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Summary 

Low back pain (LBP) is the leading cause of disability worldwide and a huge global 

socio-economic burden. The costs related to LBP are projected to further increase in the 

coming decades due to the growth and aging of the global population. Degenerative disc 

disease, which is characterized by intervertebral disc (IVD) degeneration, inflammation, 

and nerve ingrowth, principally contributes to LBP. One of the main contributors to IVD 

degeneration is excessive or aberrant mechanical loading. Current treatments of LBP, 

including physical, psychological, pharmacological, and surgical approaches, have unclear 

mechanisms of action, low effect sizes, and are not beneficial in the long term. Targeted 

therapeutic strategies in preclinical development, such as molecular and gene therapy, 

selectively address the biological changes that occur in IVD degeneration. Nevertheless, 

despite the mechanical nature of LBP, mechanotransduction pathways are currently not 

targeted. This is mainly due to the very limited information on mechanosensing and 

mechanotransduction mechanisms in the IVD. Transient receptor potential (TRP) ion 

channels are promising therapeutic targets to treat LBP, as they can sense and transduce 

a variety of signals, including mechanical stress. The TRP vanilloid 4 (TRPV4) channel is 

especially interesting, as it was shown to mediate mechanical, inflammatory and pain 

signals. Its clinical potential is further highlighted by ongoing preclinical and clinical trials. 

The overall goal of this thesis was to investigate the potential role of TRPV4 in mediating 

hyperphysiological mechanical signals in the IVD, and its relevance as a therapeutic target 
to treat LBP. 

As a first step towards the investigation of TRPV4, we developed a novel in vitro 
compression model for mechanotransduction studies. Agarose-collagen composite 
hydrogels were fabricated and characterized in terms of material and mechanical 
properties. Bovine nucleus pulposus (NP) cell phenotype and mechanotransduction 
ability after dynamic compression were further analyzed. Agarose-collagen composite 
hydrogels combined the mechanical strength of agarose with the biofunctionality of 
collagen, which enhanced cell adhesion and the activation of focal adhesion kinases. 
Moreover, agarose-collagen scaffolds recapitulated the extracellular matrix (ECM) of the 
IVD, with their non-fibrillar matrix and collagen fibers, and allowed the exploration of 
mechanotransduction mechanisms in a reproducible system. 

 
In a second study, NP cell-laden agarose-collagen hydrogels and a mouse model 

were used to investigate the role of TRPV4 in transducing hyperphysiological dynamic 
compression. Degenerative changes and the expression of the inflammatory mediator 
cyclooxygenase 2 (COX2) were examined in mouse IVDs that were dynamically 
compressed at a hyperphysiological regime (versus sham). Cell damage and inflammation 
(prostaglandin E2 (PGE2) release) were measured in bovine NP cells embedded in 
agarose-collagen hydrogels and dynamically compressed at a hyperphysiological regime 
with or without TRPV4 inhibition. The activation of the mitogen-activated protein kinase 
(MAPK) pathways was analyzed. Finally, degenerative changes and COX2 expression were 
further evaluated in the IVDs of trpv4 knockout (KO) mice (versus wild-type). TRPV4 was 
shown to regulate the COX2/PGE2 inflammatory factors and mediate cell damage induced 
by hyperphysiological dynamic compression, possibly via the extracellular signal-
regulated kinases 1/2 (ERK) pathway. 
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In a final step, we investigated the role of TRPV4 as a transducer of 

hyperphysiological cyclic stretching and a potential therapeutic target. Human primary 
annulus fibrosus (AF) cells were seeded on silicone chambers and cyclically stretched at 
a hyperphysiological magnitude in the presence or absence of a TRPV4 inhibitor. 
Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 TRPV4 KO AF 
cells were generated, hyperphysiologically stretched, and compared to control cells. Gene 
and protein expression of inflammatory and catabolic mediators, as well as activation of 
MAPK pathways, were analyzed. This study identified TRPV4 as a mediator of stretch-
induced inflammation in human AF cells. Moreover, it revealed TRPV4 pharmacological 
inhibition and gene editing as potential future therapeutic approaches to rescue 
mechanoflammation. 

 
In this thesis, in vitro and in vivo models of hyperphysiological compression and 

stretching were established and used to identify TRPV4 as mechanotransducer and 

therapeutic target in the IVD. A novel in vitro compression model was developed to mimic 

the ECM of the IVD and other native tissues composed of non-fibrillar matrix and 

collagens, and to investigate their mechanotransduction mechanisms. This system was 

instrumental to investigate the function of TRPV4 in IVD cells. The novel findings obtained 

with this model, together with those obtained in the mouse compression model and the 

stretching system demonstrate that TRPV4 mediates a mechanism leading from 

mechanical hyperphysiological loading to IVD degeneration and inflammation, which 

eventually lead to chronic LBP. TRPV4 modulation might thus constitute a promising 

therapeutic strategy to treat patients suffering from IVD pathologies caused by aberrant 

mechanical stress. Future studies should clarify the exact mechanism of action of TRPV4 

inhibition and gene editing and examine their potential to mitigate chronic inflammation 
and LBP in preclinical and clinical trials. 
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Résumé 

La lombalgie est la principale cause d'invalidité dans le monde et représente un 

énorme fardeau socio-économique. Les coûts liés à la lombalgie vont encore augmenter 

dans les prochaines décennies en raison de la croissance et du vieillissement de la 

population mondiale. La discopathie dégénérative, qui se caractérise par la 

dégénérescence du disque intervertébral (DIV), l'inflammation et la croissance des nerfs 

dans le DIV, contribue principalement à la lombalgie. Un des principaux facteurs de 

dégénérescence discale est une sollicitation mécanique excessive ou aberrante. Les 

traitements actuels de la lombalgie, y compris les approches physiques, psychologiques, 

pharmacologiques et chirurgicales, ont des mécanismes d'action peu clairs, des effets de 

faible ampleur et ne sont pas bénéfiques à long terme. Des stratégies thérapeutiques 

ciblées en développement préclinique, telles que la thérapie moléculaire et génique, 

s'attaquent de manière sélective aux changements biologiques qui se produisent dans la 

dégénérescence discale. Néanmoins, malgré la nature mécanique de la lombalgie, les voies 

de mécanotransduction ne sont actuellement pas ciblées. Cela est principalement dû au 

fait que les informations sur les mécanismes de mécanodétection et de 

mécanotransduction dans le DIV sont très limitées. Les canaux ioniques TRP (de l’anglais 

transient receptor potential) sont des cibles thérapeutiques prometteuses pour traiter la 

lombalgie, car ils peuvent détecter et transduire divers signaux, y compris le stress 

mécanique. Le canal TRP vanilloïde 4 (TRPV4) est particulièrement intéressant, car il a 

été démontré qu'il transmet des signaux mécaniques, inflammatoires et de douleur. Son 

potentiel clinique est encore mis en évidence par des essais précliniques et cliniques en 

cours. L'objectif général de cette thèse était d'étudier le rôle potentiel de TRPV4 dans la 

médiation des signaux mécaniques hyperphysiologiques dans le DIV et sa pertinence en 
tant que cible thérapeutique pour traiter la lombalgie. 

Dans une première étape vers l'étude de TRPV4, nous avons développé un nouveau 

modèle de compression in vitro pour les études de mécanotransduction. Des hydrogels 

composites agarose-collagène ont été fabriqués et caractérisés en termes de propriétés 

matérielles et mécaniques. Le phénotype de cellules bovines de noyau pulpeux (NP) et la 

capacité de mécanotransduction après compression dynamique ont aussi été analysés. 

Les hydrogels composites agarose-collagène ont combiné la résistance mécanique de 

l'agarose avec la biofonctionnalité du collagène, ce qui a permis d'améliorer l'adhésion 

cellulaire et l'activation de la protéine FAK (de l’anglais focal adhesion kinase). De plus, les 

hydrogels agarose-collagène ont récapitulé la matrice extracellulaire du DIV, avec leur 

matrice non fibrillaire et leurs fibres de collagène, et ont permis l'exploration des 

mécanismes de mécanotransduction dans un système reproductible. 

Dans une seconde étude, les hydrogels d’agarose-collagène chargés de cellules NP et 

un modèle de souris ont été utilisés pour étudier le rôle de TRPV4 dans la transduction de 

la compression dynamique hyperphysiologique. Les changements dégénératifs et 

l'expression du médiateur inflammatoire cyclooxygénase 2 (COX2) ont été examinés dans 

des DIV de souris qui ont été comprimés dynamiquement à un régime hyperphysiologique 

(en comparaison à des contrôles négatifs). Les dommages cellulaires et l'inflammation 

(libération de prostaglandine E2 (PGE2)) ont été mesurés dans des cellules bovines de NP 
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incorporées dans des hydrogels d'agarose-collagène et comprimées dynamiquement à un 

régime hyperphysiologique avec ou sans inhibition de TRPV4. L'activation des voies 

MAPK (de l’anglais mitogen-activated protein kinase) a été analysée. Enfin, les 

changements dégénératifs et l'expression de COX2 ont été évalués dans les DIV de souris 

knockout (KO) pour le gène trpv4 (par rapport au type sauvage). Nous avons démontré 

que TRPV4 régule les facteurs inflammatoires COX2/PGE2 et est un médiateur des 

dommages cellulaires induits par la compression dynamique hyperphysiologique, 
probablement par la voie ERK (de l’anglais extracellular signal-regulated kinases 1/2). 

Dans une dernière étape, nous avons étudié le rôle de TRPV4 comme transducteur 

de l'étirement cyclique hyperphysiologique et comme cible thérapeutique potentielle. Des 

cellules humaines de l'anneau fibreux (AF) ont été cultivées sur des chambres de silicone 

et étirées cycliquement à une magnitude hyperphysiologique en présence ou en l'absence 

d'un inhibiteur de TRPV4. Des cellules de l’AF KO pour le gène TRPV4 ont été générées 

par la technique CRISPR-Cas9 (de l’anglais clustered regularly interspaced short 

palindromic repeats Cas9), étirées de façon hyperphysiologique, et comparées à des 

cellules témoins. L'expression des gènes et des protéines des médiateurs inflammatoires 

et cataboliques, ainsi que l'activation des voies MAPK, ont été analysées. Cette étude a 

identifié TRPV4 comme un médiateur de l'inflammation induite par étirement dans les 

cellules d’AF humaines. De plus, elle a révélé que l'inhibition pharmacologique et la 

modification du gène de TRPV4 sont des approches thérapeutiques potentielles futures 
pour réduire la mécanoflammation. 

Dans cette thèse, des modèles in vitro et in vivo de compression et d'étirement 

hyperphysiologiques ont été établis et utilisés pour identifier TRPV4 comme 

mécanotransducteur et cible thérapeutique dans le DIV. Un nouveau modèle de 

compression in vitro a été développé pour imiter la matrice extracellulaire du DIV et 

d'autres tissus natifs composés de matrice non fibrillaire et de collagènes et pour étudier 

leurs mécanismes de mécanotransduction. Ce système a permis d'étudier la fonction de 

TRPV4 dans les cellules du DIV. Les nouvelles découvertes obtenues avec ce modèle, ainsi 

que celles obtenues dans le modèle de compression de DIV de la souris et le système 

d'étirement, démontrent que TRPV4 intervient dans un mécanisme qui mène de la 

sollicitation mécanique hyperphysiologique à la dégénérescence et à l'inflammation des 

DIV, qui finissent par entraîner une lombalgie chronique. La modulation de TRPV4 

pourrait donc constituer une stratégie thérapeutique prometteuse pour traiter les 

patients souffrant de pathologies des DIV causées par un stress mécanique aberrant. Les 

études futures devraient clarifier le mécanisme d'action exact de l'inhibition de TRPV4 et 

de la modification des gènes et examiner leur potentiel pour atténuer l'inflammation 
chronique et la lombalgie dans les essais précliniques et cliniques. 
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Introduction 

 

1. Introduction  
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1.1 Thesis motivation 

Low back pain and impact on society 

Low back pain (LBP) is a very frequent condition with a lifetime prevalence of up to 

84% [1, 2]. It spans low- to high-income countries, and although uncommon in the first 

decade of life, affects people from all age groups [3]. The highest prevalence of LBP is 

observed among women and people between 40-80 years of age [4]. LBP is the leading 

cause of invalidity worldwide [5]. It is estimated that years lived with disability caused by 

LBP have augmented by 54% between 1990 and 2015, globally [3, 5]. This change is 

mainly due to the growth and aging of the global population [4]. While most LBP episodes 

resolve within weeks, recurrence is common [3]. The prevalence of chronic low back pain 

is about 23%, with 11–12% of the population being disabled by it [1]. LBP is the most 

frequent cause of medically certified sick leave and early retirement in Europe [6]. 

Consequently, LBP generates enormous expenses, including direct (healthcare) and 

indirect (productivity loss and work absence) costs. These costs differ between countries 

according to the local culture, social norms, and healthcare methods [3]. In Switzerland, 

direct costs of LBP were estimated at 2.6 billion €, and productivity losses between 2.2 

and 4.1 billion € for 5.7 million individuals over the age of 20 in 2005 [7]. Costs related to 

LBP are projected to further increase in the coming decades. Intensified research efforts 

are thus sorely needed to tackle LBP as a public health and societal issue. 

Current treatments of low back pain 

Existing treatments of LBP are divided into physical, psychological, and 

pharmacological therapies, as well as surgical interventions. As the first line of 

management, the patient should be reassured, educated about the nature of LBP, and 

advised to remain active. Although early referral to physical therapy was shown to reduce 

healthcare use and total costs [8, 9], there is variable evidence for specific physical 

approaches [8, 10]. Exercise therapy appears to be as effective as no treatment or other 

treatment in acute LBP and to be slightly effective at reducing pain and improving 

function in chronic LBP [8, 11]. Guidelines further recommend considering the use of 

psychological therapies, such as cognitive behavioral therapy and mindfulness-based 

stress reduction, and combined physical and psychosocial approaches especially for 

patients who do not respond to first-line treatments [10]. Pharmacotherapy should be 

applied only in case of a lack of response to first-line non-pharmacological approaches. 

Current pharmacological treatments have unclear mechanisms of action, low effect sizes 

[1], and can provoke side effects in the long term. The use of paracetamol is no longer 

recommended due to evidence of absence of effectiveness and potential harm [10, 12]. 

Non-steroidal anti-inflammatory drugs (NSAIDs) should be administered after taking into 

account risks such as gastrointestinal, liver, and cardiorenal toxicity [10]. Routine use of 

opioids is not recommended due to the small benefit and risk of misuse, abuse, and 

dependence [10]. Clinical guidelines regarding surgical interventions vary. These are not 

only more costly and prone to adverse events compared to non-surgical approaches, but 

their (long-term) benefit is also challenged [8, 10]. Considering the variable evidence in 
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favor of physical therapy and the high risks associated with surgery, efforts should be 

deployed to improve pharmacological therapies.  

Mechanical loading as a contributor to low back pain 

Key contributors to LBP include comorbidities, genetic, psychological, social, and 

biophysical factors that are generally inter-related [3]. The term LBP is usually 

accompanied by the adjectives “non-specific” or “mechanical” [8]. This is due to the fact 

that it is often impossible to identify a specific nociceptive cause, such as a vertebral 

fracture, malignancy, or infection [3]. Non-specific/mechanical LBP stems intrinsically 

from the spine, IVDs, or surrounding soft tissues [8]. The spine is constantly subjected to 

muscle activation, as well as flexion, extension, and torsion motions during daily activities 

[13]. Therefore, the IVDs are continuously mechanically stimulated. The central gel-like 

nucleus pulposus (NP) sustains compressive loads, hydrostatic and osmotic pressures, 

while tensile stress predominates in the ring-shaped annulus fibrosus (AF) [13]. A 

physiological level of mechanical loading is beneficial for IVD homeostasis, as it promotes 

solute transport and cell metabolism [14]. However, hyperphysiological mechanical 

stressors, such as impact, heavy lifting, muscle activations, and work/lifestyle factors (e.g., 

vibration exposure, gait, and posture) [15], contribute to IVD degeneration, characterized 

by increased cell death, reduced anabolic gene expression, increased catabolism and 

extracellular matrix degradation [13, 14]. IVD degeneration can ultimately lead to IVD 

structural failure and cause degenerative disc disease (DDD), which is accompanied by 

inflammation and nociception [16]. DDD can further cause nerve ingrowth and 

compression, which principally contribute to LBP [17, 18]. Despite the mechanical nature 

of LBP, current drugs do not specifically target mediators of mechanosensing and 

mechanotransduction pathways, as these are poorly understood. A better understanding 

of the molecular mechanisms leading from hyperphysiological mechanical loading to IVD 

degeneration, inflammation, and nociception would reveal novel, and possibly more 
effective, therapeutic targets. 

Transient receptor potential channels as therapeutic targets 

Transient receptor potential (TRP) channels have recently emerged as potential 

therapeutic targets to treat several diseases [19]. They are a super-family of non-selective 

calcium-permeable transmembrane channels composed of six subfamilies in mammals: 

TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML 

(mucolipin), and TRPA (ankyrin) [20]. TRP channels have sparked interest among 

researchers due to their polymodal nature. They can sense various stimuli, including 

changes in temperature, pH, osmolarity, as well as oxidative and mechanical stress [20]. 

The mechanosensitive member 4 of the vanilloid subfamily (TRPV4) is especially 

intriguing for the study of IVD degeneration and LBP. TRPV4 is known to transduce 

mechanical, inflammatory and pain signals in joint tissues [21] but is poorly explored in 

the IVD. TRPV4 was shown to mediate dynamic compression in chondrocytes [22]. 

Moreover, cartilage-specific TRPV4 knockout in mice reduced age-related osteoarthritis 

[23]. In the IVD, reduced osmolarity increased the expression of TRPV4 and pro-

inflammatory cytokines [24]. The potential of TRPV4 as a therapeutic target is further 
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highlighted by several preclinical trials using TRPV4 inhibitors as a treatment for diverse 

conditions [25-27]. Furthermore, a selective antagonist of TRPV4 was recently 

administered to healthy volunteers and heart failure patients without any safety concern 

[28]. Nevertheless, the role of TRPV4 as a potential mechanotransducer and therapeutic 

target has never been investigated in the context of DDD and LBP. This thesis aims to fill 

this knowledge gap in the IVD field. 

 

1.2 Thesis aims 

The overall goal of this thesis was to investigate the potential role of the TRPV4 ion 

channel in mediating hyperphysiological mechanical signals in the IVD, and as therapeutic 

target. To this end, several in vitro and vivo models, as well as different types of 

mechanical loading, were established and applied. The specific aims of the thesis are 

described below. 

 

Aim 1: To develop a novel 3D hydrogel that combines mechanical strength and 
biofunctionality for mechanotransduction studies 

Mechanotransduction studies with physiological relevance require 3D in vitro 

models that: (i) recapitulate the in vivo environment of the tissue of interest; (ii) allow a 

reliable and reproducible application of the mechanical signals (e.g. dynamic 

compression); and (iii) allow the conduction of cellular and molecular assays. Agarose 

hydrogels have often been used to encapsulate chondrocytes and to study the effect of 

compression due to their strong mechanical properties [29, 30]. However, agarose is a 

bio-inert material that does not present any cell-adhesion motifs and therefore does not 

recapitulate the cell-matrix interactions that are crucial for mechanotransduction. We 

aimed to develop novel agarose-collagen composite hydrogels that: (i) mimic native 

tissues constituted of non-fibrillar matrix and collagens; (ii) combine the mechanical 

properties of agarose and the biofunctionality of collagen I; and (iii) allow the exploration 

of mechanical loading and cellular mechanotransduction. Specifically, we hypothesized 

that the physical blending of collagen I into agarose would enhance the biofunctionality 

of the construct by promoting cell adhesion and the activation of focal adhesion kinases 

(FAK). Agarose, collagen, and agarose-collagen composite hydrogels were compared in 

terms of structural homogeneity, rheological properties, and size stability. Bovine NP cell 

viability, proliferation, morphology, gene expression, glycosaminoglycan (GAG) 

production, adhesion, and FAK phosphorylation after dynamic compression were 

analyzed. 

 

Aim 2: To investigate the role of TRPV4 in transducing hyperphysiological dynamic 
compression 

Mechanical loading is a known contributor to IVD degeneration and LBP. However, 

current treatments of LBP do not target IVD mechanosensors and mechanotransducers, 

as they are poorly understood. The mechanosensitive TRPV4 ion channel is an interesting 

therapeutic target in the context of joint diseases, as it transduces mechanical, 
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inflammatory, and pain signals [21]. TRPV4 was shown to mediate the transduction of 

dynamic compressive loading in chondrocytes [22]. Moreover, reduced osmolarity was 

shown to increase TRPV4 expression and pro-inflammatory cytokines in bovine NP cells 

[24]. We aimed to investigate the potential role of TRPV4 in hyperphysiological dynamic 

compression of NP cells in vitro and IVDs in vivo. We hypothesized that: (i) 

hyperphysiological dynamic compression induces IVD degeneration, cell damage, and 

increased cyclooxygenase 2 (COX2) and prostaglandin E2 (PGE2) expression; and that (ii) 

TRPV4 mediates these effects. To test these hypotheses, mouse IVDs were dynamically 

compressed at a short repetitive hyperphysiological regime, and degenerative changes 

and the expression of the inflammatory mediator COX2 were examined (versus sham). 

Bovine NP cells were embedded in our previously developed agarose-collagen hydrogels 

and dynamically compressed at a hyperphysiological regime with or without selective 

TRPV4 inhibition. Lactate dehydrogenase (LDH) and PGE2 release, as well as 

phosphorylation of mitogen-activated protein kinases (MAPKs), were analyzed. 

Degenerative changes and COX2 expression were further evaluated in the IVDs of trpv4-

deficient mice (versus wild-type). 

 

Aim 3: To investigate the role of TRPV4 in transducing hyperphysiological cyclic 

stretching 

AF disruption is commonly linked to LBP [31]. While the NP sustains hydrostatic 

and osmotic pressures generated by compressive forces from the body weight and spinal 

motions, the AF is subjected to tensile stresses [13] that could lead to AF disruption. We 

aimed to investigate the role of TRPV4 as a mechanotransducer and a potential 

therapeutic target in a more clinically relevant model by analyzing human primary AF 

cells that were cyclically stretched at a hyperphysiological strain. We hypothesized that: 

(i) hyperphysiological cyclic stretching induces inflammation; and that (ii) TRPV4 

inhibition and knockout (KO) reduce stretch-induced inflammation. TRPV4 

pharmacological inhibition and gene editing were thus tested as potential therapeutic 

approaches to rescue the induced mechanoflammation. To test our hypotheses, human 

AF cells were stretched at a 20% hyperphysiological cyclic strain. TRPV4 was either 

inhibited with the selective TRPV4 antagonist GSK2193874 or knocked out via CRISPR-

Cas9 gene editing. The gene expression, inflammatory mediator release and MAPK 

pathway activation were analyzed. 

 

1.3 Thesis outline 

This thesis is divided into seven chapters and an appendix. The content of each 

chapter is described below. 

Chapter 1 introduces the clinical and economical motivations for this thesis and 

presents the aims and the outline of the thesis. 

Chapter 2 provides background information on the anatomy of the IVD, IVD 

pathologies, and state-of-the-art therapeutic approaches. It further summarizes the 
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current knowledge on biomechanics and mechanobiology of the IVD, as well as TRP 

channels. 

Chapter 3 addresses the first aim of the thesis and introduces novel agarose-

collagen composite hydrogels as 3D in vitro models for mechanotransduction studies. We 

showed that agarose-collagen hydrogels retain strong mechanical properties while 

outperforming agarose hydrogels in terms of matrix production, cell adhesion, and 

mechanotransduction ability. This unique composite hydrogel scaffold thus mimics the 

natural extracellular matrix of the IVD, allowing the direct exploration of the influence of 

mechanical loading in a highly biomimetic and reproducible model system. This system 

can further be used to model other native tissues composed of non-fibrillar matrix and 
collagens and to investigate their mechanotransduction mechanisms.  

Chapter 4 addresses the second aim of the thesis and describes a study that 

explores the role of TRPV4 in transducing hyperphysiological dynamic compression in NP 

cells in vitro and mouse IVDs in vivo. We identified TRPV4 as a regulator of the 

COX2/PGE2 inflammatory factors and as a mediator of cell damage induced by 

hyperphysiological dynamic compression, possibly via the extracellular signal-regulated 

kinases 1/2 (ERK) pathway. Targeted TRPV4 modulation might thus constitute a 

promising therapeutic strategy to treat patients suffering from IVD pathologies caused by 
aberrant mechanical stress. 

Chapter 5 addresses the third aim of the thesis and presents a study that further 

investigates the role of TRPV4 in transducing hyperphysiological cyclic stretching in 

human AF cells in vitro. We first developed a model with an inflammatory response to 

hyperphysiological stretching representative of early-stage annulus fibrosus injury. 

Moreover, we established the first successful CRISPR-Cas9 KO in degenerated human AF 

cells (TRPV4 KO). Through CRISPR-Cas9 gene editing and selective pharmacological 

inhibition experiments, we identified TRPV4 as a mediator of stretch-induced 

inflammation in human AF cells. This study and the one described in Chapter 4 highlight 

a novel link between mechanical hyperphysiological loading and injury mechanisms 

leading to degeneration of the IVD and elucidate an important pathway in the complex 
process that eventually leads to chronic LBP. 

Chapter 6 expands on the use of the CRISPR-Cas9 gene editing technology in the 

IVD field and presents a review on this topic. This chapter provides an overview of the 

relevant recent advances, proposes potential treatment strategies for DDD and LBP, and 

discusses the current limitations that may hamper the clinical translation of the CRISPR-

Cas9 technology. 

Chapter 7 concludes the thesis by highlighting the contributions to the field and 
discussing the limitations and futures perspectives of this work. 

In the Appendix, the reader will find a list of abbreviations, the curriculum vitae, 

and an additional study that investigates the TRP canonical 6 (TRPC6) ion channel in 

simulated microgravity of human IVD cells. In this study, we showed that simulated 

microgravity and TRPC channel inhibition led to reduced proliferation and increased 

senescence. Furthermore, simulated microgravity reduced TRPC6 expression. IVD cell 
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senescence and mechanotransduction may hence potentially be regulated by TRPC6 

expression. 
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2.1 Anatomy of the intervertebral disc 

The human spine is composed of 32 to 34 vertebrae, 23 intervertebral discs (IVDs), 

ligaments, the rib cage, and the spinal musculature [1]. The functions of the spine include: 

(i) housing and protecting the spinal cord and the efferent and afferent nerves; (ii) 

supporting the body mass and withstanding external forces; and (iii) allowing for mobility 

and flexibility. The spine is divided into 5 distinctive regions: cervical (with 7 vertebrae 

numbered C1 to C7), thoracic (T1-T12), lumbar (L1-L5), sacrum (S1-S5), and the coccyx 

(3 to 5 vertebrae) (Figure 1) [2]. Vertebrae in the cervical, thoracic, and lumbar regions 

are separated by IVDs, while the vertebrae of the sacrum and the coccyx are fused (Figure 

1) [2]. 

 

Figure 1: Left: The human spine and its 5 regions. The green section highlights the part of the 

spine that contains individual vertebrae and IVDs. Right: Structure of the vertebrae with the IVDs 

in green. Reprinted from [2] with permission from the Multidisciplinary Digital Publishing 

Institute (MDPI) and Kenhub. Originally adapted from © Kenhub (www.kenhub.com); illustrator: 

Begoña Rodriguez. 

 

The IVD is composed of 3 main structures: the cartilaginous endplates (CEPs) at the 

superior and inferior faces of the IVD, the gelatinous nucleus pulposus (NP) in the center, 

and the fibrous and highly structured ring called annulus fibrous (AF) at the outer 

periphery (Figure 2 A, B) [3]. 

http://www.kenhub.com/
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Figure 2: A) Schematic representation of the sagittal section of an IVD with the adjacent vertebrae 

(VB) and cartilaginous endplates (CEPs) at the superior and inferior faces, and the annulus 

fibrosus (AF) surrounding the nucleus pulposus (NP). B) Transverse section showing the 

structure of the lamellae and the alignment of the fibers of the AF. Reprinted from [4] with 

permission from John Wiley and Sons. 

Cartilaginous endplates  

The CEPs are thin, strong, and porous structures that separate the IVD from the 

adjacent vertebrae. They keep the NP pressurized and prevent it to bulge into the 

relatively soft center of the vertebrae [2]. Moreover, the CEPs are vascularized and ensure 

nutrient and fluid transport via diffusion between the vertebrae and the IVD [2]. The CEPs 

consist of hyaline cartilage composed of chondrocytes, proteoglycans, and a network of 
thin and closely packed fibrils of collagen (mainly type II) [2].  

Nucleus pulposus 

The NP is found in the center of the IVD. This highly hydrated (80-90% water [2]) 

and incompressible structure sustains compressive loads, as well as hydrostatic and 

osmotic pressures [3]. The NP is composed of a loose network of randomly distributed 

collagen II fibers (15–20% dry weight), radially dispersed elastin fibers, and 

proteoglycans (50% dry weight) [2]. Proteoglycans, like the abundantly present aggrecan, 

carry negative electric charges on their sulfated glycosaminoglycans (GAGs), which 

provide the NP with its osmotic and swelling properties [3]. NP cells are round 

chondrocyte-like cells that are interspersed in the NP at a low cellular density of around 

4000 cells/mm3 [5]. The microenvironment at the center of the IVD is characterized by 

low oxygen tension, leading to anaerobic metabolism and low pH [6]. NP cells maintain 

tissue homeostasis by synthesizing and degrading large amounts of extracellular matrix 

(ECM) composed of collagens and proteoglycans [2]. Large vacuolated notochordal cells 
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can be present in young IVDs, but they are almost all completely replaced by chondrocyte-

like cells in adulthood in humans [2]. 

Annulus fibrosus 

The AF is a highly organized fibrocartilaginous structure that surrounds the NP. It is 

often subdivided into inner and outer AF. The main functions of the AF are to confine the 

relatively fluid NP, withstand compressive and tensile stress, and allow joint mobility [2]. 

The AF is composed of 15-25 concentric lamellae made of 20-60 collagen fiber bundles 

aligned at angles ranging from 55° to 20° that alternate direction at every layer (Figure 2 

B) [2]. The ECM of the AF varies radially and mainly consists of water (70–78% inner and 

55–65% outer wet weight), collagens (type I and type II collagen, 25–40% inner and 60–

70% outer dry weight), and proteoglycans (11–20% inner and 5–8% outer dry weight) 

[2]. The collagen types I and II further substitute each other in a radial gradient, 

transitioning from 100% type II in the innermost lamellae to 100% type I in the outermost 

lamella [2]. The outermost layers of the AF are superficially vascularized and innervated 

by afferent and efferent branches of the spinal nerves [2]. While cells of the inner AF tend 

to be rounder, outer AF cells display an elongated morphology and align with the fibers of 
the lamellae [3]. 

 

2.2 Aging and pathologies of the intervertebral disc 

Intervertebral disc aging 

Compared to the young healthy IVD, the aging IVD undergoes natural metabolic, 

biochemical, and structural changes, which do not necessarily provoke any symptoms [7, 

8]. These changes usually start in the CEPs and sequentially affect the NP and the AF [6, 

8]. The blood supply to the CEPs and the IVD cellularity start decreasing already during 

childhood [6]. The ECM synthesis is reduced, leading to a loss in NP hydration due to the 

decrease in proteoglycan and hence in osmolarity [6]. ECM turnover decreases as well, 

causing an increase in collagen content and cross-linking [6]. Moreover, collagen type II 

in the inner AF tends to be replaced by collagen I [6]. Microstructural defects, such as cleft 

and tears, are already visible in the CEPs and NP by the age of 15 years, further extending 

into the AF with increasing age [6, 9]. 

Intervertebral disc degeneration 

Pathological IVD degeneration is defined as an accelerated aging process including 

structural failure [6]. Causes of IVD degeneration are various and include genetics, aging, 

scarce metabolite diffusion, and loading history [6]. They all cumulatively contribute to 

weakening the IVD. However, mechanical loading is thought to precipitate IVD 

degeneration [6]. Excessive mechanical loading causes structural defects and cellular 

catabolic and inflammatory responses that strongly affect the matrix composition of the 

IVD and its biomechanical properties [6]. This, in turn, induces further aberrant 

mechanical loading [8], thus triggering a vicious circle [10].  
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IVD degeneration mostly affects lower lumbar IVDs [6]. Their bigger size impairs an 

efficient nutrient diffusion and they are subjected to the highest mechanical load. The 

degenerated IVD is characterized by several structural defects, such as annular tears, 

height loss, and disruption (Figure 3) [8]. Moreover, the CEPs become calcified and 
sclerotic (Figure 3) [8].  

 

 

Figure 3: Various stages of IVD degeneration observed in sagittal sections of human 

lumbar IVDs. Reprinted from [8] with permission from Springer Nature. 

 

Structural changes are believed to alter the mechanical properties of the IVD and, 

consequently, the way it withstands mechanical loading [8]. Abnormal mechanical stress 

causes increased cell death [11, 12]. IVD cell senescence and death are thought to play an 

important role in the pathogenesis of IVD degeneration [12, 13]. Moreover, aberrant 

mechanical loading initiates catabolic and inflammatory cascades [10]. Degenerated IVDs 

show increased levels of matrix-degrading enzymes, such as matrix metalloproteinases 

(MMP 1, 3, 13) [14], “a disintegrin and metalloproteinase with thrombospondin motifs” 

(ADAMTS 4) [14], and (pro-)inflammatory mediators, such as interleukins (IL 1β, 6, 8, 15), 

as well as cyclooxygenase 2 (COX2) and its enzymatic product prostaglandin E2 (PGE2), 

to name a few [15, 16]. Catabolic and inflammatory responses might be mediated by the 

nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase (MAPK: 

extracellular signal-regulated kinases 1/2 (ERK 1/2), p38 and Jun-N-terminal kinase 

(JNK)) signaling pathways [17]. Detrimental cell-mediated responses further result in 

reduced ECM synthesis and proteoglycan content, and thus loss of osmotic and swelling 
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pressure in the NP [8]. Moreover, increased ECM degradation and inflammation 

exacerbate structural defects, leading to IVD collapse and structural failure [6, 8].  

Intervertebral disc herniation 

When radial fissures in the AF allow the bulging of the NP into the AF, herniation 

arises [6]. Depending on the level of NP bulging, it may result in protrusion, when the NP 

migrates through the lamellae of the AF, or extrusion, when the NP exits the AF [6]. 

Extrusion of the nuclear material can further cause inflammation and/or compression of 
a spinal nerve or its root, thus provoking so-called radicular pain [6, 18]. 

Degenerative disc disease and low back pain 

Like IVD physiological aging, IVD degeneration is not necessarily symptomatic [8]. 

Degenerative disc disease (DDD) is characterized by IVD degeneration accompanied by 

pain [6]. Pain mechanisms can start with IVD degeneration, which induces anatomical and 

functional changes, such as NP prolapse, which further cause the irritation or 

compression of spinal nerves [18]. This is for example the case of radicular pain stemming 

from IVD herniation, as explained above. Alternatively, pain can arise from the IVD itself 

and can stem from the structural defects and inflammation that characterize IVD 

degeneration [18]. During severe disc disruption, the blood vessels and nerves that 

normally populate the surface of the AF grow into the diseased IVD [19]. Ingrown nerves 

express substance P, a nociceptive neurotransmitter, and are associated with pain [19]. It 

is believed that noxious inflammatory stimuli from the degenerated disc environment, as 

well as mechanical stimulation of ingrown (or superficial) nociceptors, provoke nerve 

sensitization and pain [18].  

 

2.3 Current treatments of low back pain 

Current treatments of LBP aim to manage pain but do not address the causes of the 

condition. Treatment strategies are divided into physical, psychological, and 

pharmacological therapies, as well as surgical interventions. Clinical guidelines have 

recently changed based on novel evidence and recommend against routine use of imaging 

as a diagnostic method, pharmacotherapy, and surgery [20]. However, there is an 

enormous gap between evidence-based recommendations and the current practice [20]. 

For example, IVD imaging including radiography and magnetic resonance imaging (MRI) 

is still frequently used, generating high direct costs [20]. Nevertheless, its use should be 

limited to cases where specific serious conditions, such as vertebral fracture, malignancy, 

or infection, are suspected [20]. The MRI-based Pfirrmann scale, which grades IVD 

degeneration from grade 1 (healthy IVD) to grade 5 (highly degenerated and collapsed 

IVD) [21] is useful to compare data in basic and clinical research. However, imaging 

findings do not correlate with pain [22] and patients with degenerative changes can be 
asymptomatic [23].  
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In a first consultation, the patient should be physically examined and questioned 

about occupational and psychosocial factors, as well as the severity and duration of pain 

[24]. Acute LBP is defined by a duration below 6 weeks and becomes chronic when it lasts 

over 12 weeks [20]. The results of this first evaluation will allow to rule out specific 

serious causes of LBP and select the appropriate treatment strategies in case of non-

specific pain [24].  

Physical and psychological therapies 

As the first line of management, the patient should be reassured and told that LBP is 

not a serious condition and the prognosis is good in most of the cases [20]. The patient 

should also be advised to remain physically active and resume professional activities [20]. 

Early referral to physical therapy was shown to reduce healthcare use and total costs [24, 

25]. Recommended physical therapies, especially for chronic LBP, include a graded 

exercise program aiming for functional improvement [20]. However, there is variable 

evidence for specific physical approaches [20, 24]. Exercise therapy appears to be as 

effective as no treatment or other treatment in acute LBP and to be slightly effective at 

reducing pain and improving function in chronic LBP [24, 26]. Passive therapies, such as 

acupuncture, massage, and spinal manipulation, are either optional or not recommended 

depending on the guidelines [20]. Despite insufficient evidence, guidelines further 

recommend considering the use of psychological therapies, such as cognitive behavioral 

therapy and mindfulness-based stress reduction, and combined physical and 

psychosocial approaches especially for patients who do not respond to first-line 

treatments [20].  

Pharmacological therapies 

Current guidelines recommend the use of pharmacotherapy only in case of a lack of 

response to first-line non-pharmacological approaches [20]. This recommendation is 

based on the fact that current pharmacological treatments have unclear mechanisms of 

action, low effect sizes [27], and can provoke side effects in the long term. The most 

common pharmacological therapies for LBP include paracetamol, non-steroidal anti-

inflammatory drugs (NSAIDs), and opioids. 

 

Paracetamol 

 Paracetamol (also called acetaminophen) used to be a first-line medicine for the 

management of LBP [20]. It is an analgesic with an unclear mechanism of action that does 

not possess anti-inflammatory properties [28]. Today, the use of paracetamol is no longer 

recommended for LBP due to evidence of absence of effectiveness and potential harm [20, 

29].  

 

Non-steroidal anti-inflammatory drugs 

NSAIDs, such as ibuprofen and aspirin, inhibit the COX2 enzyme [28]. They were 

shown to be slightly effective at providing short-term relief in acute and chronic LBP 

without radicular pain [24, 30]. However, there was no significant difference between 
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NSAID treatment and placebo in the case of radiculopathy [30]. Moreover, NSAIDs were 

not more effective than paracetamol or other drugs [30]. NSAIDs should be administered 

after taking into account risks like gastrointestinal, liver, and cardiorenal toxicity [20].  

 
Opioids 

Opioids, typified by morphine, are potent analgesics that act on neuronal receptors 

in the central nervous system and peripheral nerves [28]. There is evidence of moderate 

short-term efficacy of opioids in treating chronic LBP compared to placebo [31]. However, 

rates of misuse average between 21% and 29%, and rates of addiction between 8% and 

12% [32]. Routine use of opioids is therefore not recommended due to the small benefit 
and risk of misuse, abuse, and dependence [20].  

Interventional therapies and surgery 

Clinical guidelines regarding interventional therapies and surgery vary [20]. 

Increasingly invasive procedures can be applied based on the condition of the patient. 

They range from epidural injections to microdiscectomy, spinal fusion, and total disc 

replacement (TDR). Surgery should be used as a last resort in disabling chronic LBP in 

case of failure of conservative therapies, as it is more costly and prone to adverse events 

compared to non-surgical approaches [20]. 

 
Epidural injections 

The first more invasive approach involves injections of drugs, such as 

corticosteroids or anesthetics, into the epidural space that surrounds the spinal cord and 

nerve roots. Epidural injections are not recommended by recent guidelines for LBP, but 

rather for severe radicular pain [20]. They alleviate pain by delivering an increased drug 

concentration locally, but their effect is short-lived (<4 weeks) and there is no effect on 

long-term surgery risk [20, 33]. Moreover, epidural injections can cause rare but serious 

adverse events, including loss of vision, stroke, paralysis, and death [20]. 

 

Microdiscectomy 

Microdiscectomy is a minimally invasive surgical procedure aimed to relieve pain 

stemming from disc herniation. The herniated tissue is surgically removed to relieve the 

pressure on the spinal nerves. Early surgery is associated with faster pain relief compared 

to initial conservative treatment and delayed surgery, but benefits decrease with longer 

follow-up (>1 year) [20, 34]. 

 

Spinal fusion 

Spinal fusion is a surgical procedure that consists in the complete removal of the 

diseased IVD, replacement with a titanium fusion cage or a bone-like material, and 

connection of the two adjacent vertebrae with titanium pedicle screws and rods [2]. The 

aim is to prevent motion between the fused vertebrae. The benefits of spinal fusion for 

discogenic LBP are similar to those of intense rehabilitation and only slightly higher than 

non-surgical treatments [20, 35]. Long-term issues can further arise because spinal fusion 
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changes the biomechanical behavior of the spine, which may cause degeneration of the 

adjacent spinal segments [2]. 

 

Total disc replacement 

In contrast to spinal fusion, TDR aims to preserve the motion of the diseased 

segment by removing the diseased IVD and replacing it with a synthetic implant. TDR is a 

relatively recent type of surgery compared to spinal fusion, with only a few disc implants 

approved so far for the lumbar level [2]. There is low-quality evidence that there are no 

clinically relevant differences between TDR and fusion techniques, with small overall 

success rates in both groups [36]. The safety and effectiveness of TDR need to be further 
evaluated in high-quality randomized controlled trials with long-term follow-up [36]. 

 

2.4 Preclinical therapeutic strategies 

Considering the variable evidence in favor of physical therapy and the high risks and 

costs associated with surgery, efforts are currently deployed to develop targeted 

pharmacological and biological regenerative therapies with a clear mechanism of action 

and limited side effects. Targeted therapeutic strategies mainly include molecular and 

gene therapy. They may complement other promising but broader therapeutic 

approaches such as IVD tissue engineering and cell therapy. 

Tissue engineering 

Tissue engineering aims to replace either a part (the NP or AF) or the whole 

degenerated IVD with engineered scaffolds that may or not contain cells. Both natural and 

synthetic biomaterials are investigated and several state-of-the-art manufacturing 

techniques, such as electrospinning, composite hydrogel fabrication, and three-

dimensional (3D) bioprinting, are applied [2]. Hurdles that need to be overcome by tissue-

engineered scaffolds include scalability, integration with the native tissue, as well as 
sufficient load-bearing capacity [2]. 

Cell therapy 

In cell therapy, cells are transplanted in the degenerated IVD with the aim of 

repairing the deteriorated environment. The current strategies are mainly directed at 

regenerating the NP, with only a few approaches targeting the AF or the CEPs [37]. Several 

issues remain open, including the choice of cell source and type (e.g. autologous or 

allogeneic; differentiated cells or mesenchymal stem cells), the delivery mode (e.g. in 

suspension or embedded in a biomaterial), and the selection of patients (e.g. early or later 

stages of IVD degeneration) [37]. The main challenge faced by cell therapy is the survival 

of the transplanted cells in the harsh and inflamed microenvironment of the degenerated 

IVD, which is characterized by low nutrient transport, oxygen and, pH, as well as high 
mechanical stress [37].  
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Molecular therapy 

The goal of molecular therapy is to selectively address the biological changes that 

occur in IVD degeneration and DDD via the administration of specific molecules. 

Molecular therapeutic approaches can be divided into those that promote IVD anabolism 

and regeneration (mainly via growth factors) and those that inhibit catabolic and 

inflammatory processes. 

 
Growth factors 

Growth factors are proteins that target specific cell receptors and play a role in cell 

proliferation, differentiation, and ECM synthesis [38]. The potential of several growth 

factors (bone morphogenic proteins (BMP 2 and 7), transforming growth factor beta 

(TGFβ), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), 

growth/differentiation factor 5 (GDF5), and insulin-like growth factor 1 (IGF1)) for IVD 

regeneration has been tested in vitro and in vivo with positive outcomes including the 

increase of ECM synthesis (studies reviewed in [38]). However, the main disadvantage of 

growth factors, besides their high cost, is their short half-life, which limits the duration of 

their therapeutic effects and requires multiple injections [38]. 

 
Anti-catabolic and anti-inflammatory approaches 

Two of the major signaling pathways that are targeted by anti-catabolic and anti-

inflammatory molecular therapies to treat DDD are the NF-κB and MAPK pathways [39]. 

Local administration of NF-κB decoy oligodeoxynucleotides to the DRG in a rat lumbar 

disc herniation model was shown to significantly suppress pain [40]. Systemic inhibition 

of NF-κB activity via pharmacological inhibition with the Nemo Binding Domain (8K-

NBD) peptide was shown to mitigate age-associated IVD degeneration in a mouse model 

of accelerated aging by increasing proteoglycan synthesis and improving the loss of 

cellularity [41]. Modulation of the MAPK pathways, especially of the p38 MAPK, has 

further yielded promising results. Inhibition of p38 in cytokine-activated rabbit NP cells 

reduced gene expression and production of factors associated with ECM catabolism, 

inflammation, and pain [42]. Moreover, IL1-induced downregulation of ECM gene 
expression and proteoglycan synthesis were reversed [42]. 

Gene therapy 

Gene therapy is an experimental technique that aims to modify genes in order to 

treat a disease. This approach is interesting in the context of DDD, as genetic inheritance 

is one of the multiple factors that can cause IVD degeneration. Gene polymorphisms 

affecting genes such as aggrecan, collagen 1, 9, and 11, MMP 1, 2 and 3, IL 1 and 6, and 

COX2 have been associated with IVD degeneration [43]. Gene therapy can not only correct 

unfavorable gene polymorphisms, but also control the dysregulated molecular pathways 

in DDD by activating anabolic genes and growth factors and repressing catabolic and 

inflammatory genes [44]. Several gene therapy studies targeting genes like osteogenic 

protein-1 (OP1), sex-determining region Y box 9 (SOX9), TGFβ1, IGF1, BMP2, and IL1 

receptor antagonist (IL1Ra) have been performed in vitro and in vivo with encouraging 
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regenerative results [45-47]. Gene therapy can complement cell therapy by editing cells 

to be transplanted ex vivo so that they can survive the harsh environment of the 

degenerated IVD and secrete reparatory molecules. Another approach is to perform gene 

editing in vivo by delivering the transduction agents locally to IVD cells or dorsal root 

ganglion (DRG) neurons [48]. Cells can be transduced via non-viral (e.g. liposomes) or 

viral vectors (e.g. lentivirus, adenovirus, or adeno-associated-virus) [38]. Non-viral 

vectors have low transduction efficiency, while viral vectors are very efficient but raise 

the issue of immunogenicity [39]. Although promising, gene therapy needs to overcome 

technical, safety, and ethical issues before it can be applied in clinics in the future. 

 

CRISPR-Cas9 

The most recent gene editing technique is the Nobel prize-winning clustered 

regularly interspaced short palindrome repeats (CRISPR)-Cas9 technique (explained in 

detail in Chapter 6). The CRISPR-Cas9 system is composed of a Cas9 endonuclease that is 

directed to the target deoxyribonucleic acid (DNA) sequence by a single-guide ribonucleic 

acid (sgRNA) [48]. It can be used to perform gene knockout, editing, as well as 

transcriptional regulation (gene activation or interference) [48]. Recently, CRISPR-Cas9 

was used for epigenome editing to repress the inflammatory cytokine receptors tumor 

necrosis factor receptor 1 (TNFR1) and IL 1 receptor 1 (IL1R1) in human adipose tissue-

derived stem cells to improve cell therapy for musculoskeletal diseases [49]. This 

technique was further used to modulate the A-kinase anchoring protein 150 (AKAP150) 

in DRG neurons and abolish the nociceptive neuron activity as a targeted strategy for LBP 

[50].  

 

RNA interference 

Another recent form of gene therapy is RNA interference (RNAi). RNAi aims to 

silence genes by interfering with their transcription or translation via small non-coding 

RNAs like small interfering RNAs (siRNAs) and microRNAs (miRNAs) [38]. siRNA 

approaches aiming to silence ADAMTS5 and caspase 3, an enzyme that plays a role in 
apoptosis, have yielded promising results in rabbit models of IVD degeneration [51-53]. 

 

2.5 Biomechanics and mechanobiology of the intervertebral 

disc 

Despite the mechanical nature of LBP, current drugs and biological therapies do not 

specifically target mediators of mechanosensing and mechanotransduction pathways, as 

these are poorly understood. A better understanding of the molecular mechanisms 

leading from hyperphysiological mechanical loading to IVD degeneration, inflammation, 

and nociception might reveal novel, and possibly more effective, therapeutic targets. 
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Biomechanics 

The spine is constantly subjected to muscle activation, as well as flexion, extension, 

and torsion motions during daily activities [3]. As the shock absorbers of the spine, the 

IVDs are well-adapted to withstand motions and mechanical loads. Due to its well-

hydrated matrix that is rich in aggrecan, the NP sustains high osmotic and hydrostatic 

pressures during loading (Figure 4) [3]. Axial compression and swelling effects in the NP 

further generate bulging and deformation of the AF, resulting in radial and 

circumferential tension (Figure 4) [3]. The organized collagen type I bundles in the outer 

AF allow to withstand tensile stress and restrict the overall IVD expansion in the 

transverse plane [3]. Depending on their anatomical region (NP or AF), IVD cells are 

subjected to different combinations of hydrostatic, shear, compressive, or tensile stress 

(Figure 4) [3, 54, 55].  

 

 

Figure 4: Schematic representation of the mechanical deformation of the IVD. Adapted 
from [3] with permission from John Wiley and Sons. 

Mechanobiology 

Mechanical stimuli elicit cellular responses in the IVD that depend on the magnitude, 

frequency, and duration of the loading [56]. In general, a physiological level of mechanical 

loading is beneficial for IVD homeostasis, as it promotes solute transport and cell 

metabolism [11]. However, hyperphysiological mechanical stressors, such as impact, 

heavy lifting, muscle activations, and work/lifestyle factors (e.g., vibration exposure, gait, 

and posture) [57], contribute to cell death, catabolism, and inflammation leading to IVD 

degeneration [3, 11]. 

 

Hydrostatic and osmotic pressures 

Hydrostatic pressures in the IVD vary between 0.1 and over 3 MPa depending on the 

posture and activity [3, 58, 59]. Studies that apply a physiological range (0.3 to 1 MPa) of 

hydrostatic pressure on IVD cells have yielded different results, with some studies 
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reporting anabolic responses and others reporting catabolism [3]. However, hydrostatic 

pressures above 3 MPa seem to induce degenerative changes more consistently, although 
species-specific variations were observed [3]. 

The osmolality in the IVD is ~430 mOsm/kg and varies during loading with 

proteoglycan density and hydration [60]. While physiologic osmolality promotes ECM 

production [61], hypo- or hyperosmolarity affect IVD cell proliferation [62, 63]. 

 

Compression 

Most mechanical loading studies have investigated compressive stimuli. Static 

loading was shown to induce detrimental changes including downregulation of ECM 

genes, protease activation, and cell death both in vitro and in vivo [64-70], supposedly via 

inhibition of nutrient transport and gas exchange [3]. Physiological dynamic loading (with 

a magnitude between 0.2 and 1 MPa) was reported to elicit anabolic responses with 

promotion of cell metabolism and maintenance of ECM synthesis depending on 

magnitude and frequency [71-73]. On the contrary, hyperphysiological dynamic 

compression (at high magnitude (> 1.3 MPa), frequency, or duration) causes cell death 

[74-76], decreased expression of anabolic genes (collagens and proteoglycans) [77-79], 

as well as increased expression of matrix-degrading enzymes (MMPs, ADAMTS) [72, 77, 

79-81] and pro-inflammatory cytokines [75]. 

 
Tension 

Similar patterns were observed in tensile stress studies. During flexion and 

extension, the outer AF was shown to experience biaxial stretching with magnitudes 

between 4% and 6% and negligible biological responses [82, 83]. A study with isolated 

AF cells stretched at low magnitude (1%) and physiological frequency (1 Hz) showed 

maintenance of proteoglycan production [84]. However, outside of this physiologic 

window, stretching can provoke detrimental biological responses. Cyclic stretching of IVD 

(mostly AF) cells at a high strain of 8 to 20% was shown to induce downregulation of 

anabolic markers (aggrecan, collagen II) [85] and upregulation of catabolic (MMP 1, 3, 9, 

13, ADAMTS 4, 5) [56, 85] and (pro-)inflammatory (COX2, PGE2, IL 1β, 6, 8, 15, toll-like 

receptors (TLR) 2, 4, nerve growth factor (NGF), TNFα, monocyte chemoattractant 
protein (MCP) 1, 3, monokine induced by gamma interferon (MIG)) [56, 85-88] mediators. 

Mechanosensing and mechanotransduction 

Mechanosensing is defined as the process by which cells detect mechanical signals, 

while mechanotransduction is the process used by the cells to convert mechanical signals 

into biochemical responses. While many studies have reported biological responses to 

mechanical signals in the IVD, the investigation and knowledge of the underlying 

mechanosensing and mechanotransduction mechanisms are very limited. The response 

of cells to mechanical loading depends on cell morphology, cell-cell interactions, and cell-

ECM interactions [3]. Mechanosensing in the IVD is thought to occur via purinergic 

receptors, integrins, and ion channels including transient receptor potential (TRP) 

channels [3]. 
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Purinergic receptors 

Purinergic receptors in the plasma membrane are indirectly activated by 

mechanical loading via the production of adenosine triphosphate (ATP). Compressive 

mechanical loading of NP and AF cells embedded in an agarose hydrogel was shown to 

increase glucose consumption as well as the production of lactate and ATP [89]. ATP 

functions as an energy source and building block for proteoglycan synthesis [90]. 

Moreover, ATP and its breakdown products adenosine diphosphate (ADP) and adenosine 

regulate different cellular responses via purinergic receptors (P1, P2Y, and P2X) [91]. P1 

and P2Y are G-couples protein receptors, while P2X are ligand-gated ion channels [91]. 

Both NP and AF cells were shown to express P2X4 purinergic receptors [92]. 

 

Integrins and cytoskeleton 

Integrins are transmembrane heterodimers composed of α and β subunits that can 

bind specific ECM ligands depending on their subunits [3]. NP cells express the integrin 

subunits α1, α2, α3, α5, α6, αv, β1, β3, β5, β6, and β8, while AF cells express α1, α5, αv, β1, 

β3, β5, and β6 [93]. There is currently little information on mechanotransduction 

pathways through integrin binding. Interestingly, integrin-mediated 

mechanotransduction was shown to be altered in degenerated IVD cells compared to 
healthy controls [94]. 

Integrins are part of focal adhesions, which connect the ECM to the cytoskeleton. 

The cytoskeleton is mainly composed of actin filaments, tubulin microtubules, and 

intermediate filaments. In NP cells, F-actin is expressed as short dispersed filaments 

mainly at the periphery of the cell, while AF cells display organized fibers throughout the 

cytoplasm, especially in the outer AF [3]. Outer AF cells also express higher levels of β-

actin compared to NP cells [95]. On the contrary, NP cells have a higher expression of 

tubulin compared to outer AF cells [95]. The following intermediate filaments are present 

in IVD cells and constitute NP and AF cell-specific markers: keratins 8, 18, and 19, 

vimentin, and nuclear lamins [3]. Both NP and AF cells possess cytoplasmic protrusions 

called processes. In AF cells, processes spread between lamellar spaces giving them a 
stellate morphology [96]. 

The cytoskeleton mediates the cellular response to substrate stiffness. AF cells 

seeded on a stiff substrate display an elongated morphology and clear actin fibers, while 

they are round with less clear actin fibers on soft substrates [96]. NP cells tend to form 

clusters on soft substrates with cell-substrate and cell-cell interactions mediated by 

cadherins [96]. Moreover, cytoskeletal reorganization is one of the mechanisms by which 

IVD cells respond to mechanical signals. An example is given by IVD cells stretched in 

silicone chambers. Cells realign perpendicular to the direction of stretching [97] and 

express more actin filaments compared to controls [98]. Another example of cytoskeletal 

reorganization is the cellular response to hypo- and hyperosmolarity and the resulting 

change in cell volume, which is mediated by F-actin remodeling [3]. In the context of IVD 

degeneration, inflammation was shown the disrupt the F-actin network and osmotic 

stress-induced cell volume change in NP cells [99]. Moreover, degenerated IVD cells were 

shown to be more prone to respond to mechanical stimuli with inflammation compared 
to healthy cells [3]. 
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Actin formation and organization are mediated by the RhoA/Rho-associated kinase 

(ROCK) signaling pathway [100]. Interestingly, ROCK inhibition abolished cell-cell 

interactions and the formation of clusters in NP cells [101]. Cytoskeletal regulation of NP 

and AF cells has further been associated with the yes-associated protein (YAP) and 

transcriptional coactivator with PDZ-binding motif (TAZ) signaling [3]. 

 

Transient receptor potential channels 

Mechanical stress or the cell volume changes caused by osmotic stress provoke 

conformational changes and deformations of the cellular membrane that might open 

mechanosensitive ion channels [3]. Candidate ion channels that are expressed 

differentially between NP and AF cells were identified via proteomic analysis and 

included sodium, potassium, and calcium channels [3]. Our group has recently 

investigated the expression of TRP channels in IVD cells [102]. TRP channels are non-

selective calcium-permeable transmembrane channels that can be activated by several 

different stimuli, including changes in temperature, pH, osmolarity, as well as oxidative 

and mechanical stress [103]. Six subfamilies of TRP channels exist in mammals: TRPC 

(canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin), 

and TRPA (ankyrin) [103]. TRP channels can be activated either directly by mechanical 

forces applied to the cell membrane or indirectly via multistep signaling cascades that 

induce conformational changes, which in turn apply mechanical force on the cell 
membrane [104]. 

A very limited number of studies have investigated TRP channels in the IVD [102, 

105-108]. Our group recently reported that 26 out of 28 currently known TRP channels 

are expressed in the IVD on the mRNA level [102]. Moreover, gene and protein expression 

of TRPC6, TRPM2 and TRPML1 were higher in degenerated IVDs compared to healthy 

controls [102]. We also showed that TRPC6 is regulated in simulated microgravity of 

human IVD cells (See the Chapter " TRPC6 in simulated microgravity of intervertebral disc 

cells” in the Appendix). Reduced osmolarity was further shown to increase the expression 

of TRPV4 and pro-inflammatory cytokines in IVD cells [105]. 

TRPV4 is especially intriguing for the study of IVD degeneration and LBP, as it is 

known to transduce mechanical, inflammatory and pain signals in joint tissues [109]. 

TRPV4 was originally described in 2000 as a non-selective calcium-permeable 

osmosensor [110, 111]. The cryogenic electron microscopy (cryo-EM) and X-ray 

structures of TRPV4 were reported in 2018 [112]. TRPV4 has a symmetric tetramer 

architecture (Figure 5 a, b). Each subunit has a transmembrane domain composed of 6 

membrane-spanning segments S1 to S6 (Figure 5 c) [112]. The intracellular domains 

contain an N-terminal ankyrin repeat domain (ARD) followed by a linker domain (Figure 

5 c) [112]. A helix-turn-helix (HTH) motif and a pre-S1 helix accommodate the C-terminal 

TRP domain, a conserved sequence motif among TRP channels that regulates channel 

activity (Figure 5 c) [112]. TRPV4 is constitutively expressed throughout the body and is 

activated by various stimuli that are also present in the degenerated IVD, such as 

mechanical and osmotic stress, as well as inflammation under the form of increased tissue 

temperature and reduced pH [113]. TRPV4 interacts with a multitude of other proteins, 

including integrins, cytoskeletal proteins, and other ion channels [113]. It mediates 

physiological functions but also contributes to pain sensations [113]. Deficiency or 
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malfunction of this channel lead to various diseases, including skeletal dysplasias and 

neuromuscular diseases [113]. 

 

 

Figure 5: a) Cryo-EM reconstruction of the tetrameric TRPV4 channel. Each subunit is in 

a different color. b) Orthogonal view. c) Structure of a single subunit. Each domain is 

labeled and in a different color. Reprinted from [112] with permission from Springer 

Nature. 

 

TRPV4 was shown to mediate dynamic compression in chondrocytes [114]. 

Moreover, cartilage-specific TRPV4 knockout in mice reduced age-related osteoarthritis 

[115]. The potential of TRPV4 as a therapeutic target is further highlighted by several 

preclinical trials using TRPV4 inhibitors as a treatment for diverse conditions such as 

myocardial ischemia/reperfusion injury, ventilator-induced lung injury, and pulmonary 

edema [116-118]. Furthermore, a selective antagonist of TRPV4 was recently 

administered to healthy volunteers and heart failure patients without any safety concern 

[119]. Nevertheless, the role of TRPV4 as a potential mechanotransducer and therapeutic 

target has never been investigated in the context of DDD and LBP. 
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3.1 Abstract 

The increasing investigation of cellular mechanotransduction mechanisms requires 

biomaterials combining biofunctionality and suitable mechanical properties. Agarose is a 

standard biomaterial for cartilage and intervertebral disc mechanobiology studies but 

lacks adhesion motifs and the necessary cell-matrix interaction for mechanotransduction. 

Here, collagen type I was blended at two concentrations (2 and 4.5 mg/mL) with agarose 

2% wt/vol. The composite hydrogels were characterized in terms of structural 

homogeneity, rheological properties and size stability. Nucleus pulposus (NP) cell 

viability, proliferation, morphology, gene expression, GAG production, adhesion and 

mechanotransduction ability were further tested. Blended hydrogels presented a 

homogenous network of the two polymers. While the addition of 4.5 mg/mL collagen 

significantly decreased the storage modulus and increased the loss modulus of the gels, 

blended gels containing 2 mg/mL collagen displayed similar mechanical properties to 

agarose. Hydrogel size was conserved over 21 days for all agarose-based gels. Embedded 

cells were viable (> 80%) and presented reduced proliferation and a round morphology 

typical of NP cells in vivo. Gene expression of collagen type I and II and aggrecan 

significantly increased in blended hydrogels from day 1 to 7, further resulting in a 

significantly superior GAG/DNA ratio compared to agarose gels at day 7. Agarose-collagen 

hydrogels not only promoted cell adhesion, contrary to agarose gels, but also showed a 

5.36-fold higher focal adhesion kinase phosphorylation (pFAK/β-tubulin) when not 

compressed, and increased pFAK/FAK values 10 min after compression. Agarose-collagen 

thus outperforms agarose, mimics native tissues constituted of non-fibrillar matrix and 

collagens, and allows exploring complex loading in a highly reproducible system. 

 

Keywords: blended hydrogels, agarose, collagen, mechanobiology, extracellular matrix, 
dynamic compression, focal adhesion kinase 

 

3.2 Introduction 

As many degenerative and regenerative processes are related to mechanical loading, 

the field of mechanobiology is widely expanding. The interest in understanding how 

mechanical signals influence cell behavior is in fact shared across disciplines as diverse as 

cancer and developmental biology, regenerative medicine, tissue engineering, and clinical 

disciplines such as pulmonology and orthopedics [1; 2; 3]. As an example, mechanical 

loading is a known contributor to intervertebral disc (IVD) degeneration, which when 

associated with pain and inflammation, is defined as degenerative disc disease [4]. 

Degenerative disc disease is a leading source of low back pain, which is itself the first 
cause of disability worldwide with a lifetime prevalence of 84% [5].  

While physiological mechanical loading promotes the metabolic balance of the IVD 

[6], hyperphysiological loading provokes cell catabolism, inflammation and reduced cell 

viability [7]. Partly due to poor knowledge about the underlying molecular mechanisms, 

current treatments, such as anti-inflammatory drugs, are not targeted and have low effect 
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sizes [5]. Therefore, studies aiming at unlocking mechanotransduction mechanisms in the 

IVD are needed. 

Mechanotransduction in vivo takes place in a three-dimensional (3D) 

microenvironment with instructive biochemical cues and specific mechanical stimuli [2]. 

Conducting mechanotransduction studies with in vivo relevance thus requires advanced 

3D culture systems that possess both the biofunctionality of native extracellular matrix 

(ECM) proteins, and tunable mechanical properties. However, such biomaterials are rare. 

Agarose has established itself as a gold standard biomaterial for dynamic compression 

studies, primarily in the field of cartilage tissue engineering [8]. Agarose is a linear 

polysaccharide derived from red algae and consisting of β-1,3-linked-D-galactose and α-

1,4-linked 3,6-anhydro-L-galactose units [9]. The gelling mechanism of agarose resides in 

the formation and aggregation of double helices by intermolecular hydrogen-bonds upon 

cooling [9]. Agarose offers biocompatibility, retention of round cell morphology, 

homogeneity and strong mechanical properties [10]. The elastic modulus of agarose 

ranges from ~1 to a few thousand kPa, depending on polymer concentration and 

molecular weight [11]. However, agarose is bio-inert and does not present any cell 

adhesion motifs. This characteristic is a shortcoming in the investigation of 

mechanotransduction, where most of the mechanisms are thought to originate from the 

ability of mechanosensors, such as integrins, to interact with the surrounding ECM [12]. 

In fact, the positive effects of mechanical loading on cell-laden agarose constructs seem to 

become apparent only after a pre-culture period aiming to increase pericelluar matrix 

production [8].  

To enhance the biofunctionality of agarose, covalent modifications with adhesive 

peptides or proteins have been achieved through 1'1, carbonyldiimidazole (CDI) 

chemistry [13; 14; 15], reaction with S-2-nitrobenzyl cysteine (S-NBC) [16], crosslinking 

with sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino)hexanoate (sulfo-SANPAH) [17; 

18; 19; 20; 21], and carboxylation and EDC (1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide) condensation [22]. Interestingly, in a 3D covalently crosslinked collagen 

type IV-agarose system, the effect of high rate shear deformation aiming to mimic 

traumatic injury on neurons was enhanced by increasing collagen concentration [23]. 

Nevertheless, covalent modifications are time-consuming and involve cytotoxic reagents 

that need to be extensively washed out. 

In order to improve the mechanical properties of natural ECM protein hydrogels, it 

is possible to physically blend-in agarose at low concentrations [24; 25; 26]. Ulrich et al. 

found that adding agarose into collagen I 3D hydrogels largely increased their elasticity 

and reduced cell migration [24]. Similar collagen-agarose co-gels were mechanically 

tested under uniaxial tension [25] and indentation [26]. Conversely, and as an alternative 

to covalent modifications, the polymer blending technique can also be used to incorporate 

peptides and proteins in agarose to improve its bioactivity. Yamada and colleagues have 

blended laminin active peptides in 2D agarose gels and have shown enhanced cell 

adhesion based on substrate stiffness [27]. Composite agarose-based microbeads blended 

with collagen or fibrinogen/ hydroxyapatite have been produced by emulsification [28; 

29] and used for osteogenic differentiation [30] and vasculogenesis [29], respectively. 

Nevertheless, the concentrations of agarose used in these studies were relatively low (up 

to 1% wt/vol), while the typical concentration to enable suitable mechanical stability and 
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load transmission in dynamic compression studies is equal or above 2% wt/vol [8]. In this 

study, the final agarose concentration was kept constant to 2% wt/vol and collagen I was 
physically blended at two final concentrations of 2 and 4.5 mg/mL.  

We aimed to develop novel agarose-collagen composite hydrogels that: i) 

simultaneously combine the mechanical qualities of 2% wt/vol agarose and the 

biofunctionality of collagen I; ii) mimic native tissues constituted of non-fibrillar matrix 

and collagens; and iii) allow the investigation of complex loading and cellular 

mechanotransduction. To this end, we characterized hydrogels in terms of homogeneity, 

mechanical properties, size stability, and assessed their effect on IVD cell viability, 

proliferation, gene expression and glycosaminoglycans (GAG) content. Furthermore, we 

tested the hypothesis that agarose-collagen hydrogels display enhanced cell adhesion and 

mechanotransduction capacity compared to agarose hydrogels, as measured by focal 

adhesion kinase (FAK) phosphorylation after dynamic compression. 

 

3.3 Materials and methods 

Cell isolation and culture 

Tails from 18-24-month-old cows were obtained from the local slaughterhouse and 

carefully dissected to expose the IVDs. Nucleus pulposus (NP) biopsies were minced and 

digested overnight at 37°C, 5% CO2, using 0.4% collagenase NB4 (17454.01, Serva) and 

0.2% dispase II (04942078001, Roche) dissolved in PBS 1X with 5% Antibiotic-

Antimycotic (Anti-Anti; 15240-062, Gibco). The next day, the tissue digest was filtered 

through a cell strainer and the cell suspension was centrifuged at 1000 rpm for 5 min. The 

pellet was washed with culture medium (Dulbecco’s modified Eagle medium/F-12 

Nutrient Mixture (DMEM/F12; 31330-038, Gibco), 10% fetal calf serum (FCS; F7524, 

Sigma-Aldrich) and 1% Anti-Anti). After centrifugation and resuspension in culture 

medium, cells were seeded in fibronectin-coated (0.01 mg/mL human plasma fibronectin; 

FC010, Merck Millipore) culture flasks (150 cm2). Cells were expanded to passage 1-2 at 
37°C, 5% CO2, and the medium was changed twice per week. 

Hydrogel fabrication and culture 

Agarose hydrogels: Agarose 4% wt/vol (1.6 g agarose powder; 50101, SeaPlaque 

low-gelling temperature, Lonza; dissolved in 40 mL PBS 1X and autoclaved at 120°C) was 

first heated in the microwave and cooled down to 40°C. Cells were trypsinized and 

resuspended at a density of 8x106 cells/mL in PBS 1X at 4°C. The agarose solution was 

then mixed 1:1 with the cell suspension and vortexed to obtain a final cell concentration 

of 4x106 cells/mL in agarose 2% wt/vol. Using a positive displacement pipette, 160 µL of 

the mixture were molded in a silicon ring (inner Ø: 8 mm, outer Ø: 12 mm, height: 3 mm) 

placed between two microscope glass slides. Agarose hydrogels gelled within 1-2 minutes 

at room temperature (RT). 

Collagen hydrogels: Bovine collagen I (6 mg/mL; 5010, Advanced BioMatrix) was 

mixed on ice with UltraPure Distilled Water (Invitrogen), PBS 10X and 1 M NaOH 
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according to the manufacturer protocol to obtain a 5 mg/mL collagen solution. Pelleted 

cells were resuspended and vortexed with the collagen solution to obtain a concentration 

of 4x106 cells/mL. Hydrogels were molded as described above and incubated for 30 min 

at 37°C until complete gelation. 

Agarose-collagen hydrogels: Agarose 4% wt/vol was heated and kept at 60°C. In 

parallel, bovine collagen I (10 mg/mL; 5133, Advanced BioMatrix) was mixed with 

UltraPure Distilled Water according to the manufacturer protocol to obtain a 9 mg/mL or 

4 mg/mL collagen solution. Pelleted cells were resuspended in the collagen solution to 

obtain an 8x106 cells/mL suspension. The solution was then mixed 1:1 and vortexed with 

the agarose 4% wt/vol solution to obtain a final concentration of 4x106 cells/mL in 

agarose 2% wt/vol and collagen 4.5 mg/mL or 2 mg/mL. Hydrogels were molded as 

described above, incubated for 10 min at RT, and for 30 min at 37°C until complete 

gelation. 

Hydrogels were demolded and cultured in 12-well plates in culture medium at 37°C, 

5% CO2 for up to 21 days. The medium was changed every other day. 

Confocal reflection microscopy of collagen I 

One day after hydrogel fabrication, cell-free hydrogels were incubated for 1 h in PBS 

1X and imaged with a confocal microscope (Leica TCS SP8). Images were acquired in the 

reflection mode with a 488 nm laser and a 25X water objective. The reflected light was 

detected in the range from 475 to 795 nm. Images were stitched in order to image a whole 
gel. 

Rheometry 

Oscillatory measurements were performed on an Anton Paar MCR301 Rheometer 

(Anton Paar, Switzerland), equipped with a 20 mm diameter parallel plate geometry 

(PP20; Anton Paar, Switzerland) and a peltier element with hood (H-PTD 200; Anton Paar, 

Switzerland). To avoid slipping of the hydrogels during oscillation, the plate and the probe 

of the rheometer were coated with 330 μL 0.1 mg/mL PLL at 60°C. A wet tissue was placed 

inside the hood to avoid evaporation of the hydrogels. Rheometry was performed with 

cell-free hydrogels at a gap of 1 mm, with a deflection angle of 1% and a frequency of 1 

Hz. The measurement was performed in several intervals with temperatures ranging from 

24 to 37°C depending on the hydrogel type (Table 1). 

Table 1: Duration and temperature of rheometry intervals depending on hydrogel type 

Gel Interval 1 Interval 2 Interval 3 Interval 4 Interval 5 Interval 6 
Agarose 3.6 min, 

33°C→24°C 
240 min 
24°C 

5.3 min 
24°C→37°C 

210 min 
37°C 

5.3 min 
27°C→24°C 

210 min 
24°C 

Agarose-
Collagen 

3.6 min, 
33°C→24°C 

300 min 
24°C 

5.3 min 
24°C→37°C 

270 min 
37°C 

5.3 min 
27°C→24°C 

270 min 
24°C 

Collagen 10 min, 
13°C→37°C 

240 min 
37°C 

5.3 min 
37°C→24°C 

215.3 min 
24°C 
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Hydrogel dimension measurement 

At days 1, 7 and 21 after fabrication, cell-laden hydrogels were placed under a 

camera positioned at constant height. Pictures were acquired and the hydrogel diameter 

was evaluated with the distance measurement function of the ImageJ software. The height 

of the hydrogels was measured with a mechanical tester (TA.XTplus Texture Analyser, 

Stable Micro System), with a 5 kg load cell.  

Viability assay 

At days 1, 7 and 21 after fabrication, hydrogels were incubated in NucBlue Live Cell 

Stain (R37605, Thermo Fisher Scientific) and 2 µM ethidium homodimer (46043, Sigma-

Aldrich) in culture medium for 1 h at 37°C in the dark. Hydrogels were washed with PBS 

1X and imaged with a confocal microscope (Leica TCS SP8) and a 20X dry objective. Six 

images per gel from 20 to 120 µm from the bottom of the gel (Z-stack) were acquired. 

Automated cell counting based on particle size and circularity was performed for each 

image using the ImageJ software. The cell viability percentage was calculated as the 

difference between the number of NucBlue-stained cells and the number of ethidium 

homodimer-stained cells, divided by the number of NucBlue-stained cells. 

Proliferation assay 

At days 1, 7 and 21 after fabrication, hydrogels were incubated for 24 h in 1 μM EdU 

in culture medium at 37°C (Click-iT EdU Imaging Kit  Alexa-Fluor 488, C10337, Thermo 

Fisher Scientific) and washed 3 x 5 min with PBS 1X. Hydrogels were then fixed with 4% 

formaldehyde for 30 min at RT and washed 3 x 5 min with blocking solution (3% BSA 

(A6588, AppliChem) in PBS 1X). Cells were permeabilized with 0.25% Triton X-100 

(A4975, AppliChem) in blocking solution for 30 min and hydrogels were washed 3 x 5 min 

with blocking solution. The reagents of the kit were mixed according to the manufacturer 

protocol except for the Alexa Fluor azide, which was used at half of the recommended 

concentration. Hydrogels were incubated for 45 min in Click-IT reaction cocktail in the 

dark, washed three times with blocking solution, and incubated for 30 min in 2 µg/mL 

DAPI (62248, Thermo Fisher Scientific) in PBS 1X. After 3 x 5 min washes in PBS 1X, 

hydrogels were imaged with a confocal microscope (Leica TCS SP8), using a 20X dry 

objective and a 488 nm laser to visualize the proliferating cells. Automated cell counting 

based on particle size and circularity was performed using the ImageJ software. The 

proliferating cell percentage was calculated as the number of Alexa-Fluor 488-stained 

cells divided by the number of DAPI-stained cells. 

3D cell morphology imaging 

At days 1, 7 and 21 after fabrication, hydrogels were washed three times with PBS 

1X and fixed with 4% formaldehyde (252549, Sigma-Aldrich) for 30 min at RT. After 

incubation in blocking solution (3% BSA, 0.5% TWEEN 20 (P1379, Sigma-Aldrich) in PBS 

1X) for 3 x 5 min, cells were permeabilized with 0.25% Triton X-100 in blocking solution 

for 30 min. Hydrogels were washed for 3 x 5 min with blocking solution and then 

incubated in the dark for 2 h in 6.6 nM Alexa Fluor 568 phalloidin (A12380, Thermo Fisher 
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Scientific) in blocking solution. After 3 washes in blocking solution, hydrogels were 

incubated for 30 min in 2 µg/mL DAPI diluted in PBS 1X. Hydrogels were finally washed 

3 x 5 min in PBS 1X and imaged with a confocal microscope (Leica TCS SP8), using a 40X 

water objective and a DPSS 561 nm laser to visualize the phalloidin-stained F-actin 
filaments. 

RNA extraction and RT-qPCR 

At days 1, 7 and 21 after fabrication, hydrogels were washed in PBS 1X. Following 

the protocol of Bougault et al. [10], hydrogels were dissolved in solubilization buffer (1.5 

mL QG buffer (19063, Qiagen), 2 mL RLT lysis buffer (79216, Qiagen), 20 μL 2-

mercaptoethanol) and RNA was extracted using the RNeasy Mini Kit (74106, Qiagen). 

RNA was eluted in 30 μL RNase-free water and the RNA yield and purity were assessed 

with a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). RNA (100 ng to 1 

μg) was reverse-transcribed into cDNA in a 60 µL volume using the TaqMan Reverse 

Transcription kit (N8080234, Applied Biosystems). For each qPCR reaction, 10 ng of 

cDNA was mixed with TaqMan primers (COL1A2: Bt03214883_m1; COL2A1: 

Bt03251861_m1; ACAN: Bt03212186_m1; YWHAZ: Bt01122444_g1), TaqMan Fast 

Universal PCR Master Mix (2X) (4352042, Applied Biosystems) and RNAse-free water to 

a total volume of 10 µL. Gene expression was measured in duplicates with the CFX96 

Touch Detection System (Bio-Rad). YWHAZ was used as a reference gene. Results are 

shown as 2-ΔCt values (i.e. relative to YWHAZ).  

GAG and DNA quantification 

At days 1, 7 and 21 after fabrication, hydrogels were snap-frozen in liquid nitrogen 

and lyophilized overnight. Hydrogels and GAG standards (bovine chondroitin sulfate, 

C6737, Sigma-Aldrich) ranging from 0.78 μg/mL to 50 μg/mL were digested for 16 h at 

60°C in 140 μg/mL papain in 100 mM phosphate buffer pH 6.5, 5 mM L-cysteine•HCl and 

5 mM Na2EDTA. After digestion, the samples and the standards were centrifuged for 10 

min at 12’000 rpm and 40 μL of the supernatant were pipetted in duplicate in a 96-well 

plate. Dimethylmethylene blue solution [31] was added (150 μL/well) and absorbance 

was measured immediately at 540 nm with a reference at 595 nm using a plate reader 

(Infinite M200 PRO, TECAN). The Quant-iT PicoGreen™ dsDNA Assay Kit (P7589, Thermo 

Fisher Scientific) was used for DNA quantification according to the manufacturer 

protocol. For each sample, the GAG quantity (µg) was normalized to the DNA quantity 

(µg). 

2D cell adhesion assay 

Hydrogel solutions were prepared as described above and 10 µL were cast in a 96-

well angiogenesis plate (89646, ibidi). Bovine NP cells were seeded on top of the 

hydrogels at a density of 60’000 cells/cm2 in 50 µL/well culture medium and incubated 

overnight at 37°C, 5% CO2. The next day, hydrogels were washed three times with PBS 1X, 

fixed and stained with Alexa-Fluor 568 phalloidin and DAPI as described above. A confocal 

microscope (Leica TCS SP8) with 10X and 20X dry objectives and a DPSS 561 nm laser 
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was used to image the cells on the hydrogels. Automated counting of the DAPI-stained 

cells was performed with the ImageJ software. 

Cell-laden hydrogel dynamic compression 

Agarose and 2 mg/mL agarose-collagen hydrogels were pre-cultured in the silicon 

rings used for molding for 7 days at 37°C, 5% CO2, in DMEM/F-12 without phenol red 

(11039-021, Gibco) supplemented with 10% FCS and 0.1% ampicillin (A0839, 

AppliChem). Two hours before compression, the medium was replaced with serum-free 

medium. For dynamic compression, the hydrogels in silicon rings were transferred to the 

wells of a commercial compression device (MCTR, CellScale) in 1 mL of serum-free 

medium. Hydrogels were dynamically compressed for 5, 10 or 20 min with a sine wave 

function at 0.5 Hz with a nominal force of 73 N and 3 N of pre-load (corresponding to a 

20% strain ratio) at 37°C, 5% CO2. Non-compressed hydrogels were kept in identical 

conditions in a 12-well plate. Immediately after mechanical loading, hydrogels were 
processed for protein analysis. 

Protein extraction and Western blot 

Hydrogels were cut into 4 pieces, washed with PBS 1X, snap-frozen in liquid 

nitrogen and lyophilized overnight. RIPA buffer supplemented with protease and 

phosphatase inhibitor cocktails (78430; 78428, Thermo Fisher Scientific) was used to lyse 

the hydrogels on ice (100 μL/gel) for 1 h. The lysates and the soaked hydrogels were then 

transferred to NucleoSpin filter columns (740606, Macherey-Nagel) and centrifuged for 1 

h at 4°C at 12’000 rpm. For all samples, 22.5 µL of lysate were mixed with 4X Laemmli 

buffer (1610747, Bio-Rad), heated for 5 min at 95°C, and loaded onto a 4-20% gradient 

gel (4568093, Bio-Rad). Proteins were separated by electrophoresis in a Mini-PROTEAN 

Tetra Cell (Bio-Rad) and transferred to a PVDF membrane (1704156, Bio-Rad). The 

membrane was washed 3 x 10 min with Tris Buffered Saline with 0.05% TWEEN 20 (TBS-

T) and blocked for 2 h at RT with 5% skim milk diluted in TBS-T. Primary antibodies (FAK: 

3285; phospho-FAK (Tyr397): 3283; β-tubulin: 2146; Cell Signaling Technology) were 

applied 1:1000 in 3% BSA in TBS-T overnight at 4°C on a rocker. The next day, the 

membrane was washed 3 x 10 min with TBS-T and incubated for 1 h at RT on a rocker 

with the secondary antibody (anti-rabbit IgG HRP: 7074, Cell Signaling Technology) 

diluted 1:1000 in 5% skim milk in TBS-T. After washing 3 x 10 min with TBS-T, proteins 

were detected with a chemiluminescence substrate (34076, Thermo Fisher Scientific) on 

a ChemiDocTouch Imaging System (Bio-Rad). The density of the bands was semi-

quantified using the Volume Tools of the ImageLab software (Bio-Rad) and by fitting a 

rectangular shape of same area to each band. For each blot, the density of each band was 

normalized by the one of the agarose non-compressed control.  Phospho-FAK and FAK 

were each expressed relative to the β-tubulin loading control and the pFAK/FAK ratio was 
calculated. 

Statistical analysis 

For each experimental condition, cells from 3-4 different animals were used. Cell-

free experiments were conducted in triplicates. Data consistency was checked and data 
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were screened for outliers and normal, Gamma, Log-normal and Tweedie distributions by 

using quantile plots. Continuous variables were also tested for these distributions by 

using Kolmogorov-Smirnov test. Due to the small sample size, independent and 

dependent bootstrap-t tests were used based on 5000 Monte Carlo simulations. 

Additionally, generalized estimation equation models (GEE) were used to analyze data 

and corresponding LSD tests for pairwise comparisons. Independent and unstructured 

working correlation matrices were used for modelling. All reported tests were two-sided, 

and p-values < 0.05 were considered as statistically significant. Results are shown as 

means ± standard deviation (SD). All statistical analyses were performed with 

STATISTICA 13 (Hill, T. & Lewicki, P. Statistics: Methods and Applications. StatSoft, Tulsa, 

OK) and PASW 21 (IBM SPSS Statistics for Windows, Version 21.0., Armonk, NY). 

 

3.4 Results 

Hydrogel homogeneity 

Although agarose and collagen I are both hydrophilic materials, it is challenging to 

mix them homogenously due to their different gelling temperatures and mechanisms. 

While low gelling temperature agarose is liquid above 65°C and gels at around 26-30°C, 

collagen I is liquid at 4°C and gels at 37°C. It was therefore crucial to first test whether 

mixing by vortexing produced a homogenous distribution of these materials. As expected, 

reflection microscopy of collagen I revealed no signal in agarose hydrogels (Figure 1 A), 

while a strong signal was detected in collagen hydrogels (Figure 1 B). In comparison, both 

the 2 mg/mL and 4.5 mg/mL agarose-collagen hydrogels displayed an intermediate 

signal, with collagen I fibrillar structures appearing homogenously distributed 
throughout the agarose matrix (Figure 1 C, D). 

Hydrogel rheological properties 

Gel formation of agarose and agarose-collagen 2 mg/mL and 4.5 mg/mL hydrogels 

started immediately after lowering the temperature to 24°C. The storage modulus (G’) 

reached a plateau at 20.7 ± 0.3, 21.6 ± 0.4 and 20.8 ± 0.7 kPa, respectively, after 240 or 

300 min (Figure 2 A). This gelation process is governed by the formation of hydrogen 

bonds resulting in the aggregation of double helices [9]. To promote collagen fibril 

formation, the temperature was then increased to 37°C, at which G’ dropped to 13.0 ± 0.2, 

14.8 ± 0.3 and 10.5 ± 0.6 kPa, respectively (Figure 2 A). The temperature was 

subsequently decreased again to 24°C in order to evaluate the rheological properties of 

the formed hydrogels at room temperature. At this final 24°C temperature, G’ increased 

to 16.5 ± 0.2, 18.8 ± 0.4 and 13.3 ± 0.6 kPa for the agarose, agarose-collagen 2 mg/mL and 

4.5 mg/mL hydrogels, respectively (Figure 2 A). The loss modulus (G’’) of the agarose-

based hydrogels varied with temperature similarly to the G’, but displayed values about 

one order of magnitude lower (Figure 2 A). This highlights the mainly elastic nature of 

the agarose-based hydrogels.  
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Formation of collagen hydrogels started after increasing the temperature to 37°C. 

The G’ reached a plateau at 0.7 ± 0.1 kPa after 240 min (Figure 2 A). Upon decrease of the 
temperature to 24°C, a decrease in G’ to 0.4 ± 0.1 kPa was observed (Figure 2 A).  

Collagen hydrogels were significantly softer than agarose or agarose-collagen 

hydrogels at both 37 and 24°C (Figure 2 B). While agarose and agarose-collagen 2 mg/mL 

hydrogels had a similar G’ at both 37 and 24°C, agarose-collagen 4.5 mg/mL hydrogels 

displayed a significantly lower G’ compared to agarose-collagen 2 mg/mL hydrogels at 

both temperatures (Figure 2 B). Additionally, the G’’ of agarose-collagen 4.5 mg/mL 

hydrogels was significantly higher compared to agarose hydrogels at 37°C (Figure 2 B).  

 

 

Figure 1: Representative images of confocal reflection microscopy of collagen I in A) agarose; B) 

collagen; C) agarose-collagen 2 mg/mL; and D) agarose-collagen 4.5 mg/mL hydrogels. Scale bar 

= 800 µm. 

Hydrogel dimensional stability 

Another important feature of biomaterials intended for dynamic compression, and 

mechanobiology studies in general, is size stability. Cell-laden agarose-based hydrogels 

showed unaltered height and diameter at days 1, 7 and 21 (Figure 3 A, B). In comparison, 

collagen hydrogels displayed compaction, with a significantly reduced height and 

diameter at all time-points (Figure 3 A, B). Within the collagen group, hydrogels 

significantly shrunk over time in both height and diameter (Figure 3 A, B). 
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Figure 2: A) Rheological properties of agarose, agarose-collagen 2 mg/mL, agarose-collagen 4.5 

mg/mL, and collagen hydrogels with temperature variation over time. B) Extracted storage and 

loss moduli at 37 and 24°C. n=3 independent replicates, mean ± SD; *p<0.05, ***p<0.001; light 

grey asterisks on bars indicate a statistically significant difference compared to all other hydrogel 

types at the same temperature. 

 

Figure 3: A) Height and B) diameter of agarose, agarose-collagen 2 mg/mL, agarose-collagen 4.5 

mg/mL, and collagen hydrogels at day 1, 7 and 21 after fabrication. n=3 biological replicates, mean 

± SD; *p<0.05, **p<0.01, ***p<0.001; light grey asterisks on bars indicate a statistically significant 

difference compared to all other hydrogel types at the same day. 
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Cell viability and proliferation 

As cells were briefly subjected to mechanical and thermal stress during hydrogel 

fabrication due to vortexing and non-physiological temperatures, cell viability was tested. 

Viability ranged from 80 to 95% and was slightly higher for collagen hydrogels at days 1 

and 7 (Figure 4 A). The cell viability in agarose-based hydrogels marginally decreased at 

day 7, then increased at day 21 (Figure 4 A). 

The proliferation rate of IVD cells in vivo is relatively low, with only 4-5% cells 

positively stained for Ki67 in human samples [32]. A high proliferation rate is therefore 

undesired, as it might promote cell de-differentiation. The percentage of cells in the S 

phase was generally variable and low (<10%) in all experimental groups, except for 

collagen hydrogels at day 7, which displayed a significantly higher proliferation 

percentage of 45.8% (Figure 4 B). The proliferation rate of agarose-collagen 2 mg/mL 

decreased between day 1 and 21 (Figure 4 B). 

 

Figure 4: A) Cell viability percentage and B) percentage of proliferating cells of agarose, agarose-

collagen 2 mg/mL, agarose-collagen 4.5 mg/mL, and collagen hydrogels at day 1, 7 and 21 after 

fabrication. n=3 biological replicates, mean ± SD; *p<0.05, **p<0.01, ***p<0.001; light grey 

asterisks on bars indicate a statistically significant difference compared to all other hydrogel types 

at the same day. 

3D cell morphology 

In order to understand the interaction between cells and the different hydrogels, 

cells encapsulated in 3D hydrogels were stained and imaged over time. The 3D cell 

morphology in all agarose-based hydrogels remained round at all time-points, while cells 

in collagen hydrogels displayed an elongated morphology and a higher cell density at days 

7 and 21 (Figure 5). 
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Figure 5: Representative images of cell morphology (red = phalloidin, blue = DAPI) of agarose, 

agarose-collagen 2 mg/mL, agarose-collagen 4.5 mg/mL, and collagen hydrogels at day 1, 7 and 

21 after fabrication. Scale bar = 20 µm. 
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ECM gene expression and GAG production 

We investigated the mRNA expression of collagen I (COL1A2), collagen II (COL2A1) 

and aggrecan (ACAN), as the main components of the ECM of the IVD. The gene expression 

of COL1A2, COL2A1 and ACAN significantly increased between day 1 and 7 in composite 

agarose-collagen hydrogels at both collagen concentrations (Figure 6 A, B, C). This 

change was also noted for COL2A1 and ACAN in agarose hydrogels (Figure 6 B, C). ACAN 

was additionally significantly increased between day 1 and 21 in agarose hydrogels 

(Figure 6 C). This increase over time was confirmed when measuring the GAG/DNA 

content. At day 1, the GAG/DNA ratio was significantly higher in collagen hydrogels 

compared to other gels (Figure 6 D). Nevertheless, an increase over time (between day 1 

and day 7, and between day 7 and day 21) was observed in all agarose-based hydrogels, 

which finally surpassed collagen hydrogels at day 21 (Figure 6 D). Interestingly, the 

GAG/DNA content was significantly higher in both blended agarose-collagen hydrogels 
compared to the agarose group at day 7 (Figure 6 D). 

 

 

Figure 6: Gene expression of A) COL1A2, B) COL2A1, C) ACAN, and D) GAG/DNA quantification 

of agarose, agarose-collagen 2 mg/mL, agarose-collagen 4.5 mg/mL, and collagen hydrogels at day 

1, 7 and 21 after fabrication. n=3 biological replicates, mean ± SD; *p<0.05, **p<0.01, ***p<0.001; 

light grey asterisks on bars indicate a statistically significant difference compared to all other 

hydrogel types at the same day. 
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2D cell adhesion 

As expected, no cells could adhere to agarose 2D hydrogels (Figure 7 A, E). In 

comparison, all substrates containing collagen displayed a significantly higher number of 

cells (Figure 7 B, C, D): 1’728 ± 671 cells on the 2 mg/mL agarose-collagen gels; 314 ± 

220 on the 4.5 mg/mL agarose-collagen gels; and 6’381 ± 2017 cells on the collagen gels 

(Figure 7 E). Surprisingly, the number of cells adhering to the 4.5 mg/mL agarose-

collagen gels was significantly reduced compared to the 2 mg/mL and the collagen groups 

(Figure 7 E). The morphology of the cells seeded on the 4.5 mg/mL agarose-collagen 

hydrogels was also slightly rounder (inset of Figure 7 C) compared to the more elongated 

polygonal shape of cells seeded on 2 mg/mL agarose-collagen and collagen hydrogels 

(insets of Figure 7 B, D). 

 

Figure 7: Representative images and enlarged insets of cells (red = phalloidin, blue = DAPI) 

seeded on A) agarose, B) agarose-collagen 2 mg/mL, C) agarose-collagen 4.5 mg/mL, and D) 

collagen 2D hydrogels at day 1 after fabrication. Scale bars = 45 µm. E) Cell count per hydrogel 

type. n=3 biological replicates, mean ± SD; *p<0.05; the light grey asterisks on the agarose bar 

indicates a statistically significant difference compared to all other hydrogel types. 

FAK phosphorylation in dynamic compression 

Based on their superior mechanical and adhesive properties, the agarose-collagen 2 

mg/mL hydrogels were selected to test the capacity to transmit mechanical load to cells. 

Agarose and 2 mg/mL agarose-collagen gels were pre-cultured for 7 days and FAK 

expression and phosphorylation was semi-quantified after hydrogel dynamic 

compression for 0, 5, 10 or 20 min (Figure 8 A). No statistically significant difference was 

found across conditions in the expression of FAK relative to β-tubulin (Figure 8 B). Both 

hydrogel types did not show any significant change in FAK phosphorylation between 

compressed and non-compressed samples (Figure 8 C, D). However, pFAK levels relative 

to β-tubulin were considerably higher (5.36-fold) in 2 mg/mL agarose-collagen gels 

compared to agarose gels in non-compressed samples (Figure 8 C).The composite gels 
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further displayed a slight but significant increase in pFAK/FAK values compared to the 

agarose gels 10 min after compression (Figure 8 D). 

 

 

Figure 8: A) Western blot of agarose and agarose-collagen 2 mg/mL hydrogels dynamically 

compressed for 0, 5, 10 or 20 min. Densitometry analysis of B) relative FAK, C) pFAK, and D) 

pFAK/FAK protein expression, n=4 biological replicates, mean ± SD; *p<0.05, **p<0.01. 

 

3.5 Discussion 

Biomaterials combining strong and tunable mechanical properties with the 

biological cues of natural ECM proteins are in demand for mechanotransduction studies. 

This study aimed to introduce agarose-collagen composite hydrogels as a simple, 

inexpensive and effective option in the context of IVD mechanobiology investigations. 

While the typical agarose concentration for dynamic compression studies of 2% wt/vol 

was kept constant, collagen I was physically blended into agarose at two final 

concentrations of 2 and 4.5 mg/mL. Reflection microscopy showed that mixing by 

vortexing the two polymers was an effective method to achieve a homogenous 

distribution of collagen throughout the gels. Previous studies involving scanning electron 

microscopy observed the formation of an intricate network between the two materials, 

where fine “web-like” agarose intercalated between larger entangled collagen fibers [24; 

25]. While adding collagen at 4.5 mg/mL decreased the elasticity and increased the 

viscosity of the hydrogels, blending 2 mg/mL collagen did not affect the rheological 

properties of the gels. The blending of collagen I at the higher concentration might impair 

the formation of hydrogen bonds in agarose and the resulting formation and aggregation 

of double helices that govern agarose gelling mechanism. The collagen fibers might thus 

create macroscopic defects in the agarose non-fibrillar matrix. This might also explain 

why the decrease in storage modulus of the 4.5 mg/mL hydrogels was only observed after 
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the hydrogel was heated to 37°C, which triggered the formation of collagen fibers. Despite 

the introduction of degradable collagen I, agarose-collagen hydrogels presented suitable 

dimensional stability, contrary to collagen hydrogels that underwent cell-mediated 

contraction [33]. This feature represents an advantage, especially in the case where these 

hydrogels need to be subjected to mechanical loading with a displacement-controlled 

bioreactor. NP cells were viable and their proliferation was low in all agarose-based 

hydrogels, approaching proliferation rates of IVD cells in vivo. Interestingly, the presence 

of collagen did not alter the round 3D morphology of cells embedded in blended 

hydrogels. This suggests a dense matrix mainly composed of agarose. The gene expression 

of collagen I and II, as well as aggrecan increased at day 7 in blended hydrogels, and the 

GAG/DNA content was also increased compared the agarose hydrogels at this time-point. 

A similar increase in GAG/DNA was also observed in chondrocyte-laden agarose-

poly(ethylene glycol) diacrylate (PEGDA) interpenetrating networks when aggrecan was 

physically blended in [34]. While collagen I blending increased cell adhesion, the effect 

was surprisingly stronger for the lower concentration of collagen at 2 mg/mL. We 

attribute this finding to the difference in mechanical properties between the 2 and 4.5 

mg/mL hydrogels. In this case, the lower stiffness of the 4.5 mg/mL hydrogels might over-

rule their increased adhesion ligand density, thus resulting in reduced cell adhesion. This 

phenomenon suggests a non-linear response, similar to the one observed for the spread 

area of cells on gels [35]. This stiffness-dependent cell adhesion behavior was already 

observed with human dermal fibroblasts seeded on laminin peptide-agarose gels in the 

study of Yamada et al [27]. Enhanced cell adhesion due to collagen blending at 2 mg/mL 

was further confirmed by higher levels of FAK phosphorylation relative to β-tubulin in 

non-compressed samples, and higher pFAK/FAK values 10 min after compression. While 

FAK activation is usually associated with cell seeding on stiff 2D substrates [12], little is 

known about the effect of stiffness in 3D materials. No significant difference in mechanical 

properties was observed between agarose and 2 mg/mL agarose-collagen gels. Therefore, 

FAK phosphorylation was likely induced by the interaction of cells with the collagen 

present in the matrix via integrin receptors [12]. The fact that dynamic compression of 

the hydrogels did not influence the level of FAK phosphorylation additionally suggests an 

effect inherently driven by the composite biomaterial. In fact, the fibrillar nature of the 

collagen introduced in the composite network might guide the promotion of focal 

adhesion formation, as this phenomenon has only been shown in fibrillar 3D scaffolds so 

far [36; 37; 38]. Recently, it has been shown that focal adhesion formation plays an 

important role in the response of NP cells to their surrounding matrix and the presence 

or absence of integrin binding sites [39]. 

Our agarose-collagen gels composed of 2% wt/vol agarose and 2 mg/mL collagen 

contain approximatively 10% fibrillar collagen (collagen/agarose wt/wt), thus mimicking 

the NP matrix well [25]. However, the ratio of collagen and agarose can be tuned in order 

to mimic other native tissues such as ligaments, tendons and cartilage. On the biological 

level, IVDs and cartilage share several characteristics such as a relatively stiff ECM, high 

collagen II and proteoglycan content, low proliferation and round cell morphology. The 

use of blended agarose-collagen could therefore be extended to the embedding of 

chondrocytes and the study of their mechanotransduction mechanisms. Such studies 

would be beneficial to shed light on the pathways leading to osteoarthritis, one of the 

great health challenges of the increasingly aging population. With a similar focus, blended 
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agarose-collagen hydrogels might constitute promising substrates for mesenchymal stem 

cells chondrogenic differentiation. 

 

3.6 Conclusion 

Agarose-collagen blended hydrogels are easy to produce, inexpensive and do not 

require cytotoxic reagents. We showed that they constitute a valid 3D culture model for 

dynamic compression and investigation of IVD cell mechanotransduction. Using physical 

blending, a homogenous interconnected network was formed, presenting both the 

biofunctionality of collagen I and the mechanical strength and stability of agarose. In fact, 

the addition of collagen type I at 2 mg/mL conserved many qualities of agarose: non-

degradability, strong elastic properties, ability to promote ECM gene expression, and low 

proliferation and round morphology of embedded cells. Furthermore, blended agarose-

collagen hydrogels not only enhanced the production of GAG at day 7 compared to agarose 

gels, but also increased cell adhesion and FAK activation, one of the first steps in the 

integrin-mediated mechanotransduction mechanisms. In light of the described findings, 

agarose-collagen hydrogels represent an improved alternative to agarose gels for the 

exploration of cell-matrix interaction and mechanotransduction mechanisms of native 

tissues constituted of a non-fibrillar matrix (such as proteoglycans and GAGs) and 

collagens. In this context, they could further be used to explore stem cell chondrogenic 
differentiation. 
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4.1 Abstract 

Aberrant mechanical loading of the spine causes intervertebral disc (IVD) 

degeneration and low back pain. Current therapies do not target the mediators of the 

underlying mechanosensing and mechanotransduction pathways, as these are poorly 

understood. This study investigated the role of the mechanosensitive transient receptor 

potential vanilloid 4 (TRPV4) ion channel in dynamic compression of bovine nucleus 

pulposus (NP) cells in vitro and mouse IVDs in vivo. Degenerative changes and the 

expression of the inflammatory mediator cyclooxygenase 2 (COX2) were examined 

histologically in the IVDs of mouse tails that were dynamically compressed at a short 

repetitive hyperphysiological regime (versus sham). Bovine NP cells embedded in an 

agarose-collagen hydrogel were dynamically compressed at a hyperphysiological regime 

in the presence or absence of the selective TRPV4 antagonist GSK2193874. Lactate 

dehydrogenase (LDH) and prostaglandin E2 (PGE2) release, as well as phosphorylation 

of mitogen-activated protein kinases (MAPKs), were analyzed. Degenerative changes and 

COX2 expression were further evaluated in the IVDs of trpv4-deficient mice (versus wild-

type; WT). Dynamic compression caused IVD degeneration in vivo as previously shown 

but did not affect COX2 expression. Dynamic compression significantly augmented LDH 

and PGE2 releases in vitro, which were significantly reduced by TRPV4 inhibition. 

Moreover, TRPV4 inhibition during dynamic compression activated the extracellular 

signal-regulated kinases 1/2 (ERK) MAPK pathway by 3.13-fold compared to non-

compressed samples. Trpv4-deficient mice displayed mild IVD degeneration and 

decreased COX2 expression compared to WT mice. TRPV4 therefore regulates 

COX2/PGE2 and mediates cell damage induced by hyperphysiological dynamic 

compression, possibly via ERK. Targeted TRPV4 inhibition or knockdown might thus 

constitute promising therapeutic approaches to treat patients suffering from IVD 

pathologies caused by aberrant mechanical stress.  

 

Keywords: dynamic compression, transient receptor potential channels, low back pain, 

mechanobiology, mechanosensing, mechanotransduction 

 

4.2 Introduction 

Intervertebral disc (IVD) degeneration, leading to IVD structural failure, causes 

degenerative disc disease (DDD) when it is accompanied and exacerbated by 

inflammation and nociception [1, 2]. DDD is the main cause of low back pain (LBP), which 

is the leading cause of disability globally [3, 4]. Aberrant mechanical loading of the spine 

is a recognized cause of IVD degeneration and LBP [5, 6]. However, at the molecular level, 

the underlying mechanosensing and mechanotransduction pathways are poorly 

understood. As a result, current treatments of LBP, such as anti-inflammatory drugs, do 

not specifically target mediators of mechanotransduction pathways. A better 

understanding of the molecular mechanisms leading from hyperphysiological mechanical 

loading to IVD degeneration and inflammation would reveal novel, and possibly more 

effective, therapeutic targets. 
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IVDs are continually subjected to mechanical stimulation via spinal flexion, 

extension, torsion, and muscle activation during daily activities [7]. The well-hydrated 

nucleus pulposus (NP) in the middle of the IVD primarily sustains compressive loads, 

hydrostatic and osmotic pressures, while the surrounding annulus fibrosus (AF) is mostly 

exposed to tensile stress [7]. IVD homeostasis is dependent on a physiological level of 

mechanical stimulation, which promotes solute transport and cell metabolism [5]. 

However, hyperphysiological mechanical stress induces harmful structural, cellular, and 

molecular changes in the IVDs [5, 7]. Several studies have focused on the investigation of 

compressive stimuli both in vivo and in vitro (reviewed in [5, 7]). It was shown that 

hyperphysiological dynamic compression (at high magnitude, frequency, or duration) 

causes cell death [8-10], decreased expression of anabolic genes (collagens and 

proteoglycans) [11-13], as well as increased expression of matrix-degrading enzymes 

(MMPs, ADAMTS) [11, 13-16] and pro-inflammatory cytokines [9]. These effects might be 

mediated by mitogen-activated protein kinase (MAPK: extracellular signal-regulated 

kinases 1/2 (ERK 1/2), p38 and Jun-N-terminal kinase (JNK)) signaling pathways [17, 18], 

while the initial mechanosensing mechanisms might involve integrins, purinergic 

signaling, and ion channels, including transient receptor potential (TRP) channels [7, 17]. 

Nevertheless, the exact mechanosensing and mechanotransductive mechanisms in IVD 

cells are currently unknown. 

TRP ion channels are non-selective calcium-permeable transmembrane channels. 

They are of particular interest in the context of IVD research, as they sense variations in 

several factors that are altered during IVD degeneration: pH, oxidative and mechanical 

stress [19]. The TRP super-family is composed of six sub-families in mammals: TRPC 

(canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin) 

and TRPA (ankyrin) [19]. Several studies have recently investigated the expression and 

function of TRP channels in the IVD [20-24]. The mechanosensitive member 4 of the 

vanilloid subfamily (TRPV4) is especially intriguing for the study of load-mediated IVD 

degeneration and LBP. Reduced osmolarity was shown to increase TRPV4 expression and 

pro-inflammatory cytokines in bovine NP cells [20]. Moreover, our group has recently 

shown that TRPV4 transduces hyperphysiological mechanical loading into pro-

inflammatory signals in human AF cells cyclically stretched in two dimensions (2D) [24].  

Building on these results, we hypothesized that hyperphysiological dynamic 

compression induces IVD degeneration, cell damage and increased COX2/PGE2 

expression, and that TRPV4 mediates these effects in murine IVDs and bovine NP cells 

embedded in a previously developed 3D matrix [25]. This agarose-collagen composite 

hydrogel mimics the composition of the IVD with its non-fibrillar matrix (proteoglycans 

and glycosaminoglycans) and collagen fibers, combines mechanical strength and 

biofunctionality, and is thus suitable for mechanotransduction studies [25]. 
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4.3 Materials and methods 

Compressed murine tails for histology 

Sham and compressed mouse tails of 15-week-old female C57BL/6J mice (Charles 

River Laboratories, France) were provided by the Laboratory for Bone Biomechanics at 

ETH Zurich, Switzerland, as a by-product of another study [26]. The sixth caudal vertebra 

(C6) and the IVDs between C5 and C6, and C6 and C7 were dynamically compressed (8 N, 

2 Hz, sine wave, 5 minutes, 3x per week over 4 weeks) via two stainless steel pins inserted 

in C5 and C7, as described elsewhere [26, 27]. Sham mice received pins and their tails 

were fixed in the loading device but were not dynamically compressed. Immediately after 

euthanasia, the tails were dissected, rinsed in phosphate buffered saline (PBS), and fixed 

in 4% paraformaldehyde solution for 24 h. The fixed tails were washed in PBS and 

decalcified in 12.5% ethylene-diamine-tetra-acetic acid (EDTA) in PBS at 4°C for 10 days. 

The decalcified samples were washed in PBS and placed into 70% ethanol at 4°C until 

paraffin embedding. Paraffin blocks were sectioned at 5 μm thickness. The experiments 

were carried out in strict accordance with the recommendations and regulations in the 

Animal Welfare Ordinance (TSchV 455.1) of the Swiss Federal Food Safety and Veterinary 

Office (license number 262/2016). 

FAST histological staining 

IVD degeneration was assessed via a multi-dye FAST (Fast Green, Alcian Blue, 

Safranin-O, and Tartrazine) histological staining, as previously described [28]. Briefly, 

paraffin sections were dewaxed in xylene and then rehydrated successively in 70% 

ethanol, 30% ethanol, and distilled water. The sections were first stained with 1% Alcian 

Blue 8GX (A3157, Sigma-Aldrich) at pH 1.0 for 2.5 min, followed by 0.1% Safranin-O 

(S8884, Sigma-Aldrich) for 3 min. Color differentiation was performed in 25% ethanol for 

15 s. The sections were then stained with 0.08% Tartrazine (T0388, Sigma) in 0.25% 

acetic acid for 15 s and finally counterstained with 0.01% Fast Green (F7258, Sigma) 

solution for 5 min. Sections were air-dried, mounted in DePeX (BDH Laboratory; Poole, 

UK), and examined under a Nikon Eclipse 80i microscope (Tokyo, Japan). IVD 

degeneration was evaluated semi-quantitatively according to the criteria of Tam et al. 

[29].  

COX2 immunohistochemistry  

Histological sections were deparaffinized and a heat-mediated antigen retrieval was 

conducted (PT-Link, 95°C, 20 minutes, in citrate buffer pH 6.0). Subsequently, the sections 

were immunolabelled with a primary antibody recognizing COX2 protein expression 

(ab15191, abcam, LOT #GR299479-4, dilution 1:500) for 1 h at 37°C. Negative controls 

were performed by incubating sections with PBS instead of the primary antibody. 

Secondary anti-mouse/rabbit IgG (Dako EnVisionTM+ Dual Link System-HRP) was 

applied (1:200 dilution) for 30 min at room temperature (RT), followed by the amino-9-

ethyl-carbazole (AEC) substrate kit (Dako) as a chromogen. Finally, the sections were 

counter-stained with Gill’s hematoxylin for 3 min and cover-slipped with an aqueous 
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mounting medium (Glicerine, Sigma-Aldrich). Sections were evaluated semi-

quantitatively for COX2 protein expression level according to immunohistochemical 
signal presence and intensity.  

Bovine NP cell isolation and culture 

Bovine NP cell isolation and culture were performed as described previously [25]. 

Briefly, tails from 18-24-month-old cows were purchased from the local slaughterhouse 

and carefully dissected to separate the NP from the AF of the IVDs. NP biopsies were 

minced and digested overnight at 37°C, 5% CO2, using 0.4% collagenase NB4 (17454.01, 

Serva) and 0.2% dispase II (04942078001, Roche) dissolved in PBS 1X with 3% 

Antibiotic-Antimycotic (Anti-Anti; 15240-062, Gibco). The tissue digest was filtered, and 

NP cells were pelleted, washed with culture medium (Dulbecco’s modified Eagle 

medium/F-12 Nutrient Mixture (DMEM/F12; 31330-038, Gibco), 10% fetal calf serum 

(FCS; F7524, Sigma-Aldrich) and 1% Anti-Anti), centrifuged, resuspended in culture 

medium and seeded in fibronectin-coated culture flasks. Cells were expanded to passage 

1-2 at 37°C, 5% CO2 and the medium was changed twice per week. 

Agarose-collagen hydrogel fabrication and culture 

Bovine NP cells were embedded and cultured in agarose-collagen hydrogels as 

described previously [25]. Briefly, after trypsinization, pelleted NP cells were 

resuspended in a 4 mg/ml collagen type I solution (5010, Advanced BioMatrix) prepared 

on ice at a density of 8x106 cells/ml. The solution was then mixed 1:1 with a 4% wt/vol 

agarose solution (5010, Lonza) kept at 60°C to obtain a final concentration of 4x106 

cells/ml in agarose 2% wt/vol and collagen 2 mg/ml. Hydrogels (160 µl) were molded in 

silicon rings (inner Ø: 8 mm, outer Ø: 12 mm, height: 3 mm) for radial containment and 

placed between two microscope glass slides. Hydrogels were pre-cultured in 12-well 

plates at 37°C, 5% CO2 in DMEM/F12 phenol red-free medium (11039, Gibco), 

supplemented with 10% FCS, 0.1% ampicillin (A0839, AppliChem) and 50 μg/ml L-

ascorbic acid (A4544, Sigma-Aldrich) for 7 days before mechanical loading. The medium 
was changed every other day. 

Cell-laden hydrogel dynamic compression 

Four hours before compression, medium was changed to phenol red-free 

DMEM/F12 supplemented with 0.1% ampicillin, 50 μg/ml ascorbic acid, and 10 % 

charcoal-stripped FCS (A3382101, Gibco). For dynamic compression, the hydrogels in 

silicon rings were transferred to the wells of a commercial compression device (MCTR, 

CellScale) in 1 ml of medium. Hydrogels were dynamically compressed with a sine wave 

function at 0.5 Hz with a nominal force of 73 N and 13 N of pre-load for 1 h (unless 

otherwise stated) at 37°C, 5% CO2. As the silicone ring dominates the stiffness, a strain of 

20% can be inferred. Non-compressed hydrogels were kept in identical conditions in a 

24-well plate.  
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Harvesting time-point: After compression, the hydrogels were transferred with 

their conditioned medium to a 24-well plate and further cultured for 24 or 48 h for 
analysis of the conditioned medium. 

TRPV4 inhibition: Cell-laden hydrogels were pre-treated for 15 min with 0, 50, 100, 

or 200 nM of the selective TRPV4 antagonist GSK2193874 (17715, Cayman Chemical). 

The concentration of the vehicle (DMSO) was equalized in all chambers (0.002%). 

Hydrogels were subjected to dynamic compression for 1 h in the presence or absence of 

TRPV4 antagonist. After compression, the hydrogels were transferred with their 

conditioned medium to a 24-well plate and further cultured for 48 h for analysis of the 

conditioned medium. 

MAPK phosphorylation: Hydrogels were pre-treated for 15 min with 0, 50, 100, or 

200 nM of GSK2193874 and compressed for 30 min in the presence or absence of TRPV4 

antagonist. Hydrogels were immediately processed for protein analysis. The lysates of 

two hydrogels per donor and per condition were pooled to reach sufficient protein 

amounts for Western blot. 

Lactate dehydrogenase assay 

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in most cell types. When 

the cell membrane is damaged, LDH is released into the cell culture medium. Extracellular 

LDH was quantified using the colorimetric Pierce LDH Cytotoxicity Assay Kit (88954, 

Thermo Fisher Scientific) according to the manufacturer instructions. Samples 

(conditioned medium), blanks (medium used for compression), and the positive control 

of the kit were added in duplicates into a 96-well flat-bottom plate (50 μl/well). The 

reaction mixture was added (50 μl/well), and the plate was incubated at RT for 30 min 

protected from light. Stop solution was added (50 μl/well) and gently mixed. The 

absorbance was immediately measured at 490 nm with a reference at 680 nm using a 

plate reader (Infinite M200 PRO, TECAN). The average absorbance of the blanks was 

subtracted from the average absorbance of the samples. 

PGE2 enzyme-linked immunosorbent assay 

A competitive inhibition PGE2 enzyme-linked immunosorbent assay (ELISA) kit 

(RD-PGE2-Ge, Reddot Biotech) was used to quantify the levels of PGE2 in the conditioned 

medium according to the manufacturer instructions. Samples were used undiluted. PGE2 

concentrations are expressed relative to the concentration of the non-compressed 

control. 

Protein extraction and Western blot 

Hydrogels were processed as described previously [25]. Briefly, hydrogels were cut 

into 4 pieces, washed with PBS 1X, snap-frozen in liquid nitrogen, and lyophilized 

overnight. RIPA buffer supplemented with protease and phosphatase inhibitor cocktails 

(78430; 78428, Thermo Fisher Scientific) was used to lyse the hydrogels on ice (100 

μl/gel) for 1 h. The lysates and the soaked hydrogels were centrifuged in NucleoSpin filter 

columns (740606, Macherey-Nagel) for 1 h at 4°C at 12’000 rpm. For all samples, 22.5 µl 
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of lysate were mixed with 4X Laemmli buffer (1610747, Bio-Rad), heated at 95°C, and 

loaded onto a 4-20% gradient gel (4568093, Bio-Rad). Proteins were separated by 

electrophoresis in a Mini-PROTEAN Tetra Cell (Bio-Rad) and transferred to PVDF 

membranes (1704156, Bio-Rad). The membranes were washed with Tris Buffered Saline 

with 0.05% TWEEN 20 (TBS-T) and blocked for 2 h at RT with 5% skim milk in TBS-T. 

Primary antibodies (ERK1/2 (ERK): 9102; p-ERK: 9101; p38: 9212; p-p38: 9211; JNK: 

9252; p-JNK: 9251; α-tubulin: 2144; Cell Signaling Technology) were applied 1:1000 in 

5% BSA in TBS-T overnight at 4°C on a rocker. The membranes were washed with TBS-T 

and incubated for 1 h at RT on a rocker with the secondary antibody (anti-rabbit IgG HRP: 

7074, Cell Signaling Technology) diluted 1:2000 in 5% skim milk in TBS-T. After washing 

with TBS-T, proteins were detected with a chemiluminescence substrate (34076, Thermo 

Fisher Scientific) on a ChemiDocTouch Imaging System (Bio-Rad). The density of the 

bands was semi-quantified on the ImageLab software (Bio-Rad). For each blot, the density 

of each band was normalized by the one of the non-compressed control. The ratio 

phosphorylated MAPKs/total MAPKs was calculated. 

Trpv4 knockout murine tails for histology 

Tails from unloaded wild-type (WT) and trpv4 knockout (KO) C57BL/6J mice were 

kindly provided by the Laboratory of Ion Channel Research at KU Leuven, Belgium. The 

trpv4 KO strain Trpv4tm1.1Ldtk [30] was backcrossed at least ten times into the 

C57BL/6J background, and C57BL/6J mice were used as WT controls. Mice of all 

genotypes were housed under identical conditions, with a maximum of four animals per 

cage on a 12-hour light-dark cycle and with food and water ad libitum. Fifteen-week-old 

male mice were euthanized and the tails were dissected, fixed, and washed as described 

above, and decalcified in Morse’s solution at 4°C for 3 days. The decalcified samples were 

processed and sectioned as described above. The experiments were approved by the 

KULeuven Ethical Committee under the project “in vitro”, license number LA1210202. 

Statistical analysis 

Data were checked for consistency and normality using skewness, kurtosis, and 

omnibus tests. Due to the small sample sizes, dependent bootstrap t-tests based on 10000 

Monte Carlo samples were used. In addition, classical dependent t-tests and 

nonparametric tests (Wilcoxon Signed test) and Quantile Sign test were used. All reported 

tests were two-sided, and p-values < 0.05 were considered statistically significant. All 

statistical analyses were performed by using NCSS (NCSS 10, NCSS, LLC. Kaysville, UT) 
and PASW 24 (IBM SPSS Statistics for Windows, Version 21.0., Armonk, NY).  

 

4.4 Results 

Dynamic compression of murine IVDs causes mild degeneration in vivo 

Dynamic compression was previously shown to induce IVD degeneration in vivo [8, 

11, 12, 14, 16]. However, the expression of COX2 has not been investigated. In a first step, 
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we verified that dynamic compression causes structural and degenerative changes in 

mouse IVDs via a FAST histological staining. Sham IVDs showed a distinct and intact 

structure (Figure 1 A) with a single NP cell mass surrounded by matrix (Figure 1 A, B), a 

well-defined NP/AF boundary (Figure 1 A, C), and concentric lamellae in the AF (Figure 

1 A, C). However, in dynamically compressed IVDs, the NP cell mass was mildly disrupted 

by matrix entering the NP (Figure 1 D, E). The NP/AF boundary was less clear (Figure 1 

D, F) with a partial reversal of the AF lamellae into the NP (Figure 1 D), and disruption of 

the inner AF lamellae (Figure 1 F). The outer AF was rather intact, although rounder 

chondrocyte-like cells were present (Figure 1 F). Dynamic compression at 8 N, 2 Hz, 5 

minutes 3x per week over 4 weeks, thus induces features of mild degeneration in mouse 

IVDs. 

 

 

Figure 1: FAST staining of IVDs of sham (A-C) and dynamically compressed (DC; D-F) mouse tails. 

The nucleus pulposus (NP; B, E), inner and outer annulus fibrosus (IAF and OAF; C, F) are shown 

with a higher magnification. Scale bars: 200 µm in (A, D); 50 µm in (B, E) and (C, F). n = 2 in the 

sham group, n = 5 in the DC group. 

Dynamic compression of murine IVDs does not affect COX2 expression in vivo 

We previously showed that cyclic hyperphysiological stretching increases COX2 

gene expression and the release of its product PGE2 in human AF cells [24]. In order to 

investigate the link between dynamic compression and inflammation, we performed 
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immunohistochemistry (IHC) to detect COX2 expression in sham and compressed mouse 

IVDs in vivo. COX2 was constitutively expressed in the NP of sham IVDs (Figure 2 A) and 
dynamic compression did not clearly affect COX2 expression (Figure 2 B). 

 

Figure 2: COX2 immunohistochemistry of IVDs of sham (A) and dynamically compressed (DC; B) 

mouse tails. Scale bars: 200 µm. n = 2 in the sham group, n = 3 in the DC group. 

Hyperphysiological dynamic compression causes LDH and PGE2 release in vitro 

In the second part of the study, we aimed to verify in vitro the effects of 

hyperphysiological dynamic compression observed in vivo, and to investigate the 

potential role of TRPV4. Bovine NP cells were isolated and cultured in 3D agarose-

collagen hydrogels. Cell-laden hydrogels were dynamically compressed for 1 h at 0.5 Hz 

at a hyperphysiological regime of 73 N (corresponding to 20% strain). In order to test the 

effect of hyperphysiological dynamic compression on cell damage and inflammation, the 

release of LDH and PGE2 (a product of COX2) was measured 24 and 48 hours after the 

end of mechanical loading. No significant changes were observed after 24 h (Figure 3 A, 

B). However, LDH release considerably increased 48 h after compression compared to 

non-compressed cell-laden constructs (Figure 3 A). Furthermore, a slight but statistically 

significant 1.14-fold augmentation in PGE2 release was observed in compressed 

hydrogels compared to controls after 48 h (Figure 3 B). These data show that 1 h of 

hyperphysiological dynamic compression already induces NP cell damage and slight 

inflammation in vitro. 

 

Figure 3: LDH (A) and relative PGE2 (B) release 24 or 48 h after no (white bars) or 1 h (grey bars) 

of dynamic compression (DC) at 73 N (corresponding to 20% strain) and 0.5 Hz. n = 3; mean ± SD; 

**p<0.01, ***p<0.001. 
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TRPV4 inhibition decreases compression-induced LDH and PGE2 release in vitro 

To test whether compression-induced cell damage and inflammation were mediated 

by TRPV4, we blocked the ion channel with the selective antagonist GSK2193874 at 

different concentrations (50 to 200 nM) during dynamic compression and measured LDH 

and PGE2 release 48 h after mechanical loading. Once again, LDH release was significantly 

increased in compressed samples compared to controls (Figure 4 A). Interestingly, the 

compression-induced LDH release was partially but significantly reduced by TRPV4 

inhibition at all GSK2193874 concentrations (Figure 4 A). In this data set, the small 

augmentation in PGE2 release induced by dynamic compression did not reach statistical 

significance (p = 0.059; Figure 4 B). Nevertheless, the TRPV4 inhibitor significantly 

decreased PGE2 release at 50 and 200 nM compared to the compressed condition without 

antagonist (Figure 4 B). The TRPV4 channel thus partially mediates compression-

induced cell damage and inflammation, as measured by LDH and PGE2 release. 

 

Figure 4: LDH (A) and relative PGE2 (B) release 48 h after no (white bars) or 1 h (grey bars) of 

dynamic compression (DC) at 73 N (corresponding to 20% strain) and 0.5 Hz in the absence or 

presence (hatched bars) of 50-200 nM of the TRPV4 antagonist GSK2193874. n = 4; mean ± SD; 

*p<0.05, ***p<0.001. 

TRPV4 inhibition during dynamic compression activates the ERK MAPK pathway 

MAPKs are known to play a role in apoptosis, survival, and inflammation in IVDs 

[18]. In order to test whether dynamic compression activates MAPKs and whether TRPV4 

is involved in MAPK regulation, we measured the expression of total and phosphorylated 

MAPKs after 30 min of compression in the absence or presence of TRPV4 antagonist. 

Western blot bands for (p)-p38 and (p)-JNK were very faint or even absent and did not 

allow for densitometry analysis. However, (p)-ERK bands could be detected in all three 

tested cows. The expression of total ERK relative to the α-tubulin loading control 

remained similar across conditions (Figure 5 A). Samples dynamically compressed for 30 

min without TRPV4 inhibitor displayed denser bands for p-ERK compared to non-

compressed controls in all animals (Figure 5 A, B). However, upon densitometry analysis, 

the 1.88-fold increase in the p-ERK/ERK ratio compared to controls was not statistically 
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significant (Figure 5 B). Interestingly, blocking TRPV4 with 100 nM GSK2193874 during 

compression significantly increased ERK phosphorylation by 3.13-fold compared to non-

compressed samples (Figure 5 B). Moreover, ERK phosphorylation with 100 nM TRPV4 

antagonist was significantly higher than with 50 nM (Figure 5 B). These data show that 

TRPV4 inhibition during compression activates the ERK MAPK pathway. 

 

 

Figure 5: Representative Western blot (A) and densitometry analysis (B) of phosphorylated and 

total ERK 1/2 immediately after no (white bar) or 30 min (grey bars) of dynamic compression 

(DC) at 73 N (corresponding to 20% strain) and 0.5 Hz in the absence or presence (hatched bars) 

of 50-200 nM of the TRPV4 antagonist GSK2193874. α-tubulin bands are shown as a loading 

control in (A). n = 3; mean ± SD; *p<0.05. 

Trpv4 KO murine IVDs show mild degeneration compared to WT IVDs 

In the last part of the study, and as a proof-of-concept, we verified the observed roles 

of the TRPV4 ion channel in IVD homeostasis and COX2 regulation in murine IVDs that 

were not loaded. We first stained IVDs from WT and trpv4 KO mice with the FAST 

technique. The structure of WT IVDs was unaltered (Figure 6 A), with an intact NP 

(Figure 6 B) surrounded by concentric AF lamellae (Figure 6 C). Nevertheless, IVDs of 

trpv4 KO mice showed a mildly degenerated phenotype (Figure 6 D), characterized by a 

discontinued NP/AF boundary (Figure 6 D, E), partial reversals of the AF lamellae into 

the NP (Figure 6 D, E), and the presence of round chondrocyte-like cells at the transition 

between the NP and the inner AF (Figure 6 E, F). These images show that trpv4 KO 

promotes a mild degeneration in mouse IVDs, thus suggesting that TRPV4 plays a role in 
IVD homeostasis. 
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Figure 6: FAST staining of IVDs of wild-type (WT; A-C) and trpv4 knockout (KO; D-F) mouse tails. 

The nucleus pulposus (NP; B, E), inner and outer annulus fibrosus (IAF and OAF; C, F) are shown 

with a higher magnification. Scale bars: 500 µm in (A, D); 50 µm in (B, E) and (C, F). n = 5. 

 

Trpv4 KO murine IVDs show less COX2 expression in the NP compared to WT IVDs  

We finally confirmed the link between TRPV4 and COX2 by performing IHC on WT 

and trpv4 KO mouse IVDs. COX2 was expressed in the NP of WT IVDs (Figure 7 A), 

similarly to sham IVDs (Figure 2 A). Interestingly, COX2 was not detected in trpv4 KO 

IVDs (Figure 7 B). TRPV4 thus regulates COX2 expression in murine IVDs in vivo. 

 

Figure 7: COX2 immunohistochemistry of IVDs of wild-type (WT; A) and trpv4 knockout (KO; B) 

mouse tails. Scale bars: 200 µm. n = 3. 
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4.5 Discussion 

Aberrant mechanical loading is a contributor to IVD degeneration, which can cause 

DDD and LBP. However, the underlying mechanosensing and mechanotransduction 

mechanisms are poorly understood. This lack of understanding prevents the development 
of drugs that specifically target the molecular players that are involved in these pathways.  

In this study, we investigated whether the mechanosensitive TRPV4 ion channel 

mediates the transduction of hyperphysiological dynamic compression in murine IVDs in 

vivo and bovine NP cells in vitro. We report novel evidence that compression-induced NP 

cell damage and inflammation are reduced by TRPV4 pharmacological inhibition, which 

might promote cell survival via the activation of the ERK MAPK pathway. 

Our data show that hyperphysiological dynamic compression has degenerative 

effects both in vivo and in vitro. Short repetitive dynamic compression at 8 N, 2 Hz over 4 

weeks provoked mild degeneration in murine caudal IVDs in vivo, as shown by FAST 

histological staining. These results agree with previous studies that showed that 

hyperphysiological dynamic compression (at high magnitude, frequency, or duration) 

causes IVD degeneration in rodent in vivo models [8, 11, 12, 14, 16]. Interestingly, 

dynamic compression did not affect COX2 expression in vivo. We speculate that this lack 

of change might be due to the short hyperphysiological loading of 5 minutes per day. The 

study should be repeated with a longer loading duration per day, and COX2 activity should 

be evaluated to determine the link between hyperphysiological dynamic compression and 

COX2 expression/activity. Our in vitro model, which is constituted of bovine NP cells 

embedded in a matrix-mimicking agarose-collagen hydrogel, recapitulated the 

detrimental changes induced by dynamic compression in vivo. Hyperphysiological 

dynamic compression of the cell-laden scaffolds caused a considerable increase in the 

release of LDH, an indicator of cell damage, and a slight augmentation in the release of 

PGE2, a product of COX2. We speculate that repetitive mechanical stimulation (instead of 

a single continuous loading of 1 h) might increase the small increase in PGE2 release. The 

effects of compression were time-dependent, as they were detected 48 h after the end of 

mechanical loading but not after 24 h. Previous studies have similarly shown cell death 

and increase in inflammatory mediators as a result of hyperphysiological dynamic 
compression [8-10]. 

The novel findings that TRPV4 inhibition attenuates compression-induced LDH and 

PGE2 release in vitro, and that TRPV4 KO induces IVD degeneration and reduced COX2 

expression in vivo, suggest a dual role of TRPV4 in the IVD. On one hand, our data show 

that TRPV4 pharmacological inhibition significantly reduces cell damage and 

inflammation induced by hyperphysiological dynamic compression. While these findings 

are new in NP cells, they find an echo in other studies showing that induced cell death is 

mitigated by TRPV4 inhibition or knockdown in other organs and tissues such as 

pancreas, brain and heart [31-34]. Moreover, we previously showed that stretch-induced 

inflammation (including increased COX2 mRNA expression and PGE2 release) was 

partially TRPV4-dependent in AF cells [24]. The reduction in PGE2 release caused by 

TRPV4 inhibition in vitro is in further agreement with our in vivo data showing a 

decreased COX2 expression in the NP of trpv4-deficient mice. On the other hand, TRPV4 
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expression is necessary and plays a role in IVD homeostasis. Trpv4 KO murine IVDs 

displayed mild degeneration compared to WT IVDs. These results align with previous 

reports of trpv4-deficient mice exhibiting mildly detrimental phenotypes, including a 

larger bladder capacity due to impaired mechanosensing, thicker bones due to impaired 

osteoclast differentiation, reduced water intake due to altered osmosensing, and 

compromised pressure and pain sensing [35]. While the constitutive expression of TRPV4 

seems to be essential throughout the body, its temporary inhibition or conditional 

downregulation in the IVD might counteract exacerbated mechanosensing and pain 

induced by aberrant mechanical stress during DDD and LBP. Nevertheless, experiments 

with mechanical loading of trpv4 KO and WT mouse tails should be performed to confirm 

these results. 

Finally, our finding that TRPV4 inhibition during dynamic compression activates the 

ERK MAPK pathway supports a role of TRPV4 in cell death. In fact, the ERK pathway is 

known to regulate survival and apoptosis in IVD cells and tissues [18, 36, 37]. Moreover, 

ERK activation was previously shown to counteract compression-induced apoptosis in 

the endplate and transitional zone of the AF in mouse IVDs [18, 36]. Our results are in 

further agreement with previous studies that demonstrate a link between TRPV4 and 

ERK. In a study showing the contribution of TRPV4 to hypo-osmotic stress in 

chondrocytes, ERK inhibition prevented increased levels of TRPV4 in cells subjected to 

hypo-osmotic stress [38]. Moreover, TRPV4 inhibition was previously shown to reduce 

myocardial ischemia/reperfusion injury in mice by attenuating apoptosis and increasing 

ERK phosphorylation [34]. 

The conclusions of this study are limited by several aspects. First, two different 

animal models were used. While the mouse is an excellent model to investigate 

mechanical loading, the small size of murine IVDs prevents harvesting a sufficient amount 

of IVD cells for in vitro experiments. High amounts of NP cells were required for 

embedding in agarose-collagen hydrogels, and this quantity could also not be achieved by 

expansion of human NP cells, due their low availability and proliferation rate. Moreover, 

while female mice were used in compression experiments, male WT and trpv4 KO mice 

were used later, thus preventing a direct comparison between the two data sets. Finally, 

although the in vivo and in vitro loading regimes both have a hyperphysiological loading 

magnitude, a physiological frequency, and the same overall duration, they differ in the fact 

that the in vivo loading is repetitive and the in vitro loading is continuous. This difference 

can explain different observations between the two experimental settings. 

In summary, we show that TRPV4 regulates COX2/PGE2 in bovine NP cells in vitro 

and in mouse IVDs in vivo, and that TRPV4 inhibition significantly reduces cell damage 

and PGE2 release induced by hyperphysiological compression in vitro, possibly via ERK 

activation. These novel findings thus identify TRPV4 as a promising therapeutic target to 

treat IVD degeneration, DDD, and LBP. Preclinical and clinical trials examining TRPV4 

inhibition in the context of DDD and LBP are currently lacking. However, the 

administration of the TRPV4 antagonist GSK2798745 to healthy volunteers and heart 

failure patients was recently shown to be safe [39]. Targeting the mechanosensitive 

TRPV4 channel may benefit patients with IVD pathologies caused by aberrant mechanical 

loading. Nevertheless, it should be noted that TRPV4 is polymodal, ubiquitous, and its 

constitutive expression seems to be necessary. Therefore, a therapy targeting TRPV4 



70 
 

needs to be carefully elaborated in order to maintain its beneficial and necessary roles in 

homeostasis. A localized and/or temporary inhibition or knockdown (e.g. via the CRISPR-

based technology [40]) of TRPV4 in the IVD, via injection of a specific antagonist or 

inducible gene editing in case of excessive mechanical load, might be desirable 

therapeutic strategies in the future. 
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5.1 Abstract 

Mechanical loading and inflammation interact to cause degenerative disc disease 

and low back pain (LBP). However, the underlying mechanosensing and 

mechanotransductive pathways are poorly understood. This results in untargeted 

pharmacological treatments that do not take the mechanical aspect of LBP into account. 

We investigated the role of the mechanosensitive ion channel TRPV4 in stretch-induced 

inflammation in human annulus fibrosus (AF) cells. The cells were cyclically stretched to 

20% hyperphysiological strain. TRPV4 was either inhibited with the selective TRPV4 

antagonist GSK2193874 or knocked out (KO) via CRISPR-Cas9 gene editing. The gene 

expression, inflammatory mediator release and MAPK pathway activation were analyzed. 

Hyperphysiological cyclic stretching significantly increased the IL6, IL8, and COX2 mRNA, 

PGE2 release, and activated p38 MAPK. The TRPV4 pharmacological inhibition 

significantly attenuated these effects. TRPV4 KO further prevented the stretch-induced 

upregulation of IL8 mRNA and reduced IL6 and IL8 release, thus supporting the inhibition 

data. We provide novel evidence that TRPV4 transduces hyperphysiological mechanical 

signals into inflammatory responses in human AF cells, possibly via p38. Additionally, we 

show for the first time the successful gene editing of human AF cells via CRISPR-Cas9. The 

pharmacological inhibition or CRISPR-based targeting of TRPV4 may constitute a 

potential therapeutic strategy to tackle discogenic LBP in patients with AF injury. 

 

Keywords: mechanotransduction, cyclic stretching, transient receptor potential channel, 
gene editing, interleukins, low back pain 

 

5.2 Introduction 

Unlocking the mechanisms leading from mechanical stimuli to cellular sensing and 

response has become necessary to understand and tackle diseases in essentially all 

medical disciplines [1]. Musculoskeletal disorders are often associated with abnormal 

mechanical stress applied to load-bearing tissues [2,3]. In the intervertebral disc (IVD), 

compressive forces from the body weight and spinal motions generate hydrostatic and 

osmotic pressures in the central gelatinous nucleus pulposus, which in turn increase 

tensile stresses in the ring-shaped annulus fibrosus (AF) [4]. While physiological 

mechanostimulation is favorable and even necessary to maintain IVD homeostasis, 

hyperphysiological mechanical loading is a well known contributor to IVD degeneration 

[5]. Furthermore, mechanical overloading interacts with inflammation and catabolism to 

cause degenerative disc disease (DDD) [6,7,8,9]. DDD, characterized by IVD structural 

failure and nociception [6], is the main cause of discogenic back pain. Low back pain (LBP) 

is a condition with a lifetime prevalence of 84% and the primary cause of disability 

worldwide [10,11]. In particular, AF disruption is commonly linked to LBP and disability 

[12]. Current pharmacological treatments of LBP, such as anti-inflammatory drugs, do not 

take into account the mechanical aspect of the problem. Moreover, they have low effect 

sizes and their mechanisms of action remain unclear [10]. A profound knowledge of the 

https://www.mdpi.com/search?q=mechanotransduction
https://www.mdpi.com/search?q=cyclic%20stretching
https://www.mdpi.com/search?q=transient%20receptor%20potential%20channel
https://www.mdpi.com/search?q=gene%20editing
https://www.mdpi.com/search?q=interleukins
https://www.mdpi.com/search?q=low%20back%20pain
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mechanotransductive pathways leading to the degeneration and inflammation of the AF 

could improve the efficacy of novel pharmaceutical therapies. 

Several studies have previously proved the detrimental effects of 

hyperphysiological mechanical loading on IVD cells at the molecular level. Cyclic 

stretching of IVD (mostly AF) cells at a high strain from 8 to 20% was shown to induce the 

downregulation of anabolic markers (ACAN, COL2) [13] and the upregulation of catabolic 

(MMP1, MMP3, MMP9, MMP13, ADAMTS4, ADAMTS5) [13,14] and (pro-)inflammatory 

(COX2, PGE2, IL1β, IL6, IL8, IL15, TLR2, TLR4, NGF, TNFα, MCP1, MCP3, MIG) 

[13,14,15,16,17] mediators. Stretch-induced inflammation in the IVD may be regulated by 

the NF-κB [13] or the mitogen-activated protein kinase (MAPK: ERK1/2, p38 and JNK) 

[17] signaling pathways. Nevertheless, the exact mechanosensing and 

mechanotransductive mechanisms of AF cells remain poorly understood. 

Transient receptor potential (TRP) ion channels have emerged as a novel class of 

cellular sensors and as potential therapeutic targets to treat several diseases [18]. TRP 

channels are non-selective calcium-permeable transmembrane channels that are 

sensitive to a variety of stimuli, including temperature, pH, oxidative stress, and 

importantly, mechanical stress [19]. There are six sub-families of mammalian TRP 

channels: TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), 

TRPML (mucolipin) and TRPA (ankyrin) [19]. The member 4 of the vanilloid subfamily 

(TRPV4) is of particular interest in the context of joint diseases, due to its ability to 

transduce mechanical, inflammatory and pain signals [20]. In chondrocytes, similar in 

many aspects to IVD cells, TRPV4 was shown to mediate the transduction of dynamic 

compressive loading [21]. Moreover, cartilage-specific TRPV4 knockout in mice reduced 

age-related osteoarthritis [22]. The exploration of TRP channels in the IVD is at its infancy, 

with only few published studies [23,24,25,26,27]. Most of the known TRP channel genes 

are expressed in the IVD [26]. Interestingly, TRPV4 has been associated with reduced 

osmolarity and pro-inflammatory cytokines in bovine nucleus pulposus cells [23]. 

Additionally, treatment with IL1β increases TRPV4 gene expression in human IVD cells, 

thus revealing a potential inflammatory role of the channel in IVDs [27]. Nevertheless, the 

roles of TRPV4 in mechanosensing and mechanotransduction in the IVD remain to be 
established. 

In this study, we aimed to investigate whether stretch-induced inflammation is 

signaled through TRPV4 in human primary AF cells. To this end, we modulated the TRPV4 

activity and expression through pharmacological inhibition and CRISPR-Cas9 knockout, 

respectively, in AF cells that were cyclically stretched at a hyperphysiological strain of 

20%. 

 

5.3 Materials and methods 

Human AF Cell Isolation and Culture 

Human IVD biopsies were obtained from patients undergoing spinal surgery for disc 

herniation or DDD after informed consent. Patient characteristics can be found in Table 1. 
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The study was conducted in accordance with the Declaration of Helsinki, and the protocol 

was approved by the ethical committee of the Canton of Zurich, Switzerland (2019-

00736). AF tissue was intraoperatively excised from the IVD and enzymatically digested 

overnight at 37 °C, 5% CO2, using 0.2% collagenase NB4 (17454, Serva) and 0.3% dispase 

II (04942078001, Roche) in PBS 1X with 5% antibiotic–antimycotic (anti–anti; 15240-

062, Gibco, Switzerland). Isolated cells were cultured up to passage 1–2 at 37 °C, 5% 

CO2 in a growth medium (Dulbecco’s modified Eagle medium/F-12 Nutrient Mixture 

(DMEM/F12; 31330-038, Gibco, Switzerland), supplemented with 10% fetal calf serum 

(FCS; F7524, Sigma-Aldrich, Switzerland) and 1% anti–anti). 

 
Table 1. Patient characteristics: F = female; M = male; DDD = degenerative disc disease; L = 

lumbar; C = cervical. 

N° Age Sex Diagnosis Disc Level Pfirrmann Grade 

1 74 M Herniation L4/5 3 

2 71 M Herniation L4/5 3 

3 76 F DDD L5/S1 4 

4 56 F DDD C6/7 3 

5 40 F Herniation C5/6 2 

6 52 F Herniation L4/5 3 

7 15 M DDD L4/5 4 

8 75 F DDD L3/4 3 

9 46 M Herniation L4/5 4 

 

Generation of CRISPR-Cas9 TRPV4 Knockout (KO) Cells 

The CRISPRdirect online tool (http://crispr.dbcls.jp; [28]) was used to design a single 

guide RNA (sgRNA) against TRPV4 with a highly specific target site (TRPV4 (hu) 739–

761: CGGAGCGCACCGGCAACATG). A non-targeting control sgRNA (Hu Non-Targeting 40: 

GACTTATAAACTCGCGCGGA) was chosen from the study of Morgens et al. [29]. Low 

targeting potential was checked by a BLASTN (BLASTN 2.8.0) search. Target sequences’ 

oligos were synthesized with BsmBI restriction site overhangs by Microsynth (Balgach, 

Switzerland) and then annealed and cloned into the lentiCRISPRv2 transfer plasmid, a gift 

from Feng Zhang (Addgene plasmid # 52961; [30]), according to the protocol of the Feng 

Zhang Lab. 

HEK293T cells were co-transfected with the lentiCRISPRv2 plasmid with the 

packaging plasmids pCMV-VSV-G (a gift from Bob Weinberg; Addgene plasmid # 8454; 

[31]) and psPAX2 (a gift from Didier Trono; Addgene plasmid # 12260) using 

Lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific) according to the 
manufacturer’s instructions, in order to produce lentiviral particles. 

Human AF cells were transduced through incubation with medium containing viral 

particles and 8 µg/mL polybrene for 24 h. The cells were selected with 4 µg/mL 

puromycin (A1113803, Gibco) for 7 days and cultured for 8 weeks in growth medium 
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before being tested. The efficiency of the KOs was tested by RT-qPCR and 

immunocytochemistry. 

Cyclic Stretching 

Commercial stretching chambers (10 cm2, STB-CH-10, STREX) were coated with 50 

µg/mL fibronectin (FC010, Merck Millipore) overnight at 37 °C. The human AF cells at 

passage 1–2 were seeded in the chambers (100,000 cells per chamber in 5 mL growth 

medium) and cultured for 72 h at 37 °C, 5% CO2, unless otherwise stated. The cells were 

serum-starved for 4–12 h in a no-serum medium (DMEM/F12 with 0.1% ampicillin 

(A0839, AppliChem, Darmstadt, Germany). The chambers were mounted on a commercial 

stretching bioreactor (STB-140-10, STREX) and subjected to 20% cyclic sinusoidal 

uniaxial strain at a frequency of 1 Hz at 37 °C and 5% CO2. Control chambers were kept in 
identical conditions without stretching. 

Time course: Cells were stretched for 1, 2, 4, 8, 12 or 24 h. The stretching started 

with the chambers that were stretched for 24 h, and shorter duration chambers were 

added progressively on the device so that the stretching was stopped at the same time for 

all conditions. Immediately after the mechanical loading, the cells were lysed for gene 

expression analysis. 

TRPV4 inhibition: Cells were pre-treated for 15 min with 0, 20, 50, 100, 200 or 500 

nM of the selective TRPV4 antagonist GSK2193874 (1336960-13-4, Sigma-Aldrich). The 

concentration of the vehicle (DMSO) was equalized in all chambers (0.005%). Cells were 

subjected to cyclic stretching for 1 h in the presence of the antagonist or vehicle and either 

immediately lysed for gene expression analysis or cultured in 2 mL of fresh no-serum 
medium for 24 h for analysis of the conditioned medium. 

MAPK activation: Cells were seeded in the chambers (300,000 cells per chamber in 

5 mL growth medium), cultured for 24 h at 37 °C, 5% CO2 and serum-starved. Cells were 

pre-treated for 15 min with 0, 20, 100, 200 or 500 nM of GSK2193874 and stretched for 

15 min in the presence of the antagonist or vehicle. As a positive control, the cells were 

pre-treated for 15 min with 10 ng/mL recombinant human IL1β (200-01B, PeproTech) 

and further incubated for 15 min without stretching in the presence of IL1β. Cells were 

lysed for Western blot immediately after stretching. 

TRPV4 knockout: CRISPR-Cas9-transduced non-targeting control (NT) and TRPV4 

knockout (KO) cells were subjected to cyclic stretching for 1 h and either immediately 

lysed for gene expression analysis or cultured in 2 mL of fresh no-serum medium for 24 h 

for analysis of the conditioned medium. 

RNA Extraction and RT-qPCR 

Immediately after stretching, the cells were rinsed with cold PBS 1X and lysed on ice 

with 600 µL per chamber of GENEzol (GZR200, Geneaid) using a cell scraper. The RNA 

was extracted with chloroform, precipitated with isopropanol, washed in ethanol and 

resuspended in RNase-free water according to the Geneaid instructions. The RNA yield 

and purity were measured on a NanoDrop 1000 Spectrophotometer (Thermo Fisher 



81 
 

Scientific). The TaqMan Reverse Transcription kit (N8080234, Applied Biosystems) was 

used to reverse-transcribe 1 μg of RNA into cDNA in a 30 µL volume. PCR reactions were 

carried out in a 10 µL total volume containing 20 ng of cDNA, TaqMan primers (TRPV4: 

Hs01099348_m1; COL1A1: Hs00164004_m1; COL2A1: Hs00264051_m1; ACAN: 

Hs00153936_m1; MMP1: Hs00233958_m1; MMP3: Hs00968308_m1; MMP13: 

Hs00233992_m1; IL6: Hs00174131_m1; CXCL8 (IL8): Hs00174103_m1; PTGS2 (COX2): 

Hs00153133_m1; SDHA: Hs00188166_m1), TaqMan Fast Universal PCR Master Mix (2X) 

(4352042, Applied Biosystems) and RNase-free water. To measure the TRPV4 mRNA 

expression of the CRISPR-Cas9 transduced cells, primers (hu TRPV4-652-F: 

CATCTACGGGGAAGACCTGC; hu TRPV4-768-R: TGAACTCCCTCATGTTGCCG; hu ANXA5-

633-F: CCTTCAGGCTAACAGAGACCC; hu ANXA5-728-R: CCCCATTTAAGTTCTCCAGCC) 

were mixed with 10 ng cDNA, Power SYBR Green Master Mix (2X) (4368577, Applied 

Biosystems) and RNase-free water in a total volume of 20 µL. The CFX96 Touch Detection 

System (Bio-Rad) was used to measure the gene expression in duplicates. SDHA (or 

ANXA5) was used as a reference gene. Results are shown as 2−ΔΔCt values (i.e., relative to 
SDHA (or ANXA5) and the control condition). 

ELISA of Conditioned Medium 

ELISA kits were used to quantify the levels of IL6, IL8 (Human IL-6 ELISA set, 

555220; Human IL-8 ELISA set, 555244; Reagent set B, 550534, BD OptEIA, BD 

Biosciences) and PGE2 (RD-PGE2-Ge, Reddot Biotech) in the conditioned medium 
according to the manufacturer’s instructions. The samples used were undiluted. 

Western Blot 

The cells were rinsed with cold PBS 1X and lysed on ice with 100 µL per chamber of 

radioimmunoprecipitation assay (RIPA) buffer supplemented with phosphatase and 

protease inhibitor cocktails (89900, 78428, 78430, Thermo Fisher Scientific) using a cell 

scraper. The lysates were mixed with 4X Laemmli buffer (1610747, Bio-Rad), heated for 

5 min at 95 °C, and loaded onto a 4–20% gradient gel (4568093, Bio-Rad). The proteins 

were separated by electrophoresis in a Mini-PROTEAN Tetra Cell (Bio-Rad) and 

transferred to a PVDF membrane (1704156, Bio-Rad). The membranes were washed for 

3 × 10 min with Tris buffered saline with 0.05% TWEEN 20 (TBS-T) and blocked for 2 h 

at room temperature (RT) with 5% skim milk diluted in TBS-T. Primary antibodies 

(ERK1/2 (ERK): 9102; p-ERK: 9101; p38: 9212; p-p38: 9211; JNK: 9252; p-JNK: 9251; α-

tubulin: 2144; Cell Signaling Technology) were applied 1:1000 in 3% bovine serum 

albumin (BSA) in TBS-T overnight at 4 °C on a rocker. The next day, the membranes were 

washed for 3 × 10 min with TBS-T and incubated for 1 h at RT on a rocker with the 

secondary antibody (anti-rabbit IgG HRP: 7074, Cell Signaling Technology) diluted 1:3000 

in 5% skim milk in TBS-T. After washing for 3 × 10 min with TBS-T, the proteins were 

detected with a chemiluminescence substrate (34580, Thermo Fisher Scientific) on a 

ChemiDocTouch Imaging System (Bio-Rad). The density of the bands was semi-quantified 

using the ImageLab 6.0 software (Bio-Rad). For each blot, the density of each band was 

normalized by the one of the non-stretched control (or the stretched 0 nM condition for 
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JNK and p-JNK, since there were no p-JNK bands for the non-stretched control). 

Phosphorylated targets were expressed as relative to total targets. 

Immunocytochemistry 

Two-well chambered coverglasses (155380, Thermo Fisher Scientific) were coated 

with 10 µg/mL fibronectin for 30 min at 37 °C. The CRISPR-Cas9 transduced cells (NT and 

KO) were seeded (60,000 cells/well) in growth medium and incubated for 24 h at 37 °C, 

5% CO2. The cells were washed with PBS 1X and fixed for 10 min with methanol at −20 

°C. After washing with PBS, the cells were blocked with 5% normal goat serum (G9023, 

Sigma) in PBS for 1 h at RT. The primary antibody (rabbit polyclonal anti-TRPV4, ACC-

034, Alomone Labs) was diluted 1:500 in 1% normal goat serum in PBS and applied 

overnight at 4 °C with rocking. For the no primary antibody control (negative control), 

1% normal goat serum was applied on NT cells. The cells were washed extensively with 

PBS and incubated for 1 h at RT with the secondary antibody (Cy2 goat anti-rabbit IgG, 

111-225-144, Jackson ImmunoResearch) diluted 1:200 in 1% normal goat serum in PBS. 

After washing with PBS, the samples were mounted with antifade mountant with 4′,6-

diamidino-2-phenylindole (DAPI) (P36962, Thermo Fisher Scientific) and cured for 24 h 
at RT. The samples were imaged with an Olympus IX51 microscope and a 20× objective. 

Statistical Analysis 

The data were checked for consistency and for normality using skewness, kurtosis 

and omnibus tests. Due to the small sample sizes, the dependent bootstrap t-test based on 

100,000 Monte Carlo samples were used. In addition, the classical dependent t-tests and 

nonparametric tests (Wilcoxon-Signed test) and the Quantile Sign test were used. All the 

reported tests were two-sided, and the p-values below 0.05 were considered statistically 

significant. All the statistical analyses were performed with NCSS (NCSS 10, NCSS, LLC. 

Kaysville, UT) and the PASW 24 (IBM SPSS Statistics for Windows, Version 21.0., Armonk, 
NY). 

 

5.4 Results 

Hyperphysiological Cyclic Stretching Induces Gene Expression of Pro-Inflammatory 

Mediators in Human AF Cells 

In a first step, we analyzed the influence of increasing the duration of cyclic 

stretching on the gene expression of key mediators such as pro-inflammatory, catabolic 

and anabolic markers, as well as TRPV4 in human AF cells. A stretching frequency of 1 Hz 

was chosen to imitate the walking frequency, and a 20% strain was selected as a 

hyperphysiological magnitude [4]. The shortest duration of 1 h considerably increased 

the mRNA levels of interleukin 6 (IL6; 2.60-fold), interleukin 8 (IL8; 6.62-fold), 

cyclooxygenase 2 (COX2; 8.11-fold) and matrix metalloproteinase 1 (MMP1; 3.15-fold) 

compared to the non-stretched controls (Figure 1A–D). The gene expression of matrix 

metalloproteinase 3 (MMP3) slightly augmented (1.37-fold) after 1 h stretching, but this 
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change was not significant. Matrix metalloproteinase 13 (MMP13) was detected in only 

one donor out of three (not shown), and this gene was thus excluded from the statistical 

analysis. Interestingly, the increase in pro-inflammatory and catabolic mediators at 1 h 

was then generally dampened with increasing stretching durations (Figure 1A–E), 

suggesting a fast and acute response to mechanical loading. Regarding extracellular 

matrix genes, while the expression of collagen I (COL1A1) remained unchanged (Figure 

1F), the collagen II (COL2A1) and aggrecan (ACAN) levels were decreased (0.54- and 0.74-

fold, respectively) at a later time point of 2 h stretching compared to the control (Figure 

1G, H). No significant changes were observed in the TRPV4 gene expression (Figure 1I). 

With the increased gene expression of IL6, IL8, COX2 and MMP1 at 1 h and the reduced 

expression of COL2A1 and ACAN at 2 h, we established a model of acute pro-inflammatory 
response to hyperphysiological stretching typical for early-stage AF injury [12]. 

 

Figure 1. Gene expression of (A–C) pro-inflammatory mediators; (D,E) matrix 

metalloproteinases; (F–H) extracellular matrix; and (I) TRPV4 immediately after 0 (white bar) or 

from 1 to 24 h (grey bars) of cyclic stretching at 20% strain and 1 Hz. n = 3–4 donors; mean ± SD; 

* p < 0.05, ** p < 0.01, *** p < 0.001. 



84 
 

Pharmacological Inhibition of TRPV4 Reduces Stretch-Induced Gene Expression of 

Pro-Inflammatory Mediators 

In order to investigate the potential role of the TRPV4 ion channel in the increased 

expression of IL6, IL8, COX2 and MMP1 induced by hyperphysiological stretching, we 

selected the stretching duration of 1 h, and further cyclically stretched AF cells in the 

absence or presence of the selective TRPV4 antagonist GSK2193874 (20 to 500 nM). The 

non-stretched experimental condition was kept as a benchmark, and the concentration of 

the vehicle (DMSO) was equalized in all conditions (0.005%). The control cells stretched 

without antagonist showed a slight augmentation in the TRPV4 mRNA compared to the 

non-stretched cells in this data set (Figure 2A). All the concentrations of GSK2193874 

moderately reduced the gene expression of TRPV4 compared to the 0 nM control 

condition (Figure 2A). MMP1 gene expression was only slightly but significantly increased 

by 1 h stretching compared to the non-stretched cells (Figure 2B), but the TRPV4 

modulation did not affect this change (Figure 2B). The expression of IL6, IL8 and COX2 

was confirmed to be significantly increased by 1 h cyclic stretching compared to the non-

stretched cells (Figure 2C–E). Remarkably, these stretch-induced changes were 

significantly mitigated by the TRPV4 pharmacological inhibition (at 20 and 100 to 500 nM 

of GSK2193874 for IL6 and COX2, and 500 nM for IL8; Figure 2C–E). These data suggest 

that TRPV4 partially mediates the stretch-induced gene expression of IL6, IL8 and COX2, 
but not MMP1. 

 

Figure 2. Gene expression of (A) TRPV4; (B), MMP1; and (C–E) pro-inflammatory mediators 

immediately after no (white bar) or 1 h (grey bars) of cyclic stretching at 20% strain and 1 Hz in 

the absence or presence (hatched bars) of 20–500 nM of the TRPV4 antagonist GSK2193874. n = 

4 donors; mean ± SD; * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Pharmacological Inhibition of TRPV4 Downregulates the Release of IL8 and PGE2 

In a next step, the cells stretched for 1 h with or without GSK2193874, were further 

cultured for 24 h, in order to measure the release of the pro-inflammatory mediators IL6, 

IL8 and prostaglandin E2 (PGE2, a product of COX2). The concentrations of these 

mediators in the conditioned medium of non-stretched samples varied between donors: 

with a mean of 8.46 ± 11.90 (SD) pg/mL for IL6, 13.50 ± 9.67 pg/mL for IL8, and 9.49 ± 

2.22 pg/mL for PGE2. Two donors out of four released concentrations of IL6 below the 

limit of detection of the assay. Surprisingly, no changes in the IL6 or IL8 release due to 

stretching were observed (Figure 3A, B). Nevertheless, the samples treated with 500 nM 

GSK2193874 during stretching exhibited a lower release of IL8 compared to the samples 

stretched in the absence of the antagonist (Figure 3B). The release of PGE2 slightly but 

significantly increased in the stretched samples compared to the controls, and was further 

attenuated by 100 and 200 nM of the TRPV4 inhibitor (Figure 3C). These data thus show 
that TRPV4 inhibition decreases IL8 release and stretch-induced PGE2 release. 

 

Figure 3. Relative release of (A) IL6; (B) IL8; and (C) PGE2 24 h after no (white bar) or 1 h (grey 

bars) of cyclic stretching at 20% strain and 1 Hz in the absence or presence (hatched bars) of 20–

500 nM of the TRPV4 antagonist GSK2193874. n = 4 donors (n = 2 for IL6); mean ± SD; * p < 0.05, 

** p < 0.01, *** p < 0.001. 

Pharmacological Inhibition of TRPV4 Reduces Stretch-Induced p38 

Phosphorylation 

Cyclic stretching was previously shown to stimulate the gene expression of IL6, IL8 

and COX2 via the phosphorylation of the extracellular signal-regulated kinases 1/2 (ERK), 

p38 and Jun-N-terminal kinase (JNK) in human AF cells [17]. In order to explore whether 

TRPV4 mediates the stretch-induced activation of MAPKs, we measured the expression of 

total and phosphorylated MAPKs after 15 min of stretching in the absence or presence of 

the TRPV4 antagonist. Non-stretched cells were added as a negative control, and the non-

stretched cells treated with 10 ng/mL IL1β served as a positive control of the 

inflammatory response. Treatment with IL1β triggered a strong phosphorylation of ERK, 

p38 and JNK in all donors (Figure 4A–C). On the contrary, the bands for p-ERK and p-p38 

were very faint (Figure 4A, B), and even absent for p-JNK (Figure 4C) in the non-stretched 

control samples. The expression of the total targets ERK, p38 and JNK remained similar 

across the conditions (Figure 4A–C). The samples cyclically stretched for 15 min without 

the TRPV4 antagonist displayed denser bands for all the phosphorylated MAPKs 

compared to non-stretched controls in all donors (Figure 4A–C). Upon the analysis of the 



86 
 

densitometry data, even though ERK showed an 8.49-fold increase in activation in 

stretched samples compared to the controls (Figure 4D), only the 2.60-fold upregulation 

of the p38 phosphorylation was statistically significant (Figure 4E). One donor out of three 

expressed phosphorylated JNK in the positive control, but not in the other experimental 

conditions, thus preventing statistical analysis (Figure 4F). Remarkably, stretch-induced 

p38 phosphorylation was reduced by 100 nM GSK2193874 (Figure 4E). Although the 

treatment with the TRPV4 antagonist often yielded dimmer bands compared to the 0 nM 

condition for p-ERK and p-JNK (Figure 4A, C), these differences were not significant 

(Figure 4D, F). These experiments show that hyperphysiological cyclic stretching induces 
the phosphorylation of p38, and this is partially mediated by TRPV4. 

 

 

Figure 4. Representative Western blots from one donor (A–C) and densitometry analysis (D–F) 

of the phosphorylated and total (A, D) ERK 1/2; (B, E) p38; and (C, F) JNK immediately after no 

(white bar) or 15 min (grey bars) of cyclic stretching at 20% strain and 1 Hz in the absence or 

presence (hatched bars) of 20–500 nM of the TRPV4 antagonist GSK2193874. Non-stretched cells 

treated with IL1β were used as a positive control for the blots. One same blot of α-tubulin is shown 

three times as a loading control. n = 3 donors (n = 2 for p-JNK); mean ± SD; * p < 0.05, ** p < 0.01. 

CRISPR-Cas9 Knocks Out TRPV4 in Human Primary AF Cells 

In a second part of the study, CRISPR-Cas9 TRPV4 KO cells were generated to further 

investigate the role of TRPV4 in the stretching-mediated cellular response. Human AF 

cells were transduced with lentiviral particles containing either a non-targeting sgRNA 

(NT cells) or a sgRNA against TRPV4 (KO cells). The efficiency of the KOs was tested with 

RT-qPCR and immunocytochemistry. The gene expression of TRPV4 significantly dropped 

in the KO cells to 0.13-fold compared to the NT controls, thus revealing a KO efficiency of 

87% (Figure 5A). While the NT cells stained without primary antibody showed virtually 

no signal of TRPV4 (Figure S1), the NT cells that followed the full immunostaining protocol 

mostly displayed a robust expression of the ion channel (Figure 5B). At the same time, the 

KO cells expressed TRPV4 at a very low level similar to the no primary antibody control 
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(Figure 5C). We thus show for the first time to our knowledge the gene editing of human 

AF cells via CRISPR-Cas9. The KO of TRPV4 was successful and confirmed both at the gene 

and protein levels. 

 

 

Figure 5. (A) Gene expression of TRPV4 in the CRISPR-Cas9-transduced non-targeting control 

(NT, white bar) and the TRPV4 knockout (KO, hatched bar) cells. n = 5 donors; mean ± SD; **** p < 

0.0001. Immunocytochemistry of (B) the NT and (C) the KO cells; green = TRPV4, blue = DAPI; 

scale bars = 50 µm. 

 

CRISPR-Cas9 KO of TRPV4 Prevents Stretch-Induced Gene Expression of IL8 

Similar to the TRPV4 inhibition experiments, the CRISPR-Cas9-transduced NT and 

TRPV4 KO cells were subjected to hyperphysiological cyclic stretching for 1 h and 

immediately lysed for gene expression analysis. The TRPV4 mRNA levels in the NT and 

KO cells were not affected by mechanical loading (Figure 6A). While the MMP1 gene 

expression was once again significantly augmented (1.52-fold) by stretching compared to 

the non-stretched controls in the NT cells, this change was not observed in the TRPV4 KO 

cells (Figure 6B). However, TRPV4 KO non-stretched cells showed variable and relatively 

high levels of MMP1 (Figure 6B). As expected, IL6 and IL8 gene expression was 

significantly upregulated (1.78- and 2.99-fold, respectively) by stretching in NT cells 

(Figure 6C, D). Although IL6 mRNA levels varied among donors in TRPV4 KO non-

stretched cells, these were either reduced or remained constant upon stretching (Figure 
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6C). The decrease in IL6 in TRPV4 KO stretched cells compared to NT stretched cells was 

nonetheless not statistically significant (Figure 6C). The stretch-induced upregulation of 

the IL8 gene expression was completely prevented in TRPV4 KO cells (Figure 6D). 

Surprisingly, the gene expression of COX2 was not significantly altered by stretching in 

NT cells, and no changes were observed in TRPV4 KO cells (Figure 6E). These data support 

the findings obtained with the TRPV4 inhibition, in that TRPV4 KO prevented the stretch-

induced upregulation of IL8 mRNA and tended to reduce the stretch-induced IL6 mRNA. 

 

Figure 6. Gene expression of (A) TRPV4; (B) MMP1; and (C–E) pro-inflammatory mediators in 

the CRISPR-Cas9-transduced non-targeting control (NT, non-hatched bars) and the TRPV4 

knockout (KO, hatched bars) cells, immediately after no (white bars) or 1 h (grey bars) of cyclic 

stretching at 20% strain and 1 Hz. n = 4 donors; mean ± SD; * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001. 

CRISPR-Cas9 KO of TRPV4 Downregulates the Release of IL6 and IL8 

In a final step, we analyzed the release of IL6, IL8 and PGE2 in the conditioned 

medium of the NT and TRPV4 KO cells that were cyclically stretched for 1 h and cultured 

for 24 h. The basal concentrations of IL6, IL8 and PGE2 in the NT non-stretched cells 

varied between donors: 146.3 ± 145.7 pg/mL, 170.9 ± 160.8 pg/mL, and 12.80 ± 8.01 

pg/mL, respectively. One donor out of five released concentrations of IL6 below the limit 

of detection of the assay. Similar to the TRPV4 inhibition experiment, the stretch-induced 

upregulation of the IL6 and IL8 genes in NT cells did not result in an increase in IL6 and 

IL8 release in the conditioned medium (Figure 7A, B). Nevertheless, the release of IL6 was 

significantly lower in the KO stretched cells compared to the NT stretched cells (Figure 

7A). This effect was not observed for IL8, but the KO non-stretched cells released less IL8 

compared to their NT counterparts (Figure 7B). No significant changes were observed in 

the PGE2 release across conditions (Figure 7C). These data support the link between 
TRPV4 and IL8 release, and suggest a role of TRPV4 in mediating IL6 release. 
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Figure 7. Relative release of (A) IL6; (B) IL8; and (C) PGE2 in the CRISPR-Cas9-transduced non-

targeting control (NT, non-hatched bars) and the TRPV4 knockout (KO, hatched bars) cells 24 h 

after no (white bars) or 1 h (grey bars) of cyclic stretching at 20% strain and 1 Hz. n = 4–5 donors; 

mean ± SD; * p < 0.05. 

 

5.5 Discussion 

Treating diseases in load-bearing tissues often requires an extensive knowledge of 

the interaction between the mechanical and inflammatory signals, a concept recently 

coined as “mechanoflammation” [32]. Understanding the mechanosensing and 

mechanotransductive pathways at the origin of DDD and LBP would contribute to finding 

targeted treatments and thus, lightening the immense burden carried by society and the 

health economy. 

In this study, we report novel evidence that mechanoinflammatory responses 

induced by hyperphysiological stretching are significantly mitigated by TRPV4 inhibition. 

We also show for the first time, the successful gene editing of human herniated and 

degenerated AF cells (Pfirrmann grade 2 to 4) via CRISPR-Cas9 for the purpose of 

knocking out the TRPV4 gene and investigating its role. While the CRISPR-based 

technology allowed us to confirm the role of TRPV4 in regulating IL6 and IL8, it could be 

used in future studies to modulate other molecular targets involved in IVD pathologies 

[33]. 

Our model exhibits features of stretch-induced low-grade mechanoflammation, 

representative of early-stage AF injury [12]. In agreement with previous studies 

[13,14,15,16,17], the hyperphysiological cyclic stretching of AF cells induced an increase 

in gene expression of IL6, IL8, COX2 and MMP1. This pro-inflammatory response was 

transient and decreased with increasing stretching durations. Interestingly, Pratsinis and 

colleagues have similarly reported a bell-shaped expression of pro-inflammatory genes 

with increasing stretching durations in AF cells [17]. This is compatible with a single 

continuous loading event, rather than a repetitive loading regime. The reduction of 

COL2A1 and ACAN mRNA in response to cyclic stretching, also previously reported by 

another study [13], confirms the degenerative purpose of our hyperphysiological 

stretching regime. The moderate but significant increase in PGE2 release caused by 

hyperphysiological cyclic stretching further confirms the COX2 gene expression increase. 

The lack of augmentation of IL6 and IL8 release in response to stretching could be due to 

the existence of other rate limiting steps in the involved pathways, or unknown feedback 
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mechanisms that prevented the translation of the stretch-upregulated IL6 and IL8 

mRNAs. In fact, RNA-binding proteins can bind to the adenylate-uridylate (AU)-rich 

elements in the 3′-untranslated regions of the inflammatory mediators’ mRNAs in order 

to destabilize them, or induce translational silencing to resolve acute inflammation 

[34,35]. Our finding that hyperphysiological cyclic stretching significantly increased the 

phosphorylation of p38 is in agreement with the study of Pratsinis et al. [17]. However, in 

contrast to this report, the activation of ERK and JNK was not statistically significant. With 

the increased gene expression of IL6, IL8, COX2 and MMP1, the reduced gene expression 

of COL2A1 and ACAN, the increased PGE2 release and the activation of p38, we 
established a model of acute pro-inflammatory response to hyperphysiological stretching. 

The novel finding that TRPV4 inhibition significantly reduces the stretch-induced 

gene expression of IL6, IL8 and COX2, but not MMP1, proposes a role of TRPV4 in 

mediating, at least in part, mechanoflammation in AF cells. It is to be noted that the link 

between TRPV4 and these pro-inflammatory mediators finds an echo in studies with 

other organs and tissues. The stretch-induced release of IL6 by mouse lung epithelia cells 

was modulated by TRPV4 inhibition [36]. In human epidermal keratinocytes, TRPV4 

blocking reduced IL6 and IL8 production caused by gamma irradiation [37]. Additionally, 

the stretch-induced upregulation of COX2 expression was decreased by treatment with a 

TRPV4 antagonist in human periodontal ligament cells [38]. The reduction of stretch-

induced PGE2 release in the presence of the TRPV4 antagonist further confirms the 

reduction in COX2 gene expression. Moreover, these results are in agreement with a study 

reporting that the increase in PGE2 release, upon hypo-osmotic stress in porcine 

chondrocytes, is TRPV4 dependent [39]. Interestingly, stretch-induced p38 

phosphorylation was also significantly attenuated by the treatment with the TRPV4 

inhibitor. While this finding is new in AF cells, it is corroborated by other studies 

highlighting the role of p38 in TRPV4-mediated (mechanically induced) inflammation or 

pain in other organs [36,37,40]. Since we did not analyze the expression of inflammatory 

mediators in non-stretched cells treated with GSK2193874, it is not possible to know 

whether their decrease already occurs without stretching. Despite using different 

concentrations of the TRPV4 antagonist in inhibition experiments, it was not clear 

whether the observed responses were dose dependent. We attribute this to the moderate 
effects and variability between different human donors. 

In a second part of the study, we conducted experiments with CRISPR-Cas9 TRPV4 

KO cells. Although two other research groups have previously reported the gene editing 

of human nucleus pulposus cells via CRISPR [41,42], we are the first, to our knowledge, to 

successfully implement CRISPR-Cas9 gene editing in human-degenerated AF cells. TRPV4 

KO completely reversed the stretch-induced upregulation of the IL8 gene expression, thus 

confirming the role of TRPV4 in the mechanoregulation of IL8. TRPV4 KO further tended 

to reduce the stretch-induced increase in IL6 mRNA, in agreement with the TRPV4 

inhibition data. Surprisingly, hyperphysiological cyclic stretching did not upregulate 

COX2 mRNA and PGE2 release in transduced NT cells. In addition, the basal 

concentrations of pro-inflammatory mediators were higher in the transduced cells 

compared to the naive cells, thus suggesting that the used transduction protocol might 

provoke cellular stress. The fact that TRPV4 KO stretched cells released significantly less 

IL6 compared to the NT stretched cells strengthens the hypothesis that TRPV4 regulates 
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IL6 during mechanical loading. Interestingly, TRPV4 KO non-stretched cells also released 

less IL8 compared to NT non-stretched cells, highlighting again a link between TRPV4 and 
IL8. 

Although in vitro models are well suited to explore molecular and cellular 

mechanisms, our findings need to be confirmed at the IVD organ scale and in vivo. Many 

preclinical studies using TRPV4 inhibitors as a treatment for diverse diseases have 

already been conducted [40,43,44,45]. Recently, the TRPV4 antagonist GSK2798745 was 

administered to healthy volunteers and heart failure patients without any safety concern 

[46]. Preclinical and clinical studies investigating TRPV4 inhibition in the context of DDD 

and LBP are currently lacking. If the mechanoinflammatory role of TRPV4 is further 

confirmed in vivo, TRPV4 may become a therapeutic target for novel treatments of LBP. 

This novel type of “mechanomedicine” may benefit patients with IVD pathologies caused 

by aberrant mechanical loading and hyperphysiological stretching. Mechanical stressors 

such as impact, heavy lifting, muscle activations, and work/lifestyle factors (e.g., vibration 

exposure, gait, and posture) [47] are associated with IVD degeneration or injury [2]. In 

particular, AF disruption is commonly linked to LBP and disability [12]. The healing 

process following AF injury includes inflammation, the recruitment of immune cells, cell 

proliferation, the formation of granulation tissue and matrix remodeling [12]. However, if 

initial inflammation is not resolved, it can become chronic and cause degeneration and 

pain [12]. The pro-inflammatory mediators investigated in this study downstream of 

TRPV4 have previously shown to be clinically relevant. Human subjects with LBP were 

found to display significantly higher levels of IL6 in serum compared to control subjects 

[48]. Moreover, higher serum levels of IL6 and IL8 mRNA and protein were found in 

patients with more severe LBP [49,50]. Cytokines can further induce COX2 expression and 

the subsequent synthesis of PGE2 [51]. Higher levels of COX2 and PGE2 have been found 

in herniated discs compared to controls [52,53]. Finally, MAPKs are important stress and 

inflammation regulators in the IVD, and p38 was shown to control the expression of IL6, 

IL8 and COX2, among other mediators [54]. Currently, p38 inhibitors are being 

investigated to treat inflammation-related diseases [54]. The mechanisms of action of the 

current anti-inflammatory treatments of LBP remain unclear [10]. By targeting a specific 

mechanosensitive marker such as TRPV4, it might be possible to specifically address 

mechanoflammation and increase effect sizes. Due to its polymodal nature, a targeted and 

localized silencing of TRPV4 in the AF, e.g., via gene editing, might be desirable in the 

future. The lentiviruses used in this study randomly integrate in the genome, but they 

could be replaced in clinical applications by adeno-associated viruses, which integrate 

into safe harbor regions [55]. 

 

5.6 Conclusions 

“Mechanoflammation” caused by hyperphysiological cyclic stretching was mitigated 

by TRPV4 inhibition with the specific GSK2193874 antagonist, thus revealing the novel 

mechanoinflammatory role of TRPV4 in human primary AF cells. In fact, the stretch-

induced upregulation of IL6, IL8 and COX2 gene expression, PGE2 release and p38 

phosphorylation were significantly reduced by TRPV4 inhibition. We further report the 
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use of CRISPR-Cas9 technology to successfully knock out TRPV4 in human AF cells. 

Remarkably, increases in IL8 mRNA levels caused by hyperphysiological cyclic stretching 

were completely prevented by TRPV4 KO. TRPV4 KO further reduced the release of IL6 

and IL8. Our results thus suggest that TRPV4 mediates stretch-induced inflammation 

possibly via the activation of the p38 MAPK pathway. Future pharmacological or gene-

editing therapies to treat DDD and LBP might thus target TRPV4 or the molecular 

mediators interacting with it in the signaling pathway. 
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5.8 Supplementary information 

 

Figure S1. A) Immunocytochemistry of A) NT and KO cells from two additional donors; and B) 

NT cells without primary antibody; green = TRPV4, blue = DAPI; scale bars = 50 µm.  
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6.1 Abstract 

The CRISPR/Cas9 system has emerged as a powerful tool for mammalian genome 

engineering. In basic and translational intervertebral disc (IVD) research, this technique 

has remarkable potential to answer fundamental questions on pathway interactions, to 

simulate IVD pathologies, and to promote drug development. Furthermore, the precisely 

targeted CRISPR/Cas9 gene therapy holds promise for the effective and targeted 

treatment of degenerative disc disease and low back pain. In this perspective, we provide 

an overview of recent CRISPR/Cas9 advances stemming from/with transferability to IVD 

research, outline possible treatment approaches for degenerative disc disease, and 

discuss current limitations that may hinder clinical translation. 

 

Keywords: CRISPR/Cas9, degenerative disc disease, intervertebral disc, low back pain, 
targeted genome engineering 

 

6.2 Disc degeneration: the need for novel treatments 

Degeneration of the intervertebral disc (IVD) is an age‑related process that is 

characterized by a catabolic shift, leading to matrix breakdown and—ultimately—

structural failure. Apparent degenerative changes first occur in the nucleus pulposus (NP) 

and are associated with a shift from collagen type II to more fibrotic collagen type I as well 

as with a reduction in proteoglycans and a consequent loss in hydration and disc height 

[1]. However, the annulus fibrosus (AF) also undergoes degenerative changes as 

evidenced by disorganization of the lamellar structure, possibly leading to structural 

defects, such as clefts and tears [2]. The altered biomechanical status during degeneration 

contributes to the development of tissue damage through the creation of areas of peak 

stress, exposing the disintegrated tissue to hyperphysiological loading that it cannot 

withstand [3]. As the IVD possesses little regenerative capacity, and healing can only take 

place in the outer AF where nutrient supply is greatest, degeneration gradually 
progresses without treatment. 

Although disc degeneration is a main contributor to back pain, only a subpopulation 

will become symptomatic and experience so‑called degenerative disc disease (DDD) that 

is associated with increased expression of inflammatory molecules, including interleukins 

IL‑1β, IL‑8, and IL‑6 and tumor necrosis factor (TNF)‑α (reviewed in References [4-7]). At 

the moment, patients suffering from DDD are initially treated conservatively, that is with 

physiotherapy and analgesic medication, but may have to undergo discectomy if 

symptoms do not improve. Thus, current therapies only target symptoms but not the 

underlying molecular processes contributing to disc degeneration and pain development. 

Accordingly, major effort has been made to design novel, biologically targeted treatment 
options over the past years, with a focus on 2 approaches: 

On the one hand, regenerative therapies to counteract the degeneration process 

have been attempted but without compelling results thus far. The use of cellular therapies, 

for example, stem cell treatment, is negatively affected by the harsh microenvironment of 
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the IVD that is characterized by high mechanical loads, inflammatory cytokines, hypoxia, 

low glucose levels, acidic pH, and high osmolarity [8]. The application of anabolic 

substances promoting the production of extracellular matrix (ECM) is hampered by the 

low cellularity within the IVD (4000 cells/mm3 in the NP and 9000 cells/mm3 in the AF) 

and, furthermore, by the fact that these few cells are metabolically not very active [9, 10]. 

The outcome of injection of classical anabolic factors such as bone morphogenetic protein 

(BMP)‑7, transforming growth factor (TGF)‑β, or growth differentiation factor (GDF)‑5 is 

compromised even more by the short half‑life of these growth factors and their rapid 

diffusion out of the IVD [8].  

On the other hand, numerous recent research activities have focused on the means 

to modulate inflammation in the IVD, mostly via inhibition of the inflammatory cascade 

(e.g., biologics such as epigallocatechin gallate [EGCG], resveratrol, or piperine)[11 -13] 

or by neutralization of inflammatory mediators (e.g., infliximab, a TNF‑α inhibitor [14]). 

Although these molecular treatments constitute a novel means for molecular disease 

modulation, their success is likely not sustained, especially as repeated injection of 

therapeutics into the IVD is not desired [15]. Novel tools that would allow for safe genetic 

manipulation of resident cells to modulate the catabolic and inflammatory shift or of 

therapeutic cells to enhance their robustness, and thus allow them to better withstand the 

IVD environment, could help to circumvent the limitations of current therapeutic 

approaches. 

 

6.3 Targeted genome editing by CRISPR/Cas9 

Genome editing results in stable phenotype changes and thus can permanently 

eliminate the underlying causes of diseases. Precise genetic reprogramming techniques 

have great potential to change traditional “symptomatic” treatments, not only of 

monogenic diseases but also of age‑related and civilization disorders. In addition, these 

techniques can be implemented in basic and preclinical research to generate disease 

phenotypes in vitro and in vivo. To date, known genome editing techniques are based on 

DNA‑binding nucleases, namely engineered Zinc Finger Nucleases (ZFN) and 

Transcription Activator‑like Effector Nucleases (TALEN), as well as on RNA‑guided 

nuclease(s), specifically Clustered Regulatory Interspaced Short Palindromic Repeats‑

associated Cas9 (CRISPR/Cas9) [16]. ZFNs and TALENs have been used to directly correct 

disease‑causing mutations associated with hemophilia B or sickle cell disease. ZFN‑ and 

TALEN‑based therapies demonstrated success in clinical trials, for example, for HIV, 

proving the potential of genome editing for applications across basic science, medicine, 

and biotechnology. However, their main disadvantages are related to the challenges 

(relatively difficult preparation of functional DNA‑binding nucleases) and costs 

associated with their design and development [17, 18]. Advantages and disadvantages of 

ZNF and TALENs are reviewed in Reference [18]. Similar to ZFNs and TALENs, 

CRISPR/Cas9 stimulates a double‑strand DNA break (DSB) at a target genomic locus but 

is easier to prepare and use and is readily programmable. Thus, CRISPR/Cas9 is regarded 
as a powerful technique for future mammalian genome engineering [19].  
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The CRISPR/Cas9 system is composed of the bacterial endonuclease Cas9, which can 

be directed to any DNA sequence by single‑guide RNA (sgRNA). sgRNA is a short synthetic 

RNA composed of a scaffold sequence necessary for Cas9‑binding, that is made of crRNA, 

loop, and trans‑activating crRNA (tracrRNA), and a user‑defined, variable 17‑20 

nucleotide spacer that defines the genomic target to be modified [20]. The short 

nucleotide spacer of sgRNA is complementary to the genomic DNA target sequence in 

close proximity to the protospacer adjacent motif (PAM) that, in case of Cas9 obtained 

from Streptococcus pyogenes, is a conserved NGG sequence. However, the PAM is not part 

of gRNA as it is only present downstream of the target DNA (Figure 1) [21,22].  

 

 

 

Figure 1: Schematic representation of the CRISPR/Cas9 system. Single‑guide RNA (sgRNA) 

consists of tracer RNA (trRNA); a loop; crispr RNA (crRNA); and protospacer sequence, which is 

homologous to the target DNA. wtCas9 possess 2 cleavage activities, HNH and RuvC. CRISPR/Cas9 

editing tools consist of sgRNA guiding precisely the Cas9 enzyme to the DNA based on the 

homology between the protospacer motif and DNA. When the heteroduplex between sgRNA and 

target DNA is formed, Cas9 performs DNA cleavage in close proximity of the PAM sequence and 

introduces a double‑strand DNA break. 

 

The recognition of the target DNA is ensured by heteroduplex formation between 

the nucleotide spacer of sgRNA and the complementary strand of the target DNA, which 

is followed by Cas9‑mediated DNA cleavage [23]. Typical wild‑type Cas9 demonstrates 

double‑stranded DNA cleavage activity provided by 2 domains, RuvC and HNH 

[24]. Compared to other components guiding the programmable nuclease to the targeted 

DNA locus, sgRNA design and synthesis are simple and cost effective. However, a 
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particular concern of CRISPR/Cas9 can be its off‑target activity as the sgRNA can still 

recognize sequences in the genome with a single‑base mismatch, causing unwanted DSB 

and mutations. To mitigate this disadvantage, more precise sgRNA designs, synthetically 

engineered Cas9, or nickase‑Cas9 (Cas9n) with D10A point mutation possessing only 

single‑stranded DNA cleavage activity have been developed [25-27]. CRISPR/Cas9 has 

been successfully employed to induce single gene mutations, multiple mutations in one 

cell [28], and to cleave highly methylated regions [29]. Furthermore, a full range of 

CRISPR/Cas9 library screening platforms, from genome‑wide to pathway‑specific, is 

being developed and used to reveal critical biological processes, regulatory genes in 

development, aging, or drug resistance [25, 30, 31]. As such, CRISPR/Cas9 represents a 

programmable, versatile, and efficient tool for editing virtually any gene. To date, this 

system has been exploited to reveal exact gene functions, uncover new drug targets, 

produce more accurate models of human diseases, and provide potential gene correction 
therapy [32, 33].  

CRISPR/Cas9‑based techniques can be used not only to disrupt but also to repair 

and/or regulate gene expression (Figure 2). To generate CRISPR/Cas9‐mediated 

knockouts, RNA‑guided Cas9 induces DSBs, commonly activating the nonhomologous end‑

joining (NHEJ) repair pathway. NHEJ produces small random insertions or deletions 

(indels), resulting in frameshift mutations and loss‑of‑function phenotypes 

[34]. CRISPR/Cas9‐mediated gene editing is achieved in the presence of template DNA, 

when DSBs are repaired by so‑called homology‑directed repair (HDR) pathways, which 

act instead of NHEJ and provide precise insertion of donor DNA into the target site. Apart 

from site‑specific DNA repair, HDR can aid in generating controlled gene knockouts and 

inserting marker sequences or resistance genes for further selection of cells with desired 

phenotypes [35]. CRISPR/Cas9‐mediated transcriptional regulation of gene expression 

can be achieved by CRISPR interference (CRISPRi) and CRISPR activation (CRISPRa), 

including CRISPR/Cas9‑mediated epigenetic modification of histones. These techniques 

utilize catalytically inactive RNA‑guided Cas9 (so‑called dead Cas9, dCas9), fused with 

transcriptional activators and repressors (VP64 and KRAB, respectively) [36, 37] or with 

histone‑modifying domains (e.g., p300, LSD1) that can regulate transcription by altering 

chromatin structure [38]. These gRNA‑dCas9 complexes can be designed to reversibly 

target specific regulatory sequences, act as a scaffold for various transcriptional factors, 

or directly interfere with transcription [17, 33]. In addition, CRISPR technology 

(particularly CRISPR/Cas13) can be applied to edit RNA by targeting Cas13a protein to 

RNA, instead of DNA [39]. An overview of possible CRISPR/Cas‑based techniques and 

their specifications is given in Table 1. CRISPR/Cas9 can be used in basic IVD research to 

answer fundamental questions on pathway interactions, to simulate IVD pathologies for 
research and drug development, and possibly to treat DDD. 
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Figure 2: Mechanism of action of CRISPR/Cas9‑based techniques. (1) CRIPSPR/Cas9 gene editing: 

wtCas9 with both cleavage activities is used to create a double‑strand break on the target DNA, 
which can be repaired either by nonhomologous end joining (NHEJ) or by homology directed 

repair (HDR) in case a template DNA is provided. (2) CRISPR/Cas9 interference (i) or activation 

(a): deathCas9 (dCas9) without cleavage activity is guided to the DNA site around the 

transcription start site. dCas9 fused with KRAB domain is used for transcription repression, 

whereas dCas9 fused with VP64 is used for transcription activation of target gene. (3) CasFISH‑

mediated chromosome labeling. dCas9 is fused with fluorophore tag and guided in vitro to the 

target chromosomal DNA that shall be visualized. 

 

Table 1: Specifications of different CRISPR/Cas‑based techniques 
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CRISPR/Cas9 in IVD research 

 
Genome targeting 

CRISPR/Cas9 is a state‑of‑the‑art tool to determine how the genotype influences the 

phenotype by revealing details on genetic and epigenetic regulation of cell function. IVD 

research has been historically hindered by slow proliferation and dedifferentiation of IVD 

cells as well as by a lack of stabilized cell lines. Recently, immortalized rat NP and AF cell 

lines have been developed using the rho‑associated kinase (ROCK) inhibitor Y27632 

[40]. As kinase inhibitors often have unspecific effects, precise targeting of the ROCK gene 

by CRISPR/Cas9 could provide an alternative tool for IVD cell immortalization. Another 

possible application of CRISPR/Cas9 in primary IVD cells can be to prevent their 

dedifferentiation, a common issue of in vitro studies [41]. Targeting the expression of 

dedifferentiation‑associated genes, such as collagen II by CRISPRa or collagen I by 

CRISPRi, could possibly prolong the use of cultured IVD cells in vitro. Collagen II and 

aggrecan have recently been targeted by CRISPRa in tissue‑derived stem cells (ASCs) to 

shift the cell phenotype toward an IVD phenotype and could also be applied directly in 
IVD cells [42].  

In cartilage research, the Swarm rat chondrosarcoma (RCS) cell line is commonly 

used to study chondrocyte‑specific phenotype due to its similarity to normal rat cartilage 

and ability to generate cell clones. Recently, an RCS cell line stably expressing Cas9 (RCS‑

Cas9) was developed and used to investigate the function of the ECM molecules aggrecan 

and hyaluronan [43, 44]. Aggrecan knockout in RCS‑Cas9 cells provided additional 

knowledge on the role of aggrecan in cell attachment, chondrosarcoma formation, and 

gene regulation [43], while knockout of hyaluronan synthase‑2 revealed the essential role 

of hyaluronan in the assembly of chondrocyte pericellular matrix [44]. In a chondrogenic 

mouse teratocarcinoma cell line (ATDC5), CRISPR/Cas9‑mediated deletion of the specific 

binding site of the microRNA miR‑322, reduced mitogen‑activated protein kinase kinase 

1 (MAP2K1 or MEK1) protein levels, and provided new insights into cartilage 

development [45].  

Similar to these cell lines, IVD cells with stably expressed Cas9 could aid in 

explaining the relationship between IVD genotype and phenotype in the future. Recent 

studies on IVD biology highlighted the importance of membrane proteins, namely, of cell 

surface receptors (e.g., toll‑like receptor (TLR) TLR2 [46]), channels (e.g., aquaporins 

[47], transient receptor potential cation channel subfamily V member 4 (TRPV4) [48]), 

and adhesion molecules (e.g., integrins [49]) as these proteins allow IVD cells to sense 

their environment and respond to its changes. Although the expression and activity of 

these molecules are altered during DDD, understanding their exact function has been 

challenging so far as inhibitors/antagonists and activators/agonists are often 

nonselective or have short half‑lives [50, 51]. The CRISPR/Cas9 system enables the 

investigation of the exact cell‑ECM interactions by functional knockouts, knockdowns, or 

knockins of receptors, specific subunits, and interaction partners. As an example, gRNA‑

mediated silencing by dCas9‑KRAB‑GFP (CRISPRi) was used to study the role of N‑

cadherin (CDH2) in porcine and human NP cells, revealing that CDH2 regulates juvenile 

NP cell phenotypes during NP cell cluster formation [52]. Both stable and temporary 

CRISPR/Cas9 modifications have the potential to uncover the mechanisms involved in 
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ECM turnover (e.g., matrix metalloproteinases [MMPs], a disintegrin and 

metalloproteinase with thrombospondin motifs [ADAMTS]), survival, senescence, and 

mechanotransduction of IVD cells. In addition, CRISPRi has recently been applied to study 

the role of cytokine receptors TNFR1 and IL1R1 and their downstream proinflammatory 

signaling in human primary IVD cells [53]. Identification and analysis of noncoding 

regulatory sequences, such as previously identified enhancers of ECM‑degrading 

enzymes, will also be possible [54].  

Moreover, transduction of target cells with pooled lentiviral libraries carrying 

multiple gRNA and Cas9 protein or only gRNAs‑Cas9 for defined sets of genes can allow 

for the functional screening and identification of molecular pathways involved in various 

diseases [55-57], possibly including DDD in the future. CRISPR/Cas9 also contributes to 

the study of genomic regions capable of molecular interactions thanks to the development 

of CRISPR engineered DNA‑binding molecule‑mediated chromatin immunoprecipitation 

(enChIP), where a specific antibody is fused to a dCas9 coexpressed with a gRNA [58]. In 

IVD research, specifically in studies focusing on IVD oxygenation, enCHiP could, for 

example, be used to investigate the interaction between hypoxia‑responsive elements 

(HREs) and hypoxia‑inducible factors such as HIF‑1α [47, 59]. Another use of the CRISPR 

technology is the visualization of genomic loci in cell nuclei, or so‑called Cas9‑mediated 

fluorescence in situ hybridization (CASFISH) [60] (Figure 1). By using multicolor 

dCas9/sgRNAs, several target loci can be labeled simultaneously [60], for example, 

fibronectin, TGF‑β1, and MMPs in human IVDs [61, 62]. Compared to the traditional 

method, CASFISH could prevent the disruption of the spatial organization of the genetic 

elements [60].  

 

Disease models 

CRISPR/Cas9 systems can be used to generate disease models and thus characterize 

the functionality of identified therapeutic targets and developed drugs. In vitro disease 

models can be prepared from NP and AF cells or organ cultures intended to simulate the 

degenerative phenotype. It has been demonstrated that in vitro organ cultures can be 

more suitable than cells to study IVD biology and therapeutic testing as they retain 

biological and biomechanical properties similar to the IVD in vivo [63[. However, 

hallmarks of IVD degeneration are usually not present in organ cultures and have to be 

induced by nonphysiological insults like injections of proteases [64] or high 

concentrations of proinflammatory cytokines [65]. Generating organ cultures with 

multiple edited genes (aggrecan, collagen, MMPs, ADAMTS, ILs) might simulate IVD 

pathologies more naturally. CRISPR/Cas9 constructs have been delivered into tissues 

through several methods, including viral vectors [66], nanoparticles [67], or as a gRNA‑

Cas9 ribonucleoprotein (RNP) complex by nucleoporation, so this option can be feasible 
[68].  

Another approach involves deriving tissues from human‑induced pluripotent stem 

cells (iPSCs) edited with CRISPR/Cas9. This idea has been proposed to develop 

personalized arthritis therapeutics [69]. Cartilage can indeed be obtained through 

chondrogenesis of human iPSCs [70]. Deficiencies can first be introduced in iPSCs with 

CRISPR/Cas9, and the engineered cartilage is then subjected to arthritic stimuli such as 

proinflammatory cytokines or mechanical loading. Candidate drugs can then be screened 
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for their potential to rescue the phenotype. Organ cultures with custom modifications in 

multiple genes and iPSC‑derived engineered tissues can serve as an alternative to animal 

experiments, reducing the need to use animals in research and the initial phases of clinical 

testing. 

CRISPR/Cas9 represents a major asset to generate in vivo disease models, such 

as transgenic mice. Compared to traditional methods, this approach is faster, easier, and 

more cost effective, and protocols consisting of the injection of a plasmid construct 

containing the Cas9 and gRNA in mouse zygotes are available [71]. Another approach is 

to replace the nucleus of an isolated oocyte with the nucleus of a gene‑edited somatic cell 

[72], thus rendering the use of embryonic stem cells obsolete. In addition to single points 

[73], large domains can also be mutated [74], and multiple genes can be targeted 

simultaneously, with an efficiency of 95% for single mutants and 80% for double mutants 

[28]. More recently, in vivo genome editing in specific tissue has been demonstrated by 

synthetic short‑lived gRNA‑Cas9 RNP complexes [75]. As genetics is postulated to be a 

main contributor to disc degeneration and DDD [76], in vivo models expressing Cas9 

specifically in the IVD or delivery of short‑lived RNP specifically to the IVD will be useful 

to better understand the role of highlighted candidate genes in disease progression. Such 

genes include the vitamin D receptor, aggrecan, type IX collagen, asporin, MMP3, IL‑1, and 

IL‑6 as polymorphisms in these genes may influence IVD degeneration mechanisms 

[77]. In vivo inducible systems based on dCas9 have been particularly useful in 

phenotypic and epigenetic studies in postnatal mammals and in cancer models, allowing 

the study of gene‑level changes [78, 79]. Specifically, induced epigenetic remodeling 

enabled the amelioration of disease symptoms in mice [80] and thereby represents an 

interesting approach for the IVD. As such, targeted‑induced epigenetic changes have been 

performed to investigate the effects of TNF‑α and IL‑1β signaling in primary IVD cells [53].  

Mice (and small animals in general) are not the most suitable models to simulate 

IVD pathologies and therapeutic testing. Unlike human IVDs, their IVDs are too small, 

contain notochordal cells with self‑regenerative potential, and fail to mimic the diffusion 

limitations of the human IVD. On the other hand, IVDs of larger animals (e.g., sheep or 

dog) have comparable biology and diffusion distances to humans [81]. CRISPR/Cas9 is 

not limited to mice but has also been used in domestic species, such as pigs [72, 82], sheep 

[83], goat [84], and cattle [85], as well as dogs [86] and nonhuman primates [87]. While 

structural models of IVD degeneration, including injury or chemical treatments, are 

invasive and unrepresentative of the natural pathophysiology, CRISPR/Cas9 may allow a 

spontaneous simulation of the disease, for example, by activation of senescence pathways. 

In the future, large animals with inducible Cas9 in their IVDs can function as 
programmable translational models for therapeutic testing. 

Besides serving the purpose of translational medicine, animal models are also used 

for research in developmental biology. Notably, notochordal cells are currently of great 

interest in the IVD scientific community. In the field of spine and cartilage development, 

the zebrafish is a useful model and a powerful tool for in vivo CRISPR‑based screenings 

[88]. CRISPR/Cas9 kinesin‐I deletion in zebrafish revealed the role of this gene in cartilage 

remodeling and chondrocyte maintenance during craniofacial morphogenesis [89], while 

CRISPR/Cas9 knockout of cavin1b in the embryonic notochord showed that caveolae, 

which are formed by Cavin1b, mediate the mechanoprotection of notochordal cells during 
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development [90]. Recently, a zebrafish model of idiopathic scoliosis was created by 

CRISPR/Cas9 deletion of mapk7[91].  

CRISPR/Cas9 in preclinical testing for IVD therapy 

For the efficient treatment of painful IVD degeneration, the pathways that mediate 

inflammatory and catabolic responses, pain sensing, cell resistance to oxidative stress, 

and production of ECM should be targeted. For example, CRISPR/Cas9 can enhance the 

expression of growth factors and ECM proteins, reduce the expression of inflammatory 

mediators, or correct unfavorable gene polymorphisms in affected individuals, providing 

patient‑specific treatments [77]. To achieve this, precise reprograming of gene expression 

and repression is needed together with user‑friendly protocols that allow for clinical 

translation. Importantly, it has been demonstrated that CRISPR/Cas9 can simultaneously 

activate, repress, and knockout several distinct genes in a single cell [92]. This possibility 

of CRISPR/Cas9 for multiplexing can be a major step forward in the treatment of 
multifactorial and degenerative diseases such as IVD pathologies. 

Another type of Cas protein, Cas13, can be used to edit RNA by targeting 

CRISPR/Cas13 to RNA instead of DNA [39], for example to correct alternative splicing. It 

has been shown that certain splicing variants of fibronectin mRNA may be associated with 

IVD degeneration [93]. Alternative splicing of multiple mRNAs is also involved in 

chondrogenic differentiation in response to hypoxia, but no such data exist for IVD cells 

[94]. Specific RNA editing by CRISPR may not only be used to correct false alternative 

splicing, but also mimic protective alleles, or guide differentiation of stem cells. CRISPR‑

based genome modification of IVD can be performed directly in vivo or indirectly ex vivo 

in therapeutic cells that are subsequently transplanted into the IVD. Although targeted 

CRISPR/Cas9‑mediated transgene integration would be ideal, it is not yet completely 

feasible, and current delivery methods have to be improved. 

 

Ex vivo edited autologous IVD cells 

Autologous IVD cells can be obtained from biopsies removed during surgeries. 

These cells are frequently affected by pre‑existing degeneration and suffer from poor 

expansion rates in vitro [95, 96]. Nevertheless, IVD cells subjected to conventional 

adenoviral gene delivery of TGF‑β, BMP‑2, BMP‑7, or sex‑determining region Y box 2 

(SOX2) demonstrated the ability to restore the proteoglycan content and modulate the 

biological processes in vitro and in vivo [97, 98], suggesting that precise gene targeting in 

degenerated IVD cells is also possible. Recently, human articular chondrocytes with stable 

CRISPR/Cas9 knockout of IL1R1 were prepared in vitro and found to have superior 

properties over nonedited therapeutic cells [99], with recent evidence that TNFR1 and 

IL1R1 can similarly be targeted via epigenome editing in human primary IVD cells 

[53]. This suggests that deletion or knockdown of IL1R1 in therapeutic cells may improve 

the outcome of cell therapies for patients suffering from joint diseases. 

 

Ex vivo edited stem cells 

Adult stem cells, such as bone marrow mesenchymal stromal/stem cells (MSCs) or 

ASCs, can activate hallmarks of IVD regeneration [100, 101]. Some of their advantages 
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include high proliferation rates, and thus the possibility to expand cells with target 

modifications. Implantation of adult stem cells in animal models has resulted in the 

restoration of an IVD‑like phenotype, and promising outcomes were found in pilot clinical 

applications (phase I/III clinical trials) [102]. However, the major drawback of stem cell‑

based therapies is the poor survival rate of implanted cells due to the pre‑existing 

catabolic and inflammatory environment in the IVD [103-105]. Farhang et al. recently 

used CRISPR/Cas9 epigenome editing to modulate inflammatory responses of human ASCs 

by repressing the expression of cytokine receptors TNFR1 and IL1R1. Using dCas9‑KRAB‑

induced, site‑specific H3K9 methylation of TNFR1 and IL1R1 promoters, resistance of 

ASCs to inflammatory environments was achieved, thus demonstrating the ability of 

CRISPR/Cas9 epigenome editing to modulate inflammatory signaling in implantable cells 

(Figure 3) [106]. Although this method does not produce complete knockout of gene 

expression, these systems have the advantage of being inducible and reversible. 

 

 

Figure 3: CRISPR epigenome editing in primary IVD cells and stem cells. (A) Lentiviral 

transduction of primary human IVD cells (69 years, female) expressing CRISPR epigenome editing 

system [53]. Protection of adipose tissue‑derived stem cells from TNF‑α after CRISPR epigenome 

editing of TNFR1, as demonstrated by (B) pellet size and (C) H&E staining of pellets [106]. 

 

In murine iPSCs subjected to chondrogenic differentiation, only complete 

homozygous CRISPR/Cas9 knockout of IL1R, but not heterozygous knockout, resulted in a 

cytokine‑resistant cartilage phenotype without chronic inflammation [107]. Taking this 

approach further, an inflammation‑resistant cartilage with the ability to autonomously 

regulate its own inflammatory responses was recently engineered by CRISPR/Cas9 gene 

editing. In murine iPSCs, sequences for cytokine antagonists IL1Ra and sTNFR1 were 

targeted to a first exon of the proinflammatory chemokine (C‑C) ligand 2 (Ccl2), a common 

target of TNF‑α and IL‑1β. In response to cytokine stimulation, the edited cells produced 

TNF‑α and IL‑1β antagonists and thus self‑inhibited cytokine‑mediated signaling 

[108]. This approach demonstrated the potential of CRISPR/Cas9 gene editing for the 

autonomous delivery of anti‑inflammatory agents involving cellular feedback loops. 

Apart from IVD inflammation, therapeutic cells are also subjected to other 

microenvironmental challenges, such as low pH, nonphysiological loading, hypoxia, or 

starvation. A possible strategy against the consequences of such a harsh 

microenvironment could be preventing senescence by regulating the expression of cyclin‑

dependent kinase inhibitor 2A (p16), cellular antioxidant enzymes, or DNA damage 



111 
 

pathways [109]. CRISPR/Cas9‑modified, microenvironment‑resistant cells can be edited 

to coexpress for example sequences of enhanced synthesis of the ECM. 

 

Targeted genome editing in vivo 

CRISPR/Cas9‑based agents can be delivered directly by local application to protect 

endogenous cells from chronic inflammation and pain, enhancing their anabolic function 

and thus counteracting degeneration. As IVD cells are not ideal targets for direct in vivo 

genetic alterations due to their scarcity and inaccessibility, especially in the adult NP, 
editing of other cell types can be considered. 

Activation of dorsal root ganglion (DRG) neurons and subsequent pain is known to 

be associated with inflammatory responses of degenerated IVD [5]. A recent in vitro study 

of Stover et al. explored the potential of DRG‑directed CRISPR/Cas9 epigenome editing to 

reduce low back pain (LBP) [110]. Targeted delivery of gRNA‑dCas9‑KRAB to a promoter 

of A Kinase Anchor Protein 150 (AKAP150) gene in DRG neurons, stimulated with 

catabolic IVD‑conditioned media, abolished the nociceptive activity of the DRGs while 

preserving their nonpathological activity. This study demonstrated the potential of 

CRISPR/Cas9 epigenome editing of pain‑related genes in nociceptive neurons as a 

therapeutic strategy for LBP [110]. Recently, CRISPR/Cas9 adeno‑associated virus (AAV)‑

based delivery into neurons was performed in a rat model of retinal dystrophy for 

correction of the proto‑oncogene tyrosine‑protein kinase MER (Mertk) gene via 

homology‑independent targeted integration (HITI). Although there was only partial 

function rescue, the results suggest the feasibility of AAV in vivo‑targeted gene therapy in 
neurons, with possible implications for LBP [111].  

Clinical translation of CRISPR/Cas9 gene therapy 

CRISPR/Cas9 is already at various stages of clinical trials for a number of disorders 

due to its wide applicability and ease of customization. The first application of therapeutic 

genome editing has entered clinical testing for editing of the C‑C motif chemokine 

receptor CCR5 in CD4 T‑lymphocytes of HIV‑positive patients [112]. Despite the 

difficulties, clinical trials based on adenoviral‑mediated ZFN gene delivery into T‑

lymphocytes were completed. A new planned trial investigating the safety of the ex 

vivo CCR5 modification in CD34+ hematopoietic stem cells by CRISPR/Cas9 is ongoing in 

HIV‑positive patients to prevent AIDS development (clinicaltrial.gov: NCT 03164135). 

Another CRISPR/Cas9 application in humans is the ex vivo‑programmed cell death 

protein 1 (PD1) gene deactivation in T‑lymphocytes of a lung cancer patient and 

subsequent introduction of the edited cells into the patient, which was based on previous 

encouraging in vitro results [113, 114]. PD‐1 gene modification is a promising approach 

that should be clinically trialed for other malignancies, but caution in trial designs with 

CRISPR/Cas9 needs to be taken when it comes to ethical requirements of scientific 

validity [115].  

The clinical application of CRISPR/Cas9 machinery directly in the human body is 

envisioned for the treatment of HPV‑related cervical intraepithelial neoplasia 

(clinicaltrial.gov: NCT03057912). A plasmid containing CRISPR/Cas9 is designed to target 

the gene for viral E6/E7T1 protein and thus eliminate the viral genes from cells infected 
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by HPV and prevent their malignant transformation. Currently, a major challenge for 

using CRISPR/Cas9 in vivo is the limitation of viral delivery by vector size, possible 

immunogenicity, safety concerns, and regulatory hurdles. Integrase‑deficient lentiviral 

vectors (IDLVs) for delivery of CRISPR/Cas9 components have been recently developed 

[116]. Although progress has been made, developing better delivery systems, together 

with development of strategies, to systematically minimize off‑target effects is necessary 

for the therapeutic advancement of CRISPR/Cas9 in the future [117].  

Although genome editing in the IVD is still far from clinical application, ethical and 

safety concerns related to the use of CRISPR/Cas9 should be considered now [118]. Off‑

target effects, which are specifically high in human cells compared to other species, may 

jeopardize the safety of patients by deregulating other genes with high homology to the 

intended target DNA sequence. This may cause severe mutations with potentially 

detrimental consequences, such as cell death. Ethical concerns for CRSIPR/Cas9 are 

mostly related to heritable genetic engineering, that is, genome editing in the human 

germline, and the associated possibility that introduced modifications can be transmitted 

through generations. While techniques for genome engineering thus far were limited to 

somatic cells and hence restricted to patients accepting the risk of possible side effects 

after informed consent, CRISPR/Cas9 may lead to unpredictable, possibly dangerous 

changes in later generations that the consenting patient would be responsible for. 

However, the extent of the risk depends on the treated cell and tissue type and is likely 
less pronounced for intradiscal applications. 

Clinical translation of CRISPR/Cas9 for IVD pathologies holds promise as this will 

allow targeting of the underlying molecular processes contributing to disc degeneration 

and pain development and hence constitute a major improvement compared to current, 

symptom‑driven therapies. While approaches for CRISPR/Cas9‑based IVD regeneration 

may be challenging to translate to clinical practice due to unfavorable risk‑benefit ratios 

[119] (especially when considering that degeneration itself does not always induce 

suffering or pain), treatments that specifically target disc‑related pain have higher 

chances for translation. Both CRISPR/Cas9‑based regulation of inflammatory processes 

within the IVD and modification of nociception in spinal nerves may have the highest 

potential for clinical application due to the high socioeconomic burden of LBP [120]. 

Furthermore, the means to enhance the mechanical stability of the AF through genome 

editing and thus prevent IVD herniation would be of great significance for the healthcare 

systems [121], but this approach would strongly rely on (currently not existing) the early 

identification of patients at risk. However, when designing new CRISPR/Cas9 treatment 

strategies, the limitations of this technique for patients in whom cells have already 

undergone alterations in cell number, activity, and phenotype will have to be considered. 

Hence, appropriate patient selection, depending on the respective target gene, will be an 
important factor in the clinical translation of genome editing in the IVD. 
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6.4 Conclusion 

While our understanding of the mechanisms of the CRISPR/Cas9 system and its 

application in the clinical setting are still developing, CRISPR/Cas9 has the potential to 

induce a paradigm shift in the study and treatment of human diseases, including DDD and 

LBP. CRISPR/Cas9 systems provide a novel tool to improve the modeling of DDD and 

allow studying functions from a macroscopic (body) to a microscopic (cell) scale across 

all mammalian species. Modeling of IVD degeneration has always been a challenge and is 

a limitation to the field's progression that may be overcome by CRISPR/Cas9. In addition, 

gene editing, knockout, and endogenous gene expression control represent powerful tools 

to advance cell engineering in novel and efficient ways, hindered thus far by technological 

limitations, complexity of applications, and/or the expense/rapidity of development. This 

will have profound effects on both cell therapeutics and gene therapies for IVD 

degeneration application. However, the field has much to learn about the delivery and 

safety of these systems. Despite these challenges, CRISPR/Cas9 represents a promising 

new tool that has the potential to break through technological barriers that have been 

impeding the field's progress and therefore change our thinking and treatment of IVD 

degeneration, DDD, and LBP. 
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Low back pain (LBP) affects up to 84% of people at some point in their life, causing 

loss of productivity, disability, and a huge global socio-economic burden [1]. One of the 

main causes of LBP is degenerative disc disease (DDD), a multifactorial syndrome 

combining intervertebral disc (IVD) degeneration, inflammation, and nociception [2]. 

Mechanical loading is a well-known contributor to IVD degeneration and DDD [2]. 

However, the underlying mechanisms of the mechanosensing and mechanotransduction 

molecular pathways are under-investigated. This partly contributes to the suboptimal 

design of current pharmacological treatments, which have unclear mechanisms of action, 

low effect sizes [1], can provoke side effects over the long term [3], and do not take into 

account the mechanical nature of LBP. From a mechanobiological perspective, transient 

receptor potential (TRP) channels constitute interesting therapeutic target candidates for 

the treatment of DDD and LBP. These non-selective calcium-permeable transmembrane 

channels can sense various stimuli including changes in temperature, pH, osmolarity, as 

well as oxidative and mechanical stress [4]. The mechanosensitive member 4 of the 

vanilloid subfamily (TRPV4) is especially intriguing, as it is known to transduce 

mechanical, inflammatory and pain signals in joint tissues [5]. Nevertheless, TRPV4 has 

never been studied in the context of IVD mechanotransduction. The overall goal of this 

thesis was to investigate the potential role of TRPV4 in mediating hyperphysiological 

mechanical signals in the IVD, and its relevance as a therapeutic target to treat LBP. To 

this end, the following specific aims were addressed. 

 

Aim 1: To develop a novel 3D hydrogel that combines mechanical strength and 

biofunctionality for mechanotransduction studies 

Aim 2: To investigate the role of TRPV4 in transducing hyperphysiological dynamic 

compression 

Aim 3: To investigate the role of TRPV4 in transducing hyperphysiological cyclic 
stretching 

 

7.1 Contributions to the field 

As a first step in investigating TRPV4 in IVD cell mechanotransduction, we 

established a suitable in vitro compression model. Mechanotransduction in vivo takes 

place in a three-dimensional (3D) microenvironment with instructive biochemical cues 

and specific mechanical stimuli [6]. Conducting mechanotransduction studies with in vivo 

relevance thus requires advanced 3D culture systems that possess both the 

biofunctionality of native extracellular matrix proteins, and tunable mechanical 

properties. To this end, we developed novel agarose-collagen composite hydrogels that: 

(i) mimic native tissues constituted of non-fibrillar matrix and collagens; (ii) combine the 

mechanical properties of agarose and the biofunctionality of collagen I; and (iii) allow the 

exploration of mechanical loading and cellular mechanotransduction. More specifically, 

we showed that agarose-collagen hydrogels form a homogenous interconnected network 

of the two polymers that retain strong mechanical properties and dimensional stability 

over time. Bovine nucleus pulposus (NP) cells embedded in agarose-collagen hydrogels 
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were viable, displayed a low proliferation rate and a round morphology typical of IVD cells 

in vivo. Moreover, agarose-collagen scaffolds outperformed agarose hydrogels in terms of 

matrix production. The gene expression of collagen I and II, as well as aggrecan, increased 

at day 7 in blended hydrogels, and the glycosaminoglycan content was also increased 

compared to the agarose hydrogels at this time-point. We finally confirmed our 

hypothesis that physical blending of collagen I into agarose enhances the biofunctionality 

of the construct by promoting cell adhesion and mechanotransduction ability, as 

measured by focal adhesion kinase (FAK) activation. This highly biomimetic and 

reproducible model system and the developed protocols (e.g. hydrogel fabrication, 

cellular assays, mechanical loading, RNA and protein extraction, etc.) can further be used 

to model other native tissues composed of non-fibrillar matrix and collagens and to 
investigate their mechanotransduction mechanisms. 

In a second step, we used our novel agarose-collagen in vitro models, as well as 

mouse in vivo models to investigate the role of TRPV4 in transducing hyperphysiological 

dynamic compression in NP cells cultured in the above-described new model, and IVDs. 

We showed that hyperphysiological dynamic compression induces IVD degeneration in 

vivo, as well as cell damage and increased inflammation in vitro, as measured by lactate 

dehydrogenase (LDH) and prostaglandin E2 (PGE2) release. Importantly, we 

demonstrated for the first time that TRPV4 inhibition via a selective antagonist 

significantly reduces compression-induced LDH and PGE2 release and activates the 

extracellular signal-regulated kinases 1/2 (ERK) pathway. Finally, trpv4-deficient mice 

displayed mild IVD degeneration and a significantly reduced expression of 

cyclooxygenase 2 (COX2, the enzyme that synthesizes PGE2) compared to wild-type (WT) 

mice. This study is, to our knowledge, the first to show that TRPV4 regulates COX2/PGE2 

and mediates cell damage induced by hyperphysiological dynamic compression, possibly 

via ERK, in NP cells and IVDs. Our findings suggest that targeted TRPV4 modulation might 

constitute a promising therapeutic strategy to treat patients suffering from IVD 
pathologies caused by aberrant mechanical stress. 

We finally investigated the role of TRPV4 as a mechanotransducer and potential 

therapeutic target in a model that was more clinically relevant, as we used human 

degenerated annulus fibrosus (AF) cells that were cyclically stretched at a 

hyperphysiological strain. We first developed a model with an inflammatory response to 

hyperphysiological stretching representative of early-stage AF injury. More specifically, 

we showed that hyperphysiological cyclic stretching increases the gene expression of pro-

inflammatory and catabolic mediators (interleukins 6 and 8 (IL6, IL8), COX2, and matrix 

metalloproteinase 1); reduces the expression of anabolic genes (collagen II and aggrecan); 

increases PGE2 release; and activates the p38 mitogen-activated protein kinase (MAPK). 

TRPV4 pharmacological inhibition and gene editing were then tested as potential 

therapeutic approaches to rescue the induced mechanoflammation. To this end, we 

established the first successful gene editing of human herniated and degenerated AF cells 

via CRISPR-Cas9 to knock out the TRPV4 gene (TRPV4 KO). We demonstrated that TRPV4 

pharmacological inhibition significantly reduces the stretch-induced upregulation of IL6, 

IL8, and COX2 gene expression, PGE2 release, and p38 phosphorylation. Remarkably, 

increases in IL8 mRNA levels caused by hyperphysiological cyclic stretching were 

completely prevented by TRPV4 KO. TRPV4 KO further reduced the release of IL6 and IL8. 
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This study thus identifies for the first time TRPV4 as a mediator of stretch-induced 

inflammation in human AF cells. While the CRISPR-based technology allowed us to 

confirm the role of TRPV4 in regulating IL6 and IL8, it could be used in future studies to 

modulate other molecular targets involved in IVD pathologies. Together with our findings 

on TRPV4-dependent compression-induced cell damage and inflammation, this study 

highlights a novel link between mechanical hyperphysiological loading and injury 

mechanisms leading to IVD degeneration and elucidates an important pathway in the 

complex process that ultimately leads to chronic LBP. This knowledge could be further 

applied to design novel pharmacological therapies targeting TRPV4 and its molecular 
partners. 

 

7.2 Limitations 

The conclusions of this thesis are limited by several aspects. The sample size used 

for statistical analysis in our studies typically comprised n = 3-5 biological replicates. 

Although this rather small sample size is typical for basic in vitro studies, it can limit the 

statistical power of a study. The choice of the number of biological replicates was dictated 

by several technical limitations. When working with human primary degenerated cells, 

we were mainly limited by initially low cell numbers after cell isolation and low 

proliferation rates in culture. Moreover, cells were cultured only up to passage 2 to avoid 

cell dedifferentiation due to culture on 2D plastic. This prevented the achievement of high 

cell numbers via cell expansion. These problems are common in the IVD research field, as 

IVDs are known to have very low cellularity and cell proliferation rate that decrease even 

further with IVD degeneration and cell senescence [7]. In the case of bovine NP cells 

embedded in 3D agarose-collagen hydrogels, the cell number was still a concern, but to a 

lesser extent. In fact, healthy bovine NP cells proliferate relatively fast compared to 

degenerated human IVD cells. Nevertheless, in order to achieve a physiological IVD cell 

density of 4x106 cells/ml in the hydrogels, 6.4x105 cells/gel were required. Therefore, 

every experiment necessitated a very high initial cell number. Other technical problems 

that hampered the increase of the sample size for hydrogel studies included the relatively 

time-consuming hydrogel fabrication process, pre-culture time, and optimized protocols 
to extract RNA and proteins from 3D scaffolds. 

Several in vitro and vivo models were used in this thesis, each with its own 

advantages and drawbacks. With respect to in vitro models, we either used bovine NP 

cells embedded in 3D agarose-collagen hydrogels or human degenerated AF cells cultured 

in 2D. Although whole IVDs are useful models, isolated cells were preferred for three main 

reasons: (i) intact human IVDs cannot be obtained in Switzerland; (ii) it is challenging and 

time-consuming to extract RNA from tissues with low cellularity and high proteoglycan 

content like healthy bovine IVDs [8]; and (iii) isolated cells allow a more standardized 

investigation of precise molecular mechanisms compared to tissues. Bovine IVD cells are 

healthy and can be obtained in high numbers for 3D cell culture. However, they do not 

perfectly recapitulate the human cellular physiology. When possible, we privileged the 

use of human cells, like in the stretching study in Chapter 5. However, the lack of 

availability of healthy human disc tissue in Switzerland prompted us to isolate cells from 
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degenerated and herniated IVD biopsies. While degenerated IVD cells are useful to test 

therapeutic approaches aiming to revert their pathological phenotype, they do not allow 

to accurately study mechanisms leading from a healthy to a pathological phenotype. 

Another aspect to consider is the variability between different human donors, which is 

reflected in the obtained data. Human patients varied in age, sex, IVD pathology, and grade 

of degeneration. Moreover, although we aimed to use only AF cells in the stretching study 

(Chapter 5), it is challenging to separate the NP tissue from the AF tissue, especially in 

highly degenerated samples with an unclear NP/AF boundary. AF tissue was 

intraoperatively excised and digested, but cells were not sorted to distinguish between 

AF and NP cells using NP cell specific markers such as forkhead box F1 (FOXF1), carbonic 

anhydrase XII (CA12), cytokeratin‑19 and paired box‑1 (PAX1) [9]. Another disadvantage 

of the in vitro model of the stretching study (Chapter 5) is its 2D nature, which does not 

mimic the complex 3D microenvironment of IVD cells. However, this 2D model was 

chosen because it is one of the best-established ones for cell stretching [10]. 

 

We used a mouse in vivo model in preliminary experiments to study the effects of 

hyperphysiological dynamic compression or TRPV4 KO. The mouse is an excellent in vivo 

model to investigate mechanical loading via tail compression and offers relative ease of 

access to preliminary pre-clinical data. However, the small size of murine IVDs prevents 

harvesting a sufficient amount of IVD cells for in vitro experiments, especially for 

encapsulation in our agarose-collagen hydrogels. This required the use of the bovine 

animal model additionally in the compression study in Chapter 4 and prevented the direct 

comparison between in vivo and vitro experiments.  

 

A final limitation is that our experimental models mostly simulate acute low-grade 

inflammation reminiscent of early-stage IVD injury or DDD, but not chronic inflammation. 

By stimulating the cells with a hyperphysiological magnitude and a single short 

continuous loading, we obtained a transient inflammation that resolved over time. This 

allowed us to capture the very fast effects of TRPV4. In fact, TRPV4 activation was shown 

to cause an increase in intracellular calcium influx that was only stable for a few minutes 

[11]. Moreover, the density of TRPV4 at the plasma membrane decreases within 20 min, 

as the channels translocate to the recycling endosomes [11]. While our data suggest that 

TRPV4 transduce hyperphysiological mechanical signals into cell damage and 

inflammation via the ERK and p38 MAPKs, the short time-frame provided by acute 

inflammation prevented us to devise a clear and complete mechanism of action of the 

TRPV4 inhibitor. Future studies should further investigate the mechanisms related to 

TRPV4 in a model of chronic mechanoflammation that can be obtained by applying 

repetitive hyperphysiological mechanical loading. 

 

7.3 Future perspectives 

This thesis investigated the role of TRPV4 in hyperphysiological mechanical loading 

and acute inflammation of IVD cells and IVDs. Additionally, the effect of TRPV4 KO was 

investigated in unloaded mice in a preliminary experiment (Chapter 4). Our findings 
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suggest a dual role of TRPV4 in the IVD. On one hand, our data show that TRPV4 

pharmacological inhibition significantly reduces cell damage and inflammation induced 

by hyperphysiological dynamic mechanical loading (Chapter 4-5). On the other hand, 

TRPV4 expression is necessary and plays a role in IVD homeostasis. In fact, trpv4 KO 

murine IVDs displayed mild degeneration compared to WT IVDs (Chapter 4). Although 

TRPV4 is a promising therapeutic target to treat DDD and LBP, its potential dual role 

poses challenges for the design of a novel therapeutic approach. Moreover, TRPV4 is 

ubiquitous and can be activated by different stimuli [12]. Therefore, a therapy targeting 

TRPV4 needs to be carefully elaborated in order to maintain the beneficial and necessary 
roles of TRPV4 in homeostasis.  

Follow-up projects should first investigate in vitro the exact mechanism of action of 

TRPV4 inhibitors in other contexts than hyperphysiological mechanical loading and acute 

inflammation in the IVD. These experimental settings should include unloaded samples, 

physiological loading, and repetitive hyperphysiological loading inducing chronic 

inflammation. Our unpublished preliminary data showed that the selective TRPV4 

inhibitor did not cause cellular toxicity at the concentrations and durations used in our 

experiments in both unloaded bovine and human IVD cells, as measured by the LDH assay. 

However, we did not measure other biological responses. The mechanism of action should 

be further verified in a pre-clinical model, such as the mouse tail compression model. Mice 

would be either intradiscally injected with a TRPV4 antagonist (or saline solution) or 

genetically modified to have reduced or no TRPV4 expression and mechanically loaded 

(or not) at different regimes. Several KO mouse models of TRPV4 have already been 
developed [12]. 

Following the above-mentioned studies that will lead to a better understanding of 

the therapeutic potential of TRPV4 modulation, subsequent steps should focus on clinical 

translation. Clinical trials examining TRPV4 inhibition in the context of DDD and LBP are 

currently lacking. A phase I clinical trial would first test the safety of TRPV4 inhibitor 

administration in a small sample of healthy subjects. Interestingly, a selective antagonist 

of TRPV4 was recently administered to healthy volunteers and heart failure patients 

without any safety concern [13]. Phase II-III trials would then test the efficacy of this 

therapeutic approach in a higher number of patients affected by DDD and LBP. Doses as 

well as drug delivery modes should be further tested. The TRPV4 inhibitor could be locally 

injected in the IVD or encapsulated in a hydrogel that would be injected in the vicinity of 

the painful IVD.  

Finally, a futuristic approach could entail the knockdown or knockout of TRPV4 via 

gene editing, e.g. via the CRISPR-based technology as mentioned in Chapter 6. Considering 

the potential dual role of TRPV4, a conditional gene editing induced in case of excessive 

mechanical loading might be a desirable therapeutic strategy in the future. Nevertheless, 

several technical, safety and ethical issues need to be addressed before gene editing can 

be routinely used to treat DDD and LBP. 
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7.4 Conclusion 

LBP is the leading cause of disability worldwide and a huge global socioeconomic 

burden. Costs associated with LBP are projected to further increase in the coming decades 

due to the growth and aging of the global population. Yet, the etiology of LBP is still poorly 

understood and current treatments are not targeted and have poor efficacy. This thesis 

investigated mechanical loading as one of the main contributors to IVD degeneration, 

DDD, and LBP. More specifically, we studied the molecular mechanisms leading from 

hyperphysiological loading to cell damage and inflammation and identified the TRPV4 ion 

channel as a mechanotransducer and potential novel therapeutic target to tackle LBP. We 

first developed 3D composite agarose-collagen hydrogels that combine mechanical 

strength and biofunctionality as novel tools for mechanotransduction studies. We then 

applied these hydrogels and a mouse in vivo model to investigate the role of TRPV4 in 

transducing hyperphysiological dynamic compression. In this compression study, we 

showed that TRPV4 regulates COX2/PGE2 and mediates cell damage induced by 

hyperphysiological dynamic compression, possibly via ERK, in NP cells and IVDs. In a final 

step, we investigated the role of TRPV4 in a model that was more clinically relevant, as we 

used human degenerated annulus fibrosus (AF) cells that were cyclically stretched at a 

hyperphysiological strain. For the purpose of this study, the first successful gene editing 

of human herniated and degenerated AF cells via CRISPR-Cas9 was established to 

knockout TRPV4. We found that TRPV4 inhibition and CRISPR-Cas9 KO significantly 

reduce inflammation induced by hyperphysiological stretching. Altogether, this thesis 

highlights a novel link between mechanical hyperphysiological loading and injury 

mechanisms leading to IVD degeneration and elucidates an important pathway in the 

complex process that eventually leads to chronic LBP. Future studies should clarify the 

exact mechanism of action of TRPV4 inhibition and KO, examine their potential to mitigate 

chronic inflammation, and further test the safety and efficacy of these therapeutic 

approaches in translational preclinical and clinical trials. If successful, a therapy 

specifically targeting TRPV4 to treat LBP would considerably contribute to easing the 

immense burden carried by patients and society. 
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Abstract  

Purpose: Prolonged bed rest and microgravity in space cause intervertebral disc 

(IVD) degeneration. However, the underlying molecular mechanisms are not completely 

understood. Transient receptor potential canonical (TRPC) channels are implicated in 
mechanosensing of several tissues, but are poorly explored in IVDs.  

Methods: Primary human IVD cells from surgical biopsies composed of both annulus 

fibrosus and nucleus pulposus (passage 1–2) were exposed to simulated microgravity and 

to the TRPC channel inhibitor SKF-96365 (SKF) for up to 5 days. Proliferative capacity, 
cell cycle distribution, senescence and TRPC channel expression were analyzed.  

Results: Both simulated microgravity and TRPC channel antagonism reduced the 

proliferative capacity of IVD cells and induced senescence. While significant changes in 

cell cycle distributions (reduction in G1 and accumulation in G2/M) were observed upon 

SKF treatment, the effect was small upon 3 days of simulated microgravity. Finally, 
downregulation of TRPC6 was shown under simulated microgravity.  

Conclusions: Simulated microgravity and TRPC channel inhibition both led to 

reduced proliferation and increased senescence. Furthermore, simulated microgravity 

reduced TRPC6 expression. IVD cell senescence and mechanotransduction may hence 

potentially be regulated by TRPC6 expression. This study thus reveals promising targets 

for future studies. 

 

Keywords: intervertebral disc, simulated microgravity, senescence, TRP channels, 
mechanotransduction, gene expression 

 

Introduction 

Intervertebral discs (IVDs) show signs of degeneration as early as the second decade 

of life [1]. As normal physiological ageing and pathological degeneration recruit similar 

signalling cascades, pathological IVD degeneration can be described as accelerated tissue 

ageing, contributed to by multimodal stress-induced changes with ultimate tissue failure 

[2]. Although genetics plays an essential role in the onset of ageing and the progression of 

degeneration [3], mechanical loading and damage, particularly of the lumbar spine, have 

been identified as contributing factors [4]. Whereas physiological levels of mechanical 

stress support the metabolic balance of the IVD [5], hyper-physiological mechanical 

stresses or mechanical unloading biases the IVD towards catabolism, inflammation and 

reduced viability, hence promoting degeneration [6]. Mechanical unloading, occurring, 

e.g. during prolonged bed rest, causes long-lasting changes in IVDs [7, 8]. In fact, the 

changes in IVD morphology measured by magnetic resonance imaging after 21 days of 

bed rest in 7 healthy subjects persisted after 5 months [7]. The recovery of the IVDs was 

still incomplete 2 years after 60 days of bed rest [8]. Moreover, astronauts, who are 

exposed to microgravity during space flights, exhibit spinal lengthening [9], low back pain 

[10, 11] and an elevated risk of IVD herniation [12]. In vitro experiments [13] and animal 

studies conducted during space flight [14, 15] have shown degenerative biomechanical or 

biochemical effects of microgravity. To study microgravity on Earth, random positioning 
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machines (RPMs) are commonly used [16]. Signs of IVD degeneration were observed in 

mice discs cultured in a rotary wall vessel bioreactor [17], although this was not the case 
with rat IVDs [18]. 

During degeneration, IVD cells acquire numerous pathobiological features, 

including increased levels of cellular senescence [19, 20]. Affected cells possess a so-

called senescence-associated secretory phenotype (SASP), characterized by proliferative 

dysfunction, unresponsiveness to mitogenic stimulation (and hence hampered cell cycle 

progression), as well as catabolic and inflammatory behaviour [20]. The molecular 

mechanisms leading to IVD degeneration and ageing are not yet completely understood. 

However, high levels of free calcium in the cartilaginous endplates are associated with 

IVD degeneration [21]. Furthermore, free calcium seems to contribute to IVD 

degeneration through the calcium-sensing receptor (CaSR) [22]. Recently, the expression 

of transient receptor potential (TRP) channels, a superfamily of ion channel with 

relevance in calcium regulation [23], has been demonstrated in the IVD [24,25,26]. The 

members of the canonical family (TRPC) are especially interesting. A direct correlation 

between TRPC6 expression and the degree of IVD degeneration has been recently shown 

[25], highlighting TRPC6 as a candidate for further studies on IVD pathobiology. Aside 

from TRPC6, the isoform TRPC1 may also be of specific relevance. TRPC1 and TRPC6 are 

both known to affect cell cycle progression in various cell types [27,28,29], and TRPC6 

was shown to modulate cellular senescence [30]. Therefore, their modulation and (dys-) 

regulation may play a crucial role in IVD health, but also degeneration. Importantly, 

TRPC1 and TRPC6 have both been described as mechanosensitive [26]. TRP channels are 

therefore interesting candidates when aiming to link IVD mechanobiology with IVD 

ageing and degeneration. Interestingly, simulated microgravity was shown to depress 

TRPC1 expression associated with an accumulation of cells into G2/M, effectively stalling 
proliferation of mouse myoblasts [28, 31]. 

The aim of this study was to investigate the effects of simulated microgravity and 

TRPC channel pharmacological inhibition on human IVD cell proliferation, cell cycle 

progression and senescence (as key features of IVD degeneration). 

 

Materials and methods 

Cell isolation and culture 

Primary cells were isolated from human IVD biopsies from patients undergoing 

spinal surgery (approved by the ethical committees in Zurich and Lucerne, Switzerland, 

and after informed consent), as previously described [32]. For patient demographics, see 

Table 1. Biopsies were composed of both annulus fibrosus and nucleus pulposus (with 

different ratio), as it is difficult to distinguish these tissues in degenerated samples. 

The n number in each experiment (between 4 and 6) represents the number of donors 
used per experimental condition. 
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Table 1: Patient demographics. F = female; M = male; L4/5 = lumbar 4–5; L5/S1 = lumbar 5-sacral 

1; C6/7 = cervical 6–7; DDD = degenerative disc disease; uk = unknown 

Patient 
number 

Patient Age Sex Disc level Type of disease 
Pfirmann 

grade 

1 62 F L4/5 Spondylolisthesis V 

2 53 M L5/S1 Herniation IV 

3 71 F L4/5 DDD II 

4 42 F L4/5 Herniation IV 

5 uk uk uk uk uk 

6 46 M L5/S1 DDD V 

7 43 F L4/5 Herniation IV 

8 uk uk uk uk uk 

9 41 F L5/S1 Herniation IV 

10 47 F L4/L5 Herniation III 

11 56 F L3/4 Herniation IV 

12 57 M L5/S1 DDD IV 

13 68 M L4/5 Herniation III 

14 uk uk uk uk uk 

15 40 F C6/7 Herniation III 

16 44 M L4/5 Herniation IV 
 

Cells were cultured in DMEM/F-12 (Gibco, 31330-038) with 10% FCS (Sigma-

Aldrich, F7524) and 1% Anti-Anti (= 50 units/mL penicillin, 50 μg/mL streptomycin and 

125 ng/mL ampicillin) (Gibco, 15240-062) at 37 °C and 5% CO2 up to passage 1–2. For the 

experimental phase, cells were cultured in reduced-serum DMEM/F12 (5% FCS) without 

antibiotics to avoid any possible interaction of aminoglycoside antibiotics with TRP 

channel activity [28]. 

 

Cellular treatments 

 
Simulated microgravity 

To expose cells to simulated microgravity, a previously described RPM was used 

(Figure 1) [28]. The RPM consists of two gimbal-mounted frames independently moved 

by motors. Samples are placed at the centre of the frames, where the generated motion 

pattern is designed to equally distribute the gravity vector spatially and temporally (the 

gravity mathematically averages zero) [33]. Because the constant reorientation of the 

gravity vector prevents biological systems to adjust to this force, their response is similar 

to the one achieved upon real microgravity exposure [16]. 

In our experiments, the rotation speed of the frames was set to 60° per second. IVD 

cells (n = 4–5, seeded at 6000 cells/cm2 in T25 flasks (150,000 cells per flask)) were 

cultured for 24 h prior to simulated microgravity. Flasks were completely filled with 

culture medium to avoid air bubbles and closed airtight with a filter-less cap [28]. Flasks 

were mounted onto the RPM (integrated miniaturized CO2 incubator), whereas 

corresponding control samples (1 g) were cultured in the same conditions and 
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simultaneously kept in a standard CO2 incubator [28]. Treated cells were analyzed for 

proliferation (up to 5 days of treatment), cell cycle progression (24 h of treatment), 

cellular senescence (72 h of treatment) and TRP channel expression (72 h of treatment) 

and compared to untreated controls. 

 

 

Figure 1: Photograph of the random positioning machine (RPM) used in this study. The samples 

were mounted in the integrated miniaturized CO2 incubator in the inner of the two rotating 

gimbal-mounted frames that are independently moved by motors 

 

Pharmacological TRPC channel inhibition 

Twenty-four hours before pharmacological TRPC inhibition with the broad TRPC 

antagonist SKF-96365 [34] (Sigma-Aldrich, S7809), IVD cells were seeded at a density of 

~ 8000 cells/cm2 in either 24-well plates for subsequent analysis of proliferation (n  = 6, 

15,000 cells per well), 25 cm2 flasks for cell cycle analysis (n  = 6, 200,000 cells per flask), 

or 12-well plates for senescence analysis (n = 530,000 cells per well). For cell cycle 

analysis, cells were exposed to high doses of SKF-96365 (20 µM) for 48 h, whereas 

proliferation and senescence experiments were conducted for up to 5 days at lower 

concentrations (1.7 and 2.5 µM) to avoid cell death or complete growth arrest. Treated 
cells were analyzed as described below and compared to untreated controls. 

 

Cell analysis 

 
Cell proliferation 

Manual counting of trypsinized cells was conducted to identify the effects of 

simulated microgravity and pharmacological TRP inhibition on cell proliferation. 

Proliferation was analyzed over 5 days (day 0 = seeding cell number, 1, 3 and 5) by 

counting each replicate twice using a hemocytometer. 

 

https://link.springer.com/article/10.1007/s00586-018-5688-8/figures/1


135 
 

Cell cycle 

Cell cycle progression was analyzed by flow cytometry analysis as previously 

described [28]. Cells were fixed in 70% ice-cold EtOH, stored at − 20 °C overnight and then 

stained with PI/RNase staining buffer (BD Pharmingen, 550825). Cells were analyzed 

with a FACSCalibur system (BD Biosciences), outfitted with a FL1 channel for PI staining. 

Appropriate settings for forward- and side-scatter gates were applied to examine 10′000 

events/sample. The cell cycle profile was quantified with FlowJo flow cytometry analysis 

software (TreeStar Inc.), applying the Watson model to fit the histograms of single-gated 

cells. 

 
Senescence 

The level of cellular senescence was assessed by SA-β-galactosidase staining. Cells 

were washed twice with PBS, fixed with 3% paraformaldehyde in PBS (pH 7.4), washed 

twice with PBS and incubated overnight at 37 °C with X-gal chromogenic substrate 

(1 mg/ml) at pH 6.0 [35]. After washing and dehydration with graded ethanol (75–95–

99.9%, 1 min each), six images per sample were taken under bright-field illumination 

(10×). The percentage of senescent cells was determined by manually counting cells with 

ImageJ. 

 

Gene expression 

Gene expression analysis was conducted using a previously described protocol [36]. 

Briefly, RNA was extracted with TRIzol/chloroform (ThermoScientific, 15596018), the 

quality and quantity of RNA was determined with the NanodropLite (ThermoScientific) 

and 1 µg of RNA was reverse-transcribed into cDNA in a 30 µl volume using the High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4374966). For each qPCR 

reaction, 150 ng cDNA was mixed with TaqMan primers (TRPC1: Hs00608195_m1; TRPC6: 

Hs00989190_m1; TBP: Hs00427620_m1), TaqMan Fast Universal PCR Master Mix (2X) 

(Applied Biosystems, 4352042) and RNAse-free water to a total volume of 10 µl and gene 

expression was measured with the CFX96 Touch™ Detection System (Bio-Rad). TATA-

binding protein (TBP) was used as a housekeeping gene. Results are shown as 2− ΔΔCt values 

(i.e. relative to TBP and relative to the untreated control). 

 

Statistical analysis 

Data were analyzed for consistency, outliers and for normality. We used normal 

probability plots for visual inspection of data and Kolmogorov–Smirnov tests to test for 

normality. Because each donor was measured in the control as well as in the experimental 

group, samples were dependent (clustered). Data were not normally distributed in any 

subgroup, and to consider both circumstances, a generalized estimation equation model 

(GEE) was applied. In detail, we applied a full factorial model with a main, time and 

interaction effects and used the robust Huber–White sandwich estimator for the 

covariance matrix (unstructured approach). The lognormal distribution was used to 

model the underlying distribution. Least significance differences were computed for 

pairwise comparisons of means. Results are given in terms of means, standard deviations 

and 95% confidence intervals for means. A significance level of 5% was used. All tests 
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were two-sided. All analyses were done by using STATISTICA 13 (Hill, T. & Lewicki, P. 

Statistics: Methods and Applications. StatSoft, Tulsa, OK) and PASW 24 (IBM SPSS 
Statistics for Windows, Version 24.0., Armonk, NY). 

 

Results 

Simulated microgravity and TRPC channel inhibition reduce cell proliferation 

Exposing IVD cells (n = 5) to simulated microgravity significantly reduced 

proliferation at days 3 (189 573 cells ± 54 620) and 5 (337 325 cells ± 184 026) compared 

to cells maintained at 1 g (day 3: 365 600 cells ± 21 637, p < 0.0001; day 5: 620 463 

cells ± 394 720, p = 0.0041) (Figure 2A). Similarly, IVD cell proliferation rate (n = 6) was 

slowed at day 3 and day 5 by SKF-96365 (1.7 and 2.5 µM), a non-selective TRPC channel 

antagonist (Figure 2B) [34]. Statistical significance was reached both when comparing 

each SKF concentration to the control group (p < 0.0001 for both concentration at both 

day 3 and 5) and when comparing the 1.7 µM to the 2.5 µM group (p = 0.0007 

and p = 0.002 for day 3 and 5, respectively), thus proving dose-dependency. 

 

Figure 2: Effects of simulated microgravity and TRPC channel inhibition on 

proliferation. A) Proliferation (total cell number) of human IVD cells at terrestrial gravity (Ctrl) 

or exposed to simulated microgravity (RPM) up to 5 days (n = 5). B) Proliferation (total cell 

number) of human IVD cells with or without TRPC channel inhibition with 1.7 or 2.5 μM SKF-

96365 for up to 5 days (n = 6). Data are shown as mean with 95% confidence interval, *p < 0.05 

Simulated microgravity and TRPC channel inhibition affect cell cycle 

Although 24 h of simulated microgravity slightly reduced the mean percentage of 

cells in the G1 phase of the cell cycle from 64.6% ± 8.5 in the controls to 59.0% ± 6.1 and 

caused an accumulation within the G2/M phase from 11.6 ± 1.9 to 15.2% ± 3.6, these 

differences were not significant (p = 0.062 and p = 0.076, respectively) (Figure 3A). 

However, short-term pharmacological blocking of TRPC-mediated calcium entry with 

SKF-96365 (20 µM, 48 h) resulted in a significant accumulation of IVD cells within the 

G2/M phase, concomitant with a reduction of cells within the G1 phase (p < 0.0001 for 

both phases) (Figure 3B). Specifically, G2/M accumulation increased from 11.4% ± 6.0 

(untreated control) to 30.3% ± 8.5, and G1 distribution decreased from 79.7% ± 8.5 to 

56.7% ± 11.9. 
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Figure 3: Effects of simulated microgravity and TRPC channel inhibition on cell cycle. A) Cell cycle 

distribution (% of cells in each phase) of human IVD cells at 1 g (Ctrl) or exposed to simulated 

microgravity (RPM) for 24 h (n = 5). B) Cell cycle distribution (% of cells in each phase) of human 

IVD cells with or without TRPC channel inhibition with 20 μM SKF-96365 for 48 h (n = 6). Data are 

shown as mean with 95% confidence interval, *p < 0.05 

Simulated microgravity and TRPC channel inhibition increase cellular senescence 

We found that exposing IVD cells to simulated microgravity for 3 days increased 

senescence (positive SA-β-galactosidase staining) from 40.0% ± 3.6 (control group) to 

50.0% ± 6.9 (p < 0.0001) (Figure 4A). Similarly, SKF-96365 treatment also augmented 

the percentage of SA-β-galactosidase-positive cells relative to untreated controls 

(Figure 4B). A significant difference was already observed between the 2.5 µM SKF group 

and controls at day 1 (p < 0.0001), which was maintained at both days 3 and 5 (p = 0.012 

and p < 0.0001, respectively). At these later time points, statistical significance was also 

reached for the 1.7 µM SKF group (p = 0.0018 and p < 0.0001) (Figure 4B). 

Figure 4: Effects of simulated microgravity and TRPC channel inhibition on 

senescence. A) Percentage of SA-β-galactosidase-positive human IVD cells at 1 g (Ctrl) or exposed 

to simulated microgravity (RPM) for 3 days (n = 4). B) Percentage of SA-β-galactosidase-positive 

human IVD cells with or without TRPC channel inhibition with 1.7 or 2.5 μM SKF-96365 for up to 

5 days (n = 5). Data are shown as mean with 95% confidence interval, *p < 0.05 

Simulated microgravity downregulates TRPC6 expression 

Motivated by the fact that TRPC channel inhibition had similar effects on 

proliferation, cell cycle progression and senescence to simulated microgravity, we 

analyzed the gene expression of the TRPC channel isoforms TRPC1 and TRPC6 under 

simulated microgravity. While TRPC1 mRNA levels were not affected (p = 0.14) 
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(Figure 5A), TRPC6 expression was significantly reduced (mean 

2− ΔΔCt value = 0.64 ± 0.19, p < 0.0001) (Figure 5B). 

 

Figure 5: Gene expression of TRPC1 and TRPC6 under simulated microgravity. A) Relative gene 

expression of TRPC1 and B) TPRC6 in human IVD cells at 1 g (Ctrl) or exposed to simulated 

microgravity (RPM) for 3 days (n = 4). Results are shown as 2−ΔΔCt values (i.e. relative to TBP and 

relative to the untreated control) (n = 4). Data are shown as mean with 95% confidence interval, 

*p < 0.05 

 

Discussion 

In this study, we found that (1) simulated microgravity and pharmacological 

antagonism of TRPC channels reduced cell proliferation, retarded cell cycle progression 

and induced cellular senescence, and that (2) simulated microgravity concomitantly 

inhibited TRPC6 expression (while not affecting TRPC1 expression). TRPC6 may hence 

potentially play a role in mediating the effects on proliferation and cell cycle distribution 

that were observed upon simulated microgravity. Further studies including modulation 

of TRPC6 (with, e.g. activation with CRISPRa or knockout with CRISPRi [37]) are needed 
to reveal the possible involvement of TRPC6 in IVD mechanotransduction. 

Mechanical unloading, as observed in astronauts, para-/tetraplegic patients, bed 

rest studies [7, 8] or animals undergoing hindquarter suspension, negatively affects IVD 

metabolism and matrix composition. Here, we simulated microgravity by using an RPM 

[28] and similarly observed detrimental, degeneration-associated changes. These 

changes are likely due to the integrated signalling network that couples mechanosensitive 

receptors and pathways to gene and transcription modulation [38], and may furthermore 

be associated with structural adjustments on the cell level (e.g. actin cytoskeleton 

reorganization) [39]. 

Although constituting a well-accepted method to simulate microgravity, the use of 

an RPM with its constant reorientation of the samples induces additional forces (e.g. shear 

stresses) that may create artefacts. These forces present in the culture flasks on the RPM 

and their effects on the cultured cells were recently thoroughly studied by numerical 

analysis [40]. Parameters such as rotational velocity of the RPM play a role in the 

appearance of shear stress [40]. Therefore, additional stressors and artefacts can be 

prevented by taking the necessary measures for an accurate operation of the RPM [40]. 

IVD cell culture in flasks on the RPM does not recapitulate the complex three-dimensional 

disc matrix environment. However, signs of degeneration were similarly observed in 
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whole mouse discs cultured under microgravity in a rotating wall vessel bioreactor [17]. 

Compared to studies in the entire human (astronauts and bed rest patients), the RPM 

represents a simplified in vitro model system, which is nevertheless useful to uncover the 

underlying molecular mechanisms related to IVD degeneration. 

In agreement with our results obtained with human IVD cells, murine myoblasts 

exposed to simulated microgravity or SKF-96365 exhibited reduced proliferation and cell 

cycle arrest within the G2/M phase [28, 31]. This reflects the fact that proliferative 

capacity may concurrently correlate with mechanosensitivity and TRPC function [31]. 

However, myoblasts seem to rely on modulation of TRPC1 rather than TRPC6, indicating 

that the exact role of these TRP channels appears to be tissue and/or species dependent. 

To confirm the specific relevance of TRPC6 for IVD mechanosensing and 

mechanotransduction, future experiments should not only apply SKF-96365 [34, 41] 

(which may potentially also affect voltage-dependent calcium channels [42]), but should 

also target TRPC6 in a more specific manner. 

Apart from analyzing cell proliferation and cell cycle progression, we also measured 

changes in cellular senescence (as assessed by SA-β galactosidase staining), a hallmark of 

IVD degeneration [43, 44]. TRPC channel inhibition and simulated microgravity both 

increased cellular senescence in IVD cells. However, variability in the basal levels of 

senescence (and proliferation capacity) between donors was present, as these differed 

with respect to age, pathology, degeneration grade and mixture of NP and AF tissue. 

Senescence in vivo is not only associated with the degree of disc degeneration [45], but 

also varies between NP and AF [20]. Furthermore, pro-inflammatory cytokines may 

trigger cell senescence [45], and these may not only be secreted by resident IVD cells, but 

also by invading immune cells found predominantly in IVD herniation samples [46]. 

Despite the differences in basal levels of senescence and proliferation capacity stemming 

from disparities in patient characteristics, we were able to show that microgravity and 

TRPC channel inhibition both increased cell senescence and decreased cell proliferation. 

The subsequent gene expression analysis of the TRPC channel isoforms TRPC1 and TRPC6 

revealed that TRPC6 was downregulated under microgravity (while TRPC1 expression 

was not affected). Therefore, TRPC6 could potentially be of importance in the progression 

of IVD degeneration linked to cell senescence, but further studies are needed. In fact, the 

role of TRP channels in modulating senescence is also known for other cell types, such as 

endothelial cells (TRPC5) [47], pancreatic adenocarcinoma cells (TRPM7, TRPM8) 

[48, 49] and lung fibroblasts (TRPC6) [30]. 

Mechanistic studies modulating TRPC6 expression/activity are needed to determine 

whether TRPC6 restricts or reverses progression of a SASP in IVD cells and mitigates the 

loss of regenerative capacity. This could possibly offer a means to treat IVD degeneration. 

So far, TRPC6 modulation has been investigated for focal segmental glomerulosclerosis 

[50], pulmonary hypertension [51] and ischaemia reperfusion-induced lung oedema [52]. 

TRP channel modulation could be achieved by gene editing, using CRIPSR/Cas9 
[37, 53, 54]. However, these approaches are still in an early experimental phase. 
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Conclusions 

In conclusion, we show that human IVD cells subjected to RPM-simulated 

microgravity or to TRPC channel inhibition display reduced proliferation, retarded cell 

cycle progression and increased cell senescence. Furthermore, simulated microgravity 

reduces TRPC6 gene expression. The TRPC6 ion channel may hence be involved in 

mechanotransduction and in the regulation of cell proliferation and senescence in the IVD. 

These findings are in agreement with other studies where simulated microgravity 

induced signs of degeneration in whole mouse IVDs [17] and reduced proliferation in 

mouse myoblasts by inducing cell cycle arrest [28]. The fact that the effects caused by 

simulated microgravity (reduced proliferation, retarded cell cycle progression and 

increased senescence) were recapitulated by TRPC channel inhibition and were 

accompanied by downregulation of TRPC6 expression suggests that TRPC6 may 

potentially play a role in the underlying mechanisms. In fact, TRPC6 has also been 

associated with cell senescence in lung fibroblasts [30], a contributor to pulmonary 

hypertension [55], consequentially motivating first studies on the therapeutic potential 

of TRPC6 modulation [55]. This study thus reveals TRPC6 as a potential target for further 

studies aiming to investigate IVD degeneration. 
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List of abbreviations 

2D Two-dimensional 

3D Three-dimensional 

 
AAV Adeno‑associated virus 

ACAN Aggrecan 

ADAMTS A disintegrin and metalloproteinase with thrombospondin motifs  

ADP Adenosine diphosphate 

AEC Amino-9-ethyl-carbazole 

AF  Annulus fibrosus  

AKAP 150 A-kinase anchoring protein 150 

Anti-Anti Antibiotic-Antimycotic 

ARD Ankyrin repeat domain 

ASCs Adipose tissue-derived stem cells 

ATP Adenosine triphosphate 

AU Adenylate-uridylate 

  

bFGF Basic fibroblast growth factor 

BMP  Bone morphogenic protein  

BSA Bovine serum albumin 

 

CA12 Carbonic anhydrase XII 

CASFISH Cas9‑mediated fluorescence in situ hybridization 

CaSR Calcium-sensing receptor 

CDI Carbonyldiimidazole 

CEP Cartilaginous endplate 

COL Collagen 

COX2  Cyclooxygenase 2 

CRISPR Clustered regularly interspaced short palindromic repeats 

CRISPRa CRISPR activation 

CRISPRi CRISPR interference 

crRNA Crispr RNA 

Cryo-EM Cryogenic electron microscopy 

Ctrl Control 

 

DAPI 4′,6-diamidino-2-phenylindole 

dCas9 Dead Cas9 

DDD  Degenerative disc disease  

DMEM  Dulbecco’s modified Eagle medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DRG  Dorsal root ganglion  

DSB Double‑strand DNA break 
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ECM Extracellular matrix 

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

EDTA Ethylene-diamine-tetra-acetic acid 

EGF Epidermal growth factor 

ELISA  Enzyme-linked immunosorbent assay  

enChIP engineered DNA‑binding molecule‑mediated chromatin 

immunoprecipitation 

ERK Extracellular signal-regulated kinases 1/2 

 

FAK Focal adhesion kinase 

FAST Fast green, alcian blue, safranin-O, tartrazine 

FCS Fetal calf serum 

FOXF1 Forkhead box F1 

 

G’ Storage modulus 

G’’ Loss modulus 

GAG  Glycosaminoglycan   

GDF5 Growth/differentiation factor 5 

GEE Generalized estimation equation 

 

HDR Homology‑directed repair 

HITI Homology‑independent targeted integration 

HRE Hypoxia‑responsive element 

HTH Helix-turn-helix 

 

IAF Inner annulus fibrosus 

IDLV Integrase‑deficient lentiviral vector 

IGF1  Insulin-like growth factor 1 

IHC Immunohistochemistry 

IL  Interleukin  

IL1R1 IL 1 receptor 1 

IL1Ra IL1 receptor antagonist 

indels Insertions or deletions 

iPSCs Induced pluripotent stem cells 

IVD  Intervertebral disc  

 

JNK  Jun-N-terminal kinase 

 

KO Knockout 

 

LBP  Low back pain 

LDH Lactate dehydrogenase  

 

MAPK  Mitogen-activated protein kinase  

MCP Monocyte chemoattractant protein 

MIG Monokine induced by gamma interferon 
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miRNA MicroRNA 

MMP  Matrix metalloproteinase  

MRI Magnetic resonance imaging 

MSCs Mesenchymal stem cells 

 

NBD Nemo binding domain 

NF-κB  Nuclear factor-kappa B 

NGF  Nerve growth factor 

NHEJ Nonhomologous end‑joining  

NP  Nucleus pulposus  

NSAIDs Non-steroidal anti-inflammatory drugs 

NT Non-targeting 

 

OAF Outer annulus fibrosus 

OP1 Osteogenic protein 1 

 

PAM Protospacer adjacent motif 

PAX1 Paired box‑1 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PEGDA Poly(ethylene glycol) diacrylate 

PGE2 Prostaglandin E2 

 

RCS Rat chondrosarcoma 

RIPA Radioimmunoprecipitation assay 

RNA Ribonucleic acid 

RNAi RNA interference 

RNP Ribonucleoprotein 

ROCK Rho-associated kinase 

RPM Random positioning machine 

RT  Room temperature  

RT-qPCR Quantitative reverse transcription PCR 

 

SA β-gal  Senescence-associated β-galactosidase  

SASP  Senescence-associated secretory phenotype 

SD Standard deviation  

sg-RNA Single-guide RNA 

siRNA Small interfering RNA 

S-NBC S-2-nitrobenzyl cysteine 

SOX Sex-determining region Y box 

Sulfo-SANPAH Sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino)hexanoate 

  

TALEN Transcription activator‑like effector nuclease 

TAZ Transcriptional coactivator with PDZ-binding motif 

TBP TATA-binding protein 

TBS-T Tris buffered saline with TWEEN 20 
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TDR Total disc replacement 

TGFβ Transforming growth factor beta 

TLR  Toll-like receptor 

TNF-α  Tumor necrosis factor alpha  

TNFR1 Tumor necrosis factor receptor 1 

tracrRNA Trans‑activating crRNA 

TRP Transient receptor potential 

TRPA TRP ankyrin 

TRPC TRP canonical 

TRPM TRP melastatin 

TRPML TRP mucolipin 

TRPP TRP polycystin 

TRPV TRP vanilloid 

trRNA Tracer RNA 

 

WT Wild-type 

 

YAP Yes-associated protein 

 

ZFN Zinc finger nuclease 
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• Cambria E#, Heusser S, Scheuren A, Tam Wai K, Karol A, Hitzl W, Leung V, Müller R, Ferguson SJ, 

Wuertz‑Kozak K (2020). TRPV4 mediates cell damage induced by hyperphysiological compression 
and regulates COX2/PGE2 in intervertebral discs. In review 

 
 
Unpublished work 

 
• Cambria E (2015). Sortase-mediated ligation of epidermal growth factor to pre-formed PEG 

hydrogels for in vitro tissue models. Master Thesis, École polytechnique fédérale de Lausanne. 
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