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ABSTRACT 

The primary cilium is an important signaling organelle present on the membrane of 

almost all cell types during the G0 phase of the cell cycle. In addition to it signaling 

function, bending of primary cilia allows the cell to sense surrounding fluid flow, important 

for proper kidney function,  as well as left and right direction-- features required during 

organ development.  Cilia are involved in critical signaling functions found within the 

Hedgehog and PDGFRα pathways. The absence of cilia on the cell surface can significantly 

alter disease progression and drug response.  

Many common human ailments, including inflammation, tumorigenesis, and tissue 

aging, are often associated with changes in the extracellular matrix (ECM) properties, 

including an increase in ECM stiffness. We wondered whether ECM properties can also 

affect ciliation. While few past studies have noted that ciliation is affected by a change in 

substrate stiffness, a deeper insight on the role of mechanical forces from the extracellular 

matrix (ECM) in ciliogenesis is missing. This study aims to start unveiling the link between 

mechanical properties of ECM and ciliogenesis, with a focus on cilia signaling and 

extracellular cues responsible for cilia assembly and disassembly. To address how 

mechanics of ECM affects cilia biogenesis, we prepared gelatin substrates with various 

cross-linking degrees and measured ciliation level, loss of cilia, and cilia length. To 

visualize and measure the cilia, we used immunofluorescent labeling followed by 

fluorescent and confocal microscopy of the samples.  

This study displays that increasing the degree of ECM cross-linking promotes 

ciliogenesis under serum deprivation. Higher cross-linking degree of gelatin substrates 

resulted in a higher ciliation rate as well as cilia elongation within the cell population. 
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When cilia disassembly is initiated by the addition of serum-enriched medium, cells grown 

on highly cross-linked gelatin show higher ciliation rate when compared to cells grown on 

non-cross-linked gelatin. Expression level of cilia-associated protein acetylated α-tubulin 

was also higher on the highly cross-linked gelatin substrate. The final part of the study 

describes the action of cilia-targeting drugs in context of ECM cross-linking degree. The 

performance of ganetespib, a common cancer therapeutic and HSP90 inhibitor, shows a 

decrease in efficacy on substrate with high degree of cross-linking. 

 

  



iv 

TABLE OF CONTENTS 

 Page 

ABSTRACT ....................................................................................................................... iii 

LIST OF TABLES ...............................................................................................................v 

LIST OF FIGURES ........................................................................................................... vi 

 

CHAPTER 

1. INTRODUCTION .........................................................................................................1 

2. REVIEW OF LITERATURE ........................................................................................3 

3. MATERIALS AND METHODS ...................................................................................7 

3.1 Cell Culture and Cell Lines....................................................................7 

3.2 Cell Substrates .......................................................................................9 

3.3 Immunofluorescence Staining ...............................................................9 

3.4 Imaging ..................................................................................................9 

3.5 Cell Cycle Analysis................................................................................9 

3.6 Image Processing and Statistical Analysis ...........................................10 

4. RESULTS ....................................................................................................................11 

4.1 Cross-linking Degree Influence Primary Cilia Frequency and 

Cilia Length .........................................................................................11 

4.2 Cilia Resorption is Disrupted on Highly Cross-linked Substrate ........22 

5. DISCUSSION ..............................................................................................................24 

6. FUTURE WORK .........................................................................................................28 

REFERENCES ..................................................................................................................30  



v 

LIST OF TABLES 

 

Table Page 

1. Cell cycle compartmentalization ……………………….………….……………...19 

  



vi 

LIST OF FIGURES 

 

Figure Page 

1. Structure of primary cilium and  

intraflagellar transport (IFT)…………………………………….………………. 2 

2. The process of gelatin attachment to glass coverslip……………....……..…..….8 

3. Ciliation rate of hTERT-RPE1 cells plated at 70% confluency and  

starved for 48h in serum-free medium……..……....……....……………..…..…12 

4. Ciliation experiment…....………....………………………………………..........13 

5. Ciliation rate on different substrates ……………………..……………………...14 

6. Cilia length on different substrates…………………………………………........15 

7. Representative images of RPE1 cells on different substrates …………………..16 

8. Shape descriptors of RPE1 cells on different substrates ………………………..18 

9. Flow cytometry results.…………………………………………………………..19 

10. Western blot results for expression profiles of Arl13b,  

acetylated α-tubulin, β-actin .………………………………………………….. 20 

11. Representative images of RPE1 ciliation on different substrates  

with acetylated α-tubulin staining ……………………………………………….21 

12. Ciliation levels of RPE1 on different substrates treated with  

cilia associated drugs……………………………………………………………23 

 



1 

 

CHAPTER 1: INTRODUCTION  

Primary cilia are a microtubule-based axoneme located on the surface of the cell. 

Primary cilium is composed of 9 tubulin doublets and protrudes from a basal body (Figure 

1). Primary cilia present in almost all cell types and provide a hub for important signaling 

pathways such as: Hedgehog pathway, WNT signaling, GPCRs and RTK signaling [1]. 

Primary cilia are highly correlated with the cell cycle and usually present in quiescent cells 

[1]. Ciliogenesis begins with the migration of the basal body to the cell surface and the 

beginning of microtubule assembly [2]. After primary cilia protrudes from the cells surface, 

its maintenance is provided by Intraflagellar Transport (IFT) which utilizes kinesin II and 

dynein protein motors. Given the important function of primary cilia in cellular 

homeostasis, the process of cilia biogenesis is thoroughly researched [3].  

Many signaling proteins involved in both ECM remodeling and cilia formation 

show different expression levels depending on the substrate. This may indicate that cilia 

participate in how the cell senses ECM organization. However, while much of the research 

is focused on understanding biochemical signaling of cilia, very few studies examine cilia 

function in response to various dynamic ECM properties. 

https://www.nature.com/articles/nrm3085
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Figure 1. Structure of primary cilium and intraflagellar transport (IFT) [4]  

Cells in their native environment are embedded in an extracellular matrix (ECM) 

and respond to its mechanical cues by contraction, morphological changes and 

modifications in gene expression profile [5]. Change to ECM stiffness occurs in multiple 

fibrotic diseases such as idiopathic pulmonary fibrosis, liver fibrosis and systemic sclerosis 

[5]. Excessive ECM synthesis and ECM remodeling is also present during cancer and 

tumor progression [6]. A common test during breast exams reveals the severity of this 

change, with breast cancer tissue showing a dramatic increase in elastic modulus from 

150Pa for healthy tissue to 150kPa for cancerous tissue [6].  

Sensing of biomechanical cues from the environment is a complex process which 

occurs with the help of cellular mechanosensors. Primary cilium is a microtubular organelle 

on the cell surface which acts as a receiving dock for biochemical signals as well as a 

mechanosensor in response to fluid motion. Cilia play a crucial role in diseases named 

https://www.spandidos-publications.com/10.3892/ol.2019.9942
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ciliopathies (polycystic kidney disease, retinal dystrophy) [7], cancer and human 

development [8].   
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CHAPTER 2: REVIEW OF LITERATURE 

In the paper by Pitaval et al. [9], human retinal pigmented epithelial (RPE1) cells 

were plated on soft and hard substrates, and analyzed for cilia frequency.  These substrates 

consisted of a polyacrylamide gel as the soft substrate, and polystyrene-coated glass 

coverslips as the hard substrate. The epithelial cells were plated on these substrates in low 

density and starved for 48 h. After starvation, 25% of cells present on the hard substrate 

were ciliated, suggesting sub-optimal conditions for ciliation; however, almost 80% cells 

had a primary cilium on the soft substrate. Cells growing on soft polyacrylamide substrate 

also had longer cilia. The authors hypothesized that cell contractility might cause variations 

in ciliation levels. To test these hypotheses, they inhibited cell contractility with inhibitors 

of Rho kinase and myosin II ATPase, which resulted in actomyosin relaxation. This led to 

a two-fold increase of the ciliation level compared to untreated controls. The authors 

concluded that ciliogenesis is highly dependent on apical positioning of the centrosome. 

The study showed that actin architecture and spatial confinement of the cells greatly 

influence ciliogenesis.  

It is well known that high cell confluence contributes to ciliogenesis by inducing 

contact inhibition [10]. However, in research by Pitaval et al. [9] the authors plated cells in 

low density, eliminating the factor of contact inhibition. The authors did not draw any 

verifiable conclusions regarding the physiological relevance of soft and hard substrates. In 

addition, the process of disassembly of the cilium, which occurs during the restoration of 

FBS-enriched medium, was not investigated. Since substrates have been shown to 

influence not only ciliation percentage but also cilia length, it is possible that the physical 

parameters of the extracellular matrix will also affect cilia disassembly. 
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Kiseleva et al. [11] identified clinical and preclinical kinase inhibitors not 

previously associated with ciliogenesis. It was shown that multiple anticancer drugs such 

as sunitinib and erlotinib regulate ciliogenesis [11]. Moreover, they identified that proteins 

involved in innate immune signaling, MyD88-dependent Toll-like receptor signaling, also 

play a role in cilia formation. The authors also showed that overexpression of interleukin-

1 receptor-associated kinase 4 (IRAK4), which acts downstream of MyD88, leads to a 

significant reduction of ciliation in human telomerase immortalize (hTERT)-RPE1 cells. 

They also confirmed this point by depletion of IRAK4 with silencing RNA and treatment 

with IRAK1/4 inhibitor. Both approaches lead to increasing the number of ciliated cells 

after starvation and increased its resistance to disassembly by serum-enriched growth 

medium. 

Toll-like receptors activate immune response upon recognition of pathogen-

associated molecular patterns. They can be stimulated by lipopolysaccharides (LPS), a 

large molecule present on bacterial membranes. LPS activates TLR4 by forming a complex 

with CD14 which further interacts with MyD88 and leads to immune response with 

production of proinflammatory mediators. Kiseleva et al showed that activation of innate 

immune signaling by exposure to LPS in absence of serum causes significant reduction of 

ciliation l in hTERT-RPE1 cells [11].  

Providing a potential connection between these observations, Gruber et. al studied 

how extracellular substrate stiffness regulates activity of Toll-like receptor in bone 

marrow-derived macrophages (BMMs) [12]. After stimulation of TLR4 and TLR9, the 

secretion of pro-inflammatory cytokines was greater on soft gels [12]. This fact suggests 

that the soft extracellular environment stimulates an inflammatory response in cells. 
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However, this is not aligned with the fact that expression of TLR4 signaling protein MyD88 

is increased on stiffer substrates in BMMs activated with LPS [13]. This discrepancy 

suggests that multiple parameters may be involved in how the cell senses the environment 

and regulates the response to extracellular stimuli.  

In the study by Kiseleva et al, ganetespib and alisertib were used as chemical tools 

to modulate ciliation levels. Ganetespib is a synthetic small-molecule inhibitor of heat 

shock protein 90 (HSP90). Heat shock treatment of cells in vitro causes rapid cilia 

resorption through HDAC6-mediated pathway and leads to a reduction of HSP90 in the 

axoneme. [14].  Inhibition of HSP90 with ganetespib also leads to rapid cilia loss because 

of proteasomal inhibition and increased expression of trichoplein, an Aurora A activator.  

[15]. Since HSP90 acts as a molecular chaperone which assists in a conformational folding 

of other proteins, it can be assumed that its secretion depends on different stresses 

experienced by cells. Study by Bellaye et al shows that HSP90 is upregulated in patients 

with idiopathic pulmonary fibrosis (IPF), and HSP90 level correlates with IPF severity 

[16]. To further investigate HSP90 expression under different conditions mimicking 

fibrosis, Bellaye and colleagues plated lung fibroblasts on substrates with different 

stiffness. Within this study, mechanical stress induced by stiff extracellular matrices lead 

to increased secretion of HSP90 [16].     

In contrast to ganetespib, Kiseleva et al used alisertib to block FBS-induced loss of 

cilia. Alisertib is an inhibitor of Aurora A kinase (AURKA), which has been shown to play 

a significant role in ciliogenesis [17]. Inhibition of AURKA with alisertib leads to 

increased stability of cilia, with 80% of cells retaining cilia following the addition of 20% 

FBS medium, which induces complete cilia disassembly in the control cells [11].  
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Besides HSP90 and AURKA many proteins involved in cilia formation and 

disassembly are drug targets [11]. As cilia mediate some important signaling that 

influences cell growth, the number of ciliated cells, the resistance of the cilium to 

disassembly and ciliary length, depending on environmental conditions, can affect drug 

performance.   
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Cell Culture and Cell Lines 

Human hTERT-RPE1 were cultured in DMEM/F-12 medium with 10% FBS, 1× 

penicillin/streptomycin, 1× Glutamax-I and 0.01 mg/mL hygromycin B. Arl13bCerulean-

Fucci2a NIH 3T3 cells were obtained from Dr. Richard Mort laboratory in Lancaster, UK 

and firstly described in study by Ford et.al [18].  These cells were cultured in DMEM 

medium with 10% FBS, 1× penicillin/streptomycin, 1× Glutamax-I.   

For ciliation experiments, hTERT-RPE1 cells were plated at approximately 50% 

confluency and left overnight, then medium was replaced to serum-free Opti-MEM for 

48h. Arl13bCerulean-Fucci2a NIH 3T3 cells were plated in around 70% confluency and, 

after overnight growth in complete medium, they were starved for 24h in Opti-MEM plus 

0.5% FBS.  

3.2 Cell Substrates  

To investigate the effect of substrate cross-linking on ciliation, glass coverslips 

were covered with gelatin obtained from porcine skin. The method was originally described 

by Pourfarhangi et.al [19]. Glass coverslips are treated with 1N hydrochloric acid for 15 

min and then covered with poly-L-lysine in order to hold the gelatin layer with electrostatic 

interactions. After treating the surface of the coverslip with 50 μg/mL poly-L-lysine for 20 

min, 0.2% gelatin solution was applied for 15 min at room temperature. After 15 min 

incubation coverslips were washed with PBS, placed on ice and cross-linked with 5% 

glutaraldehyde (GTA) for 15 min. The process of covering glass surface with gelatin 

substrates as well as chemical interactions involved in it are depicted in the Figure 2 below. 
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 To investigate influence of RGD motifs on ciliation, glass coverslips were 

incubated with 50 µg/ml solution of fibronectin in PBS for 30 min at 37 °C. Glass 

coverslips were used without any prior treatment.     

  Figure 2. The process of gelatin attachment to glass coverslip. Created using 

Biorender.com. 

Excessive amounts of GTA were then neutralized with 5 mg/mL solution of sodium 

borohydride NaBH4. Before plating cells coverslips were incubated for at least 15min in 

10x penicillin-streptomycin solution in PBS. For SDS-PAGE samples and collection of 

cells for flow cytometry plastic dishes were covered with 0.2% gelatin and then cross-

linked with GTA 15 min on ice and 30 min at room temperature without previous acid and 

poly-L-lysine treatment.  
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3.3 Immunofluorescence Staining 

For immunofluorescent staining cells grown on glass coverslips were fixed with 

4% paraformaldehyde for 10 minutes or cold methanol for 3 min, followed by 10 min 

permeabilization with 1% TritonX-100 in PBS and blocking for 1h with 1% TritonX-100 

3% (v/v) BSA. Cells were then incubated overnight with antibodies against cilia markers 

Arl13b or acetylated α-tubulin and, after multiple washes with PBS, were incubated with 

secondary antibodies conjugated with fluorophore (Alexa Fluor 488) for 1h at room 

temperature along with DAPI and Phalloidin-iFluor 633 Conjugate in blocking solution. 

Alexa Fluor 647 anti-gamma Tubulin antibody was used along with secondary antibodies 

incubation. Coverslips then were quickly water washed and mounted in the anti-fade 

mounting medium.     

3.4 Imaging  

Percentage of ciliated cells are analyzed on widefield fluorescence Nikon eclipse 

Ti2 microscope (Tokyo, Japan) with 40x air objective. Cilia lengths were analyzed on 

Leica Microsystems SP8 Confocal System (Wetzlar, Germany) using oil-immersion 63x 

objective.   

3.5 Cell Cycle Analysis 

Cell cycle analysis was performed using propidium iodide staining. Starved 

hTERT-RPE1 cells were harvested, washed twice with cold PBS and fixed with ice cold 

100% ethanol. Fixed samples were then left overnight at 4oC. After overnight incubation 

cells were brought up to room temperature and centrifuged at low speed for 5 min. Cell 

pellet was then resuspended in 150 µl of staining solution. Staining solution consisted of 
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50 µg/ml PI, 0.02% Triton X-100 and 200 µg/ml RNase A in 1x PBS, 30 min incubation. 

The solution was then diluted with 150 µl of 10 mM EDTA in PBS to prevent clumps. 

Cells were further analyzed on BD LSRII flow cytometer (BD Biosciences). FlowJo™ 10 

software was used for result analysis.  

3.6 Image Processing and Statistical Analysis 

 Cell segmentation was performed using a generalist algorithm Cellpose. Output 

from Cellpose was further analyzed using Analyze Particles function in ImageJ and shape 

descriptors such as area and cell aspect ratio were collected.  

GraphPad Prism (GraphPad Software, Inc) was used for data visualization and 

statistical analysis. Data is presented as mean ± standard deviation. Student’s unpaired t-

test was used to evaluate a statistical significance.  
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CHAPTER 4: RESULTS 

4.1 Cross-linking Degree Influence Primary Cilia Frequency and Cilia Length 

hTERT-RPE1 cells useful for studying ciliogenesis due to their typically high 

frequency of ciliation [20]. To determine whether cross-linking of the extracellular matrix 

influences the extent to which hTERT-RPE1 cells form of primary cilia, we plated 

immortalized human retinal pigment epithelial hTERT-RPE1 cells on non-cross-linked 

gelatin substrate (0% cross-linking degree) and gelatin substrate which was cross-linked 

with 5% glutaraldehyde (~95% cross-linking degree). To investigate both ciliary assembly 

and cilia resorption on different substrates, parallel cultures of cells were starved for 48h 

to induce cell cycle arrest at the G0/G1 phases, which is required for cilia formation.  

As a part of optimization of ciliation experiment hTERT-RPE1 cells were plated 

on gelatin substrates with 0% and 95% degree of cross-linking at 70% confluency (Figure 

3) and showed very close, yet statistically significant, difference in ciliation rates averaged 

83.2% on substrate with 0% cross-linking and 91.0% on substrate with 95% cross-linking.  

To further investigate if cell confluency influence ciliation rate on differently cross-

linked substrates hTERT-RPE1 cells were plated at 50% confluency and starved for 48h 

(Figure 5A). Difference in ciliation rate within cells plated at 50% confluency and serum 

starved for 48h were 52.4% (0% cross-linking) versus 77.7% (95% cross-linking).  
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Figure 3. Ciliation rate of hTERT-RPE1 cells plated at 70% confluency and 

starved for 48h in serum-free medium. *, P<0.05. 

In order to maximize the effect of substrate cross-linking on ciliation rate, further 

experiments were performed with hTERT-RPE1 plated at 50% confluency. One set of the 

plated cells were then released from serum starvation by adding 20% FBS medium for 

2.5h, to investigate cilia disassembly. The overall experiment scheme with gelatin 

substrates is illustrated on Figure 4. In the comparison of cilia frequency in Figure 5A, 

below, the serum-starved conditions show clear differences. After the cells were released 

from starvation the cilia frequency is greater on the highly cross-linked gelatin substrate 

than on the non-crosslinked substrate. Moreover, these cilia, are more stable to serum-

induced disassembly as shown in Figure 5A. The results also indicate that cilia are longer 

on highly cross-linked gelatin substrates, and the difference between cilia length on the two 

substrates is statistically significant (P<0.005) (Figure 5B).   
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Figure 4. Ciliation experiment. Created using Biorender.com.  
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Figure 5. Ciliation rate on different substrates  

Cilia frequency on different substrates after 48h starvation (noted as -FBS) and 2.5h 

incubation with 20% OPTI-MEM (noted as +FBS). For each no serum condition versus 

no serum 0% cross-linking:  *, P < 0.05; ****, P < 0.0001, For each plus serum condition 

versus plus serum 0% cross-linking: ##, P < 0.005; ####, P < 0.0001. 
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Figure 6. Cilia length on different substrates  

Starvation for 48h (noted as -FBS) and 2.5h incubation with 20% OPTI-MEM (noted as 

+FBS). For each condition: **, P < 0.005)    

 

 

 

 

 



17 

 

Figure 7. Representative images of RPE1 cells on different substrates. 

Serum starved and released from serum starvation with 20% FBS OPTI-MEM. 

Arl13b - green, F-actin - red, DAPI - blue.  
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The gelatin used in the experiment is obtained by heat and enzymatic denaturation 

of collagen type I, a material typically used in vitro to increase cell attachment. Since 

gelatin retains the chemical composition of collagen it also possesses an Arg-Gly-Asp 

recognition sequence (RGD motif) and is able to activate integrins on the cell membrane 

[21]. To determine if the difference in ciliation level is integrin-mediated or driven by the 

stiffness of the extracellular matrix, cells were plated on glass coverslips and incubated 

with 50 ug/ml fibronectin solution for 30 minutes at 37 oC. Fibronectin is a glycoprotein 

which is a major component of the extracellular matrix and binds to integrins by providing 

RGD motifs; hence, treatment of a glass surface with a low concentration of fibronectin 

will deposit RGD motifs and activate integrin receptors while allowing cells to sense the 

glass substrate stiffness. However, this assumption was not supported as the fibronectin 

substrate did not lead to increased ciliation level versus cells plated on glass (Figure 5A).  

As shown in Figure 6, growth on the various supports caused characteristic changes 

in cell morphology.  Growth on fibronectin or glass produced a cell morphology that was 

similar to cells plated on a non-cross-linked substrate, whereas cells plated on crosslinked 

gelatin were distinct. Specifically, mean cell area on 95% cross-linked gelatin substrate 

was 2182.5 μm2 versus 2015.5 μm2 on 0% cross-linked gelatin substrate (Figure 7A). 

Aspect ratio of the cell is ratio between its major and minor axis. The higher the aspect 
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ratio of the cell more elongated shape it has. RPE1 cells grown on 95% cross-linked gelatin 

substrate have highest aspect ratio of 2.0 among investigated substrates (Figure 7B).  

Figure 8. Shape descriptors of RPE1 cells on different substrates 

A) spreading area and aspect ratio B) of 48h starved RPE1 cells on gelatin 

substrates with 0% and 95% degree of cross-linking, glass covered with fibronectin and 

untreated glass substrate. Mean values are above columns ± standard deviation. (n > 

70/each sample) 

As it is known that starvation induces cilia formation by arresting cell cycle in 

G0/G1 phases, we hypothesized that the lowered cilia frequency on non-cross-linked 

substrate might reflect the less efficient cell cycle arrest of cells plated at a low density on 

a soft substrate. To test this hypothesis, cells were grown on non-cross-linked and highly 

cross-linked substrates. Immediately after 48h of serum starvation, the cells were harvested 

followed by propidium iodide (PI) staining and flow cytometry. PI staining confirmed the 
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starvation induced cell cycle exit, with most cells in the G0/G1 phase (Figure 8). Table 1 

shows cell cycle compartmentalization within starved population of RPE1 cells. The 

difference in cell cycle compartmentalization between cells grown on two gelatin 

substrates was not statistically significant (P>0.05).  

Figure 9.  Flow cytometry results.  

RPE1 cells grown on a dish covered with 0% cross-linking gelatin, 95% cross-

linking gelatin and plastic dish.  

Table 1. Cell cycle compartmentalization. RPE1 cells grown on a dish covered with 0% 

cross-linking gelatin, 95% cross-linking gelatin and plastic dish. Mean±s.e.m. are shown. 

% of cells in cell cycle phase 

Cell 

population Plastic 0% cross-linking 95% cross-linking 

G1/G0 82.25 ± 3.35 80.95 ± 2.35 84.60 ± 3.00 

G2/M 7.63 ± 2.01 8.44 ± 1.53 6.59 ± 1.28 

S 7.12 ± 2.52 8.76 ± 1.22 6.85 ± 1.88 
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To further investigate the difference in ciliation levels and cilia length depending 

on substrate cross-linking, hTERT-RPE1 cells were lysed after 48h starvation. Western 

blots were performed using antibodies against two proteins associated with cilia formation 

and maintenance: Arl13b and acetylated α-tubulin. The expression levels of Arl13b were 

equal on both substrates; however, acetylated α-tubulin had higher expression on the highly 

cross-linked substrate (95% cross-linking). Of considerable note, β-actin also had a higher 

expression on the highly cross-linked substrate.  

Figure 10. Western blot results for expression profiles of Arl13b, acetylated α-

tubulin, β-actin. GAPDH as a loading control. 
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Figure 11. Representative images of RPE1 ciliation on different substrates with 

acetylated α-tubulin staining. Acetylated α-tubulin (green) and γ-tubulin (red), nuclei 

stained with DAPI (gray) 
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4.2 Cilia Resorption is Disrupted on Highly Cross-linked Substrate 

As previously was reported, the Aurora-A kinase (AURKA) inhibitor alisertib 

inhibits ciliary loss [22]. Treatment of serum starved cells with alisertib leads to increased 

cilia frequency but does not increase cilia length [22]. Conversely, the inhibitor of HSP90 

ganetespib acts as an inducer of ciliary disassembly in serum-starved cells [11]. To explore 

the difference in action of these drugs on different substrates, cells were starved for 48h 

and incubated with alisertib and ganetespib for 3.5h in serum-free conditions. To study 

cilia disassembly of these drugs on different substrates, after cell starvation for 48h they 

were pre-incubated with drug for 1h in a serum-free medium, followed by a 20% 

FBS+drugs medium for 2.5h.  

As presented in the Figure 11 below, treatment with alisertib did not show any 

significant difference in ciliation level among cells plated on different substrates. On the 

other hand, ganetespib efficiently induced disassembly of cilia in serum-free medium on 

0% cross-linked substrate but failed to induce cilia disassembly on the 95% cross-linked 

substrate.  
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Figure 12. Ciliation levels of RPE1 on different substrates treated with cilia associated 

drugs. Starvation for 48h, noted as -FBS; starvation followed by 2.5h incubation with 

20% OPTI-MEM, noted as +FBS. X - degree of substrate cross-linking.). For each no 

serum 0% cross-linking condition versus no serum 5% cross-linking: *, P < 0.05; ****, P 

< 0.0001, For each plus serum 0% cross-linking condition versus plus serum 5% cross-

linking: ####, P < 0.0001. 
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CHAPTER 5: DISCUSSION 

It is known that the extracellular matrix undergoes changes within disease 

progression, inflammation, and aging. For example, collagen, the main component of the 

extracellular matrix, undergoes posttranslational modifications including enzyme cross-

linking. Enzymatic collagen cross-linking is present during cirrhosis development and 

contributes to increased tissue stiffening [23]. Increased ECM cross-linking by 

transglutaminases is observed during idiopathic pulmonary fibrosis [24]. Collagen IV 

cross-linking has been shown to play an important role in stiffening of basement membrane 

underlying renal tubular epithelium and determine its resistance to tensile stress 

experienced by tissue [25].  

Since primary cilia is a highly conserved organelle present on most cell types and 

regulate cell proliferation, tissue homeostasis, and highly dysregulated in disease 

progression we hypothesized that ciliogenesis might be affected by cell substrate cross-

linking. In this work, the influence of substrate cross-linking on the ciliation of retinal 

pigment epithelial (RPE) cells is evaluated. It has been shown that a high degree of 

substrate cross-linking promotes ciliation in vitro within this cell line. 

Most ciliation experiments utilize two approaches to initiate cilia assembly: 

depletion of growth factors and high cell confluency; both these approaches move the cell 

to a quiescent state [26]. As cilia formation is highly correlated with the cell cycle, PI 

staining is used to perform cell cycle analysis. Shown in this study is that even though cilia 

were less frequent among cells growing on non-cross-linked gelatin substrates, this 

observation cannot be attributed to differences in cell-cycle progression.   
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The role of the cytoskeleton and mechanostresses in ciliogenesis are still unclear, 

however, there is evidence that actin remodeling plays a role in ciliogenesis. Pitaval et.al. 

showed that hTERT-RPE1 cells plated on a hard substrate experience contractile forces 

which inhibit ciliogenesis [9]. Furthermore, relaxation of F-actin bundles by the treatment 

of cells with cytochalasin D (CytoD) leads to increased ciliation and cilia elongation [27].   

This contrasts with the observation in this study of increased cell spreading and ciliation 

of RPE1 cells on highly cross-linked gelatin substrate. This draws the conclusion that 

multiple substrate factors including substrate origin play an important role in ciliogenesis.  

Future research might be focused on ciliogenesis and focal adhesions interactions in the 

context of substrate cross-linking. It has been shown that focal adhesions, a large multi-

protein structure connecting ECM to cell cytoskeleton, also responsible for connecting the 

basal body to actin network [28]. Nocodazole treatment leads to microtubules 

depolymerization and subsequent formation of focal adhesions and provides a useful tool 

for studying the role of focal adhesions in increased ciliogenesis on highly cross-linked 

substrates. 

Many different signaling pathways are activated when cells experience mechanical 

stress, many of them result in RhoA activation [29]. Treatment of cells with inhibitors of 

Rho-associated kinase (ROCK), which is a downstream effector protein of RhoA, might 

also bring further understanding of the mechanism of ciliation promotion on substrates with 

high cross-linking degree.  

Within the scope of this study, fibronectin treatment did not lead to a substantial 

increase in cilia frequency as expected by the high glass stiffness (50GPa) [30]. Cilia 

frequency on the glass substrate was even lower than within cells plated on 0% cross-linked 
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substrate. Further experiments with concentration range of fibronectin are needed to 

determine if an increase in ciliation level on highly cross-linked substrate is integrin-

mediated.    

In order to explain cilia elongation, crucial players of cilia maintenance were 

investigated including Arl13b and acetylated α-tubulin. Arl13b is a cilium-specific GTPase 

which regulates protein trafficking within cilia and related signaling pathways [31]. Arl13b 

is also involved in retinal development and its genetic mutation typically leads to vision 

loss [32]. Although Arl13b is required for correct cilium morphology, overexpression of 

Arl13b leads to cilia elongation [33]. This study shows that expression levels of Arl13b do 

not change with increasing the degree of substrate cross-linking. However, additional 

research is required to understand if Arl13b plays a role in substrate sensing.  

Building of primary cilia or ciliogenesis starts in G0 when mother centriole 

migrates towards the cell surface. During this process, the cytoskeleton undergoes 

reorganization to transfer pre-ciliary vesicles towards mother centriole [34]. Once pre-

ciliary vesicles are accumulated near the mother centriole, they initiate cilia assembly by 

polymerization of αβ-tubulins. The tubulins are delivered to the cilia by a unique transport 

system called the intraflagellar transport (IFT). As tubulin subunits are cilium building 

blocks, it was shown that cilium length is regulated by tubulin exchange between axoneme 

and cytoplasm [26].  

Tubulin subunits are subject to different post-translational modifications. The most 

widely spread are acetylation, glutamylation and glycosylation [35]. Glutamylation and 

glycylation have opposite effects on ciliogenesis; glutamylation of tubulin subunits cause 

cilia destabilization while glycylation produces more stable and long cilia [35]. Acetylation 
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is a unique post-translational modification (PTM) of tubulin since it occurs only for the α-

subunit [36]. Acetyltransferase αTAT1 localizes at the cilium tip and acetylates α-tubulin 

at lysine 40 and this process is required for mechanosensation in C. elegans [36,37]. Shown 

in this study is that acetylated α-tubulin has a higher concentration within cells grown on 

highly cross-linked substrate and correlates to the observed cilia elongation. Further 

research is required to determine if cilia elongation can be attributed to higher expression 

levels of α-tubulin on highly cross-linked substrate or more active acetylation.  

AurorA kinase is a well studied protein involved in cilia disassembly. Its inhibition 

with alisertib typically leads to increased cilia frequency as well as increased stability to 

serum-induced disassembly [11]. Within this study treatment with alisertib increased cell 

ciliation level under serum-free condition on all gelatin substrates used, a general trend of 

increased cilia frequency with increment of substrate cross-linking degree was also 

maintained. However, serum-induces cilia disassembly was not fully blocked by drug 

treatment thus requiring additional validation experiments.   

A striking result of the study was the differing behavior of ganetespib in cells grown 

on different supports.  Our data showed a notable difference in ganetespib performance in 

correlation with increased substrate cross-linking. Ganetespib treatment resulted in 

significant cilia loss within cells grown on 0% cross-linked substrate while 95% degree of 

substrate cross-linking inhibited cilia resorption. It was previously shown that expression 

of HSP90 increases with increment of substrate stiffness [16]. It was also shown recently 

that HSP90 takes part in preassembly of dynein, a motor protein of retrograde IFT [38]. 

Further research needs to be done to explain the observed difference of ganetespib action.  
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CHAPTER 6: FUTURE WORK 

The cilium is an important organelle which regulates cell proliferation and 

differentiation. Cilia play an important role in the interstitial space surrounding the cells 

and allow for the transduction of chemical and mechanical cues. Yet given its importance 

very little is known regarding ciliogenesis with a focus on ECM properties.   

Further research is needed to evaluate expression levels of other proteins important 

for cilia elongation (α- and β-tubulin). Western blot analysis for nonacetylated α- and β-

tubulin will reveal if cilia elongation is due to increased tubulin expression or more 

efficient α-tubulin acetylation.  

Aurora A kinase plays a key role in cilia disassembly. Most signaling pathways 

which induces cilia disassembly converge into AURKA activation. Components of Aurora 

A kinase inhibitory machinery provide candidates for explanation of increased ciliation 

levels and cilia elongation among cells grown on highly cross-linked substrates. Among 

proteins involved in restricting the activity of Aurora A kinase some proteins were shown 

to contribute to actin remodeling. For example, components of Hippo/YAP pathway 

prevent HDAC6-mediated AURKA activation [17]. On the other hand, downregulation of 

AURKA might be achieved by depletion of its activators such as NEDD9, trichoplein, β-

catenin etc. For example, β-catenin present in cilia and plays a role Wnt signaling. Together 

with its function as cilia-associated protein, β-catenin also involved in the process of cell-

cell adhesion and modulate actin cytoskeleton through interaction with α-catenin [39]. 

Thus, proteins associated with activation or deactivation of Aurora A kinase might be a 

possible focus of future studies of ciliogenesis and substrate sensing. 
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It is important to investigate if the observed increase in cilia frequency and cilia 

elongation is cell line specific for hTERT-RPE1 cells, or whether results can be 

generalized.  For this purpose, Arl13bCerulean-Fucci2a NIH 3T3 murine cell line will be 

used to perform a similar set of experiments across different substrates. This cell line also 

provides a distinct validation pathway for analysis of cell cycle in individual ciliated cells, 

due to the inserted bicistronic cell cycle reporter: Fucci2a [18]. Cilia length under both 

drug treatment and substrate cross-linking degree of hTERT-RPE1 cells with Arl13b as a 

cilia marker also will be assessed in future studies.  
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