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Abstract 

Uterine fibroids or leiomyomas are tumors of the uterus which result from the excessive 

deposition of scar-like fibrous tissue into the myometrial smooth muscle. Although they are 

not metastatic, these growths cause chronic debilitating conditions in around 70-80% of 

reproductive aged women. Treatment options for this common pathology are extremely limited 

and often involve invasive surgery or unwanted side effects. Hence there is an urgent need for 

the development of better treatment options for this fibrotic disease. 

 

To test new treatments, a model system with which to investigate aspects of fibroid 

pathogenesis and evaluate treatment strategies is needed. Current models are limited and 

predominantly involve monolayer cell cultures.  However such cultures do not facilitate the 

deposition of a collagenous extracellular matrix; a critical component of fibroids. This study 

investigates the potential of a technique known as macromolecular crowding, to model fibroid 

pathology. In this technique, large space-occupying molecules are incorporated into the culture 

medium, facilitating the correct processing and deposition of collagen by cells in culture.  This 

technique has been investigated in cultures of fibroblasts and mesenchymal stem cells. 

However its impact on collagen deposition by myometrial smooth muscle cells is unknown. 

 

By immunocytochemical staining, the current study demonstrates that like fibroblasts, 

myometrial smooth muscle cells respond to crowded culture conditions by increasing 

production of type I collagen. This is mediated by enhanced processing of procollagen, 

enabling the secretion and deposition of cross-linked collagen, thus modelling the most 

important and symptomatic feature of fibroid pathology.  

 

Unlike monolayer cultures, the formation of an extracellular matrix in this culture system 

enables investigation of cell-matrix interactions. Indeed the current study suggests that the 

extracellular matrix produced in these cultures may interact with cell surface receptors to 

influence alignment of the actin cytoskeleton. By this means, these cultures may facilitate the 

process of mechanotransduction thought to be involved in fibroid pathogenesis. Furthermore, 

culturing myometrial cells under crowded conditions was shown to modulate the 

bioavailability of endogenous growth factors, further indicating that this methodology may 

prove useful in studying fibroid pathology. 
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1 Introduction  

 

Leiomyomas or fibroids are tumours of the myometrial smooth muscle layer of the uterus 

which forms the outer muscular layer adjacent to the endometrium where embryo implantation 

occurs. The myometrium provides muscular support to the functional endometrial lining and 

the developing conceptus. It is subjected to extensive remodelling during pregnancy as well as 

being responsible for generating the coordinated, high magnitude contractions required for 

labour. Fibroid pathology disrupts the integrity of the myometrium with the invasive 

production of scar- like fibrous tissue due to increased production of extracellular matrix and 

in particular type I collagen. Very large fibroids can cause the uterus to expand to the size 

reached at 6 or 7 months of pregnancy (Bulun, 2013). However unlike many other tumours, 

fibroids are not metastatic, with their symptoms deriving from local pathology rather than 

distant metastasis (Walker et al., 2003). They are not life threatening yet their negative impact 

on womenôs health is profound, often resulting in chronic, debilitating conditions such as pain, 

bleeding and continence issues as well as significant reproductive morbidity (Figure 1.1). 

 

  

 

Figure 1.1 Uterine Fibroids 

Fibroids can protrude into the uterine cavity and cause pressure on both bladder and bowel, resulting in 

chronic discomfort and continence issues. Fibroids can also distort the endometrium impacting on 

fertility. Adapted from www.lifecenter.com 

Myometrium 

Endometrium 
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The impact of fibroids is further compounded by their prevalence, being by far the most 

common tumour in women  (Bulun, 2013). In an epidemiological study of women between the 

ages of 35 and 49, more than 80% of African American women and nearly 70% of Caucasian 

American women developed uterine fibroid tumours by age fif ty (Baird et al., 2003).  

 

With so many women affected by fibroids, the treatment costs for this condition are high. A 

significant proportion of the cost relates to the frequency of expensive surgical intervention in 

this pathology which often involves hysterectomy (Wu et al., 2007). Time off work following 

fibroid surgery or because of debilitating fibroid symptoms, also adds significantly to the 

societal costs accrued by this pathology (Cardozo et al., 2012). Indeed fibroids are a substantial 

economic burden with an estimated cost to the United States of up to 34.4 billion dollars 

annually (Cardozo et al., 2012). 

 

Despite their prevalence, current medical treatments for fibroids are less than optimal as they 

generally target the reproductive hormones, rather than treating the fibrotic pathology itself 

which results in adverse side effects. Hence there is a great need for the development of 

therapeutics which act locally rather than systemically. However the absence of a reliable in 

vitro model for fibroids to test new therapeutics, hinders treatment development for this 

complex pathology. 

1.1 Pathogenesis of uterine fibroids 

1.1.1 Monoclonal aetiology 

Although fibroids affect 70-80% of women, the underlying pathobiology of uterine fibroids is 

far from clear. Nevertheless, it has been known for many years that these tumours are 

monoclonal in origin (Linder and Gartler, 1965). This concept derives from the knowledge that 

female offspring inherit an X chromosome which is paternally derived and another of maternal 

origin.  One of  these chromosomes  is randomly inactivated in each cell  (Lyon, 1961) to 

ensure the correct copy number of X chromosome genes. Once X-inactivation occurs in a 

particular cell,  its progeny will inherit the same inactivated  X chromosome (Beutler et al., 

1967). This means that cells derived from clonal expansion exhibit identical patterns of X 

inactivation whereas cells derived from polyclonal expansion exhibit a mosaic of random 

inactivation of both the paternal and maternal X chromosomes (Zhang et al., 2006). 
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Accordingly, Linder and Gartler (1965) analysed fibroid tissue for the maternal and paternal 

forms of the X linked gene for the enzyme glucose-6-phosphate dehydrogenase (G6PD) and 

found only one G6PD isoform in any given fibroid, thus demonstrating unicellular 

histogenesis. In contrast, healthy myometrial tissue comprises approximately equal levels of 

each G6PD isoform, indicating polyclonal derivation.  

 

For many years the data from these studies has been interpreted to suggest that fibroids arise 

from the clonal expansion of a single myometrial smooth muscle cell, transformed by a cellular 

insult. Recently however, the clonal derivation of fibroids has been questioned as fibroids 

comprise both vascular smooth muscle cells and fibroblasts in addition to myometrial smooth 

muscle cells. Using another method to assess X-inactivation, based on methylation sites in the 

human androgen receptor gene (HUMARA assay), these different cells, originating from the 

same fibroid, were all found to be clonally related and hence derived from a single progenitor 

cell (Holdsworth-Carson et al., 2014) This suggests that each individual fibroid is an 

independent, monoclonal tumour, likely resulting from alterations to the genome of the stem 

cell of origin (Markowski et al., 2015).  

1.1.2 Genetic mutations in fibroid cells 

The most common fibroid specific mutation has been found to occur in the MED 12 gene which 

is a subunit of the mediator complex on the X chromosome, thought to regulate global as well 

as gene-specific transcription. It bridges DNA regulatory sequences to the RNA polymerase II 

initiation complex (Mäkinen et al., 2011). This mutation, found in both leiomyoma derived 

smooth muscle cells and leiomyoma derived stem cells is present in up to 70% of fibroids (Ono 

et al., 2012). 

  

In fibroids, genes encoding the high-mobility group of proteins containing the óAT-hookô 

DNA-binding motif (HMGA) are frequently affected by non-random chromosomal 

rearrangements. These proteins are architectural transcription factors that regulate the 

transcription of a variety of genes. They achieve this by changing the DNA conformation by 

binding to AT-rich regions or by direct interaction with several transcription factors. In this 

way they influence a diverse array of normal biological processes including cell growth, 

proliferation and differentiation (Cleynen and Van de Ven, 2008). Tumours with 

rearrangements of the HMGA2 locus expressed significantly higher levels of FGF2 (fibroblast 
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growth factor 2) than those with apparently normal karyotype (Helmke et al., 2011). Taken 

together, MED 12 and HMGA mutations are thought to account for the initiating mechanisms 

underlying the majority of fibroids (Croce and Chibon, 2015). 

1.1.3 Repressor REST 

Another potentially significant pathogenic mechanism for fibroids involves the transcriptional 

repressor REST (Rueda and Davis, 2013). This repressor is expressed by normal myometrial 

cells and down-regulates GPR10 (G protein coupled receptor) which is known to activate the 

mammalian pathway of rapamycin (mTOR). This pathway integrates both intracellular and 

extracellular signals and acts as a central regulator of cell growth and metabolism (Laplante 

and Sabatini, 2009). REST is expressed in myometrial cells but not in fibroid cells and it is 

suggested that the aberrant expression of GPR10 in this tissue activates the mTOR pathway 

resulting in fibrosis. Indeed mice overexpressing GPR10 in the myometrium, develop 

myometrial hyperplasia with excessive production of ECM. Furthermore pathway analysis of 

genes dysregulated in uterine fibroids revealed that several connective tissue genes including 

type I and III collagen and TGFɓ are potential downstream targets of REST (Varghese et al., 

2013).  

1.1.4 Oestrogen and progesterone in uterine fibroids 

While it is thought that the initiating events underlying tumourogenesis of fibroids involves 

gene mutation or dysregulation, the prevalence of fibroids in women during the reproductive 

years and their regression after the menopause, exemplifies the importance of the ovarian 

hormones, oestrogen and progesterone in fibroid development and growth (Kim and Sefton, 

2012). Treatment with gonadotropin-releasing hormone (GnRH) agonists also provides strong 

evidence for the importance of the ovarian hormones in fibroid pathology. These agonists 

inhibit the hypothalamic-pituitary-gonadal axis which produces a profound hypo-oestrogenic 

state, resulting in fibroid regression (Kumar and Sharma, 2014). 

 

The respective roles of oestrogen and progesterone in fibroid pathogenesis were studied using 

a xenograft model whereby human fibroid tissue was grafted under the kidney capsule in 

immunodeficient mice. The tumours increased in size in response to oestrogen plus 

progesterone with increases observed in both cellular and extracellular components. However, 

after progesterone withdrawal, the size of the leiomyoma xenografts decreased significantly. 



Modelling Fibroids 

 

5 

 

Treatment with oestrogen alone neither increased nor maintained the tumour size, indicating 

the importance of progesterone in fibroid pathology. Indeed oestrogen was not mitogenic alone, 

but mediated expression of the progesterone receptor (Ishikawa et al., 2010), suggesting a 

requirement of both hormones in the full elaboration of fibroids.  

1.1.5 Growth factors 

A wide variety of growth factors are implicated in fibroid growth and it is thought that these 

are influenced by oestrogen and progesterone. However the mechanisms by which these 

interactions occur and how they regulate leiomyoma growth is not well understood (Ciarmela 

et al., 2011). These factors include epidermal growth factor (EGF), heparin-binding EGF, (HB-

EGF), platelet derived growth factor (PDGF), insulin-like growth factor (IGF), transforming 

growth factor-Ŭ (TGF-Ŭ), vascular endothelial growth factor (VEGF), acidic fibroblast growth 

factor (aFGF) and basic fibroblast growth factor (bFGF). In addition, two members of the TGF-

ɓ superfamily, the profibrotic factors TGF-ɓ1 and activin A, are thought to be involved in 

fibroid growth (Ciarmela et al., 2011).  

1.1.5.1 Transforming growth f actor-ɓ 

TGF-ɓ 1, 2 and 3 are prototypes of the TGF-ɓ superfamily and are biologically similar isoforms 

coded by separate genes (Munger and Sheppard, 2011). These isoforms inhibit cell 

proliferation in most cell types. Conversely they stimulate mesenchymal cells to proliferate and 

produce extracellular matrix, triggering a fibrotic response in various tissues in vivo (Leask and 

Abraham, 2004). Indeed fibroids overexpress TGF-ɓ1 and this is thought to be a key factor in 

their pathogenesis (Chegini et al., 2002). TGF-ɓ3 is also implicated in fibroid pathology, 

inducing elevated expression of ECM-related genes and decreasing the expression of ECM 

degradation related genes (Joseph et al., 2010). Indeed the finding that TGF-ɓ3 transcripts were 

increased 4 fold in fibroids compared with myometrium indicates the importance this isoform 

may have in fibroid pathology (Norian et al., 2009). However all three isoforms may be 

involved in fibroid pathogenesis since TGF-ɓ1, ɓ2, and ɓ3, and their receptors have been 

detected in human myometrium and leiomyoma at the mRNA and protein levels (Tang et al., 

1997). 

 

The TGF-ɓs are secreted from cells as inactive complexes in a latent form, complexed with a 

pro-domain comprising two other polypeptides; latent TGF-ɓ binding protein, (LTBP) and 
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latency-associated peptide (LAP), (Wakefield et al., 1988). After secretion the pro-domains 

sequester the latent TGF-ɓ1 complex to the extracellular matrix and, in particular, target ligands 

to fibrillin microfibrils within the ECM (Figure 1.2), ensuring their localisation in the vicinity 

of target cells and their juxtaposition to activating molecules (Harrison et al., 2011). There are 

various mechanisms by which latent TGF-ɓ can be activated. One activation mechanism occurs 

by integrin binding to the pro-domain, resulting in the generation of a tensile force which 

mediates release of active TGF-ɓ. Activation can also occur by proteolytic cleavage of the pro-

domain and both plasmin and matrix metalloproteinases such as MMP2 can directly cleave 

latent TGF-ɓI (Harrison et al., 2011).  

 

Once activated, TGF-ɓ binds to a heterodimeric receptor complex, consisting of one TGF-ɓ 

type I and one TGF-ɓ type II receptor, and mediates intracellular signalling via the Smad family 

of transcriptional activators (Figure 1.2). In the presence of TGF-ɓ, the receptor activated 

Smads are phosphorylated directly by the TGF-ɓ receptor I kinase, bind to the common 

mediator Smad4 and translocate to the nucleus. TGF-ɓ/Smad signalling is tightly controlled by 

MAP kinase signalling cascade (Leask and Abraham, 2004). 

 

By means of Smad signalling, TGF-ɓ promotes expression of pro-fibrotic genes such as 

collagen I and connective tissue growth factor (CTGF), while suppressing the activity of genes 

such as matrix metalloproteinases which degrade ECM (Verrecchia et al., 2001). TGF-ɓ is also 

thought to mediate increased procollagen processing, a prerequisite for collagen fibril 

formation (Varga and Jimenez, 1986), (Section 1.4.4). 
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Figure 1.2 TGF-ɓ secretion and signalling. 

In the ER TGFɓ associates with LTBPs to form the large latent complex (LLC). After secretion 

the LLC is localised to the ECM via latent binding protein interactions. Active TGFɓ can be 

released by many factors (described in text). TGFɓ can induce downstream signalling by binding 

to its type 1 and 2 receptors. The canonical signalling pathway involves phosphorylation of R-

SMADs by the type 1 TGF-ɓ receptor. Phosphorylated R-Smads interact with Smad4 and are 

translocated to the nucleus where they regulate transcription of many genes. From; (Robertson 

and Rifkin, 2013)  
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1.1.5.2 Activin A and follistatin   

Another member of the TGF-ɓ family, activin A, has also been implicated in fibroid 

pathogenesis. Like the TGF-ɓs, activin A molecules are disulphide-linked dimers with a 

propeptide domain (Figure 1.3). However, unlike TGF-ɓ which is secreted in a latent form, 

activin A is biologically active upon its release from the cell as its prodomain does not prevent 

receptor binding (Sideras et al., 2013). Once secreted from the cell, activin A can be 

sequestered in the ECM by binding to heparan sulphate proteoglycans, thus facilitating 

interaction with its receptor and cell signalling via the Smad pathway. 

 

Like TGF-ɓ, activin A is a pro-fibrotic cytokine and has been shown to stimulate fibroblast 

differentiation into myofibroblasts, an important process in the fibrotic response following 

trauma (Ohga et al., 1996). Furthermore, activin A has been implicated in fibroid pathology, 

being more highly expressed in leiomyoma compared to adjacent myometrium (Ciavattini et 

al., 2013). A further, very significant, observation is that activin A can induce the expression 

of TGF-ɓ1 which is considered to be the central regulator of the fibrotic response 

(Karagiannidis et al., 2006). Activin A is also implicated in controlling the expression of other 

regulators of fibrosis such as connective tissue growth factor and tissue inhibitor of 

metalloproteinase 1 (Hedger and De Kretser, 2013) and has been shown to increase the 

production of the ECM protein fibronectin, in leiomyoma cells (Ciarmela et al., 2014).   

 

The natural regulator of activin A is the glycoprotein follistatin which binds activin A with 

very high affinity. Indeed as shown in Figure 1.4, two follistatin molecules encircle activin A, 

neutralizing the ligand by masking one-third of its residues and its receptor binding sites 

(Thompson et al., 2005). In addition to the activin binding site, follistatin has a specific site for 

binding to heparan sulphate proteoglycans on cell surfaces (Figure 1.3). Interestingly the two 

alternatively spliced forms of follistatin, FST288 and FST315 have different binding affinities 

for these proteoglycans. FST288 binds to heparan sulphate proteoglycans on cell surfaces but 

the C-terminal extension of FST315 normally obstructs the heparan-binding site which allows 

the protein to circulate. However, the site becomes exposed upon interaction with activin A 

(Hedger and De Kretser, 2013). Both FST315 and FST288 act to clear activin from the 

circulation by attachment to the cell surface followed by lysosomal degradation (Hashimoto et 

al., 1997). 
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Figure 1.3 Activin production, signalling and sites of regulation. 

Activin A is a homodimer of the inhibin ɓA subunits. Binding of activin A causes oligomerisation of activin type 

2 (ActR2) and type 1 (ActR1) receptors on target cell initiating intracellular signalling via smad 2/3 and MAP 

kinases. Regulation of activin activity can occur by concurrent production of non-activating heterodimers (inhibin, 

activin AC and activin C) that compete for the receptor complex. Regulation also involves the membrane bound 

co-receptors, TGFBR3 and BAMBI. Activin A activity is also regulated by the activin- binding protein follistatin 

and by serum carrier proteins, such as Ŭ2-macroglobulin. From (Hedger and De Kretser, 2013) 
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1.2 Symptoms 

Fibroids are implicated in both chronic, debilitating conditions and significant reproductive 

morbidity. They are classified according to their location (Figure 1.5) which along with their 

size dictates much of their symptomatology. Intramural fibroids which are encased within the 

muscular wall of the myometrium are described as the least symptomatic, yet they can still 

result in excessive menstrual bleeding, most likely due to an impaired capacity of the 

myometrium to contract and control bleeding from the endometrial blood vessels (Bulun, 

2013). Furthermore it has been suggested that fibroids may disrupt the vasculature of the 

myometrium, which in turn disturbs blood flow through the straight and spiral arteries that 

supply the endometrium (Valle and Ekpo, 2015).  

 

Subserosal fibroids which extend into the abdominal cavity can cause bladder and bowel 

pressure, resulting in dysfunction of these organs such as urinary frequency and constipation 

as well as chronic abdominal discomfort. In contrast, submucosal fibroids extend into the 

uterine cavity and so can be extremely disruptive to endometrial integrity, causing not only 

abnormal bleeding but also impaired embryo implantation (Valle and Ekpo, 2015). Indeed, the  

expression of the transcription factor Hox10, which is necessary for endometrial receptivity 

was  shown to be significantly decreased in the presence of submucosal fibroids (Rackow and 

Taylor, 2010). In a systematic review it was found that the presence of submucosal fibroids led 

to decreased pregnancy and implantation rates (Pritts et al., 2009). The adverse effects of 

fibroids on reproduction also extends to labour and delivery, with these tumours being 

implicated in the obstruction of labour and consequent need for obstetric intervention (Zhao 

and Rogers, 2013). 

Figure 1.4 Neutralisation of activin A by follistatin 

Two molecules of follistatin bind and neutralise the activin dimer in the extracellular space and prevent activin 

signalling by type I or II receptor complexes. From (Phillips et al., 2009)  
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From:http://www.healthxchange.com.sg/healthyliving/womenhealth/Pages/uterine-fibroids-robotics-surgery-

pushes-limits.aspx 

 

 

 

 

 

 

 

Figure 1.5 The classification of fibroids according to their location in the uterus 

Intramural fibroids are situated in the myometrial muscular wall while those that impact on the inner 

mucosal lining of the uterus are described as submucosal. Fibroids that impinge on the outer or 

serosal layer of the uterus can extend into the abdominal cavity. Pedunculated fibroids extend from 

the uterus on a stalk and can grow into either the uterine or abdominal cavities. 

http://www.healthxchange.com.sg/healthyliving/womenhealth/Pages/uterine-fibroids-robotics-surgery-pushes-limits.aspx
http://www.healthxchange.com.sg/healthyliving/womenhealth/Pages/uterine-fibroids-robotics-surgery-pushes-limits.aspx


Modelling Fibroids 

 

12 

 

1.3 Treatments 

1.3.1 Surgical and radiological 

Despite the high prevalence of fibroids, treatment options are limited and in many instances 

problematic. Treatment often involves surgery and it is estimated that fibroids are the leading 

cause for hysterectomy in the United States. This is an invasive procedure, involving removal 

of the uterus which is obviously not suitable for women wishing to retain their fertility. Less 

invasive options for treatment are myomectomy which involves surgical removal of the fibroid 

alone, uterine artery embolization (UAE) which reduces the blood supply to the fibroid or high 

intensity focussed ultrasound (HIFU) which damages the pathological tissue mechanically 

(Zhao and Rogers, 2013). With the exception of hysterectomy each of these treatment methods 

incurs a high rate of recurrence (Fedele et al., 1995).  

1.3.2 Pharmacological treatments for uterine fibroids  

1.3.2.1 GnRH agonists 

Pharmacological treatments for fibroids are limited and less than optimal. For many years the 

mainstay of pharmacological intervention in fibroid pathology has been the use of 

gonadotropin releasing hormone (GnRH) analogues which reduce serum oestrogen and 

progesterone concentrations to those seen in postmenopausal women. The rationale behind this 

treatment strategy is that the excessive production of ECM in uterine fibroids, which comprises 

the bulk of the tumours and accounts for much of their symptomology, is dependent on the 

ovarian hormones oestrogen and progesterone (Bulun, 2013). These steroid hormones can be 

targeted pharmaceutically by GnRH agonists such as leuprolide acetate. Such pharmaceuticals 

initially stimulate the release of FSH and LH from the anterior pituitary. However after about 

ten days, a decrease in the release of these gonadotropin hormones occurs, reducing the levels 

of oestrogen and progesterone to concentrations seen in post-menopausal women. This results 

in fibroid shrinkage. However, the hypo-oestrogenic state produced by these drugs limits their 

usefulness and they are not suitable for long term use due to menopausal-like symptoms such 

as decreased bone density. In addition the fibroids tend to grow back quickly once the treatment 

has ceased. For these reasons, treatment with these analogues is usually short term, often 

restricted to shrinking fibroids prior to surgery (Kumar and Sharma, 2014). As the detrimental 

side effects of prolonged reduction of oestrogen have precluded longer-term use of these 
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compounds, there is a great need to identify new types of drugs or compounds that may be 

effective therapies for leiomyomas with fewer side effects.  

1.3.2.2 Selective progesterone receptor modulators  

Until recently GnRH analogues were the only approved pharmaceutical therapy for fibroids. 

However, in 2012 ullipristal acetate (UPA), a selective progesterone receptor modulator, was 

approved by the European Medicines Agency to be used for preoperative fibroid treatment in 

women with symptomatic fibroids. Selective progesterone modulators (SPRMs) provide a 

more targeted therapy than GnRH analogues as they may act as agonists or antagonists in a 

tissue dependent manner (Bouchard et al., 2011). Indeed UPA has been shown to be effective 

in controlling bleeding and reducing fibroid volume without suppressing oestrogen to post- 

menopausal levels (Donnez et al., 2015, Kim and Keating, 2015). This is in contrast to GnRH 

agonists which substantially reduce oestrogen levels with the associated menopausal-like 

symptoms such as reduced bone density (Bouchard, 2014).  

1.3.2.3 Antifibrotics  

The unwanted side effects of hormonal treatments raise the question as to whether treatments 

for uterine fibroids could target the fibrotic process downstream from hormonal signalling. 

Recently there has been growing interest in drugs that specifically target fibrosis in fibroids. 

Pirfenidone, an orally administered antifibrotic has been used in the treatment of pulmonary 

fibrosis and has been tested on myometrial cells. In the presence of Pirfenidone it was found 

that mRNA levels of collagen type I were decreased in a dose-dependent manner in both 

myometrial and leiomyoma cells (Lee et al., 1998). An important aspect of the antifibrotic 

mechanism of pirfenidone is associated with its inhibition of both production and activity of 

TGF-ɓ, with consequent reduction in cell proliferation and collagen I expression (Kim and 

Keating, 2015).  

 

Another potential therapeutic which could target established fibrosis is collagenase 

clostridicum histolyticum which is already approved by the FDA for targeting Dupuytrenôs 

contracture, a fibro-proliferative disorder in which abnormal fibroblasts deposit collagen into 

the palm of the hand. Direct injection of collagenase into the contracture was shown to improve 

range of movement with treatment being well tolerated (Coleman et al., 2012). Proof of 

principle studies are being carried out for its potential application for uterine fibroids (Taylor 
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and Leppert, 2012). Treatments that target existing fibrosis would be of great therapeutic 

relevance due to the fact that many fibroids are not symptomatic until fibrosis is well 

established. However their effects would obviously need to be very well confined to 

pathological tissue.  

1.4 The extracellular matr ix in fibroid pathology   

1.4.1 Fibroid extracellular matrix  

Fibroids comprise excessive amounts of extracellular matrix. Type I collagen, in particular is 

increased in fibroid tissue in comparison to normal myometrium (Iwahashi et al., 2011). Indeed 

type I collagen forms the bulk of the ECM in most fibrotic pathologies (Fritz et al., 2011). 

Furthermore, analysis of collagen fibrils in fibroid tissue and matched myometrium by electron 

microscopy, demonstrated increased collagen fibrils in fibroid tissue compared with the 

myometrium with no difference in fibril diameter (Leppert et al., 2004).  

 

Although collagen forms the bulk of fibrotic ECM, it is reliant on fibronectin since the 

interaction of collagen type I Ŭ chains with fibronectin is an absolute requirement for the initial 

deposition of collagen (McDonald et al., 1982). The polymerisation of fibronectin is a cell 

dependent process that requires direct interactions with integrins and the collagen / fibronectin 

interaction is also thought to involve integrins and to occur close to the plasma membrane.  

 

Other extracellular matrix macromolecules also impact on fibroid pathology. Levels of the 

large chondroitin sulphate proteoglycan, versican were found to be increased in fibroids whilst 

the smaller proteoglycan decorin was present in lower abundance compared to patient matched 

myometrium (Carrino et al., 2012). A similar situation was found in keloid scars, where the 

keloid expresses less decorin and more versican than matched skin samples (Carrino et al., 

2012). Likewise the small proteoglycan dermatopontin is found to a lesser extent in fibroids 

and keloids in comparison to myometrium (Catherino et al., 2004). These differences may 

contribute to the scarring pathology evident in these two fibrotic conditions. Since decorin is 

known to bind TGF-ɓ, lower levels of decorin in pathological tissue may increase the 

bioavailabilty of this growth factor, thus stimulating the production of collagen. Furthermore, 

addition of progesterone decreased decorin mRNA in a uterine leiomyoma cell line, suggesting 
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that this may be a mechanism whereby progesterone promotes disease progression (Barker et 

al., 2015).   

 

The role of the ECM in regulating the bioavailability of growth factors and hormones is well 

recognised in fibroid pathology. However it is also thought that fibroid ECM, per se, has a 

direct role in cell signalling via the integrins, the major receptors used by cells to adhere to 

ECM components, in a process termed mechanotransduction (Figure 1.6). This refers to the 

cellular processes that translate mechanical stimuli into biochemical signals, allowing cells to 

adapt to their changing physical environment (Jorge et al., 2014). The fibroid matrix creates a 

stiff extracellular environment, exerting mechanical force on the surrounding cells and the 

transduction of this force ultimately leads to a variety of cell responses such as cytoskeletal 

rearrangement and gene expression changes (Thorne et al., 2015). It therefore follows that the 

expression patterns of integrins are important in understanding how cells responds to altered 

environments. Indeed, increased expression of integrin ɓ1 was demonstrated in leiomyoma 

cells compared to myometrial cells and it was shown that antibody mediated inhibition of 

integrin ɓ1 led to significant growth inhibition and loss of cytoskeletal integrity in leiomyoma 

cells (Malik et al., 2012).  

 

Importantly, fibroid cells in vivo produce their own unique ECM. Because each tumour derives 

from an individual clonal cell, there may be some variability in the extent and nature of the 

ECM they produce. Essentially the cells of each fibroid synthesise an ECM which reflects their 

individual genetic pathology. However the ECM can also signal to the cell and it is this 

dynamic interplay between cell and matrix, termed reciprocity, which is currently thought to 

be important in the pathogenesis of fibroids.  
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Figure 1.6 Intracellular mechanisms of mechanotransduction. 

Mechanical force is sensed by the integumentary system and activates multiple intracellular signalling pathways 

Several membrane-bound mechanosensory complexes have been described and include stretch-activated ion 

channels, growth factor receptors, integrins, and G-protein-coupled receptors. Of primary significance in 

fibroblasts and keratinocytes is matrixïintegrin activation of focal adhesion complexes that contain focal adhesion 

kinase (FAK). Mechanical force is transmitted across the cell membrane to activate downstream biochemical 

pathways including but not limited to calcium-dependent targets, nitric oxide (NO) signalling, mitogen-associated 

protein kinases (MAPKs), Rho GTPases, and phosphoinositol-3-kinase (PI3K). The convergence of these signals 

results in the activation of transcription factors that translocate to the nucleus and activate mechanoresponsive 

genes. From (Wong et al., 2011) adapted from (Jaalouk and Lammerding, 2009) 
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1.4.2 Type I collagen 

Type I collagen is thought to play a crucial role in fibroid pathology. Hence an appreciation of 

the structure, interactions and biosynthesis of type I collagen is of central importance in 

understanding the pathophysiology of uterine leiomyoma and also in the development of an in 

vitro model of this fibrotic tumour. 

 

Type I collagen belongs to a family of collagen molecules comprising around 28 members. The 

defining feature of this family is the presence of at least one triple helical region. This region 

comprises around 96% of the molecular mass of type I collagen but as little as 10% in other 

collagen types. The type I collagen molecule is heterotrimeric, consisting of two Ŭ I chains and 

one Ŭ 2 chain, each chain consisting of about 1000 residues (Chung et al., 2004) which twist 

around each other, staggered by one residue, to form a right handed helix  (Prockop et al, 1979). 

Every third residue is the small amino acid glycine, generating a repeating (Gly-X-Y)n 

sequence pattern (Ramshaw et al., 1998) where X and Y are frequently proline or 

hydroxyproline (Ricard-Blum, 2011); this provides structural stability to the helix. Indeed 

proline and hydroxyproline are essential for helix stability and the presence of hydroxyproline 

in the Y position is thought to be crucial for the sharp turns in the helix (Shoulders and Raines, 

2009). In contrast, the amino acids tryptophan, phenylalanine and tyrosine which comprise 

large aromatic side chains, are all strongly destabilizing to the triple helix and hence rarely 

present (Persikov et al., 2003).  

1.4.3 Type I collagen biosynthesis 

Collagen biosynthesis has been extensively studied. Fibril -forming collagens are synthesized 

as procollagen molecules comprising an amino-terminal propeptide followed by a short, non 

helical, N-telopeptide, a central triple helix, a C-telopeptide and a carboxy-terminal propeptide. 

The biosynthesis of type I collagen begins with the transcription of the three pro Ŭ chains. Two 

of these, known as the pro ŬI chains, are derived from the COLIAI gene on the long arm of 

chromosome 17 and the pro Ŭ2 chain is transcribed from the COLIA2 gene on chromosome 7. 

Collagen biosynthesis therefore involves the coordinated expression of two genes (Fritz et al., 

2011).  

 

Prior to forming a triple helical molecule these three Ŭ chains undergo several post- 

translational modifications in the endoplasmic reticulum (ER) which are crucial for the 
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structural and biomechanical properties of collagen fibrils. One of these is the hydroxylation 

of specific proline residues to form hydroxyproline, a reaction which requires ascorbic acid as 

a cofactor and is catalysed by the enzymes prolyl-4-hydroxylase and prolyl-3-hydroxylase. The 

formation of hydroxyproline in the Y position by the hydroxylation of proline dramatically 

increases the thermal stability of the collagen I triple helix (Section 1.4.2). Indeed if ascorbic 

acid is unavailable to the cell, lysosomal degradation of the newly synthesised collagen ensues 

(Bienkowski, 1983). Reduced production of collagen in vivo due to lack of dietary ascorbic 

acid, means that tissues such as tendon, skin and blood vessels lack structural support and 

become fragile, manifesting as the disease scurvy.  

 

The hydroxylation of specific lysine residues and the subsequent glycosylation of 

hydroxylysine residues also occurs before the formation of triple helical procollagen. These are 

extremely important post translational modifications required for subsequent cross-linking of 

collagen molecules in the extracellular space (Section 1.4.4). 

 

Following these post-translational modifications, two pro Ŭ1 chains and one pro Ŭ2 chain 

associate with one another at the C-terminal end. C-propeptide domains of each chain first fold 

individually and then trimerise. Both intra- and inter-chain disulphide bonds are formed in the 

C-propeptide and an N-linked oligosaccharide is attached (Lamandé and Bateman, 1995). 

Folding of the triple helical region from the C- to the N-terminus occurs to form a procollagen 

molecule (Figure 1.7), a complex process requiring the coordinated action of endoplasmic 

reticulum enzymes as well as molecular chaperones such as heat shock protein 47 (HSP47), 

(Lamandé and Bateman, 1995). Indeed, within the ER, procollagen is continuously bound to 

HSP47, a collagen-specific chaperone, and only dissociates when it enters the Golgi. 

Furthermore the stabilisation of the procollagen triple helix at body temperature requires the 

binding of more than 20 HSP47 molecules per triple helix (Lamande and Bateman, 1999). 

From the Golgi, the soluble procollagen molecules are packaged and secreted to the 

extracellular space (Figure 1.7). 
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1.4.4 Type I collagen fibrillogenesis 

Once in the extracellular space, the propeptides are cleaved by specific proteinases (Figure 1.7)  

Removal of the C-propeptide is achieved by the action of BMPI/tolloid-like proteinases 

(Bourhis et al, 2013) and cleavage of the N-propeptide requires the action of ADAMTS2, 3 

and 14, proteinases which are activated by mammalian subtilisins such as furin (Bekhouche 

and Colige, 2015).  

 

These ómatureô collagen molecules, consisting of the triple helical domain and two short non- 

collagenous telopeptides at each end, are able to self-assemble and form fibrils (Figure 1.8). 

During this process, specific lysine and hydroxylysine residues in the N- and C-terminal 

telopeptides are oxidatively deaminated by the enzyme lysyl oxidase which initiates the 

formation of covalent intra- and inter-molecular cross-links. The telopeptidyl aldehydes 

 

 

Figure 1.7 The structure of type I procollagen 

Type I procollagen is composed of two pro Ŭ1(I) chains (solid line) and one pro Ŭ2(I) chain (dotted line) forming 

a unique triple helix. The N-propeptide contains a short triple helical domain and intra-chain-disulphide bonds. 

Each chain of the globular C-propeptide is glycosylated by mannose asparagine-linked oligosaccharides (man)n  

and this domain is stabilized by inter-chain disulphide bonds. The procollagen molecule is cleaved at specific sites 

at both N- and C-terminal regions (indicated by arrows) by ADAMTS and BMP1/Tolloid-like proteinases 

respectively. Type I collagen is a ~300 nm long and ~1.5 nm thick molecule containing three domains: N-

telopeptide (N-telo), uninterrupted triple helix and C-telopeptide (C-telo). Each ɖ chain in the molecule is coiled 

into an extended left-handed helix and the three ɖ chains are folded into a right-handed triple helix structure. Gal, 

galactose unit; Glc, glucose unit  (Yamauchi and Sricholpech, 2012).    
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generated by lysyl oxidase react with another aldehyde or with the Ů-amine groups derived 

from the unmodified lysine and hydroxylysine residues, to form the initial intra- and inter-

molecular cross-links (Figure 1.8). They mature into multivalent cross-links by involving 

additional amino acid residues. In type I collagen, five monomeric collagen molecules make 

up a microfibril that is staggered by a multiple of 67 nm, giving a characteristic banding pattern 

termed a D-period. Each microfibril interdigitates with neighbouring microfibrils, creating a 

collagen fibril (McKleroy et al., 2013).  

1.4.5 Collagen catabolism 

The mechanisms involved in the catabolism of type I collagen are important to understand in 

the context of uterine fibroids as it is these processes which allow matrix dissolution and may 

be amenable to therapeutic intervention. Although significant knowledge has been gained in 

recent years, collagen catabolic processes are complex and not completely understood. It is 

known that fibrillar collagens are resistant to proteolysis by most enzymes due to their tightly 

packed helical structure. However the collagenolytic enzymes cathepsin K, neutrophil elastase 

and the family of matrix metalloproteinases are able to degrade collagen fibrils (Fields et al, 

2013). Of these, the zinc dependent endopeptidases known as the matrix metalloproteinases 

(MMPs) have a crucial role in collagen degradation. MMPI, MMP8, MMP13 and MMP14 can 

initiate degradation of the fibrillar collagens at a specific locus about 225 nm from the N 

terminus, yielding two fragments described as the 1/4 and 3/4 fragments. The mechanisms by 

which the enzymes gain access to this cleavage site within the tightly coiled fibril are not 

completely clear. However, since the type I collagen triple helix is thermally unstable and 

begins to unwind at 37o C, it is thought that this local unwinding or ómeltingô allows enzymatic 

access (Sarkar et al., 2012). Following this initial cleavage, collagen fibrils may undergo further 

unwinding and digestion by the gelatinases MMP2 and MMP9 which are able to degrade 

denatured collagen (Figure 1.9). Hence, in cooperation with gelatinolytic MMPs that digest the 

denatured 3ù4- and 1ù4-fragments, the collagenolytic MMPs can effectively degrade the 

collagenous matrix surrounding cells (Visse and Nagase, 2003). 
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Figure 1.8 Type I collagen biosynthesis and fibrillogenesis 

The top part of the Figure (above the cell membrane) illustrates the intracellular events and the bottom 

part of the Figure (below the cell membrane) illustrates the extracellular events. During the synthesis 

of proɖ chains in the ER, specific peptidyl lysine residues are hydroxylated to form hydroxylysine 

(-OH-NH2) and, subsequently, specific glycosylated hydroxylysine residues (O-linked 

glycosylation). For the latter, either single galactose (a red hexagon) or glucose-galactose (two red 

hexagons) is attached. After these and other modifications (e.g. hydroxylation of proline, asparagine-

linked glycosylation shown as closed circles in the C-propeptide), two proɖ1 chains (solid line) and 

one proɖ2 chain (dotted line) associate with one another and fold into a triple helical molecule from 

the C- to the N-terminus to form a procollagen molecule, packaged and secreted into the extracellular 

space. Then both N- and C-propeptides are cleaved to release a collagen molecule. The collagen 

molecules are then spontaneously self assembled into a fibril and stabilized by covalent intra- and 

inter-molecular covalent cross-linking. During fibrillogenesis, molecules are packed in parallel and 

are longitudinally staggered by an axial repeat distance, D period (~67 nm) creating two repeated 

regions, i.e. overlap and whole regions, in the fibril. From (Yamauchi and Sricholpech, 2012) 
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These extracellular degradative processes involving MMP1 and MMP2 are typically associated 

with developmental processes during rapid growth of tissues (Lee et al., 2006) and the activity 

of these MMPs is locally controlled by tissue inhibitors of matrix metalloproteinases (TIMPs) 

which bind active forms of MMPs in a 1:1 stoichiometry (Murphy, 2011). In contrast 

remodelling of adult tissue appears to involve endocytosis of MMP-generated collagen 

fragments by fibroblasts and digestion in the lysosomal system (Lee et al., 2006). Indeed after 

initial cleavage by MMP1 or MMP8 in the ECM, collagen fragments have been shown to be 

engulfed by fibroblasts and subjected to lysosomal degradation (Figure 1.9).  

 

 

 

 

 

Figure 1.9 Matrix metalloproteinase mediated collagen catabolism 

Collagen monomers are incorporated into fibrils, which aggregate to form fibres. Degradation of collagen 

fibres involves cleavage of fibrils by collagenolytic enzymes and uptake of collagen fragments by macrophages 

and fibroblasts or further cleavage by gelatinases. From (McKleroy et al., 2013) 

 




























































































































































