baseline adipo-
genic signals as it enhances osteogenic signals. This is in line with work done in pre-adipocytes, illustrating the 
impact of exposure to a compressive force for 12 hours on diminishing adipogenic differentiation36. Our obser-
vations were also consistent with an in vivo mouse model study showing that MSCs in mice were less adipogenic 
when exposed to high frequency, low magnitude mechanical stimulation34. It is important to note a contrasting 
study which reported an enhancement of adipogenesis under exposure to strain, however the parameters of 
their strain system were quite different as their 3T3-L1 cells were exposed to static application of strain64. From 
our work, it is clear that 10% cyclic tensile strain reduces adipogenic differentiation, enhances osteogenic dif-
ferentiation and these phenotypic changes also affect the primary cilium structure, a known mediator of cell 
differentiation.

In this body of work, we have demonstrated that hASC primary cilia exhibit a lineage-specific response to 
mechanical stimulation in the form of 10% cyclic tensile strain, however it is important to acknowledge the lim-
itations of this study. Primary cilia are notoriously difficult to study under in vitro culture due to their variability 
in expression level, depending on cell cycle phase65,66. Further, their expression can additionally be modulated 
through cell plating density and serum starvation66, and their frequency of expression is not always predictable 
in a given stem cell population. hASCs are a somewhat heterogeneous cell population67 and the variation in cilia 
expression may be attributed to cell population subtypes, further complicating how the data is interpreted. Future 
work in this area may include enriching hASC population subtypes for a more in-depth analysis on primary cilia 
behavior.

Another caveat for consideration in this study is donor-to-donor variability in hASC68–70. In this study we used 
hASCs derived from three relatively age-matched female donors, known to exhibit an acceptable proclivity for 
both osteogenic and adipogenic differentiation. These donor hASC lines were already screened for multipotency 
and as such were preselected based on their ability to differentiate. Therefore, the results of this study are most rel-
evant to hASC that exhibit similar characteristics. These results may have a limited relevance to hASC lacking the 
ability to osteogenically or adipogenically differentiate, however further research is required to better understand 
the physiological differences amongst hASC donor lines. We suspect that primary cilia expression patterns may 
be a potential biomarker indicative of the level of stemness of particular hASC sub-populations. Understanding 
their functional expression may help tease out some of the physiological differences between hASC donor lines, 
though this type of population sorting study was outside of the scope of this work.

It should be noted that this study provides limited data in regards to the mechanism by which cyclic tensile 
strain induces changes in hASC cilia-associated gene expression along with cilia length/morphology and how 
this corresponds to cilia function. Future work disrupting or modifying cilia expression under tensile strain and 
measuring calcium signaling and protein expression will be required for a full functional study to better under-
stand how primary cilia on specific cell phenotypes sense their mechanical environment.

This is the first study to demonstrate that hASC primary cilia are mechanosensitive to uniaxial cyclic tensile 
strain and that hASC primary cilia exhibit phenotype-specific expression patterns during the hASC differentia-
tion process. Further, we also showed that in hASCs osteogenesis is enhanced and adipogenic signals were quelled 
by exposure to 10% cyclic tensile strain. Taken together we have highlighted the importance of the primary cilium 
structure in mechanosensing and lineage specification and suggest that further work may identify this structure 
as a novel target in manipulating hASC for developing tissue engineering applications.

Materials and Methods
Cell isolation and expansion. Human adipose-derived stem cells (hASC) were obtained from waste adi-
pose tissue derived from patients undergoing elective abdominal surgeries or liposuction procedures. Discarded 
tissue was collected in accordance to IRB exemption protocol #10-0201, under federal regulations [45 CFR 46.102 
(d or f) and 21 CFR 56.102(c)(e)(l)]. This work was reviewed and all experimental protocols were approved by 
the Office of Human Research at UNC, and they determined that this study does not constitute human research 
as the cells are derived from discarded tissue samples, at University of North Carolina hospitals (Chapel Hill, 
NC). All data were analyzed anonymously and patient information obtained was limited to age, sex, ethnicity 
and site from which tissue was derived when available. Isolation of hASC was performed according to estab-
lished protocols from our lab6, adapted from methods initially reported by Zuk et al. and Erickson et al.2,71. Once 
isolated, hASC obtained from approximately 50 g of tissue were allowed to propagate in culture in complete 
growth medium (CGM) until ~80% confluency (or up to two weeks). CGM contained Eagle’s Minimum Essential 
Medium, alpha-modified supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin 
and 100 μg/ml streptomycin. The hASC were then trypsinized and frozen down at passage 0 (p0). All hASC used 
in these experiments were passage 4 or lower, and were derived from three female donors (ages 47–55 years). All 
three donor cells lines were validated for adipogenic and osteogenic differentiation and exhibited a similar pro-
clivity to differentiate towards both lineages.

Culture and differentiation under cyclic tensile strain. hASC were cultured in BioFlex® plates 
(Flexcell International, Hillsborough, NC) comprised of a culture surface composed of collagen I-coated sili-
cone membranes. The hASC were cultured under both static and dynamic growth conditions. hASC cultured 
under mechanical stimulation were exposed to 10% cyclic tensile strain at 1 Hz, for 4 hours/day. In addition 
to the mechanical stimulation, they were cultured in three different media: complete growth medium (CGM), 
osteogenic differentiation medium (ODM) and adipogenic differentiation medium (ADM). ODM contained 
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complete growth medium with the addition of 50 μM ascorbic acid, 0.1 μM dexamethasone, and 10 mM β 
-glycerolphosphate. ADM contained the aforementioned CGM supplemented with 1 μM dexamethasone, 5 μg/
ml insulin, 100 μM indomethacin and 500 μM isobutylmethylxanthine. hASC were cultured in all media formu-
lations both with and without tensile strain (Fig. 1).

Visualization of hASC - phase contrast microscopy. hASC cultures were monitored using phase con-
trast microscopy throughout the duration of the culture/differentiation period for up to three weeks. Images were 
collected at day 17 of culture in the respective media types to record morphological changes in cell phenotype. 
Phase contrast microscopy allowed for detection of cell morphology, orientation, deposition of extracellular cal-
cium crystals and formation of lipid vacuoles.

RNA extraction and gene expression analysis. Quantitative RT-PCR analysis was used to determine 
relative mRNA expression levels of lineage specific gene markers for osteogenesis: Runt-related transcription fac-
tor 2, (Runx2) and adipogenesis: insulin-like growth factor-1 (IGF-1) peroxisome proliferator-activated receptor 
gamma (PPARG). Cilia-associated gene expression of IFT-88, PKD1 and hedgehog signaling genes SMO and GLI1 
were used characterize potential ciliary activity under differentiation and strain. RNA cell lysate samples were 
collected following 72 hours in culture.

Lysates were run through a Qiashredder column (Qiagen, Valencia, CA) at 15,000 g for 2 minutes to homog-
enize samples. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA). RNA concentrations 
were measured using a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE). To synthesize first 
strand cDNA, 110–600 ng of RNA in a 21 μL reverse transcriptase (RT) reaction was used with the Superscript III 
RT with oligo(dT) primers kit (Invitrogen, Carlsbad, CA). Taqman Gene expression assays with pre-determined 
primer-probe sets were used to amplify diluted (1:1) cDNA (Assays-on-Demand, Applied Biosystems, Foster City, 
CA). All gene expression profiles were normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT) 
(Assay Hs02800695_m1) in an ABI Prism 7000 system. Quantitative RT-PCR data was analyzed using the ddCT 
method of relative gene expression quantification and all gene expression data is reported as relative expression 
with n = 3 independent cell samples.

Immunostaining. The hASC were fixed in 10% formalin for 15 minutes and rinsed three times in PBS. For 
strain experiments and static controls, the monolayers grown on the BioFlex® collagen I-coated silicone mem-
branes were cut out of the plate for staining and visualization. For baseline cilia characterization and analysis 
under chemical stimulation, hASC were grown on coverslips. Following fixation, membranes or coverslips were 
transferred to a new plate and monolayers were blocked with a 0.2% Triton X-100/5.0% BSA stock solution for 
40 minutes on a shaker table. Following blocking, the coverslips or membranes were incubated in the primary 
antibody solution in humidified chambers. Primary cilia were identified using mouse monoclonal antibodies 
against acetylated α-tubulin antibody (diluted 1:100) (Sigma, Catalog #T7451) or rabbit polyclonal antibodies 
against ARL13B (ProteinTech, Catalog #17711-1-AP) at a dilution of 1:50. The base of the cilium was identified 
with goat polyclonal antibodies against pericentrin (Abcam, Catalog #19044) at a dilution of 1:100, staining the 
centriolar base. Runx2 was used to identify osteogenic differentiation in response to strain and was visualized 
using a mouse polyclonal antibody against Runx2 at a dilution of 1:50 (Abcam). Staining for cell proliferation with 
ki67 was done using a mouse monoclonal antibody (Abcam, Catalog #ab8191) (Table S2) and staining for active 
β-catenin was done using a mouse monoclonal antibody (Millipore, Catalog #05-665) (Fig. S1). All antibodies 
were incubated in a solution of 0.2% Triton X-100, and 0.5% BSA. The cells were then incubated in the chambers 
overnight at 4 °C.

Samples were rinsed 3 times in PBS for five minutes each on a shaker table and then incubated in the second-
ary antibody (1:500), phalloidin 594 (Molecular Probes) (1:500) and DAPI (1:500) stain solutions. A chicken 
anti-mouse secondary was used against the mouse acetylated α-tubulin primary and goat anti-rabbit secondaries 
was used against the rabbit primaries. The samples were incubated for 3 hours at room temperature. Following the 
secondary incubation, the samples were placed in the final three rinses and PBS and excess liquid was blotted on a 
kimwipe in preparation for mounting. Prolong Gold Mounting Media (Molecular Probes, Eugene, OR) was used 
to mount the membranes and slides were allowed to dry in the dark for 24 hours prior to imaging.

Categorical analysis of cilia conformation and cell morphology. Semi-quantitative image analysis 
with ImageJ was used to measure variations in frequency of cilia expression, cilia conformation, cilia length and 
orientation, cell aspect ratio and cell orientation in static and actively strained hASC in 2D culture. Additionally, 
we adapted a method described by Gardner et al. to categorically analyze cilia conformation to parse out changes 
in cilia structure following culture in various differentiation media (Fig. 4g)20. For each media condition (CGM, 
ODM, ADM) under static culture at 3 and 12 days of culture, n > 750 cells (cell count identified by DAPI stain-
ing), across n = 3 independent cell monolayers (Fig. 4). For cells exposed to cyclic tensile strain, n = 3 biologically 
independent cell monolayers were cultured on BioFlex® plate collagen I-coated silicone membranes and n > 300 
cells were analyzed across these samples per culture condition (Fig. 5).

Adipogenesis analysis. Lipid accumulation was measured to detect evidence of adipogenic differentiation. 
A colorimetric adipogenesis absorbance assay (Biovision, Milpitas, CA) was used to quantify triglyceride con-
tent. Following culture in adipogenic differentiation media for 14 days under static culture or under cyclic 10% 
strain at 1 Hz, 4 hours/day, cells were scraped in 200 μL lipid extraction buffer (Biovision, Milpitas, CA), collected 
into microfuge tubes and incubated at 90–100 °C for 30 minutes on a heat block, and then stored at −30 °C. 
Lysate was then thawed, spun down at 1000 rcf for 2 minutes and the supernatant was transferred to a new tube 
to eliminate debris interference with absorbance readings. The sample was then diluted 1:1 with adipogenesis 
assay buffer (Biovision, Milpitas, CA) and 50 μL of each lysate was prepared according to the manufacturer’s 
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protocol. Briefly, the 50 μL sample was combined with 46 μL adipogenesis assay buffer, 2 μL Adipogenesis Probe 
(Biovision, Milpitas, CA), and 2 μL Adipogenesis Enzyme Mixture (Biovision, Milpitas, CA) and absorbance 
was read using a 96 well plate on a Tecan Microplate Reader (Tecan Group Ltd, Switzerland) using MagellanTM 
Data Analysis Software (Tecan Group Ltd, Switzerland) at a wavelength of 570 nm. Adipogenesis measurements 
were normalized to protein content using a colorimetric bicinchoninic acid (BCA) absorbance assay (Thermo 
Scientific Pierce, Rockford, IL). Remaining adipogenesis samples were processed according to the manufacturer’s 
protocol for the BCA assay and samples were read at a wavelength of 560 nm.

statistical analysis. A Student’s t-test with 95% confidence interval was applied to all data analyzing two 
conditions. All data with three or more conditions were analyzed using a one-way ANOVA with a Neuman-Keuls 
multiple comparison post-hoc test. For gene expression and end-product expression data, n = 3 independent 
biological replicates, with p-values denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

References
 1. Zuk, P. A. et al. Human adipose tissue is a source of multipotent stem cells. Mol Biol Cell 13, 4279–4295 (2002).
 2. Zuk, P. A. et al. Multilineage cells from human adipose tissue: implications for cell-based therapies. Tissue Eng 7, 211–228 (2001).
 3. Tsuji, W. Adipose-derived stem cells: Implications in tissue regeneration. WJSC 6, 312 (2014).
 4. Dugan, J. M., Cartmell, S. H. & Gough, J. E. Uniaxial cyclic strain of human adipose-derived mesenchymal stem cells and C2C12 

myoblasts in coculture. Journal of Tissue Engineering 5 (2014).
 5. Gimble, J. M. & Guilak, F. Adipose-derived adult stem cells: isolation, characterization, and differentiation potential. Cytotherapy 5, 

362–369 (2003).
 6. Bernacki, S. H., Wall, M. E. & Loboa, E. G. Methods in Cell Biology. 86, 257–278 (Elsevier, 2008).
 7. Charoenpanich, A. et al. Microarray Analysis of Human Adipose-Derived Stem Cells in Three-Dimensional Collagen Culture: 

Osteogenesis Inhibits Bone Morphogenic Protein and Wnt Signaling Pathways, and Cyclic Tensile Strain Causes Upregulation of 
Proinflammatory Cytokine Regulators and Angiogenic Factors. Tissue Engineering Part A 17, 2615–2627 (2011).

 8. Bodle, J. C., Hanson, A. D. & Loboa, E. G. Adipose-Derived Stem Cells in Functional Bone Tissue Engineering: Lessons from Bone 
Mechanobiology. Tissue Engineering Part B: Reviews 17, 195–211 (2011).

 9. McCullen, S. D. et al. Application of Low-Frequency Alternating Current Electric Fields Via Interdigitated Electrodes: Effects on 
Cellular Viability, Cytoplasmic Calcium, and Osteogenic Differentiation of Human Adipose-Derived Stem Cells. Tissue Engineering 
Part C: Methods 16, 1377–1386 (2010).

 10. Wall, M. E., Bernacki, S. H. & Loboa, E. G. Effects of Serial Passaging on the Adipogenic and Osteogenic Differentiation Potential of 
Adipose-Derived Human Mesenchymal Stem Cells. Tissue Engineering 13, 1291–1298 (2007).

 11. McCullen, S. et al. Electrospun composite poly(L-lactic acid)/tricalcium phosphate scaffolds induce proliferation and osteogenic 
differentiation of human adipose-derived stem cells. Biomed. Mater. 4, 035002 (2009).

 12. Hanson, A. D. et al. Osteogenic Effects of Rest Inserted and Continuous Cyclic Tensile Strain on hASC Lines with Disparate 
Osteodifferentiation Capabilities. Ann Biomed Eng 37, 955–965 (2009).

 13. Knippenberg, M. et al. Adipose tissue-derived mesenchymal stem cells acquire bone cell-like responsiveness to fluid shear stress on 
osteogenic stimulation. Tissue Eng 11, 1780–1788 (2005).

 14. Puetzer, J., Williams, J., Gillies, A., Bernacki, S. & Loboa, E. G. The Effects of Cyclic Hydrostatic Pressure on Chondrogenesis and 
Viability of Human Adipose- and Bone Marrow-Derived Mesenchymal Stem Cells in Three-Dimensional Agarose Constructs. 
Tissue Engineering Part A 19, 299–306 (2013).

 15. Ogawa, R., Orgill, D. P., Murphy, G. F. & Mizuno, S. Hydrostatic Pressure–Driven Three-Dimensional Cartilage Induction using 
Human Adipose-Derived Stem Cells and Collagen Gels. Tissue Engineering Part A 1–28, https://doi.org/10.1089/ten.TEA.2013.0525 
(2014).

 16. Wall, M. E., Rachlin, A., Otey, C. A. & Loboa, E. G. Human adipose-derived adult stem cells upregulate palladin during osteogenesis 
and in response to cyclic tensile strain. AJP: Cell Physiology 293, C1532–C1538 (2007).

 17. Hanson, A., Wall, M., Pourdeyhimi, B. & Loboa, E. Effects of oxygen plasma treatment on adipose-derived human mesenchymal 
stem cell adherence to poly (L-lactic acid) scaffolds. Journal of Biomaterials Science, Polymer Edition 18, 1387–1400 (2007).

 18. Ciobanasu, C., Faivre, B. & Le Clainche, C. Integrating actin dynamics, mechanotransduction and integrin activation: The multiple 
functions of actin binding proteins in focal adhesions. European Journal of Cell Biology 92, 339–348 (2013).

 19. Praetorius, H. A. & Spring, K. R. Bending the MDCK Cell Primary Cilium Increases Intracellular Calcium. Journal of Membrane 
Biology 184, 71–79 (2001).

 20. Gardner, K., Arnoczky, S. P. & Lavagnino, M. Effect of in vitro stress-deprivation and cyclic loading on the length of tendon cell cilia 
in situ. J. Orthop. Res. 29, 582–587 (2010).

 21. Thompson, C. L., Chapple, J. P. & Knight, M. M. Primary cilia disassembly down-regulates mechanosensitive hedgehog signalling: 
a feedback mechanism controlling ADAMTS-5 expression in chondrocytes. Osteoarthritis and Cartilage 22, 490–498 (2014).

 22. Forcioli-Conti, N., Lacas-Gervais, S., Dani, C. & Peraldi, P. The primary cilium undergoes dynamic size modifications during 
adipocyte differentiation of human adipose stem cells. Biochemical and Biophysical Research Communications 458, 117–122 (2015).

 23. Dalbay, M. T., Thorpe, S. D., Connelly, J. T., Chapple, J. P. & Knight, M. M. Adipogenic Differentiation of hMSCs is Mediated by 
Recruitment of IGF-1R Onto the Primary Cilium Associated with Cilia Elongation. Stem Cells n/a–n/a, https://doi.org/10.1002/
stem.1975 (2015).

 24. Bodle, J. C. et al. Primary Cilia: The Chemical Antenna Regulating Human Adipose-Derived Stem Cell Osteogenesis. Plos One 8, 
e62554 (2013).

 25. Treiser, M. D. et al. Cytoskeleton-based forecasting of stem cell lineage fates. Proceedings of the National Academy of Sciences 107, 
610–615 (2010).

 26. Engler, A. J., Sen, S., Sweeney, H. L. & Discher, D. E. Matrix Elasticity Directs Stem Cell Lineage Specification. Cell 126, 677–689 
(2006).

 27. Kilian, K. A., Bugarija, B., Lahn, B. T. & Mrksich, M. Geometric cues for directing the differentiation of mesenchymal stem cells. 
Proceedings of the National Academy of Sciences 107, 4872–4877 (2010).

 28. Sumanasinghe, R. D., Bernacki, S. H. & Loboa, E. G. Osteogenic differentiation of human mesenchymal stem cells in collagen 
matrices: effect of uniaxial cyclic tensile strain on bone morphogenetic protein (BMP-2) mRNA expression. Tissue Eng 12, 
3459–3465 (2006).

 29. Sumanasinghe, R. D., Osborne, J. A. & Loboa, E. G. Mesenchymal stem cell-seeded collagen matrices for bone repair: Effects of 
cyclic tensile strain, cell density, and media conditions on matrix contraction in vitro. J. Biomed. Mater. Res. 88A, 778–786 (2009).

 30. Charoenpanich, A. et al. Cyclic Tensile Strain Enhances Osteogenesis and Angiogenesis in Mesenchymal Stem Cells from 
Osteoporotic Donors. Tissue Engineering Part A 20, 67–78 (2014).

 31. Abou Alaiwi, W. A., Lo, S. T. & Nauli, S. M. Primary Cilia: Highly Sophisticated Biological Sensors. Sensors 9, 7003–7020 (2009).

https://doi.org/10.1038/s41598-019-43351-y
https://doi.org/10.1089/ten.TEA.2013.0525
https://doi.org/10.1002/stem.1975
https://doi.org/10.1002/stem.1975


1 5Scientific RepoRts |          (2019) 9:8009  | https://doi.org/10.1038/s41598-019-43351-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 32. Mathieu, P. S., Bodle, J. C. & Loboa, E. G. Primary cilium mechanotransduction of tensile strain in 3D culture_ Finite element 
analyses of strain amplification caused by tensile strain applied to a primary cilium embedded in a collagen matrix. Journal of 
Biomechanics 47, 2211–2217 (2014).

 33. James, A. W. Review of Signaling Pathways Governing MSC Osteogenic and Adipogenic Differentiation. Scientifica 2013, 1–17 
(2013).

 34. Rubin, C. T. et al. Adipogenesis is inhibited by brief, daily exposure to high-frequency, extremely low-magnitude mechanical signals. 
PNAS 104, 17879–17884 (2007).

 35. Sen, B. et al. Mechanical Loading Regulates NFATc1 and -Catenin Signaling through a GSK3 Control Node. Journal of Biological 
Chemistry 284, 34607–34617 (2009).

 36. Hossain, M. G. et al. Compressive force inhibits adipogenesis through COX-2-mediated down-regulation of PPARγ2 and C/EBPα. 
Jbiosc 109, 297–303 (2010).

 37. Greiner, A. M., Chen, H., Spatz, J. P. & Kemkemer, R. Cyclic Tensile Strain Controls Cell Shape and Directs Actin Stress Fiber 
Formation and Focal Adhesion Alignment in Spreading Cells. PLoS One 8, e77328 (2013).

 38. Kaunas, R., Hsu, H.-J. & Deguchi, S. Sarcomeric model of stretch-induced stress fiber reorganization. CHC 13, https://doi.
org/10.2147/CHC.S14984 (2010).

 39. Sen, B. et al. Mechanical strain inhibits adipogenesis in mesenchymal stem cells by stimulating a durable beta-catenin signal. 
Endocrinology 149, 6065–6075 (2008).

 40. Charoenpanich, A. et al. Cyclic Tensile Strain Enhances Osteogenesis and Angiogenesis in Mesenchymal Stem Cells from 
Osteoporotic Donors. Tissue Engineering Part A 130919062927003, https://doi.org/10.1089/ten.tea.2013.0006 (2013).

 41. Hoey, D. A., Tormey, S., Ramcharan, S., O’Brien, F. J. & Jacobs, C. R. Primary Cilia-Mediated Mechanotransduction in Human 
Mesenchymal Stem Cells. Stem Cells 30, 2561–2570 (2012).

 42. Rosen, E. D. & MacDougald, O. A. Adipocyte differentiation from the inside out. Nat Rev Mol Cell Biol 7, 885–896 (2006).
 43. Ambele, M. A., Dessels, C., Durandt, C. & Pepper, M. S. Genome-wide analysis of gene expression during adipogenesis in human 

adipose-derived stromal cells reveals novel patterns of gene expression during adipocyte differentiation. Stem Cell Research 16, 
725–734 (2016).

 44. Hu, L. et al. IGF1 Promotes Adipogenesis by a Lineage Bias of Endogenous Adipose Stem/Progenitor Cells. Stem Cells 33, 2483–2495 
(2015).

 45. Plaisant, M. et al. Activation of Hedgehog Signaling Inhibits Osteoblast Differentiation of Human Mesenchymal Stem Cells. Stem 
Cells 27, 703–713 (2009).

 46. Suh, J. M. et al. Hedgehog signaling plays a conserved role in inhibiting fat formation. Cell Metabolism 3, 25–34 (2006).
 47. Kopinke, D., Roberson, E. C. & Reiter, J. F. Ciliary Hedgehog Signaling Restricts Injury-Induced Adipogenesis. Cell 170, 340–351.

e12 (2017).
 48. Lavagnino, M., Arnoczky, S. P. & Gardner, K. In situ deflection of tendon cell-cilia in response to tensile loading: an in vitro study. J. 

Orthop. Res. 29, 925–930 (2011).
 49. Nathwani, B. B., Miller, C. H. & Yang, T. Morphological Differences of Primary Cilia Between Human Induced Pluripotent Stem 

Cells and Their Parental Somatic Cells. Stem cells and …, https://doi.org/10.1089/scd.2013.0162 (2013).
 50. Marion, V. et al. Transient ciliogenesis involving Bardet-Biedl syndrome proteins is a fundamental characteristic of adipogenic 

differentiation. PNAS 106, 1820 (2009).
 51. Jensen, C. G. et al. Ultrastructural, tomographic and confocal imaging of the chondrocyte primary cilium in situ. Cell Biology 

International 28, 101–110 (2004).
 52. Besschetnova, T. Y. et al. Identification of Signaling Pathways Regulating Primary Cilium Length and Flow-Mediated Adaptation. 

Current Biology 20, 182–187 (2010).
 53. McBeath, R., Pirone, D. M., Nelson, C. M., Bhadriraju, K. & Chen, C. S. Cell shape, cytoskeletal tension, and RhoA regulate stem cell 

lineage commitment. Developmental Cell 6, 483–495 (2004).
 54. Pitaval, A., Tseng, Q., Bornens, M. & Thery, M. Cell shape and contractility regulate ciliogenesis in cell cycle-arrested cells. The 

Journal of Cell Biology 191, 303–312 (2010).
 55. Delling, M. et al. Primary cilia are not calcium-responsive mechanosensors. Nature 531, 656–660 (2016).
 56. Delling, M., DeCaen, P. G., Doerner, J. F., Febvay, S. & Clapham, D. E. Primary cilia are specialized calcium signalling organelles. 

Nature 504, 311–314 (2013).
 57. Malone, A. et al. Primary cilia mediate mechanosensing in bone cells by a calcium-independent mechanism. PNAS 104, 13325 

(2007).
 58. Lee, K. L. et al. The primary cilium functions as a mechanical and calcium signaling nexus. Cilia 4, 7 (2015).
 59. Corrigan, M. A. et al. TRPV4-mediates oscillatory fluid shear mechanotransduction in mesenchymal stem cells in part via the 

primary cilium. Scientific Reports 1–13, https://doi.org/10.1038/s41598-018-22174-3 (2018).
 60. Cai, S. et al. Primary cilia are sensors of electrical field stimulation to induce osteogenesis of human adipose-derived stem cells. The 

FASEB Journal 31, 346–355 (2017).
 61. McMurray, R. J., Wann, A., Thompson, C. L. & Connelly, J. T. Surface topography regulates wnt signaling through control of primary 

cilia structure in mesenchymal stem cells. Scientific Reports, https://doi.org/10.1038/srep03545 (2013).
 62. Swift, J. et al. Nuclear lamin-A scales with tissue stiffness and enhances matrix-directed differentiation. Science 341, 

1240104–1240104 (2013).
 63. Dahl, K. N. & Kalinowski, A. Nucleoskeleton mechanics at a glance. Journal of Cell Science 124, 675–678 (2011).
 64. Levy, A., Enzer, S., Shoham, N., Zaretsky, U. & Gefen, A. Large, but not Small Sustained Tensile Strains Stimulate Adipogenesis in 

Culture. Ann Biomed Eng 40, 1052–1060 (2011).
 65. Zhou, J. Polycystins and Primary Cilia: Primers for Cell Cycle Progression. Annu. Rev. Physiol. 71, 83–113 (2009).
 66. Goto, H., Inoko, A. & Inagaki, M. Cell cycle progression by the repression of primary cilia formation in proliferating cells. Cell. Mol. 

Life Sci. 70, 3893–3905 (2013).
 67. Perrini, S. et al. Differences in Gene Expression and Cytokine Release Profiles Highlight the Heterogeneity of Distinct Subsets of 

Adipose Tissue-Derived Stem Cells in the Subcutaneous and Visceral Adipose Tissue in Humans. PLoS One 8, e57892 (2013).
 68. Bodle, J. C. et al. Age-Related Effects on the Potency of Human Adipose-Derived Stem Cells: Creation and Evaluation of Superlots 

and Implications for Musculoskeletal Tissue Engineering Applications. Tissue Engineering Part C: Methods 140501115341005, 
https://doi.org/10.1089/ten.tec.2013.0683 (2014).

 69. Roldan, M., Macias-Gonzalez, M., Garcia, R., Tinahones, F. J. & Martin, M. Obesity short-circuits stemness gene network in human 
adipose multipotent stem cells. The FASEB Journal 25, 4111–4126 (2011).

 70. Baer, P. C. et al. Comprehensive Phenotypic Characterization of Human Adipose-Derived Stromal/Stem Cells and Their Subsets by 
a High Throughput Technology. Stem Cells and Development 22, 330–339 (2013).

 71. Erickson, G. R. et al. Chondrogenic Potential of Adipose Tissue-Derived Stromal Cells in Vitro and in Vivo. Biochemical and 
Biophysical Research Communications 290, 763–769 (2002).

https://doi.org/10.1038/s41598-019-43351-y
https://doi.org/10.2147/CHC.S14984
https://doi.org/10.2147/CHC.S14984
https://doi.org/10.1089/ten.tea.2013.0006
https://doi.org/10.1089/scd.2013.0162
https://doi.org/10.1038/s41598-018-22174-3
https://doi.org/10.1038/srep03545
https://doi.org/10.1089/ten.tec.2013.0683


1 6Scientific RepoRts |          (2019) 9:8009  | https://doi.org/10.1038/s41598-019-43351-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
The authors would like to acknowledge Dr. Christine Grant, Dr. Megan Davey, Leigh Atchison, Candace 
Rubenstein and Michelle Phillips for their technical assistance and support. The authors would also like to thank 
the following funding sources and institutes for supporting this work: NIH/NIBIB grant R03EB008790 (E.G.L.), 
NIH/NCRR 10KR51023 (E.G.L.), NSF/CBET 1133427 (E.G.L.), the NSF Graduate Research Fellowship Program 
(J.B.) and Whitaker International Scholars Program (J.B.), The Roslin Institute via an Institute Strategic Grant 
from the BBSRC (J.B.).

Author Contributions
J.B. wrote the main manuscript text, revised the manuscript, designed, performed and analyzed experiments. 
M.S.H. performed and analyzed experiments. S.C. revised the manuscript and analyzed experiments. R.B.W. 
performed and analyzed cilia experiments and contributed to the methods text. S.H.B. provided technical 
expertise on experimental design and fundamental cell biology knowledge. E.G.L. provided basis for the original 
research concept, contributing to experimental design, funding towards the project materials and personnel and 
writing the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-43351-y.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-43351-y
https://doi.org/10.1038/s41598-019-43351-y
http://creativecommons.org/licenses/by/4.0/

	Primary Cilia Exhibit Mechanosensitivity to Cyclic Tensile Strain and Lineage-Dependent Expression in Adipose-Derived Stem  ...
	Results
	Cyclic tensile strain enforces cellular alignment and differentially affects calcium accretion and lipid accumulation in os ...
	Cyclic tensile strain upregulates osteogenic gene expression markers and downregulates adipogenic ones. 
	Gene expression of cilia-associated proteins varies in a lineage-dependent fashion. 
	Cilia length and morphology are distinctly different between osteogenic and adipogenic hASC cell populations. 
	Mechanical stimulation modulates cell morphology and primary cilia length in a lineage-dependent manner. 
	Cyclic tensile strain enhances osteogenesis and suppresses adipogenesis. 

	Discussion
	Materials and Methods
	Cell isolation and expansion. 
	Culture and differentiation under cyclic tensile strain. 
	Visualization of hASC - phase contrast microscopy. 
	RNA extraction and gene expression analysis. 
	Immunostaining. 
	Categorical analysis of cilia conformation and cell morphology. 
	Adipogenesis analysis. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 hASCs exhibit different cellular morphology in response to both chemical and mechanical stimulation.
	Figure 2 Gene expression of osteogenic RUNX2 (a) and adipogenic gene expression markers IGF-1 (b) and PPARG (c) following 3 days of culture.
	Figure 3 Gene expression of cilia-associated and Hedgehog signaling genes.
	Figure 4 Primary cilia expression on differentiating hASC at day 3 (a–c) and day 14 (d–f) of culture.
	Figure 5 Semi-quantitative characterization of cilia and cell morphology under different chemical and mechanical culture conditions.
	Figure 6 Osteogenic factors are upregulated under exposure to cyclic tensile strain and adipogenic factors are suppressed under exposure to strain.
	Table 1 Prevalence of hASC primary cilia expression under cell growth (CGM), osteogenic differentiation (ODM) and adipogenic differentiation (ADM) medium at 3 days and 14 days in static culture.
	Table 2 A summary of apparent ciliary length as measured on immunofluorescent images of hASCs stained for acetylated α-tubulin.




