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ABSTRACT 

Uterine leiomyomas are known as the most commonly occurring neoplasms in 

women during their reproductive years. The overall incidence of these benign tumors 

can be as high as 70-80%, which represents a significant health problem to women. 

Patients suffer from abnormal uterine bleeding, pelvic pain, and reproductive 

dysfunctions. Available treatments for symptomatic patients are limited and this is in 

large part due to the fact that the mechanisms regulating the development and growth 

of these tumors are still not well understood.  

Two essential features of leiomyoma tumors, which arise from the uterine smooth 

muscle cells, are an increase in smooth muscle cell (SMC) proliferation and excessive, 

aberrant deposition of extracellular matrix (ECM) collagen. The objective of this 

dissertation was to first understand the mechanisms regulating the development and 

growth of leiomyoma tumors in the context of ECM collagen and second, to test the 

inhibitory effects of the anti-fibrotic drug, halofuginone (HF), on the growth of leiomyoma 

tumors in both in vitro and in vivo model systems. 

Our research in understanding the pathogenesis of leiomyomas showed that (1) 

monomeric and fibrillar forms of ECM  collagen can differentially regulate the 

morphology and proliferation of leiomyoma smooth muscle cells (LSMCs); (2) physical 

properties of fibrillar collagen such as density and thickness can modulate the 

morphology and growth of LSMCs; (3) expression and localization of actin stress fibers 

as well as focal adhesion proteins such as vinculin and focal adhesion kinase are 

altered  on different collagen matrices; (4) a  synergistic effect between monomeric 

collagen and PDGF can further enhance the proliferation of LSMCs; and  (5) the MAPK 
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signaling pathway is involved in the interaction of LSMCs with collagen matrices. These 

findings demonstrate how the excess, aberrant deposition of ECM collagen in fibrotic 

uterine tissue can contribute to the the formation and growth of leiomyoma tumors 

through modulation of major cell signaling pathways. 

Our in vitro studies with the anti-fibrotic drug HF demonstrated  that (1) this drug 

can inhibit LSMC proliferation under  both basal and PDGF-stimulated conditions; (2) 

HF can significantly reduce transcript levels of COL11A1, COL3A1, TGFβ1, TGFβ3, 

DMT and LOX3 in a time-depenedent manner; (3)  expression of collagen I and III  

proteins were reduced by HF in a time-dependent manner; (4) PDGF-stimulated 

activation of the MAPK and SRC signaling pathways  is not significantly inhibited by HF; 

and (5) HF itself could also activate the MAPK and SRC signaling pathways. These 

findings suggest that the antifibrotic drug HF may be an effective therapeutic treatment 

for patients with ULs. 

Our compelementary in vivo studies on the effects of HF in a mouse model 

xenografted with human LSMCs showed that (1) treatment with HF at 0.25 mg/kg body 

weight/day and 0.5 mg/kg body weight/ every-other-day (EOD) were safe for host mice 

while 0.50 mg/kg body weight treatment on a daily basis was not well tolerated by 

mouse hosts; (2) all HF treatment regiments significantly reduced the volume of 

xenografted tumors; (3) tumor reduction in ULs xenografted on mice treated with 0.25 

mg/kg body weight/day or 0.50 mg/kg body weight/EOD HF occurred through 

decreased cellular proliferation and increased apoptosis; (4)  0.25 mg/kg body 

weight/day or 0.50 mg/kg body weight/EOD HF did not change the expression of 

collagens I and III at the protein or transcript level; (5) transcripts of COL13A1 and 



 

iv 
 

TGFβ1, but not COL1A1, TGFβ3, DMT and LOX3, were altered by EOD HF treatment 

at 0.5 mg/kg body weight. These findings not only further validate the use of the UL-

xenografted mouse model as an excellent model system to explore the  mechanisms 

involved in the regulation of leiomyoma tumor growth, but also as a tool to fully assess 

the effectiveness of novel therapeutic  drugs such as HF as well as their  potential side 

effects for future clinical trials. 
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Chapter One 

Introduction 

Uterine leiomyomas (UL) or fibroids are benign neoplasms of the reproductive tract that 

occur in 70-80% of reproductive-aged women. Among women with ULs, 25-60% show 

symptoms such as pelvic pain and pressure, menorrhagia, hypermenorrhea, and in 

some cases infertility (Kroon et al., 2011; Lee, et al. 2009). The high prevalence of 

these tumors is estimated to cost the United States health care system between $5.9-

34.4 billion annually (Cardozo et al., 2011).  Available treatments for leiomyomas are 

limited and this is due to the fact that the mechanisms regulating the development and 

growth of these tumors are still not well understood. The goal of this project was to 

better understand these mechanisms in order to identify new therapeutic treatments. 

Two essential features of leiomyoma tumors are an increase in smooth muscle cell 

(SMC) proliferation and excessive, aberrant deposition of extracellular matrix (ECM). 

The correct formation and deposition of ECM has been shown to influence major cell 

functions such as growth, survival, development and differentiation. This critical role of 

ECM is known to be mediated through the formation of focal adhesion kinases and 

augmented through interplay with growth factors such as PDGF. Fibrotic diseases such 

as liver fibrosis, keloids, and atherosclerosis are well-established examples of how an 

imbalance in ECM can lead to major symptoms and in some cases death. The use of 

chemicals, called anti-fibrotic drugs, that target molecules involved in the initiation and 

progression of fibrosis, has been one of the major approaches for re-establishing the 

correct balance of ECM in fibrotic tissue. In recent years, the drug halofuginone (HF) 

has been identified as one of these candidate therapeutic treatments. 
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The fact that leiomyoma cells are surrounded by an excess of disorganized 

collagen and are exposed to high levels of growth factors such as PDGF prompted us to 

investigate whether different forms of ECM collagen can differentially alter the 

morphology and proliferation of leiomyoma smooth muscle cells (LSMCs) through focal 

adhesions. We also investigated the modulatory role of ECM collagen on PDGF 

signaling through effects on PDGF receptor phosphorylation and activation of the MAPK 

signaling pathway.  

The anti-fibrotic drug HF has been considered a promising therapeutic option for 

the treatment of fibrotic diseases such as hepatic fibrosis and scleroderma. The 

inhibitory effect of this drug appears to occur through its suppressive effect on the 

production of collagens I and III. Furthermore, research in our lab has shown that HF 

inhibits cell proliferation in a dose-dependent manner and is also able to inhibit PDGF 

and EGF-induced DNA synthesis. Due to the similar nature of ULs to other fibrotic 

diseases, we decided to investigate similar inhibitory effects of HF on LSMCs. We 

hypothesized that inhibition of collagen type I and III production through treatment with 

HF would suppress the proliferation of LSMCs through the MAPK, SRC, and PI3K/AKT 

signaling pathways. 

The above-mentioned studies in an in vitro culture system with HF provided us 

with unique opportunities to explore the detailed mechanisms involved in the regulation 

of LSMC growth. However, it is only through the use of a live animal model that one can 

fully assess the effectiveness of a drug as well as its potential side effects. 

Immunocompromised mice xenografted with human leiomyoma tissue have been 

successfully used as an in vivo model for human leiomyomas (Ishikawa, et al.  2010).  
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We, therefore, tested the efficacy of HF as a potential non-surgical treatment in such an 

in vivo mouse modelxenografted with UL tissue. In doing so, we also assessed any 

potential systemic effects of the drug on the host animals. 

The overall objective of this dissertation was to understand how ECM collagen 

may regulate the proliferation of ULs and whether it can be targeted by HF. In chapter 2, 

an overview of ULs, ECM and its role in pathogenesis, the properties of HF and its 

mode of action are presented. Chapter 3 discusses our findings on how ECM collagens 

in either the fibrillar (cross-linked) or monomeric (non-crosslinked) forms regulate 

proliferation and collagen expression in LSMCs. The anti-fibrotic effects of HF on 

LSMCs in vitro are discussed in chapter 4. Our findings on the effects of HF in an in vivo 

UL-xenografted animal model are presented in chapter 5. Chapter 6 contains a 

summary of our findings and directions for future studies. Lastly, chapter 7 includes 

detailed information on the materials and techniques used in all experimental studies. 
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Chapter Two 
 

Literature Review 
 
A. Uterine Leiomyoma 

A.1. Classification and Epidemiology 

Uterine leiomyomas, also called myomas, leiomyomata, fibromyomas, leiomyofibromas, 

fibroleiomyoma or fibroids, are benign tumors arising from smooth muscle cells (SMC) 

of the human myometrium.  The main characteristics of leiomyomas are an increase in 

the proliferation of SMCs as well as an excessive deposition of extracellular matrix 

proteins mainly collagens type I and type III (Kawaguchi et al., 1989; Leppert et al., 

2004; Stewart et al., 1994; Stewart, 2001). Based on their position in the uterine cavity, 

these tumors can be classified as intramural (within the myometrium), submucosal 

(lying just beneath or within the endometrium), or subserosal (located just beneath the 

outer serosa) (Fig. 2.1) (Benda, 2001). These tumors vary in size from seedlings to 

large tumors and can be solitary or multiple (Fig. 2.2).  The location as well as the size 

of these tumors can determine the symptomatic state of the disease as well as its 

severity (Mavrelos et al., 2010). Although most patients with leiomyomas are symptom 

free, the prognostics in 25% of symptomatic women include pelvic pressure, abnormal 

uterine bleeding, anemia, and reproductive dysfunction. Infertility is not commonly 

caused by leiomyomas, and if this occurs, it is due to the submucosal location of the 

tumor (Kroon et al., 2011; Lee et al., 2009; Wallach and Vlahos, 2004). 

Epidemiological studies have shown that the prevalence of symptomatic 

leiomyomas in African-American women is higher than in Caucasian women (Day Baird 

et al., 2003). African-American women are also more likely to develop these benign 
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tumors at an earlier age and with greater severity (Catherino et al., 2011; D'Aloisio et 

al., 2011; Faerstein et al., 2001; Huyck et al., 2008). Other factors such as early 

menarche (<10 years old), high body mass index (BMI), diabetes, hypertension, 

chlamydial infection, current smoking, and environmental toxicants such as Fenvalerate 

are also positively correlated with higher risk of symptomatic uterine leiomyomas (ULs), 

whereas use of oral contraceptives, pregnancy, and dietary intake of fruit and preformed 

vitamin A have been shown to have a negative effect  on  leiomyoma growth  (Catherino 

et al., 2011; Faerstein et al., 2001; Flake et al., 2003; Gao et al., 2010; Huyck et al., 

2008).  

A.2. Etiology of Leiomyoma 

Despite the prevalence of ULs, the important aspects regarding the initiating factors for 

their development remain unknown. There are, however, several suggested theories 

(Fig. 2.3). One hypothesis refers to the role of genetic or epigenetic changes in uterine 

SMCs. Leiomyoma tumors are monoclonal in origin, meaning that a single SMC 

carrying a mutation that confers a growth advantage will give rise to the entire tumor cell 

population (Townsend et al., 1970). Common chromosomal abnormalities identified in 

leiomyoma tumors include a translocation between chromosomes 12 and 14, deletion of 

chromosome 7, trisomy of chromosome 12, and rearrangements of 6p10q and 13q.  

Translocations between chromosomes 12 and 14 also occur in other mesenchymal 

solid tumors and involve HMGA2, a gene encoding a DNA binding protein that induces 

conformational changes in DNA and may regulate transcription (Hodge et al., 2009; 

Meloni et al., 1992; Rein et al., 1991). Genetic markers such as cytokine gene 

polymorphisms of the IL4 and TNFA α genes are also known to be positively associated 
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with an increased risk of these tumors (Sosna et al., 2010). Recently, Makinen et al. 

identified tumor-specific mutations in the mediator complex subunit 12 (MED12) gene in 

70% of UL tumors analyzed (Makinen et al., 2011). MED12 is a 26-subunit 

transcriptional regulator that bridges DNA regulatory sequences to the RNA polymerase 

II initiation complex. Apparently all found mutations in MED12 reside in exon 2, 

suggesting that aberrant function of this region of MED12 contributes to tumorigenesis 

(Makinen et al., 2011; McGuire et al., 2012).  

The presence of various genetic mechanisms potentially affecting leiomyoma 

development suggests that these benign tumors are composed of different, distinct 

subtypes of neoplasms (Stewart and Morton, 2006). Polymorphisms in genes such as 

CYP17, cathechol-O-methyltransferase, and estrogen receptor have all been 

associated with a higher risk of developing leiomyoma (Amant et al., 2004). Tuberin, a 

tumor suppressor encoded by the tuberous sclerosis complex 2 (TSC2) gene, is 

similarly found to have elevated levels in samples of human ULs (Cui et al., 2011) 

whereas in the Eker rat model where deletion of the TSC2 gene results in the 

spontaneous formation of leiomyomas, tuberin levels were found to be reduced (Walker 

et al., 2003). Despite this discrepancy between the human and rat model of ULs,   

upregualiton of components of the mammalian target of rapamycin (mTOR) pathway, 

which is negatively regulated by tuberin, has been confirmed in both species leading to 

tumorigenesis. 

 Recent studies have also indicated a role for miRNAs in that many miRNAs 

including miR-363, miR-21, miR-490, miR-137, miR-34a, miR-125b, miR-139, miR-29b 

mi-R323, miR-217 and miR-4792 are shown to be differentially expressed in ULs 
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(Georgieva et al., 2012). The overexpressed levels of miR-21 in human ULs were found 

to be elevated during the secretory phase of the menstrual cycle, but reduced in 

patients receiving gonadotropin releasing hormone analogue (GnRHa) therapy (Pan et 

al., 2009). Modulation of cellular apoptosis and translation by miR-21 seems to be 

involved in the tumorigenic role of this miRNA in ULs (Fitzgerald et al., 2012). 

Epigenetic regulators such as acetyltransferases, deacetylases, 

methyltransferases and miRNAs have recently been recognized as factors involved in 

fibrosis and tumorigenesis (Ghosh and Vaughan, 2012; Sandoval and Esteller, 2012). A 

genome-wide DNA methylation study also identified silencing of known tumor 

suppressor genes such as KLF11, DLEC1, and KRT19 in ULs as compared to adjacent 

myometrial tissue (Navarro et al., 2012). Major components of the miRNA-processing 

machinery, Drosha and Dicer, were also found to be elevated in ULs compared to 

adjacent myometrium implicating a role in the formation of these tumors (Papachristou 

et al., 2012). 

Another theory argues for the role of sex steroid hormones in the pathogenesis of 

leiomyoma.  Significantly increased levels of estrogen receptors (ESR1 and ESR2) 

have been found in ULs (Richards and Tiltman, 1996). Increased levels of progesterone 

receptor along with a higher proliferative rate during the secretory phase of the cycle 

have also been observed (Brandon et al., 1993; Maruo et al., 2000). In addition, 

treatment of leiomyoma cells with estrogen or progesterone increases cell proliferation 

(Maruo et al., 2000) whereas use of respective antagonists blocks this effect (Barbarisi 

et al., 2001; Chegini et al., 2002). GnRH treatment causes suppression of the 

hypophyseal-gonadal axis, decreasing ovarian steroid levels and leading to tumor 
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regression (Felberbaum et al., 1998; Mizutani et al., 1998). Leiomyomas have also been 

found to express the aromatase P450 enzyme suggesting the presence of an 

autocrine/paracrine system within ULs by which the SMCs produce their own estradiol 

that stimulates growth independently of systemic sex steroid hormones (Bulun et al., 

1994; Sumitani et al., 2000). Genetic polymorphism for another enzyme, catechol-O-

methyltransferase, involved in the conversion of catechol estrogens into the active 

derivatives, is also thought to be a risk factor for ULs (Al-Hendy and Salama, 2006a). 

Sex steroid hormones also exert mitogenic effects through stimulation of growth factor 

production by their target cells leading to autocrine/paracrine modulation of cell growth 

(Barbarisi et al., 2001; Di Lieto et al., 2002; Flake et al., 2003). 

A third interesting theory postulates that the initiating factor in the formation of 

leiomyomas is some type of injury to normal myometrial cells followed by disrupted 

wound healing (Stewart and Nowak, 1998). In this scenario, myometrial cells might be 

injured through ischemia associated with the release of increased vasoconstrictive 

substances at the time of menses. Following the release of prostaglandins and 

vasopressin, myometrial cells could undergo transformation from a contractile 

phenotype to a proliferative-synthetic one. This transformation is one that has been 

observed in several tissues, including skin and vasculature, in response to injury. In 

normal tissues, proper wound healing requires the successive stages of inflammation 

and proliferation followed by differentiation of cells to a myofibroblast phenotype which 

after the completion of healing, return back to their normal phenotype. As part of this 

tissue remodeling, collagens and other ECM components are secreted while matrix 

metalloproteinases degrade the existing ECM.  However, if for any reason, cells do not 
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progress through these stages or return back to their normal state, conditions such as 

fibrosis may occur (Leppert et al., 2006). Several clinical and laboratory observations 

are in support of this theory. In women with dysmenorrhea, the incidence of ULs has 

been recorded to be higher due to an increased expression of prostaglandins and 

vasopressin (Emans et al., 2005), which can trigger an ischemic injury to uterine tissue 

(Stewart and Nowak, 1998). Furthermore, overexpression of basic fibroblast growth 

factor (bFGF), a known mitogen for SMCs in response to injury, has also been 

established in leiomyoma (Lindner and Reidy, 1991). Frequent mucosal injury with 

stromal repair reactions has been suggested to induce the release of growth factors 

initiating ULs (Cramer et al., 2009). In addition, histopathologic examination of paired 

myometrial and leiomyoma tissues have also provided evidence of altered healing in UL 

tissue (Roeder et al., 2012). As part of this evidence, myofiber disarray, elastosis, tissue 

edema, and inflammation in UL were documented. Therefore, the abnormal response to 

tissue injury can lead to a disrupted wound healing process and development of a 

fibrous tissue abundant with ECM collagens (Leppert et al., 2006). 

A.3. Sex steroid Hormones in Leiomyoma 

While the initial factors leading to the development of ULs are not fully known, the 

development and growth of these tumors are clearly shown to be dependent on sex 

steroid hormones. Development of ULs in women during their reproductive years and 

their shrinkage after menopause strongly supports a role for ovarian steroid hormones 

in the pathogenesis of uterine fibroids.  Analysis of circulating hormone levels in white 

and African-American cycling women have indicated higher estradiol levels in African-

Americans across the menstrual cycle which might contribute to racial disparities in ULs 
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(Marsh et al., 2011). In addition, the pattern of the menstrual cycle has been shown to 

be associated with developing ULs in that women with shorter cycles are at a higher risk 

for developing ULs (Amanti et al., 2011). Leiomyoma cells have increased cellular 

proliferation and express estrogen and progesterone receptors at higher mRNA and 

protein levels compared to adjacent normal myometrium (Benassayag et al., 1999; 

Brandon et al., 1993; Kovacs et al., 2001; Viville et al., 1997). Several in vitro studies 

have indicated that treatment of LSMCs with estrogen or progesterone increases cell 

proliferation, while treatment with respective antagonists blocks this effect (Barbarisi et 

al., 2001; Chegini et al., 2002). Furthermore, tumor size in women with ULs who receive 

GnRH agonists treatment have been shown to be reduced confirming the involvement 

of ovarian hormones in UL growth. Decreased cell proliferation in ULs in peri-

menopausal women compared to tumors originating in women of reproductive age is 

another indication of the role of ovarian hormones in the development of ULs (Plewka et 

al., 2011). 

The specific and key role of estrogen in the tumorigenesis of ULs has been 

validated by numerous studies. In addition to the presence of both estrogen receptors 

ESR1 and 2, estrogen-regulated genes such as connexin 43 gap junction protein, 

collagens I and III, IGF-1 and progesterone receptor have also been shown to be 

upregulated in ULs (Andersen et al., 1995).  The expression of aromatase P450 in ULs, 

which converts local androgen to estrogens, provides an additional autocrine/paracrine 

system within ULs for production of estradiol which stimulates tumor growth 

independent of systemic sex steroid hormones (Bulun et al., 1994; Sumitani et al., 

2000).  
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In recent years, growing evidence has highlighted the role of the other ovarian 

steroid hormone, progesterone, in the pathogenesis of ULs.  The increased mitotic 

activity in LSMCs during the secretory phase of the menstrual cycle, increased 

cellularity of LSMCs in women undergoing progesterone treatment, increase in the size 

of ULs during the first 10 weeks of pregnancy, reduced viability and increased apoptosis 

induced by the levonorgestrel intrauterine system device all suggest that leiomyoma 

growth is affected by progesterone levels (Kawaguchi et al., 1989). Furthermore, data 

from numerous clinical studies on the use of anti-progestins or selective progesterone 

receptor  modulators showing significant reductions in both tumor volume and UL-

associated symptoms support of a role for progesterone (Kim and Sefton, 2011; 

Socolov et al., 2011) 

The stimulatory effects of estrogen and progesterone on the growth of ULs 

appear to be mediated through their classical receptors and also via non-genomic 

mechanisms. The mitogen-activated protein kinase (MAPK), protein kinase Cα, and 

AKT/PI3K have all been demonstrated to be rapidly activated in ULs in response to  sex 

steroid hormone treatment (Barbarisi et al., 2001; Hoekstra et al., 2009; Nierth-Simpson 

et al., 2009). A few studies have also demonstrated that such activation in ULs is further 

modulated by the crosstalk of ovarian hormones with growth factors such as platelet-

derived growth factor (PDGF) and neurotensin (Maruo et al., 2004; Rodriguez et al., 

2011). 

A.4. Growth Factors in Leiomyoma 
 
Several growth factors and their receptors have been identified in myometrial cells and 

LSMCs. The most important ones include epidermal growth factor (EGF), platelet-
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derived growth factor (PDGF), insulin-like growth factor I and III (IGF-I/III), transforming 

growth factor beta 3 (TGF-β3), (bFGF), vascular endothelial growth factor (VEGF), and 

prolactin (Flake et al., 2003; Mangrulkar et al., 1995). There is numerous direct and 

indirect evidence of the regulation of these growth factors by estrogen and progesterone 

in uterine fibroids (Flake et al., 2003). For example, progesterone upregulates EGF 

during the luteal phase of the menstrual cycle in leiomyoma while EGFR is upregulated 

by estrogen (Maruo et al., 2000). Treatment of women with GnRH agonists reduces the 

binding of EGF to LSMCs when compared to leiomyomas from untreated patients 

(Lumsden et al., 1988; Maruo et al., 2000; Maruo et al., 2004). Despite the aberrant 

expression of these growth factors in LSMCs compared to normal myometrium, it is not 

clear whether these factors are involved in the development or initiation of the disease 

or are secondary effectors in fibroid tumorogeneis.  

The TGFβ superfamily includes more than 30 polypeptides with related 

structures that can act either as inhibitors or stimulators of cell proliferation (Arici and 

Sozen, 2000; Miyazono, 2000). The three isoforms of the TGFβ subfamily play 

significant roles in the development of fibrotic diseases due to their effects on 

mitogenesis and synthesis of extracellular matrix proteins, which are the hallmarks of 

fibrosis (Lyons and Moses, 1990; Arici and Sozen, 2000). Expression of all three 

isoforms of TGF-β and their receptors has been detected in leiomyoma and myometrial 

SMCs (Arici and Sozen, 2003; Chegini et al., 1999; Lee and Nowak, 2001). TGF-β3 

mRNA levels were increased during the luteal phase of the menstrual cycle, and 

treatment with the GnRH agonist leuprolide acetate caused a decrease in expression of 

TGF-β family members (Arici and Sozen, 2003; Dou et al., 1996). In contrast, no 
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significant difference was observed in the TGF-β1 mRNA levels between leiomyoma 

and myometrical SMCs (Vollenhoven et al., 1995).  Lee and Nowak also found that 

inhibition of TGF-β3 caused a decrease in collagen I and III mRNAs in both myometrial 

and leiomyoma SMCs whereas its presence stimulated DNA synthesis only in 

leiomyoma cells (Lee and Nowak, 2001). The effect of TGF-β3 on the growth of 

leiomyoma is not always stimulatory as high concentrations of this growth factor show 

an inhibitory effect on SMCs (Arici and Sozen, 2000; Battegay et al., 1990). Thus, it 

appears that the effect of TGF-β on leiomyomas is dependent on factors such as 

concentration, cell type, and the presence of other growth factors (Flake et al., 2003). 

 IGF-I is another growth factor implicated in the pathogenesis of ULs. Both the 

expression of IGF-I and its binding are increased by exposure to estrogen, and IGF-I 

appears to preferentially induce mitogenic activity in leiomyoma SMCs through up-

regulation of PCNA and Bcl-2 expression, which inhibits apoptosis (Gao et al., 2001; 

Strawn et al., 1995). 

 EGF has been found to have mitogenic effects on both myometrial and 

leiomyoma SMCs (Fayed et al., 1989). The mRNA levels of EGF are similar in both 

tissues during the follicular phase, but significantly elevated in leiomyomas in the luteal 

phase (Harrison-Woolrych et al., 1994). Treatment with GnRH agonists resulted in a 

sharp decrease in EGF receptor levels (Lumsden et al., 1988) as well as shrinkage of 

the tumor (Rein and Nowak, 1992). In addition, progesterone treatment induces an up-

regulation of EGF in fibroid SMCs while not affecting myometrial SMCs (Maruo et al., 

2000). These data indicate that the mitogenic effects of ovarian steroids on ULs may be 

due, in part, to their effect on EGF synthesis (Flake et al., 2003). EGF itself can then 



 

14 
 

lead to the transient activation of EGFR-MAPK pathway to induce increased 

proliferation and collagen synthesis (Ren et al., 2011). 

 Another important growth factor present in UL is PDGF. This known mitogen of 

smooth muscle cells and fibroblasts exists predominantly as a heterodimer of A and B 

chains or homodimers of AA or BB although newer members of this family, C and D, 

were recently discovered (Hwu et al., 2008).  Both myometrial and leiomyoma SMCs 

contain PDGF intracellularly, but not in the ECM (Mangrulkar et al., 1995; Rossi et al., 

1992), suggesting that PDGF action is local and occurs through a paracrine or autocrine 

fashion (Mangrulkar et al., 1995).  Transcripts for this potent mitogen of SMCs have 

been reported  to be expressed in equal or varying amounts in both myometrial and 

leiomyoma tissue (Boehm et al., 1990; Hwu et al., 2008; Liang et al., 2006; Mangrulkar 

et al., 1995; Palman et al., 1992), indicating the local production of this growth factor in 

uterine tissue (Boehm et al., 1990). In clinical studies with GnRH analogs, decreased 

production of PDGF was associated with a greater shrinkage in uterine volume 

suggesting a mitogenic action in leiomyomas (Di Lieto et al., 2002; Di Lieto et al., 

2005;). In study by Liang et al (2006), it was reported that the PDGF-BB levels were 

higher during the secretory phase of the menstrual cycle in leiomyoma and treatment 

with PDGF increased the expression of PCNA and collagen α1(I) in both leiomyoma 

and myometrial cells (Liang et al., 2006).  

There is, however, a difference in the number of PDGF receptor sites per cell 

between leiomyoma and myometrial SMCs in that LSMCs contain more PDGF 

receptors but with a lower binding affinity (Fayed et al., 1989). These increased 

concentrations of PDGF receptor may lead to a greater mitogenic response to PDGF in 
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leiomyoma tissue (Barbarisi et al., 2001; Boehm et al., 1990).  In addition, growth 

factors such as EGF and IGF have been shown to have synergistic effects with PDGF 

to increase the proliferation LSMC (Boehm et al., 1990; Fayed et al., 1989). The 

mitogenic effects of PDGF in LSMCs appear to be mediated through induction of 

NADPH oxidase-dependent ROS production and AMPK signaling pathways (Mesquita 

et al., 2009). In addition, PDGF alone or in association with other growth factors has 

been shown to be involved in the proliferative response of LSMCs to estradiol and in 

mediating the early signaling responses to estradiol. Increased production of PDGF 

upon stimulation with estradiol may propagate an autocrine loop involving PDGF that 

continuously stimulates proliferation of E2-treated LSMCs (Barbarisi et al., 2001). 

A.5. Therapeutic Approaches for Leiomyoma 

Management of ULs can be categorized into three groups: surgical, drug-based, and 

non-invasive interventions. Historically, surgical management of uterine fibroids has 

been the only available treatment option for women. This form of treatment involves 

removal of the entire uterus (hysterectomy) or removal of only the fibroids 

(myomectomy) (Bouchard et al., 2011).  Either procedure can be performed via 

laparotomy, laparoscopy, or vaginally (Plotti et al., 2008). In general, myomectomy is 

usually attempted in women who desire to maintain their fertility, but the most common 

treatment is still hysterectomy (Al-Hendy and Salama, 2006b). Recent surveillance on 

the rate of hysterectomies in the United States shows that about 40% of the 600,000 

hysterectomies annually performed were due to ULs (Whiteman et al., 2008). While 

these types of surgery are the only definitive treatment for uterine fibroids, they can be 

costly and confer subsequent complications (Lee et al., 2009; Stewart, 2001). The 
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existing risk of 15-38% for major complications includes post-operative hemorrhage, 

fever, or injury to adjacent organs (Al-Hendy and Salama, 2006b).  

 Current trends in reproductive medicine are moving toward less invasive 

treatments for uterine fibroids.  These treatment options, which are still in relatively early 

stages, include uterine artery embolization (UAE), high frequency ultrasonography, 

cryotherapy and thermoablation (Stein and Ascher-Walsh, 2009; Wallach and Vlahos, 

2004). In UAE, the goal is to block the blood supply to the fibroid. So far patients 

undergoing this procedure have been satisfied with the outcome, but there are concerns 

with the possibility of missing some fibroids or uterine malignancies (Al-Hendy and 

Salama, 2006b). The other methods show promise, but more randomized studies are 

needed to prove their efficacy and document associated complications (Stein and 

Ascher-Walsh, 2009). 

 The other major non-surgical treatment for leiomyomas involves the use of 

gonadotropin-releasing hormone agonists (GnRHa) that suppress the production of 

ovarian estradiol and progesterone (Chavez and Stewart, 2001; Pinkerton, 2011; 

Stewart, 2002). The use of these drugs was first tested in the late 1980s and showed a 

significant decrease in the size of leiomyomas within 3-6 months. These drugs also 

reduce uterine vascularity (Duhan, 2011). However, due to their effect on bone density 

and the relatively rapid resumption of tumor growth once treatment is terminated, they 

are not considered suitable as long-term therapies. Selective estrogen receptor 

modulators (SERMs) are another class of drug-based treatments for leiomyoma, which 

show antagonist activity only in the breast and uterus and not in other tissues (Nowak, 

2004). However, as demonstrated in studies with raloxifene, these types of drugs did 
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not show a significant efficacy in cycling women at lower doses (Palomba et al., 2002).  

Selective progesterone receptor modulators (SPRMs), on the other hand, have shown 

great potential in treatment of leiomyomas (Stewart, 2012). These compounds have a 

high binding affinity for progesterone receptor and can also modulate the effects of 

estrogen in specific tissues (Engman et al., 2009). Aspoprisnil is one of these drugs and 

has been tested as a treatment for leiomyomas. This drug reduced the volume of the 

largest fibroids by 36.1% after 12 weeks of treatment and induced amenorrhea in a 

dose-dependent manner (Chwalisz et al., 2007). Similarly, in a randomized study, 

mifepristone was shown to reduce the pain and bleeding associated with uterine fibroids 

and also decreased the size of tumors without inducing endometrial hyperplasia 

(Engman et al., 2009). 

 Non-hormone based drugs designed to either remedy or reduce altered 

expression of various factors in ULs are another category of compounds that have 

gained traction in recent years. For example, Ro 41-0960, a synthetic catechol-O-

methyl transferase inhibitor (COMTI) has been successfully tested in the Eker rat model 

of ULs and shown to shrink fibroid tumors (Hassan et al., 2011). Natural and synthetic 

derivatives of vitamins such as all-trans-retinoic acid and 1,25-dihydroxyvitamin D3 

have also been proven to be safe and effective non-surgical therapies for ULs (Halder 

et al., 2011; Halder et al., 2012). 

 The fibrotic nature of ULs has directed research towards the use of anti-fibrotic 

drugs as potential non-invasive treatments for uterine fibroids. These candidate drugs 

include anti-TGFβ compounds, halofuginone, and interferons.  Pirfenidone, an anti-

TGFβ drug, was found to decrease the proliferation of LSMCs as well as the production 
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of collagen type I (Lasky, 2004; Lee et al., 1998). Similarly, halofuginone has been 

shown to reduce basal and growth factor-stimulated proliferation of leiomyoma SMCs in 

a dose dependent manner (Grudzien et al., 2009). Interferons are cytokines that 

antagonize the actions of several growth factors such as bFGF, TGFβ, and TNFα. 

Clinical studies have reported a size reduction in fibroids by up to 50% upon treatment 

with these drugs (Ali et al., 2000; Minakuchi et al., 1999). 

Gene therapy has also been the focus of research for the treatment of 

leiomyomas. Due to the localized nature of these tumors and the availability of imaging 

and endoscopic techniques to visualize and access uterine fibroids, the delivery of 

gene-based vectors seems like an attractive target. Candidate genes in these attempts 

have been the dominant negative form of estrogen receptor and a thymidine kinase-

gancyclovir-expressing adenovirus (Hassan et al., 2009; Hassan et al., 2010). In vivo 

results using this approach in the Eker rat reported a decrease in Bcl-2, cyclin D1 and 

PCNA along with an inhibition of proliferation. None of these potential promising 

treatments has yet moved into full clinical trials due to the preliminary nature of in vitro 

and studies and limited success in recruiting subjects (Catherino et al., 2011). 

Overall, both the direct and indirect costs for the management of ULs in the 

United States alone are estimated to be $5.9-9.34 billion annually (Cardozo et al., 

2011). The key to successful use of new treatment options for women with ULs and 

reduced costs is understanding the needs of each patient and the nature of the 

associated symptoms in a multidisciplinary approach in order to find the most effective 

treatment program (Stovall, 2011). 
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A.6. Animal Models for Leiomyoma 

Several animal models for studying ULs exist. The best characterized and most 

widely used is the Eker rat model (Walker et al., 2003). These rats carry a germline 

mutation in the rat homolog of the Tsc2 gene and develop spontaneous renal cell 

carcinomas and ULs with a high frequency. Eker rat leiomyomas share phenotypic, 

biochemical, and genetic characteristics similar to human ones. They express ER and 

PR and are responsive to steroid hormones, have aberrant HMGA2 expression, 

overexpress IGF-1, and show reduced growth during pregnancy. Cell lines derived from 

these tumors have been successfully established and have been shown to retain their 

hormone responsiveness in culture (Walker et al., 2003) . This system has been widely 

used to demonstrate the potential efficacy of selective estrogen modulators (SERMs), 

progesterone modulators, and therapeutic agents for fibroids (Arslan et al., 2005; 

Buchanan et al., 2002; Cook and Walker, 2004; Crabtree et al., 2009; Halder et al., 

2012; Hassan et al., 2011; Miyake et al., 2009). 

Another animal model for ULs in the guinea pig came about after the 

spontaneous development of leiomyomas was observed in 8% of aged animals (Porter 

et al., 1995). Ovariectomy of young animals combined with high-doses of estrogen can 

also cause the development of uterine and abdominal leiomyomas with high frequency. 

This model has also been used to study SERMs (Porter et al., 1998). 

Other studies have shown the induction of leiomyomas in mice treated with the β-

adrenoceptor antagonist levobunolo (Romagnolo et al., 1996; Rothwell et al., 1992) as 

well as in transgenic mice expressing SV40 T antigen driven by the estrogen-

responsive calbindin promoter (Romagnolo et al., 1996). There are also reports of 
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chicken (Berry et al., 2006; Machado et al., 2012), guinea pig (Tsibris, 2004) and dog 

models for this disease. Rats injected with estradiol benzoate have been shown to 

develop nodules similar to human ULs (Hai-Gang et al., 2011). Finally, a recent model 

has utilized xenografting of human leiomyoma tissue under the kidney capsule of 

ovariectomized mice (Ishikawa et al., 2010). This model, which has been successfully 

used to investigate the role of sex steroid hormones on the growth of leiomyomas, has a 

success rate of 100% and maintains the histological characteristics of the original 

tissue. 

B. Extracellular Matrix Collagen  

B.1. Classification and Functions of Extracellular Matrix 

Most cells in multi-cellular organisms are surrounded by a complex mixture of non-living 

material that is called the extracellular matrix (ECM). In animal cells, ECM is the major 

component of connective tissue and is comprised of the interstitial space and basement 

membrane. This complex in vertebrates is composed of proteins, either alone or in 

combination with carbohydrates and minerals. Based on the molecular components of 

ECM, it can be categorized into proteoglycans (heparan sulfate, chondroitin sulfate, 

keratin sulfate), non-proteoglycan polysaccharides (hyaluronic acid), fibers (collagen 

and elastin) and other types such as laminin and fibronectin. 

The diverse nature of ECM allows it to serve various functions within the body. 

ECM can provide structural support and anchorage for cells, serve as a barrier between 

different cell types, regulate intercellular communications through its structural 

characteristics, and mediate the effects of growth factors leading to cellular growth and 

differentiation. In addition, tissue-remodeling-dependent processes such as embryonic 
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development and wound healing rely on the formation of ECM and the correct 

interaction between ECM and cells. Aberrant formation and regulation of ECM can lead 

to tumor invasion and metastasis in cancer (Hynes and Yamada, 2011).  

B.2. Molecular Structure and Types of Collagens 

Collagens are the most abundant proteins in the human body (Prockop and Kivirikko, 

1995). Tropocollagen, the basic unit of collagen, is rigid and rod-shaped with an 

approximate length of 3000 A and 15 A in diameter (Beard et al., 1977). 

Depending on their structural domains collagens can be globular or triple-helical 

(Burgeson and Nimni, 1992). Triple-helical collagens are unique amongst other proteins 

in that their structure is composed of three left-handed twists of α-chains with an 

average number of 100 amino acids per chain. In each α-chain, the third residue needs 

to be a Gly in order to allow for the three helices to wind into a helical structure (Patino 

et al., 2002). This well-packed structure contributes to the stress-bearing characteristics 

of connective tissue in bone, skeletal muscle and fibrous tissues such as skin and blood 

vessels (Voet and Voet, 2010). 

Based on their structure and supramolecular organization, collagens can be 

grouped into fibril-forming collagens, fibril-associated collagens, network-

forming collagens, anchoring fibrils, transmembrane collagens, basement 

membrane collagens and a few others with distinctive functions (Gelse et al., 2003). 

Twenty-eight different types of collagens have been identified in vertebrates, of which 

collagen type IV and fibrillar collagens are found in species ranging from sponges to 

humans suggesting a common ancestoral gene for collagen alpha chain in metazoans 

(Exposito et al., 2010). Fibril-forming collagens, such as collagens I and III, are 
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approximately 300 nm in length and 1.5 nm in diameter and their formation is 

dependent on the presence of short extrahelical telopeptides flanking the molecule 

(Achilli et al., 2009; Kadler et al., 1996). In a typical fibrillar procollagen,the α chain 

consists of an uninterrupted major triple helix (collagenous domain) made up of 

approximately 338 Gly-Xaa-Yaa triplets. This region is flanked by the extra-helical 

telopeptides and by two non-collagenous domains, the N- and the C-propeptides 

(Exposito et al., 2010) (Fig. 2.4). 

B.3. Collagen Biosynthesis 

The production of collagen involves a complex biosynthetic pathway. In the first step, 

the precursor form of collagen, procollagen, is produced from the selection and 

association of three procollagen chains in the cytoplasm. Following extensive post-

translational modification, the soluble procollagen molecules are assembled into the 

triple helix, packed into secretory vesicles and released from the surface of the cell by 

exocytosis. Once in the extracellular environment, procollagen molecules are processed 

by different enzymes for fibril formation and cross-linking. The enzyme procollagen N-

proteinase removes the N-propeptides and procollagen while the C-proteinase removes 

C-propeptides. The resultant collagen molecules spontaneously self-assemble into 

cross-striated fibrils present in the ECM of connective tissue. Formation of covalent links 

by lysyl oxidase further stabilizes the cross-links (Kadler et al., 1996; Patino et al., 2002) 

(Fig. 2.5). 

Collagen may be extracted from tissues in neutral salt buffers or in dilute acidic 

solutions. Typically the collagen in mouse skin and tendon is solubilized by mechanical 

disruption in an acetic acid solution.  The yield of such preparations is usually milligram 
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quantities of type I collagen, mainly in the form of monomers but can also include 

variable amounts of cross-linked components (dimers, trimers and some higher 

components) (Kadler et al., 1996). The collagen obtained in this manner loses its 

structural organization and mechanical features while maintaining good biological 

properties.  By changing the temperature and pH of the solution, the solubilized 

collagen can be manipulated to polymerize and become a gel. The change in pH to the 

isoelectric point of 6.5-7 influences the formation of electric charges in the amino acids 

of collagen causing electrostatic attractions or repulsions between different fibrils (Achilli 

et al., 2009).  

B.4. Collagen Receptors 

The interaction of cells with ECM occurs through several families of receptors (Heino, 

2000). These collagen receptors, which can be divided into four groups based on the 

motifs in collagens that they recognize are integrins, receptor tyrosine kinases (DDRs), 

immunoglobulin like receptors, and macrophage mannose receptors  (Heino et al., 

2009).  Among these, integrins and DDRs are considered the most important receptors 

for collagens. 

 Integrins, cell-surface glycoprotein receptors, exist as heterodimers of α and β 

transmembrane subunits in a variety of combinations (Aplin et al., 1998).  Collagens 

bind to integrins containing a β1 subunit combined with any of the α subunits (Fig. 2.6). 

The extracellular domains recognize short peptide sequences (e.g., Arg-Gly-Asp [RGD]) 

found on some ECM proteins (e.g., fibronectin,vitronectin and collagens, while the 

intracellular domains are involved in the formation of focal adhesion complexes and in 

signaling events with implications for cell adhesion, migration, differentiation, and cell 
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survival (Freyer et al., 2001). Different combinations of α and β receptors can provide 

tissue specificity for the integrin receptors. For example, α1β1 is mainly expressed in 

mesenchymal cells, whereas α2β1 is most abundant in epithelial cells and platelets 

(Heino, 2000). Fibril forming collagens such as collagens I and III have high avidity for 

the α2β1 integrin. Whereas the avidity of α2β1 to fibrillar or cross-linked collagens is 

less compared to monomeric collagen, cell adhesion and migration can still be mediated 

by α2β1 integrin on fibrillar collagen matrix compared to monomeric collagen (Jokinen 

et al., 2004). It is, therefore, conceivable to think of integrins as mechanosensors that 

undergo complex conformational changes to interact with ECM proteins and intracellular 

cytoskeletal proteins (Schwartz, 2010). 

Collagens type I and III (fibril-forming collagens) are also ligands of dimeric 

discoidin receptors DDR1 and DDR2, which have tyrosine kinase activity (Ricard-Blum, 

2011). An important aspect of their phosphorylation is that, contrary to receptor tyrosine 

kinases (RTKs), they can remain phosphorylated for several hours. DDR1 is considered 

an epithelial cell receptor while DDR2 is found on mesenchymal cells. The extracellular 

domains of these receptors can regulate the deposition of ECM by inhibiting 

fibrilogenesis (Flynn et al., 2010). DDR1 has similar affinities for fibril-forming and non-

fibril forming collagens, whereas DDR2 can be activated by fibril-forming collagens only.  

The expression of these collagen receptors is dependent on the specific chemical and 

physical structures of their ligands. Early studies by Klein et al. showed that culture of 

fibroblasts on three dimensional collagen lattices can induce the synthesis and 

transcription of α2β1 integrin (but not of α1β1 or α3β1) in parallel with gel contraction 

(Klein et al., 1991). This activation was later found to be able to activate the PKC 
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pathway (Xu and Clark, 1997). Subsequently Xu and Clark (1996) showed that culture 

of fibroblasts on polymerized collagen matrices could stimulate the transcription of 

integrins α2β1, while suppressing integrins α3β1 and α2β1. These alterations proved to 

be responsible for the differential response of cells to PDGF (Xu and Clark, 1996). In 

addition, a2ß1 integrin has been shown to mediate the antiproliferative effects of 

polymerized collagen on VSMCs (Koyama et al., 1996). 

Collagen types I and III can exist as non-fibrillar forms that do not contribute to 

cell structure, but retain their cell signaling characteristics  (Davis et al., 2000; Emsley et 

al., 2004; Knight et al., 2000). The non-fibril forming (non-crosslinked) collagen or 

monomeric collagen have been found to stimulate SMC  proliferation (Fassett et al., 

2003; Fassett et al., 2006; Nguyen et al., 2005; Schuliga et al., 2010), cell survival 

(Freyer et al., 2001; Peng et al., 2005), and cytokine release (Peng et al., 2005). 

Similarly, thin films of heat-denatured collagen promote cellular proliferation (Carragher 

et al., 1999; Elliott et al., 2003; Jones et al., 1997). On the other hand, thick gels of heat-

denatured collagen induce a cellular morphorphology and proliferation that resembles 

native fibrillar collagen gels. Thus, the interaction between cells and surrounding matrix 

is not only dependent on the bulk material properties of collagen gels, but also on the 

micron-scale interactions of cells and ECM (Elliott et al., 2003).  

B.5. Signaling Pathways Activated by Collagens 

 Collagens can activate three main signaling pathways leading to cytoskeletal 

organization, cell proliferation and cell survival (Fig. 2.7). The binding of ligands to 

integrins leads to cross-linking or clustering of receptors and the formation of structures 

called focal adhesions. These protein assemblies link integrin receptors to a variety of 
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structural and signaling proteins, such as the actin cytoskeleton and specific kinases 

(Kumar, 1998).  In this process, proteins such as α-actinin and talin bind to the 

cytoplasmic tails of integrins and the actin-binding protein, vinculin (Martin et al., 2002). 

Integrin aggregation by ligand binding results in the oligomerization of focal adhesion 

kinase (FAK), which is mediated by talin.  Autophosphorylation of FAK at residue 

Tyr397 results in the binding of the SH2 domain of SRC and Fyn, which phosphorylates 

a number of FAK-associated proteins including paxilin, tensin and the docking protein 

p130CAS (Crk-associated aubstrate). Phosphorylation of Tyr397 also leads to the 

recruitment of other SH2-containing proteins, such as hosphotidyl inositol-3 kinase 

(PI3K) ) (Parsons et al., 2000). 

Collagen signaling also involves activation of SRC kinases. SRC phosphorylates 

FAK at Tyr 925, creating a binding site for the growth-factor-receptor-bound protein 

complex, the GRB2-SOS complex, and activates another small G-protein, Ras. Once 

activated by FAK, Ras activates PI3K and Raf at the cytoplasmic membrane. Activated 

Raf can then activate the kinase activity of MEK followed by phosphorylation of ERK. 

ERK in turn activates transcription factors such as serum response factor (SRF) and c-

Myc that are involved in regulating growth and differentiation. Engagement of integrins 

linked to SHC activates transcription from the SRF and promotes progression through 

the G1-phase of the cell cycle in response to growth factors. Since growth factors also 

stimulate the Ras-MAPK pathway, the integrins and growth factor receptors synergize 

to enhance Ras-MAPK activation and also promote cell migration on the ECM in a 

transcription-independent manner. PI3K is also associated with integrin-associated focal 

adhesion complexes and provides protective signals acting through AKT/ PKB (protein 
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kinase-B), which blocks entry into apoptosis (Kumar, 1998). In addition, linkage of the 

exogenous force through matrix stiffness and endogenous force through cytoskeletal 

tension to the MAPK and ROCK pathways have been  proven to be involved in the way 

focal adhesions and growth factor signaling are modulated for tissue function  (Paszek 

et al., 2005; Provenzano and Keely, 2011).  

B.6. Extracellular Matrix in Leiomyoma 
 
 Leiomyomas are made up of excessive ECM relative to the surrounding myometrial 

SMCs. Immunohistochemical staining of myometrial and leiomyoma tissues by Stewart 

et al. showed that while in normal myometrium SMCs are well organized and have small 

areas of ECM between the bundles of cells, the ECM in leiomyoma tissues are 

significantly greater than myometrial tissue (Stewart et al., 1994). The ECM in 

leiomyoma tissue stains more strongly for collagens I and III in leiomyoma tissue than 

corresponding myometrium (Stewart et al., 1994; Wolanska et al., 1998) (Fig. 2.8). 

Further electron microscopy analysis showed that collagen fibers in leiomyoma were 

loosely packed and organized in a non-parallel manner compared with myometrium 

(Fig. 2.9). Ordered and barbed appearance of collagen fibrils was also absent in 

leiomyomas and showed an altered orientation (Catherino et al., 2004; Leppert et al., 

2004). 

Consistent with these changes at the protein level, altered mRNA levels for ECM 

proteins have also been reported in LSMCs. Stewart et al. reported increased mRNA 

levels of collagens I and III in the proliferative phase of the menstrual cycle (Stewart et 

al., 1994). Iwahashi and Masaaki also found an increase in the levels of collagens I and 

V, but this was consistent across the two phases of the menstrual cycle (Iwahashi and 
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Muragaki, 2011).  Subsequently, a microarray study reported differential expression of 

several genes involved in the formation of ECM in LSMCs. Among these genes, 

dermatopontin and versican coding transcripts showed the greatest differences between 

the leiomyoma and myometrial tissues (Tsibris et al., 2002, Catherino et al., 2004). Due 

to the role of these proteins in the proper organization of ECM collagen, such alterations 

probably contribute to the disordered growth and ECM organization of ULs through 

various molecular mechanisms (Catherino et al., 2004). 

There are also reports of differences in other types of ECM proteins in 

leiomyoma and myometrial tissues. For example, fibronectin and hyaluronic acid 

contents were found to be similar in both leiomyoma and myometrial tissue (Stewart et 

al., 1994; Wolanska et al., 1998), whereas the levels of sulphated glycosaminoglycans 

(GAGs) were found to be distinctly higher in leiomyomas. The increase in GAGs, 

accompanied by the simultaneous increase in the amount of interstitial collagen, is 

thought to be induced by the persistent stimulation of growth factors stored in GAGs 

(Wolanska et al., 1998). The ECM protein versican has also been reported to have 

elevated levels in ULs. Since this protein interacts with other ECM proteins such as 

collagens, any change in its expression is thought to modulate the organization of the 

ECM and promote tumor growth and cellular proliferation (Carrino et al., 2012; Norian et 

al., 2009).    

The viscoelastic properties of leiomyoma tissue also seem to differ from those of 

myometrium causing them to show reduced sensitivity to mechanical cues (Norian et 

al., 2011). Since mechanical stress has recently been shown to play a role in 

tumorigenesis (Butcher et al., 2009; Ingber, 2008), it is conceivable that the tissue 
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stiffness of leiomyomas can alter the signaling pathways linking the ECM to the 

intracellular machinery leading to altered growth and pathogenesis of fibroids. 

C. Halofuginone  

C.1. Structure and Effects 

Halofuginone (HF, Stenorol, Tempostatin) (7-bromo-6-chloro-3-[3-(3- hydroxy-2- 

piperidinyl)- 2-oxopropyl]- 4(3H)- quinazolinone) is a plant alkaloid originally isolated 

from the plant Dichroa febrifuga (Fig. 2.10). For many years, extracts from either the 

roots or the leaves of this plant have been used against malarial fever and the 

protozoan parasite, Plasmodium gallinaceum that infects chickens (Pines et al., 2000). 

In the late 1980s, halofuginone, which was widely used as a coccidiostat in poultry 

industry, was found to specifically suppress collagen synthesis in chicken skin (Granot 

et al., 1991; Weinberg et al., 1985). Further in vitro studies on mouse skin fibroblasts, 

avian growth plate chondrocytes, vascular smooth muscle cells, bovine aortic 

endothelial cells as well as rat liver stellate cells showed that this inhibition occurs at the 

transcriptional level for collagen type I (McGaha et al., 2002b) and without affecting cell 

proliferation and collagen degradation  (Granot et al., 1993; McGaha et al., 2002b; 

Pines et al., 2003). 

Halofuginone, at non-cytotoxic concentrations, was also found to diminish the 

ability of fibroblasts to contract collagen lattices through p42/44 MAPK signaling 

pathway (Tacheau et al., 2007). In LSMCs, HF inhibited DNA synthesis within 24 hours 

and lead to cellular apoptosis by 48-72 hours. Transcripts of collagen I and III as well as 

TGFβ-1 were also found to be reduced in both leiomyoma and myometrial SMCs 

treated with HF (Grudzien et al., 2009). 
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C.2. Halofuginone as an Anti-Fibrotic Drug 

Systemic administration of HF has been shown to be well tolerated in a variety of animal 

models with different types of fibrotic diseases.  In both a mouse model for Duchenne 

muscle dystrophy (DMD) as well as the tight skin mice model for skin fibrosis, HF was 

shown reduce muscle fibrosis and hyperplasia and improve muscle function and 

regeneration (Huebner et al., 2008; McGaha et al., 2002a; Nevo et al., 2010; Pines and 

Halevy, 2011; Pines et al., 2003; Turgeman et al., 2008).  In a db/db mice model of 

diabetic nephropathy, HF suppressed mesangial expansion and fibronectin 

overexpression in the kidney, while reducing oxidative stress in the glomerulus (Sato et 

al., 2009). Similarly, the efficacy of HF as a potential therapeutic agent for liver cirrhosis, 

corneal fibrosis, esophageal and hypopharyngeal fibrosis has been established (Bruck 

et al., 2001; Dabak et al., 2010; Nelson et al., 2012; Spira et al., 2002). HF has also 

been successfully tested for healing skin wounds in a rat model (Yoon et al., 2011) as 

well as reduction of burn scar formation in a mouse model (Zeplin, 2012). Pre-treatment 

of a rat model for ischemia/reperfusion renal injury with HF at 100ug/kg body weight 

was found to reduce oxidative injury and improve renal function by suppressing the 

generation of reactive oxygen species, depressing lipid peroxidation, and increasing 

glutathione levels (Karadeniz Cerit et al., 2012). 

Pharmacokinetic studies on HF in a rat model have shown that intravenous 

administration of HF leads to its distribution in all tissues except the brain (Stecklair et 

al., 2001).  Most interestingly, HF was found to remain present more consistently in lung 

and skeletal muscle than in plasma, which is of importance in fibrotic diseases such as 

pulmonary fibrosis and DMD. This study also showed that no metabolites of the drug 
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can be measured in the plasma or tissue and that cellular toxicity was observed at only 

very high doses. 

In recent years, the anti-tumor activities of HF have been the focus of several 

studies. HF has been shown to reduce tumor growth in models of brain tumors, 

pheochromocytoma of adrenal glands, hepatocellular carcinoma, and AIDS-related 

Kaposi-sarcoma (Koon et al., 2011; Taras et al., 2006). An in-depth study on acute 

promyelocytic leukemia showed inhibition of cell growth  accompanied by the up-

regulation of TGFβ target genes involved in cell cycle regulation (TGFβ, TGFβRI, 

SMAD3, p15, and p21) and down-regulation of MYC (de Figueiredo-Pontes et al., 

2011). In the same study, treatment of immunodeficient mice bearing leukemia cells 

with 150 mg/kg/day HF for 21 days induced partial hematological remission in the 

peripheral blood, bone marrow, and spleen. More recently, the potential of HF as an 

anti-angiogenic factor against tumor metastasis has been explored in mice (Jordan and 

Zeplin, 2012). Mice implanted with HF-coated silicon tubes for three months showed a 

significant reduction in local angiogenesis mediated by a decrease in the level of 

angiogenic factors such as TGF-β-1, bFGF, COL1A1, MMP-2, MMP-9, VEGF and 

PDGF. 

 Based on the good tolerance of HF in animal studies, clinical trials for the 

treatment of some fibrotic diseases and cancers have been underway. In 1999, after a 

successful phase I trial, the first application of HF on a human patient with cutaneous 

chronic graft versus host disease in the neck area was reported (Nagler and Pines, 

1999). Although effects of HF treatment were reversed after the cessation of treatment, 

for the duration of treatment, HF inhibited collagen synthesis leading to improved neck 
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rotation. A phase II clinical trial for systemic sclerosis was also reported to be successful 

(Ong and Denton, 2010; Silman et al., 1995).  Last year, the AIDS Malignancy 

Consortium carried out a phase II study of topical HF treatment in patients with AIDS-

related Kaposi-sarcoma (Koon et al., 2011). More recently, in an in vivo using a 

myeloma xenograft mouse model, HF was shown to not only have an anti-tumour 

activity against a panel of human multiple-myeloma (MM) cell lines and primary patient-

derived MM cells, but also a synergistic cytotoxicity with traditional anti-tumor drugs 

(Leiba et al., 2012). In all these cases, HF treatment proved to be safe and with few side 

effects (de Jonge et al., 2006).  

C.3.  Mode of Action 

Numerous in vitro cell culture systems as well as human and animal models of liver 

cirrhosis, scleroderma, dermal fibrosis, and solid tumors have been used to determine 

the mechanisms involved in the inhibitory effects of HF on fibrosis. These effects seem 

to be mediated primarily through the MAPK and TGFβ signaling pathways to reduce the 

expression of collagens and fibronectin synthesis (Genin et al., 2008; Gnainsky et al., 

2007; McGaha et al., 2002b; Nagler et al., 2000; Pines and Nagler, 1998; Pines et al., 

2003; Pines et al., 2003; Sato et al., 2009; Yee et al., 2006). 

The efficacy of HF in improving radiation-induced fibrosis in a mouse model was 

demonstrated to occur through the down-regulation of TGβ-RII as well as induction of 

the inhibitory Smad 7 leading to inhibition of Smad 2/3 phosphorylation (Xavier et al., 

2004). Similarly, in mesangial cells, HF decreased the expression of TGβ-RII and 

suppressed phosphorylation of Smad 2 as well as expression of collagen I and 

fibronectin induced by TGFβ (Sato et al., 2009). 
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HF also inhibited caerulein-induced collagen synthesis, collagen cross-linking 

enzyme prolyl-4-hydroxylase, along with MMP2 (Zion et al., 2009). Furthermore, HF 

was shown to inhibit the proliferation of hepatic stellate cells in culture by decreasing 

Smad 3 phosphorylation and increasing c-Jun N-terminal kinase activation (Popov et 

al., 2006) .Treatment of human fibroblasts with 50 nM HF was shown to induce a rapid 

and prolonged phosphorylation of p38, ERK1/2 and JNK1/2 as early as 15 minutes and 

lasted for two hours (Tacheau et al., 2007). Additionally, the activation of ERK1/2 was 

specifically correlated to decreased collagen contraction induced by HF.  

  Another study using a C2 muscle cell line and primary myoblasts derived from 

wild type and mdx mice diaphragm showed that 10 nM HF promoted the activation of 

PI3K/AKT and MAPK pathways in muscle cells, while reducing the phosphorylation of 

Smad3 through direct molecular associations (Roffe et al., 2010). The PI3K/AKT and 

MAPK signaling pathways both play a crucial role in myoblast differentiation and 

proliferation. Therefore, the effect of HF on these pathways resulted in an enhancement 

of myotube formation in muscle cells of a mouse model for muscular dystrophy (Roffe et 

al., 2010). 

More recently, activation of other signaling pathways, such as the amino acid 

starvation response by HF have been shown to inhibit inflammatory T-cell differentiation 

in vitro  (Sundrud et al., 2009) and to confer stress resistance (Peng et al., 2012)  by 

directly inhibiting the prolyl-tRNA synthetase activity of glutamyl-prolyl-tRNA synthetase 

(Keller et al., 2012). In another study, up-regulation of MMP13 in mammary epithelial 

cells treated with HF was observed to be mediated by p38 and NFκB, and not through 

Smad7 activation and TGFβ signaling inhibition (Kamberov et al., 2011; Popov et al., 
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2006). A subsequent microarray study on these cells correlated this observation with 

transcriptional responses characteristic of the Integrated Stress Response (ISR), 

suggesting that this pathway may be the underlying mechanism for the biological 

activities of HF (Kamberov et al., 2011). 
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Figures 
 

 

Figure 2.1. Formation of leiomyoma tumors in different locations within the 

uterus. (National Uterine Fibroid Foundation) 
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  , 

Figure 2.2. Uterine leiomyoma tumors. (A) A large uterine fibroid being removed from 

a 58 year old patient with excrutiating abdominal pain; (B) Presence of multiple ULs in 

different locations within the uterine cavity. Image courtesy of Lady Willingdon Hospital 

in India and PathosWeb. 
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Figure 2.3. Etiology of ULs. Initiation of ULs can be linked to several heterogeneous 

factors. (Walker and Stewart. 2005) 
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Figure 2.4.  Collagen subfamilies and their associated integrin receptors (Heino et 

al. 2007).  
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Figure 2.5. Molecular structure of fibrillar collagens (Gelse et al. 2003). 
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Figure 2.6. Biosynthesis of collagens (Kadler et al. 1996).  
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Figure 2.7.  Signaling pathways activated by collagens (Larsen et al. 2006). 
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Figure 2.8. Excessive deposition of ECM in ULs. Masson’s trichrome staining in 

matched myometrial (A) and leiomyoma (B) tissue shows increased deposition of ECM 

stained in blue in ULs.  
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Figure 2.9. Electron microscopy of ECM in myometrium (A) and leiomyoma (B). 
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Figure 2.10.  Molecular structure of halofuginone and the plant Dichroa febrifuga 

from which it is derived. 
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Chapter Three 

Effect of Extracellular Matrix Collagen on Cell Morphology, Proliferation, Focal 

Adhesions, and MAPK Signaling in Human Leiomyoma Smooth Muscle Cells 

Abstract 

Uterine leiomyomas (ULs) are benign tumors occurring in the majority of women during 

their reproductive years. Despite the prevalence of these tumors, little is known about 

their etiology. A hallmark of leiomyomas is the excessive deposition of extracellular 

matrix (ECM), primarily collagens. Collagens are known to modulate cell behavior and 

function singularly or through interactions with integrins and growth factor mediated 

mitogenic pathways. To better understand the pathogenesis of ULs and the role of ECM 

collagens in their growth, we investigated the interaction of leiomyoma smooth muscle 

cells (LSMCs) with two different forms of collagen, namely monomeric, non-polymerized 

collagen or fibrillar, polymerized collagen, in the absence or presence of platelet-derived 

growth factor (PDGF); an abundant growth factor in ULs. Primary cultures of human 

LSMCS from symptomatic patients were grown on these two different collagen matrices 

and their morphology, cytoskeletal organization, cell proliferation, and signaling 

pathways were evaluated. Our results showed that LSMCs had distinct morphologies on 

the different collagen matrices and their basal as well as PDGF-stimulated proliferation 

varied on these matrices. These differences in proliferation were accompanied by 

changes in the phosphorylation of focal adhesion kinase, cytoskeletal reorganization, 

and activation of mitogen activated protein kinase (MAPK) signaling pathway.  In 

conclusion, our results demonstrate a direct effect of ECM collagen on the proliferation 

of LSMCs through interplay between the collagen matrix and the PDGF-stimulated 
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MAPK pathway. In addition, these findings pave the way for identifying alternative 

therapeutic approaches for ULs that target ECM proteins and their signaling pathways 

in ULs. 

Introduction 

Uterine leiomyomas (ULs) are one of the most common pelvic neoplasms in 

reproductive aged women, with a reported incidence of 25-70% depending on age 

(Bowden et al., 2009; Day Baird et al., 2003; Houston et al., 2001). These benign 

tumors originate from uterine smooth muscle cells (SMCs) and can cause severe 

symptoms such as abnormal uterine bleeding, pelvic pain, and infertility (Bowden et al., 

2009). Despite the prevalence of these tumors, not many treatments are available for 

patients and this is due to the limited understanding of their nature.  

The most distinct feature of ULs is the excess synthesis and deposition of ECM 

proteins, mainly collagen type I and III (Iwahashi and Muragaki, 2011; Kawaguchi et al., 

1989; Leppert et al., 2004; Malik et al., 2010; Stewart et al., 1994; Stewart, 2001; 

Wolanska et al., 1998), Early studies by Stewart and colleagues (Stewart et al., 1994) 

showed that collagen types I and III are both upregulated in ULs compared to normal 

myometrium. Recent global gene-profiling experiments have also shown that ECM 

genes encoding collagen proteins are differentially expressed in ULs compared to 

normal myometrial SMCs (Catherino et al., 2004; Leppert et al., 2006; Malik et al., 2010; 

Tsibris et al., 2002). In addition, the structure and composition of collagen fibrils in ULs 

were found to be altered such that collagens are loosely packed and arranged in a 

nonparallel manner (Leppert et al., 2004). These changes are thought to be factors 
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contributing to the altered mechanical homeostasis in ULs leading to changes in cell 

signaling (Norian et al., 2011; Rogers et al., 2008).   

ECM collagens are known to both maintain cellular morphology and act as 

conduits between extracellular stimuli and cells regulating proliferation, migration, 

differentiation, and survival (Pickering, 2001). The ultrastructure of fibril-forming 

collagens I and III has been shown to have distinct effects on cell morphology and 

proliferation mediated by focal adhesions and signaling pathways such as mitogen 

activated protein kinase (Henriet et al., 2000; Koyama et al., 1996; Sato et al., 2003). 

Normal and malignant cells, such as fibroblasts (Grinnell, 2000; Sato et al., 2003), 

endothelial cells (Kuzuya et al., 1999), hepatic stellate cells (Kojima et al., 1998), 

vascular SMCs (Koyama et al., 1996), bladder SMCs (Herz et al., 2003) and melanoma 

cells (Henriet et al., 2000) all show an expanded morphology on monomeric collagen in 

contrast to a more dendritic morphology on fibrillar collagen. Moreover, vascular SMCs 

and hepatic stellate cells cultured on polymerized collagen show reduced cell 

proliferation in contrast to cells grown on monomeric, unpolymerized collagen (Fassett 

et al., 2006; Koyama et al., 1996). These effects are likely modulated through growth 

factors such as PDGF because ECM can act as a repository for growth factors 

changing their bioavailability and function (Hollenbeck et al., 2004; Nakagawa et al., 

1989; Raines et al., 2000; Wren et al., 1986). 

Recently, some mechanisms have been proposed to explain the growth 

modulatory effects of different forms of ECM collagen. One mode of action is through 

integrins, which are the main collagen receptors. Clustering and activation of integrin 

receptors induces cytoskeletal reorganization and formation of focal adhesions followed 
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by activation of specific focal adhesion kinases leading to the activation of signaling 

pathways such as mitogen activated protein kinase (MAPK) and phosphatidylinositol 3-

kinase (PI3K) pathways. These pathways in turn can alter the expression of cell cycle 

regulatory proteins and promote proliferation (Klein et al., 2009; Mettouchi et al., 2001; 

Provenzano et al., 2009; Provenzano and Keely, 2011; Wall et al., 2005; Zhao et al., 

2001). The direct effect of collagen matrices on cell growth can also be explained 

through interactions with discoidin domain receptors (DDRs) independent of cell 

spreading and cytoskeletal organization (Hou et al., 2011; Lu et al., 2010; Wall et al., 

2005). 

The fact that ULs are fibrotic tumors containing an abundance of disorganized 

ECM collagen (Leppert et al., 2004; Rogers et al., 2008) led us to investigate the 

pathogenesis of these tumors in the context of how these ECM collagens may interact 

with PDGF; a growth factor that is abundantly expressed in ULs. Using an in vitro model 

system of ECM collagen, we examined the interaction of cultured LSMCs with 

monomeric, unpolymerized collagen films and fibrillar, polymerized collagen gels in 

modulating cellular morphology, cell proliferation, and the associated signaling 

pathways. 

Results 

Morphology of LSMCs on Different Collagen Matrices 

As the first step in understanding the interaction of LSMCs with different collagen 

matrices, we cultured primary LSMCs on plastic, monomeric collagen, or fibrillar 

collagen-coated dishes and examined cell morphology 48 hours later. LSMCs on 

monomeric collagen-coated dishes displayed a spindle-like morphology typical of SMCs 
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that was similar to LSMCs on control, plastic dishes (Fig. 3.1A & B). In contrast, LSMCs 

on fibrillar collagen-coated dishes had a star-like morphology, with reduced cell size and 

numerous cellular projections (Fig. 3.1C). The star-like morphology was found to be 

reversible as once the fibrillar coating was removed, LSMCs returned to their spindle-

like morphology and grew similarly to cells on plastic and monomeric collagen matrices 

(Fig. 3.1D). Growth of LSMCs on fibrillar collagen was also slower than cells on plastic 

or monomeric collagen-coated dishes, as observed by the confluence of dishes 48 

hours after initial seeding. 

 To test whether the physical properties of fibrillar collagen such as density and 

thickness would affect the behavior of LSMCs, cells were cultured on fibrillar collagen-

coated dishes with densities of 0.05%, 0.1%, and 0.2% and thicknesses of 0.4 x 10-3 or 

1.2 x 10-3 mm2. Results indicated that LSMCs on a fibrillar collagen matrix with a 

reduced thickness appeared more spindle-like (Fig. 3.2A-C) compared to cells on a 

thicker collagen gel (Fig 3.2D-E). In addition, within each gel thickness, growth of 

LSMCs was reduced with decreasing rigidity of the fibrillar collagen matrix (Fig 3.2A-D). 

Taken together, these results show that the form and physical properties of collagen 

matrices affect the morphology and growth of LSMCs. 

Proliferation of LSMCs on Collagen Matrices  

To quantify the growth of LSMCs on different collagen matrices, cell proliferation 

overtime was measured using both cell counts and triated thymidine incorporation 

assays. Growth curves for LSMCs cultured on collagen matrices in the presence of 10% 

serum showed that both monomeric and fibrillar collagen are permissive to cell growth. 

However, the rate of LSMC proliferation on monomeric collagen was significantly 
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greater than for cells on fibrillar collagen (Fig. 3.3). LSMCs on monomeric collagen grew 

at a rate of 76.6 x 103 cells per day whereas cells on fibrillar collagen had a growth rate 

of 17 x 103 cells per day. To confirm that these differences in growth rates were not due 

to different adhesive properties of the cells on monomeric and fibrillar collagen, LSMCs 

were seeded on these matrices and allowed to attach for three hours before washing 

the unattached cells and counting the remaining attached cells. Results indicated that 

although there was a slight difference between the two collagen matrices in adhesion 

properties, the difference was not significant enough to cause a difference in rate of cell 

proliferation (Fig. 3.4). Therefore, the two forms of collagen can differentially modulate 

the growth of LSMCs independent of their adhesion properties. 

 LSMCs within leiomyoma tissues are exposed to many growth factors including 

PDGF which can exist bound to the ECM. Thus, we next examined whether the 

interaction of LSMCs with ECM collagen alters the way these cells respond to the 

stimulatory effects of PDGF. Basal and PDGF-stimulated proliferation of LSMCs 

cultured on either monomeric or fibrillar collagen matrices for 24 hours was measured. 

Results showed that, similar to our growth curve analysis, both matrices were 

permissive to proliferation of LSMCs in the presence or absence of PDGF with 

monomeric collagen, having a significant potentiating effect over fibrillar collagen (Fig. 

3.5). Interestingly, the increase in LSMC proliferation on monomeric collagen in the 

presence of PDGF was greater than the effects of monomeric collagen matrix or PDGF 

alone, suggesting a synergistic effect between the monomeric, unpolymerized collagen 

and PDGF. LSMCs on fibrillar collagen were also responsive to the stimulatory effects 
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of PDGF on fibrillar collagen (40% increase), although to a lesser extent than cells on 

monomeric collagen (60% increase).  

Localization of Cytoskeletal F-actin and Focal Adhesion Components in LSMCs 

Cultured on Collagen Matrices 

ECM exerts its effects on cells through the activation of several mediatory proteins 

including focal adhesion kinase (FAK) and vinculin leading to the assembly of 

cytoskeletal components. To investigate whether the differential proliferative responses 

of LSMCs cultured on monomeric and fibrillar collagen matrices occur through such 

mediatory proteins, we immunostained LSMCs cultured on collagen matrices for 

phospho-FAK (pY397), total FAK, vinculin, and F-actin stress. Our results showed that 

LSMCs on monomeric collagen had abundant activation (phosphorylation) of FAK, 

specifically at the sites of matrix adhesions (Fig. 3.6). In contrast, LSMCs cultured on 

fibrillar collagen on the other hand, showed low, diffuse expression of FAK pY397 

throughout the cell. Localization of vinculin in LSMCs on monomeric collagen showed a 

punctate pattern which differed from the uniform localization observed in cells on fibrillar 

collagen (Fig. 3.6).  Formation of F-actin stress fibers in LSMCs on monomeric collagen 

was significantly pronounced with distinct lines of central and peripheral fibers 

compared to the presence of thin, lightly stained peripheral fibers in cells on fibrillar 

collagen (Fig. 3.6). 

Activation of MAPK Signaling Pathway  

To understand the signaling mechanisms involved in the interaction of collagen matrices 

with LSMCs, we focused on the MAPK signaling pathway, which has been shown to be 

associated with the effects of ECM collagen in a variety of cell types. LSMCs cultured 
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on plastic were stimulated with 10 ng/ml PDGF for 10 minutes to determine if the major 

signaling molecule in the MAPK pathway, ERK1/2, is activated. Results showed that 

ERK1/2 is robustly activated in LSMCs upon PDGF treatment (Fig. 3.7). Pre-treatment 

of LSMCs for two hours with inhibitors specific to PDGFR and ERK1/2, AG1296 and 

PD98059 respectively, completely inhibited the phosphorylation of ERK1/2 (Fig. 3.7), 

demonstrating the specificity of the MAPK signaling pathway in the stimulatory effects of 

PDGF in LSMCs.  

To see whether the activation of  MAPK is different on collagen matrices, LSMCs 

were cultured on plastic, monomeric collagen or fibrillar collagen-coated dishes and 

stimulated with 10 ng/ml PDGF for 0, 10, 30, and 60 minutes. Results showed that as 

early as 10 minutes after PDGF stimulation, ERK1/2 was strongly activated in LSMCs 

cultured on all matrices (Fig. 3.8 A).  Activation of ERK1/2 on plastic and monomeric 

collagen matrices returned to basal levels in an hour, whereas it persisted in LSMCs 

cultured on fibrillar collagen matrix.  We next evaluated at the activation of PDGFR on 

matrices. Basal phosphorylation level of PDGFR on plastic and monomeric collagen 

was found to be higher than fibrillar collagen (Fig. 3.8 B). Upon PDGF treatment, a 

robust activation of PDGFR in 10 minutes was observed on all matrices. This activation 

was stronger on monomeric and fibrillar collagen compared to plastic matrix. In contrast, 

the duration of this phosphorylation was shorter on fibrillar collagen than on the other 

two matrices. These findings may explain the involvement of different signaling 

mechanisms on matrices leading to the differential rate of cell proliferation upon 

stimulation with PDGF in LSMCs cultured on monomeric and fibrillar collagen matrices. 
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Discussion 

In the present study, we investigated interactions of primary, human uterine LSMCs on 

different collagen matrices representing normal and fibrotic uterine SMCs. In our model, 

we used non-polymerized, monomeric collagen matrix to mimic the ECM environment in 

ULs where SMCs continuously synthesize nascent collagen leading to a higher 

proportion of non-cross linked collagen that is laid down in a disorganized manner 

(Leppert et al., 2004; Rogers et al., 2008). Uterine LSMCs cultured on monomeric 

collagen showed typical cell spreading with an increased rate of cell proliferation 

compared to cells cultured on fibrillar collagen matrix, which was used to replicate the 

highly ordered, polymerized ECM in normal myometrial tissue. Our findings are in 

agreement with previous observations in other cell types where distinct morphologies 

and biological functions were observed for cells grown on monomeric versus fibrillar 

forms (ultra-structures) of collagens (Elliott et al., 2003; Henriet et al., 2000; Sato et al., 

2003). 

  Cell shape and extracellular environment (in addition to genotype) have been 

recognized as major determinants of cell behavior and function (Chen et al., 1997; 

Cretel et al., 2008; Hintze et al., 2012; Le Beyec et al., 2007; Raines, 2000; Tee et al., 

2011). Cells can sense the degree of extension or compression in their surroundings to 

modulate specific cell processes that lead to cell survival, differentiation, or apoptosis 

(Chen et al., 1997; Engler et al., 2004; Engler et al., 2006; Georges et al., 2006; Goffin 

et al., 2006; Lo et al., 2000; Yeung et al., 2005). Mammary epithelial cells lose their 

epithelial morphology once matrix rigidity decreases below a specific threshold 

(Wozniak et al., 2004). Moreover, chromosomal abnormalities in these cells are not 
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sufficient to lead to tumor formation and metastasis unless the cells are surrounded by a 

rigid stromal matrix (Paszek et al., 2005). In the case of ULs, the existence of altered 

mechanical homeostasis along with increased sensitivity to mechanical cues has been 

linked to the excess production of ECM and increased proliferation (Norian et al., 2011; 

Rogers et al., 2008). In our in vitro system, LSMCs showed the greatest cell spreading 

and proliferation when grown on the monomeric collagen matrix compared to a 

gelatinous, fibrillar collagen matrix. In addition, altering the rigidity and pliability of 

fibrillar collagen matrix altered the way LSMCs expanded on the matrix and grew.  It is 

therefore, possible to think of uterine LSMCs having a higher rate of proliferation 

because they are not only being exposed to high amounts of monomeric collagen 

continuously laid down within the ECM, but also disorganized fibrillar collagens which 

accumulate over time and perhaps become more rigid. Both of these factors are known 

to change the degree of mechanical stress exerted on cells (Provenzano and Keely, 

2011). Thus, this alteration can in turn feed back to the intracellular machinery to 

increase the rate of cell proliferation. 

Our knowledge of molecular mechanisms involved in the transduction of signals 

from the ECM leading to changes in biochemical and intracellular processes has 

significantly increased in recent decades.  In both normal and diseased tissues, form 

and ultrastructure of the ECM can impose varying levels of mechanical stress upon 

cells, which is transmitted through the intracellular signaling machinery to alter cellular 

functions. The main molecular players in this interaction are integrin receptors, focal 

adhesions, cytoskeletal proteins, and signaling pathways such as MAPK, PI3K/AKT, 

and Rho-GTPase (Bhadriraju et al., 2009; Mierke et al., 2010; Tsai et al., 2010) . In this 
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study, we noted an increased phosphorylation of FAK at Y397 as well as its specific 

localization at adhesion sites in LSMCs cultured on monomeric collagen compared to 

fibrillar collagen. The fact that phosphorylation of FAK at Y397 is known to be regulated 

by the physical properties of the matrix (Cukierman et al., 2002) is suggestive of the 

active formation of focal adhesion sites in LSMCs cultured on monomeric collagen 

matrix. Based on these facts, we could speculate that such activation along with the 

pronounced expression and clustered placement of vinculin, and F-actin stress fibers 

observed on the monomeric collagen could then lead to that the hyper-activation of the 

MAPK signaling pathway on the monomeric collagen matrix which, in turn could cause 

an increase in the rate of cell proliferation on this matrix. Although we did examine 

alterations in integrins and major components of the MAPK, PI3K/AKT or Rho-GTPase 

in LSMCs using immunofluroreseent staining 24 hours after seeding in our cell signaling 

studies with PDGF, higher (but not statistically significant) levels of ERK1/2 and PDGFR 

activation were observed on non-stimulated cells cultured on plastic and monomeric 

collagen matrices compared to fibrillar collagen. 

The decreased level of activation or localization of vinculin, FAK, and F-actin 

stress fibers in LSMCs cultured on fibrillar collagen observed in this study could explain 

the state of quiescence or decreased cell proliferation in LSMCs grown on this matrix. In 

fact, potent suppression of focal adhesion formation as indicated by vinculin has been 

linked to changes in gene expression and cell function in VSMCs cultured on 

polymerized, fibrillar collagen (Ichii et al., 2001). Cell cycle arrest at the G0/G1-S and 

G2-M transition in cells cultured on fibrillar collagen has also been linked to alterations 

in cell proliferation and tumor progression (Henriet et al., 2000; Koyama et al., 1996; 
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Wall et al., 2005). It was also interesting to see how changes in the physical properties 

of the polymerized collagen, such as density and pliability, could affect cell morphology 

and function. Although we did not quantify changes in LSMC proliferation under these 

conditions, gross analysis of cell shape and confluence were indications of the effects of 

the collagen ultra-structure on the biology of LSMCs.  

In ULs, along with alteration in ECM collagens, an increased presence of and 

response to growth factors such as PDGF have also been documented (Hwu et al., 

2008; Liang et al., 2006; Mesquita et al., 2009). While our findings from our proliferation 

studies are in support of such studies, the observed cross-talk between collagens and 

PDGF in regulating cell proliferation in LSMCs was novel. Interactions between integrin 

receptors and growth factors have been the subject of numerous studies in recent 

decades. The pioneering study of Sundberg and Rubin (Sundberg and Rubin, 1996), 

clearly demonstrated the cross-talk between β1 integrin-mediated adhesion reactions 

and tyrosine phosphorylation of PDGFR independent of PDGF stimulation. Similar 

cross-talk was observed by the synergism between integrin and growth factor receptors 

in several other cell lines (DeMali et al., 1999; Hollenbeck et al., 2004; Mahabeleshwar 

et al., 2007; Plopper et al., 1995; Ross, 2004; Schneller et al., 1997; Soung et al., 2010; 

Woodard et al., 1998; Yamada and Even-Ram, 2002). The synergistic effect of 

monomeric collagen in augmenting the stimulatory effects of PDGF in LSMC 

proliferation, which was not present in cells cultured on fibrillar collagen, is suggestive of 

a similar interaction in LSMCs. 

Moreover, stimulation of LSMCs with PDGF resulted in the activation of the 

MAPK signaling pathway on both collagen matrices at the level of both PDGFR and 
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ERK1/2.  However, this activation was different in LSMCs cultured on monomeric and 

fibrillar collagen matrices. While the dynamics of PDGFR activation was similar on both 

monomeric and fibrillar collagen matrices upon PDGF treatment, the activation pattern 

differed for ERK1/2. Rapid activation of ERK1/2 on monomeric collagen nicely followed 

the activation of PDGF-R in response to PDGF treatment. In contrast, we observed 

persistent ERK1/2 activation in LSMCs cultured on fibrillar collagen in response to 

PDGF stimulation.  Similar sustained activation of ERK1/2 has been observed in other 

cell types, indicating the involvement of a different cellular process leading to cell 

survival and quiescence (Andreadi et al., 2012; Ebisuya et al., 2005; Kolch, 2005; 

Roovers and Assoian, 2003; Yamamoto et al., 2006).  Mitogenic stimulation in 

fibroblasts is also shown to contribute to sustained ERK1/2 activation which in turn 

maintains decreased expression levels of anti-proliferative genes (Yamamoto et al., 

2006).  

Although our study was focused on the molecular processes downstream of 

collagen receptors, the lack of any significant differences between the intensity of 

ERK1/2 activation in LSMCs stimulated with PDGF and cultured on monomeric collagen 

matrix and other matrices as well as differential phosphorylation of PDGFR on this 

matrix in the absence of PDGF implies the involvement of other signaling pathways.  

Indeed, activation of signaling pathways like PI3K/AKT or JAK/STAT in cells grown on 

different matrices has been reported. In hepatocytes, matrix stiffness enhanced 

ERK1/2, protein kinase B (PKB/AKT) and signal transducer and activator of 

transcription-3 (STAT3) phosphorylation and resulted in enhanced mitogenic signaling 

in response to hepatocyte growth factor (Schrader et al., 2011). Similar activation of 
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MAPK and AKT pathway was observed in mesenchymal stem cells cultured on different 

matrices (Tsai et al., 2010). It will be of interest to further validate our in vitro model of 

ULs by investigating the dynamics of expression and distribution of collagen and PDGF 

receptors in activation of other major signaling pathways involved in cell proliferation. 

In conclusion, our findings on the characterization of LSMCs cultured on different 

forms of collagen as a simple model to replicate the ECM environment in normal 

myometrium and fibrotic leiomyoma tissue were two fold. One aspect of the current 

findings demonstrated the importance of proper culture systems for studying specific 

cell functions. This study along with many more in other cell lines, including LSMCs 

(Hinz, 2010; Malik and Catherino, 2012), show that growth of cells on conventional 

plastic or monomeric-coated dishes induces a different cell growth and morphology than 

cellular characteristics induced by fibrillar collagen matrix. The second, and more 

important, aspect of our findings is on the critical role of the ECM collagen in the 

pathogenesis of ULs as a fibrotic disease. The interactions  between matrix stiffness, 

increased mechanical stress and the pro-fibrotic factor, TGFβ1, has been proven to be 

involved in the differentiation of fibroblasts to myofibroblasts leading to the development 

of fibrosis (Hinz, 2010). In this context, our findings are in support of the theory of injury 

and disrupted wound healing process as the initiating factors for the formation of UL 

tumors.   
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Figures 
 

 

Figure 3.1.  Morphology of LSMCs is altered on different collagen matrices.  

LSMCs were cultured on plastic (A), monomeric collagen (B), or fibrillar collagen (C) 

coated dishes in serum containing medium for two days and then imaged. The fibrillar 

collagen coating on some dishes was partially removed to expose LSMCs to the plastic 

matrix (D). (Bars 200 μm in main figures, 50 μm in insets). 
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Figure 3.2. Physical properties of the ECM affect cell growth.  Plastic dishes were 

coated with different volumes of fibrillar collagen at different concentrations. Cells were 

cultured in serum-containing medium for two days and then imaged (Bars 200 μm in 

main figures; 50 μm in inserts). 
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Figure 3.3. Proliferation of LSMCs is altered on different collagen matrices.  

LSMCs were cultured on plastic, monomeric, or fibrillar collagen coated dishes in 

serum-containing medium. Cells were trypsinized and counted using a hemacytometer 

every 24 hours. Statistical significance between matrices is indicated by asterisk.(n=3, 

P<0.05) 
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Figure 3.4. Adhesion of LSMCs to different matrices is similar. LSMCs were 

seeded at equal numbers on plastic, monomeric or fibrillar collagen coated dishes. 

Three hours after culture, medium was removed and the number of attached cells to 

each matrix surface was counted. (n=3). 
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Figure 3.5. Basal and PDGF-stimulated proliferation of LSMCs on different 

collagen matrices varies. LSMCs were cultured in 96-well plates coated with different 

forms of collagen in medium with or without 10 ng/ml PDGF for 24 hours. At the end of 

the treatment, cell proliferation was measured using thymidine incorporation assays. 

Statistical significance between matrices is indicated by different letters. Significant 

differences from unstimulated cells within each matrix are indicated by asterisks. (n=3, 

P<0.05). 
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Figure 3.6. Activation of focal adhesion complexes and F-actin stress fibers in 

LSCMs is altered on different collagen matrices. LSMCs were cultured on different 

matrices for 24 hours before being fixed and stained with fluorescent-labeled antibodies 

against vinculin, F-actin, FAK (pY397), and FAK. (Bar 20μm) 
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Figure 3.7. PDGF activates MAPK signaling pathway in LSMCs. LSMCs were 

cultured on plastic matrix in the presence or absence of inhibitors specific to PDGF-R 

and MEK or DMSO control for 2 hours before treatment with 10 ng/ml PDGF for 10 

minutes. Cell lysates were probed for pERK1/2. Asterisks indicate significant difference 

compared to control, non-PDGF and non-inhibitor treated sample. (n=3, P<0.05) 
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Figure 3.8. MAPK signaling pathway is differentially activated in LSMCs cultured 

on different matrices. LSMCs were cultured on plastic, monomeric or fibrillar collagen 

matrices and then stimulated with 10 ng/ml PDGF for different time points. Cell lysates 

were probed for pERK1/2 (A) and pPDGFR (B). Asterisks indicate significant difference 

compared to time zero within each matrix. Letters indicate significant difference across 

matrices at specific time points. (n=3, P<0.05)   
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Chapter Four 

Anti-fibrotic Effects of Halofuginone on Human Uterine Leiomyoma Smooth 

Muscle Cells in vitro 

Abstract 

 Uterine leiomyomas (UL) are the most prevalent gynecological complications occurring 

in reproductive-aged women. These hormone-dependent, benign tumors are 

characterized by increased cell proliferation and excess deposition of extracellular 

matrix, primarily collagens I and III. Available treatment options for patients with ULs 

consist mainly of hormonal therapies or surgical interventions. However, due to the 

diverse nature and heterogeneity of these tumors and the non-fertility preserving 

characteristics of currently available treatments, alternative therapies are needed. We 

tested the anti-fibrotic drug halofuginone (HF) as an alternative therapeutic treatment in 

primary human uterine leiomyoma smooth muscle cells (LSMCs) cultured on plastic or 

monomeric collagen matrices. Results showed that 50 nM HF significantly reduced the 

rate of basal and PDGF-stimulated cell proliferation of LSMCs on both matrices without 

causing any toxic effects. Results also showed no compensatory effect of monomeric 

collagen on the inhibitory effects of HF on LSMC proliferation. HF reduced the 

expression of collagens I and III at the level of both RNA and protein in a time-

dependent manner. In addition, HF altered transcription of TGFβ1, TGFβ3, lysyl oxidase 

and dermatopontin. These inhibitory effects of HF on LSMCs appeared to occur through 

alterations in the MAPK and SRC signaling pathways. These findings suggest that HF 

can effectively target fibrosis in LSMCs and be considered as an alternative therapeutic 

option for ULs. 
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Introduction 

Uterine fibroids or leiomyomas (ULs) are benign tumors arising from myometrial smooth 

muscle cells. These tumors develop in the majority of women during their reproductive 

years and can cause symptoms such as pelvic pain and pressure, abnormal uterine 

bleeding, frequent miscarriages and fertility problems (Kroon et al., 2011; Lee et al., 

2009; Wallach and Vlahos, 2004). At the cellular level, ULs are characterized by an 

enhanced level of cell proliferation and increased synthesis and expression of ECM 

proteins such as collagens I and III (Kawaguchi et al., 1989; Leppert et al., 2004; 

Stewart et al., 1994; Stewart, 2001). 

 The high prevalence of this reproductive disease has not led to a great 

understanding of its etiology. Numerous in vitro and in vivo studies have highlighted the 

role of ovarian steroid hormones in the pathogenesis of ULs. These tumors have also 

been found to have diverse genetic and epigenetic alterations compared to normal 

adjacent myometrial cells (Ghosh and Vaughan, 2012; Makinen et al., 2011; Meloni et 

al., 1992; Stewart and Morton, 2006).  The fibrotic nature of ULs, which is due to the 

excess deposition of ECM collagen, has linked their formation to injury occurring in the 

uterine myometrium (Leppert et al., 2006; Roeder et al., 2012; Stewart and Nowak, 

1998).  

Based on the evidence that ovarian steroid hormones play a role in the 

pathogenesis of ULs, treatment options for women with ULs have been limited to either 

surgical intervention through myomectomy or hysterectomy or the use of various  

hormone therapies (Al-Hendy and Salama, 2006; Pinkerton, 2011; Stewart, 2002). 

While these treatment options alleviate the symptoms associated with UL, they are 
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accompanied by high costs, significant side effects, and also not suitable for women 

who would like to maintain their fertility. There is, therefore, a need for developing 

alternative therapeutic treatments which not only help with alleviating symptoms but 

also target the underlying cause of these tumors. 

In recent years, the anti-fibrotic drug halofuginone (HF) has been tested in a variety 

of fibrotic diseases as well as cancers as a possible therapeutic treatment. This drug is 

a low molecular weight plant alkaloid derived from Dichora febrifuga and has been used 

as an anti-fever and anti-malaria herb in Chinese medicine as well as a coccidiostat for 

poultry (Pines et al., 2000). More recently, HF was found to target collagen synthesis in 

numerous in vivo and in vitro cell models. Stellate cells, mesangial cells, mammary 

epithelial cells, and fibroblasts are among the cell types that show sensitivity to the 

inhibitory effects of HF (Gnainsky et al., 2004b; McGaha et al., 2002; Nagler et al., 

1997; Xavier et al., 2004).  In addition, HF has been found to significantly reduce the 

formation of microvessels in bladder carcinoma and silicone implants containing HF 

lead to limited angiogenesis in in vivo models (Elkin et al., 2000; Jordan and Zeplin, 

2012). 

The inhibitory effects of HF appear to occur through several signaling pathways such 

as MAPK, TGFβ, SRC, AKT and amino acid starvation. As the major fibrosis-inducing 

pathway, TGFβ-SMAD signaling has been identified as a key pathway modulated by HF 

in a  variety of cell types (Genin et al., 2008; Gnainsky et al., 2007; Grudzien et al., 

2009; McGaha et al., 2002; Nagler et al., 2000; Sato et al., 2009; Xavier et al., 2004; 

Yee et al., 2006). Indeed, up-regulation of the anti-fibrotic Smad7 and down-regulation 

of the pro-fibrotic Smad3 by HF was observed in cultured fibroblasts and mesangial 
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cells (Sato et al., 2009; Xavier et al., 2004). Similarly, the MAPK and AKT signaling 

pathways involved in cell proliferation, myofibroblast differentiation and matrix 

contraction have been shown to be up-regulated by HF treatment (Leiba et al., 2012; 

Roffe et al., 2010). 

In our goal to find an alternative therapeutic treatment for ULs, we investigated the 

effects of HF on primary human LSMCs in an in vitro culture system.  We assessed cell 

proliferation and expression of ECM proteins including collagens I, III, and 

dermatopontin as well as major pro-fibrotic factors such as TGFβ1, TGFβ3, and lysyl 

oxidase of cultured primary LSMCs treated with HF. We also tested the effects of HF on 

LSMCs cultured on monomeric collagen matrix to more closely model in vivo leiomyoma 

tissue surrounded by abundant collagen matrix.  

Results 

Dose Response Study for HF and Cytotoxicity Assay 

A dose response study was performed to determine the inhibitory dose of HF that would 

cause approximately 50% reduction in cell proliferation. LSMCs cultured on plastic or 

monomeric collagen coated dishes were treated with 0, 10, 25, 50, 100, 200 and 400 

nM HF in serum-containing medium for 24 hours before assessing their rate of cell 

proliferation using the thymidine incorporation assay. Results showed that 50 nM HF 

reduced the rate of proliferation by 50-70% depending on the patient/sample on both 

matrices (Fig. 4.1-A). To test whether the observed reduction in cell proliferation was 

due to cytotoxic effects of HF on LSMCs, trypan blue exclusion assays were performed. 

**Please insert sentence stating what the percentage of dead cells was for each 

treatment and that they were not significantly different.  Treatment of LSMCs with 50 nM 
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HF showed no cytotoxic effects during the 24 hour treatment period (Fig. 4.1-B). We, 

therefore, used the 50 nM concentration of HF for the subsequent studies on the effects 

of HF on LSMCs. 

Effects of HF on LSMC Cell Proliferation 

Increased rate of cell proliferation is one of the characteristics of ULs. To test the 

inhibitory effects of HF on LSMC proliferation, several treatment schemes with HF 

and/or PDGF, an abundant growth factor in ULs, were carried out with cells cultured on 

both plastic and monomeric collagen coated matrices.   Treatment schemes were co-

treatment of HF with PDGF for 24 hours, treatment with HF or PDGF for 24 hours 

followed by a 24-hour treatment with PDGF or HF respectively, and finally treatment 

with HF or PDGF and their removal at the end of 24 hours followed by treatment with 

PDGF or HF, respectively, for 24 hours.  

In all three treatment schemes, treatment of LSMCs with 50 nM HF alone for 24 

hours significantly reduced the rate of cell proliferation by 60-90% (Figs. 4.2-5). The 

degree of reduction was found to be similar in LSMCs cultured on either of the matrices 

indicating that HF was a potent inhibitor of cell proliferation of LSMCs even in the 

presence of monomeric collagen matrix, which is a known stimulator of cell proliferation.  

Co-treatment of LSMCs with 50 nM HF and 10 ng/ml PDGF for 24 hours reduced 

the rate of proliferation on both matrices by 86% in comparison  to PDGF-treated cells 

(Fig. 4.2), confirming that even in the presence of  growth-stimulating factors such as 

PDGF, HF could still inhibit  the cellular machinery involved in cell proliferation. 

 In the second treatment scheme, LSMCs cultured on both matrices were pre-

treated with either HF or PDGF for 24 hours and then stimulated or inhibited with PDGF 
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or HF, respectively, for an additional 24 hours (Fig. 4.3). Results showed that pre-

treatment of LSMCs with 50nM HF for 24 hours followed by stimulation with 10 ng/ml 

PDGF could still significantly reduce the rate of cell proliferation by at least 80% 

compared to cells treated with PDGF alone (Fig. 4.3). In addition, compared to cells 

which were treated with just PDGF, proliferation of LSMCs pre-treated with PDGF and 

then treated with HF was also found to be significantly reduced. This reduction was 30% 

less compared to cells which were first pre-treated with HF and then stimulated with 

PDGF (Fig. 4.4), indicating that the inhibitory effects of HF on LSMC proliferation can 

effectively overcome the stimulatory effects of PDGF. 

 Finally, in the last treatment scheme, LSMCs were initially treated with 50 nM HF 

or 10 ng/ml PDGF before these initial treatments were removed at the end of 24 hours.  

Next, cells which were treated with HF were stimulated with PDGF for 24 hours and the 

ones which had received the initial treatment of PDGF, were treated with HF. Thymidine 

incorporation assays performed on these cells showed that PDGF stimulation following 

the removal of the pre-treatment with HF increased the rate of proliferation by about 

155% compared to cells which were treated with just HF and had not been stimulated 

with PDGF (Fig. 4.4). In addition, HF treatment on cells pre-treated with PDGF 

significantly reduced the rate of cell proliferation by 89% compared to LSMCs treated 

with just PDGF for the same time period (Fig. 4.4). These results support the strong 

inhibitory effects of HF on LSMCs observed in other treatment schemes, and show the 

temporary inhibitory effects of this drug on the proliferation of LSMCs.  

Analysis of cell proliferation in LSMCs cultured on monomeric collagen coated 

dishes in all HF treatments schemes did not show statistically significant differences 
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from cells cultured on plastic matrix at the 0.05 P value (Fig. 4.2-4). Statistical 

differences were only observed at the 0.1 Pvalue.  

To understand whether the inhibitory effect of HF on LSMC proliferation was as a 

result of its inhibitory effect on the expression of COL1A1 and COL3A1, we silenced 

expression of each or both of these ECM proteins using 60 nM siRNAs specific for each 

protein for 24 hours and then assessed the rate of cell proliferation in the presence or 

absence of 10ng/ml PDGF on both plastic or monomeric collagen matrices.   Our results 

showed that compared with either mock or negative control siRNA-transfected LSMCs, 

silencing of either collagen alone or of both together did not alter cell proliferation 

(Appendix C). There were also no significant differences between cells cultured on the 

two matrices. These results suggest that the inhibitory effect of HF on LSMCs 

proliferation probably do not occur through its inhibitory effect on collagen production.  

Overall,  findings from proliferation assays with HF in the present or absence of 

PDGF indicate that the inhibitory effects of HF at the 50 nM concentration on LSMCs, 

though potent, are not permanent and cells exposed to HF are still able to respond to 

the stimulatory signals of PDGF for cell proliferation. Moreover, pre-treatment of LSMCs 

with HF was found to be more effective in reducing cell proliferation as compared to 

post-treatment after PDGF stimulation.  

Effects of HF on the Expression of COL1A1 and COL3A1 

A hallmark of ULs is the excess presence of ECM collagens mainly collagen I and 

collagen III. One of the well-known properties of HF is its inhibitory effects on collagen 

production. To test whether a similar inhibitory effect would be observed in ULs, LSMCs 

were treated with 50 nM HF for 0, 2, 6, 12, 24 and 48 hours and then assessed for the 
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expression of collagen I and collagen III proteins by immunoblotting. Results from these 

experiments showed that the inhibitory effects of HF on the expression of these two 

major collagens in LSMCs were detected as early as 2 hours after treatment with 

significant reduction in levels of both proteins by 6 hours (Fig. 4.5). Thus, the inhibitory 

effect of HF on ECM collagens I and III was validated in LSMCs as well. 

Effects of HF on the Expression of Genes Involved in Fibrosis 

In addition to collagens I and III, a number of other proteins such as TGFβ1, TGFβ3, 

lysyl oxidase and dermatopontin are associated with fibrotic diseases and have been 

shown to be dysregulated in ULs. To determine whether HF had any effect on the 

transcription of these genes in ULs, LSMCs were treated with 50 nM HF for 0, 6, 12, 24 

and 48 hours and analyzed by qRT-PCR. Results showed that HF could reduce 

transcript levels of all genes 24 or 48 hours after treatment (Fig 4.6. A-F). These 

findings suggest that transcriptional inhibition of the major genes involved in fibrosis 

may be one of the mechanisms through which HF exerts its effects on LSMCs.   

Signaling Pathways Altered by HF in LSMCs  

Following our observation of the effects of HF on cell proliferation and expression of 

genes involved in fibrosis in LSMCs, we next looked into the mechanism through which 

such effects might be mediated.  LSMCs were first treated with 50 nM HF for 0, 15, 30 

and 60 minutes and then assessed for alterations in the expression of key molecules 

involved in the MAPK and SRC pathways. Immunoblot analysis of these cells showed 

that HF phosphorylated ERK1/2 rapidly in 15 minutes and this activation lasted for an 

hour (Fig. 4.7A). A similar pattern of activation, but with a delayed phosphorylation at 30 

minutes was observed for SRC (Fig. 4.7B).  
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 Based on the inhibitory effects of HF on cell proliferation in the presence of 

PDGF, we next pre-treated LSMCs with 50 nM HF for 6 hours and then stimulated them 

with 10 ng/ml PDGF for 10 minutes. Results showed PDGFR, ERK1/2 SRC, and AKT 

were robustly activated by PDGF (Fig. 4.8,A-D). Pre-treatment of these cells with HF for 

6 hours followed by stimulation by PDGF, however, did not alter the activation of 

ERK1/2, SRC, AKT or PDGFR at significant levels (Fig. 4.8, A-D). These results 

indicate that HF itself can activate major signaling pathways such as SRC and MAPK 

without interfering with the major signaling pathways activated by PDGF at the dose and 

pre-treatment period used in this study. 

Discussion 
 
HF has been shown to significantly inhibit collagen synthesis and cell proliferation in 

variety of cell types, including LSMCs (Grudzien et al., 2009; Nelson et al., 2012; Pines 

and Halevy, 2011). To further advance our understanding of how HF mediates these 

inhibitory effects on LSMCs, we designed the present study with two objectives: (i) to 

assess the inhibitory effect of HF on LSMC proliferation in the presence of PDGF, an 

abundant growth factor in ULs, and how these effects might be modulated in cells 

grown on monomeric collagen, an abundant form of ECM collagen in ULs; and (ii) to 

investigate the signaling mechanisms responsible for the inhibitory effects of HF on 

LSMCs. 

 Cell proliferation assays showed that a 24-hour treatment with 50 nM HF could 

significantly reduced the proliferation of LSMCs in the absence or presence of PDGF, 

regardless of the sequence of treatment with PDGF. In addition, the inhibitory effect of 

HF on LSMC proliferation seemed to be non-toxic and reversible because cells were 
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able to respond to the growth stimulatory signals of PDGF both when HF was 

concomitantly present with PDGF or once HF treatment was removed and PDGF was 

then added. These results are in agreement with other studies on HF and growth 

factors. Treatment of vascular SMCs with 100-300 nM HF in the presence of serum or 

bFGF caused an abrogation of DNA synthesis and cell proliferation, with minimal effects 

on vascular endothelial cells (Nagler et al., 1997). HF at concentrations above 10-8 M 

was found to affect basal proliferation of fibroblasts (McGaha et al., 2002) and IGF-I-

induced proliferation in human myeloma cells and rat stellate cells (Gnainsky et al., 

2004a; Leiba et al., 2012). Earlier results in our lab also showed the inhibitory effects of 

HF on LSMCs proliferation in the presence of serum in a dose-dependent manner 

(Grudzien et al., 2009). The reversibility of HF’s effect on LSMC proliferation observed 

in our study is also in support of previous investigations in LSMCs and other cell types 

(Grudzien et al., 2009; Leiba et al., 2012; Nagler et al., 1997). Together, these data 

suggest that HF can effectively target one of the main features of ULs, which is an 

increased rate of cell proliferation, even in the presence of a potent stimulator of growth 

such as PDGF.  

 The suppressive effect of HF on collagen synthesis in dermal fibroblast cells was 

the first indication of its inhibitory effect on fibrosis (Granot et al., 1991). Follow-up 

studies in other cell types proved this to be the main feature of HF as an anti-fibrotic 

drug (Dabak et al., 2010; Genin et al., 2008; Gnainsky et al., 2007; Grudzien et al., 

2009; McGaha et al., 2002; Nagler et al., 2000; Nelson et al., 2012; Sato et al., 2009; 

Xavier et al., 2004; Yee et al., 2006). Similarly, in our study, HF showed a time-

dependent inhibition of the expression of both collagens I and III. Protein levels of both 
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collagens were found to be greatly reduced as early as 6 hours after treatment with 50 

nM HF and eventually returned to normal by 48 hours. We hypothesized that the 

decrease in collagen I and III proteins was mediated through inhibition of procollagen 

transcripts. However, treatment of LSMCs with HF at the same time points, failed to 

decrease transcripts of both genes in early hours corresponding to the time points of 

protein down-regulation. Indeed, mRNA levels were not reduced until 24 or 48 hours 

after HF treatment.  

This time difference between the transcriptional and translational inhibition of 

collagens I and III in LSMCs is suggestive of several possible mechanisms.  One 

possibility may be the extended half-life of procollagen mRNA in LSMCs.  Another 

mechanism might be through activation of the ubiquitination pathway by HF, which can 

rapidly lead to the degradation of existing collagen proteins in LSMCs. Although this 

mode of action for HF has not been reported in other cell types previously, there are 

reports of other anti-fibrotic agents such as S-adenosyl methionine (SAM-e) reducing 

collagen protein expression through polyubiquitination of intracellular type I collagen 

(Thompson et al., 2011). It is also possible that the inhibitory effect of HF on collagen 

expression in LSMCs can occur through inhibition of gene transcription, but as a late, 

secondary molecular response to HF. Furthermore, due to the multi-step process of 

collagen synthesis and various routes of collagen degradation, HF could disrupt these 

processes at several points at earlier times of exposure. In fact, in hepatic stellate cells, 

it was found that HF could target collagen synthesis and degradation through the 

crosslinking enzyme prolyl 4-hydroxylase β (P4Hβ) and tissue inhibitor of matrix 

metalloproteinase II (TIMP-II) as well as MMPs 2, 3, 13 and 9 (Popov et al., 2006; Zion 
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et al., 2009). Endocytic collagen degradation through uPARAP/Endo180 in the same 

cell type has also been shown to act as a protective mechanism against fibrosis 

(Madsen et al., 2012). Further investigation into these possible mechanisms is needed. 

Overall, these data provide strong evidence for the potent effect of HF on this major 

feature of ULs, which is the abundant production of collagens I and III, leading to fibrotic 

tissue. 

  We hypothesized that the inhibitory effects of HF on collagen expression may be 

one of the underlying causes for the reduced rate of cell proliferation observed in 

LSMCs treated with HF in the absence or presence of PDGF. However, our results with 

siRNAs that silenced COL1A1, COL3A1, or both in LSMCs showed no difference in cell 

proliferation compared to negative control siRNA-transfected cells. These results 

indicate that the inhibitory effects of HF on cell proliferation in LMSCs are definitely not 

due to its inhibitory effect on collagen expression, that these two effects are separate 

from each other.  Instead, the inhibitory effect of HF on cell proliferation may be due to 

alterations in cell cycle progression. In concordance with another study by 

deFigueiredo-Pontes et al. (de Figueiredo-Pontes et al., 2011), unpublished results in 

our lab have indeed shown that HF increases the expression of p21, an inhibitor of cell 

cycle progression. Moreover, modulatory effects of HF on other molecules in LSMCs 

such as cell signaling proteins or other cell cycle regulatory molecules may also 

contribute to decreased rates of cell proliferation in LSMCs. 

 Molecular mechanisms involved in the inhibitory effects of HF on fibrosis have 

been partially elucidated in several different cell types (Genin et al., 2008; Gnainsky et 

al., 2007; McGaha et al., 2002; Xavier et al., 2004; Yee et al., 2006). Signaling 
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pathways such as the amino acid starvation pathway, p38 and NFκB, as well as 

integrated stress response pathways, have all been found to be modulated by HF 

(Kamberov et al., 2011; Keller et al., 2012; Peng et al., 2012; Popov et al., 2006). 

However, inhibition of the Smad3 signaling pathway downstream of TGFβ receptors and 

effects on phosphorylation of the AKT and MAPK pathways seem to be  major 

mechanisms involved (Roffe et al., 2010; Tacheau et al., 2007). In the present study, 

short treatment with HF alone was able to activate the MAPK and SRC signaling 

pathways in LSMCs. In a study by Zion et al., treatment of pancreatic stellate cells, 

which are the major collagen producing cells in pancreas, with HF resulted in increased 

activation of ERK1/2, but not AKT or p38MAPK (Zion et al., 2009). Similarly, 50nM HF 

robustly activated ERK1/2, JNK1/2 and p38MAPK in as early as 15 minutes in 

fibroblasts (Tacheau et al., 2007). Furthermore, while Rofee et al. reported a similar 

activation for ERK1/2 in myofibroblasts upon treatment with 10nM HF, they showed 

phosphorylation of AKT as well (Roffe et al., 2010).  

 In this study, phosphorylation of ERK1/2 in response to stimulation by 10 ng/ml 

PDGF for 10 minutes was slightly, but not significantly, reduced in LSMCs following a 6-

hour pre-treatment with HF. Likewise no changes in the activation of PDGFR, SRC or 

AKT were observed. A similar study in hepatic stellate cells using the same treatment 

scheme as ours but with 200nM HF confirms our observations (Popov et al., 2006). 

These apparently opposite effects of HF on signaling pathways upon short or long 

treatments in the absence or presence of PDGF are suggestive of several possible 

processes. Signaling pathways from the starting point of ligand-receptor binding to the 

transmission of signal to the site of action involve a complicated and intricate system of 
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molecular interaction whose spatial and temporal positioning along the signaling 

network can critically affect the final outcome. In addition, strength and duration of these 

interactions can greatly affect the dynamics of signaling cascades. In this context, it is 

possible to assume that the short, minutes-long stimulation of LSMCs with HF could 

transiently activate signaling pathways such as MAPK and SRC to either initiate specific 

cellular responses or prime other molecular pathways for later, secondary responses. 

Pre-treatment of LSMCs with HF for longer duration, hence, could have similar effects 

on the cell whereby stable changes in the signaling cascade occur that can override the 

stimulatory effects induced by PDGF. In contrast, it is possible that pre-treatment of 

LSMCs with HF for a long time would de-sensitize PDGF receptor and associated 

signaling molecules such that the stimulatory signals of PDGF are mitigated. Lastly, 

modulatory effects of HF on signaling pathways may have not lasted long enough to 

interfere with the molecular mechanisms modulated by PDGF. 

 The process of fibrosis, which is a pathological manifestation of tissue injury and 

loss of tissue homeostasis, is accompanied by disrupted ECM protein synthesis and 

turnover (Chen and Raghunath, 2009; Ghosh, 2002; Ghosh and Vaughan, 2012). 

During this process, pro-fibrotic factors such as TGFβ, as well as enzymes involved in 

matrix synthesis and degradation such as lysyl oxidase and MMPs are altered. In 

addition to targeting collagens I and III, HF has been  shown to target other factors 

involved in tissue fibrosis such as TGFβ1, MMP-2 and 9, as well as the crosslinking 

enzyme P4Hβ (Elkin et al., 1999; Jordan and Zeplin, 2012; Kamberov et al., 2011; 

Popov et al., 2006; Taras et al., 2006; Zion et al., 2009). Our analysis of gene 

transcription on a few of these factors upon treatment with HF in LSMCs was in 
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agreement with previous studies. HF inhibited transcription of COL1A1, COL3A1, 

TGFβ1, TGFβ3, LOX3, and DMT in a time-dependent manner, suggesting a multi-

modal form of intervention in UL fibrosis. 

In conclusion, we have demonstrated that HF is a potent inhibitor of both 

proliferation and collagen expression in LSMCs. In addition, HF targets transcription of 

major factors involved in tissue fibrosis. Alteration of MAPK and SRC signaling 

pathways, which seemed to be differentially altered by HF in a time-dependent manner 

of exposure, provides a framework for finding target molecules to control UL fibrosis. 

The results of .this study also provide a strong basis for future in vivo and pre-clinical 

investigations in pursuit of alternative therapeutic options for women with ULs.  
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Figures 
 
 

 

Figure  4.1. HF significantly reduced LSMC proliferation without significantly 

affecting cell viability.  (A) LSMCs were cultured on plastic or monomeric collagen 

coated matrices and once they reached 90% confluence were treated with different 

concentrations of HF in serum containing medium for 24 hours before being assessed 

for cell proliferation. (B) LSMCs cultured on plastic matrix and treated with different 

concentrations of HF were stained with trypan blue to detect non-viable cells. (n=8 for 

dose response, n=4 for viability assay, P<0.05)  
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Figure 4.2. HF reduced proliferation of LSMCs cultured on either plastic or 

monomeric collagen matrices in the presence of PDGF. Cell-cycle synchronized 

LSMCs were treated with 50 nM HF, 10 ng/ml PDGF or both for 24 hours before cell 

proliferation assessment with thymidine incorporation assay. Letters indicate statistical 

significance between groups. (n=7, P<0.05, SF: serum-free). 



 

110 
 

 

Figure 4.3. Pre-treatment of LSMCs with HF reduced proliferation of LSMCs 

cultured on either plastic or monomeric collagen matrices. LSMCs were cell-cycle 

synchronized and then subjected to initial and secondary treatments for 24 hours each 

before cell proliferation assessment with thymidine incorporation assay. Letters indicate 

statistical significance between groups. (n=8, P<0.05, SF: serum-free). 
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Figure 4.4. Inhibitory effect of HF on LSMC proliferation is reversible. Cell-cycle 

synchronized LSMCs were cell-cycle synchronized and then subjected to initial and 

secondary treatments for 24 hours each before cell proliferation assessment with 

thymidine incorporation assay. . Letters indicate statistical significance between groups. 

(n=8, P<0.05). 
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Figure 4.5. HF reduced the expression of COL1A1 and COL3A1 proteins in a time-

dependent manner. LSMCs cultured on plastic matrix were treated with 50 nM HF for 

2, 6, 12, 24, and 48 hours in serum containing medium. Changes in the expression of 

COL1A1 and COL3A1 were detected by immunoblotting using specific antibodies 

against each protein. Asterisks indicate statistical significance compared to non-treated 

samples. (n=3, P<0.05). 
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Figure 4.6. HF alters transcription of major fibrotic factors in a time-dependent 

manner. LSMCs cultured on plastic matrix were treated with 50 nM HF for 6, 12, 24 and 

48 hours. Transcript levels for (A) COL1A1, (B) COL3A1, (C) TGFβ1, (D) TGFβ3, (E) 

LOX3, and (F) DMT were quantified by qRT-PCR. Letters indicate significance 

compared to time zero. (n=3, P<0.05). 
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Figure 4.7. HF activates the MAPK and SRC signaling pathways. LSMCs cultured 

on plastic matrix were stimulated with 50 nM HF for 15, 30, 60 and 120 minutes. Cell 

lysates were blotted with antibodies specific to (A) pERK1/2 & ERK and (B) pSRC 

&SRC. Asterisks represent significance compared to non-HF treated samples. (n=2, 

P<0.05). 
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Figure 4.8. HF modulates signaling pathways activated by PDGF. LSMCs cultured 

on plastic matrix were pre-treated with 50 nM HF for 6 hours prior to stimulation with10 

ng/ml PDGF for 10 minutes. Cell lysates were blotted with antibodies specific to (A) 

pPDGFR and PDGFR, (B) pERK1/2 and ERK1/2, (C) pSRC and SRC, and  (D) pAKT 

and AKT. Asterisks represent significance compared to non-treated control samples 

within each matrix. (n=3, P<0.05).  
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Chapter Five 

Anti-fibrotic Effects of Halofuginone on Human Uterine Leiomyoma Smooth 

Muscle Cells in a Mouse Xenograft Model 

Abstract 

Uterine leiomyomas (UL) are the most common pelvic tumor in reproductive-aged 

women arising from localized fibrosis in the myometrium. Hormone therapy and 

hysterectomy are the leading management options for these benign tumors that are 

associated with abnormal uterine bleeding, anemia, pelvic pain, recurrent pregnancy 

loss and infertility.  In an attempt to find an alternative therapeutic treatment for ULs with 

more specificity and fewer side effects, we evaluated the potential of the anti-fibrotic 

drug halofuginone (HF) in reducing fibrosis and growth of UL xenograft tumors.  

Treatment of mice carrying xenografts of  primary human leiomyoma smooth muscle 

cells (LSMCs) underneath the kidney capsule with either 0.25 or 0.50 mg/kg body 

weight/day HF for  four weeks resulted in a 35-40% (P<0.05) reduction in tumor volume. 

At the cellular level, this decrease was accompanied by increased apoptosis and 

decreased cell proliferation.  Masson’s trichrome staining as well as specific staining for 

collagens I and III did not show any changes in collagen content for either dose of HF 

during the treatment period. Quantitative RT-PCR on xenografts from mice treated with 

HF did not show reductions in the transcript levels of major genes involved in fibrosis, 

except for TGFβ1. While neither dose of HF caused any harmful side effects in major 

body organs of the mouse hosts, the higher dose of 0.5 mg/kg body weight/day was not 

well tolerated by mice as indicated by decreased appetite, weight loss and some 

deaths. In conclusion, HF was found to be effective in reducing UL tumor growth by 
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interfering with major cellular processes regulating cell proliferation and death.  The use 

of this mouse xengraft for human UL appears to be a valid model for pre-clinical drug 

trials for ULs. 

Introduction 

Tissue fibrosis in major body organs such as heart, kidney and liver has been the 

underlying cause of numerous diseases associated with high morbidity and mortality 

(Ghosh, 2002; 1985; Last, 1985; Schuppan and Pinzani, 2012). A similar fibrotic 

process occurs in uterine myometrium of reproductive-aged women, which, despite its 

high prevalence of 70-80%, is not well understood. These benign tumors arising from 

increased proliferation and collagen deposition of uterine smooth muscle cells are called 

uterine leiomyomas (UL) and can lead to symptoms such as abnormal uterine bleeding, 

anemia, pelvic pain and pressure, recurrent miscarriages and infertility (Levy. et al, 

2012; Medikare et al., 2011). 

  While the etiology and pathogenesis of fibroids are still unknown, development 

and growth of ULs have been linked to age, ethnicity, parity, environmental factors, and 

specifically to ovarian steroid hormones (Arslan et al., 2005; Catherino et al., 2011; 

Flake et al., 2003; Gao et al., 2010; Stewart and Morton, 2006). Individual and 

combination of these factors are known to manifest their effects as increased rate of cell 

proliferation and excess deposition of extracellular matrix (ECM) collagens in the fibrotic 

leiomyoma tissue (Dixon et al., 2002; Kawaguchi et al., 1989; Leppert et al., 2004; 

Stewart et al., 1994).  

  Major management options for UL tumors are currently limited to either hormone 

therapy or surgical intervention in the form of myomectomy or hysterectomy. Although 
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these treatments provide temporary relief of symptoms or may permanently alleviate the 

problem all together, they are associated with serious side effects and high costs. 

Hormone therapy causes menopause-associated symptoms such as hot flashes and 

osteoporosis (Chavez and Stewart, 2001; Pinkerton, 2011; Stewart, 2002). Surgical 

interventions can lead to reduced fecundity, hemorrhage or in rare instances, death (Al-

Hendy and Salama, 2006). It has been estimated that the average indirect and direct 

costs of ULs in the USA alone are as high as $5.9-9.34 billion annually (Cardozo et al., 

2011). It is, therefore, important to develop alternative cost-effective and more efficient 

treatments for ULs. 

 Among currently studied anti-fibrotic drugs, halofuginone (HF) has shown high 

efficiency in reducing fibrosis and disease burden in a  variety of fibrotic diseases 

(Dabak et al., 2010; Huebner et al., 2008; Karatas et al., 2008; Nelson et al., 2012; 

Pines and Halevy, 2011; Pines et al., 2003; Zeplin et al., 2010; Zeplin, 2012). HF, which 

is a halogenated derivative of ferbrifugine, has been used as an antimalarial agent in 

China and an antiprotozoal agent in the poultry and cattle industries (Derbyshire et al., 

2012; Dorne et al., 2011; Pines et al., 2000; Trotz-Williams et al., 2011). Extensive in 

vitro studies in a variety of fibrotic  cells as well as tumor cells indicate that HF  

specifically  targets  collagens and MMPs, cell proliferation and angiogenesis  through 

signaling pathways such as  TGFβ-SMADs, MAPK and the amino acid starvation 

response system (Genin et al., 2008; Gnainsky et al., 2007; McGaha et al., 2002; 

Nelson et al., 2012; Sato et al., 2009; Tacheau et al., 2007; Yee et al., 2006). Animal 

models for fibrotic disease such as Duchenne muscle dystrophy (DMD), scleroderma, 

diabetic nephropathy, liver cirrhosis, and pulmonary fibrosis have all been successfully 
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used to show the in vivo anti-fibrotic effects of HF in both the establishment and 

development of tissue fibrosis (Huebner et al., 2008; Pines et al., 2001; Sheffer et al., 

2007; Spector et al., 2010; Spira et al., 2002; Turgeman et al., 2008). More recently, HF 

has been shown to induce anti-proliferative, anti-angiogenic, and anti-metastatic 

processes in tumor models of sarcoma, brain, bladder, breast, hepatocellular 

carcinoma, multiple myeloma and prostate cancer (Cook et al., 2010; de Figueiredo-

Pontes et al., 2011; de Jonge et al., 2006; Jordan and Zeplin, 2012; Koon et al., 2011; 

Leiba et al., 2012; Taras et al., 2006).  

 We have previously shown that HF induces apoptosis and inhibits basal and 

serum-stimulated cell proliferation in primary human LSMCs in vitro (Grudzien et al., 

2009). Furthermore, HF targeted the expression of collagens I and III, which are the two 

major ECM proteins upregulated in ULs. Studies in Chapter 4 of this dissertation have 

shown that these inhibitory effects of HF are mediated through effects on the TGFβ, 

SRC and MAKP signaling pathways.  Taken together, our data suggest the potential of 

HF as an alternative therapeutic treatment for human ULs. 

  The aim of the present study was to test the inhibitory effects of HF on human 

uterine LSMCs xenografted into immunocompromised mouse hosts.  Effects of HF on 

tumor growth were assessed by measuring changes in tumor volume and examining 

changes in cell proliferation and apoptosis. Daily body weight measurements and 

pathological analysis of several key organs were used to assess potential side effects of 

the drug on mouse hosts. Our results showed a strong inhibitory effect of HF on the 

growth of ULs through direct effects on cell proliferation and apoptosis, which can serve 

as a preclinical framework for future clinical studies on HF in ULs. 
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Results 

Effect of Different Doses of Halofuginone on Mouse Host Body Weights  

To assess the effect of HF treatment on the overall health of mice hosts, two doses of 

HF at 0.25 and 0.50 mg/kg/body weight along with vehicle controls were used for 

treatment of UL-xenografted mice. Intraperitoneal (i.p.) administration of HF was 

scheduled on a daily basis for 5 days a week for 4 weeks (Fig. 5.1). Daily weight 

measurement of mice indicated that treatment of mice with 0.25 mg/kg/body weight on a 

daily basis was well tolerated and compared to vehicle-treated animals no change in 

body weight was observed in this group (Fig. 5.2A). In contrast, the higher dose (0.5 

mg/kg/body weight) of HF caused significant loss of appetite and some deaths in the 

animals (Fig. 5.2B). We therefore, split animals on the higher dose of treatment into two 

groups.  One group continued to receive daily treatments of 0.5mg/kg while the other 

received this higher dose treatment of HF every-other-day (EOD). This change in the 

treatment plan seemed to help animals better tolerate the higher dose as observed by 

recovered appetite and more stable body weights (Fig. 5.2C). These observations 

showed that 0.25 mg/kg body weight HF treatment administered daily or 0.50 mg body 

weight administered EOD, respectively; were better treatment schemes compared to 

daily treatment with the higher dose.  

Effect of Halofuginone on Growth of UL-Xenografted Tumors 

To determine whether  treatment of UL-xenografted tumors with HF could reduce the 

size of tumors, mice hosts were treated for 4 weeks with either vehicle, 0.25 mg/kg/body 

weight of HF daily for 5 days a week, or 0.5 mg/kg/body weight of HF daily or EOD for 

five days a week. Measurement of xenografted tumor volumes at the end of 4 weeks for 
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each treatment group showed that, in comparison to tumors from matched vehicle-

treated mice, all HF treatment schemes had significantly reduced  tumor volumes (Fig 

5.3). Interestingly, the percent reduction achieved by the lower dose (0.25) was similar 

(40%) to that achieved with the higher dose (0.5) given on a daily basis. The EOD 

treatment with 0.50 mg/kg/body weight reduced tumor volume by 35% which was not 

significantly different from the other two treatment schemes. These data demonstrate 

the potent inhibitory effect of HF on the growth of ULs within a relatively short treatment 

period. 

Effect of Halofuginone on Cell Proliferation and Apoptosis in UL-Xenografted 

Tumors 

To investigate the underlying mechanisms for reduction in tumor volumes in response to 

HF treatment, cell proliferation and apoptotic programmed cell death were assessed in 

UL-xenografts. Specimens from both vehicle and HF treatments were analyzed by 

immunohistochemistry for Ki67, a marker for cell proliferation, and terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay to detect 

apoptosis. Results showed that four weeks of treatment with 0.25 mg/kg/body weight 

HF daily or 0.50 mg/kg/body weight HF EOD reduced LSMC proliferation and increased 

apoptotic programmed cell death compared to vehicle-treated xenografts (Fig. 5.4 & 

5.5). Overall, the results support that HF targets cell proliferation along with apoptosis in 

LSMCs resulting in reduced tumor volume. 
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Effect of Halofuginone on Collagens I and III Expression in UL-Xenografted 

Tumors 

The anti-fibrotic drug HF has been shown to target collagens in both in vitro and in vivo 

systems. In UL-xenografts, treatment with 0.25 mg/kg/body weight HF daily or 0.50 

mg/kg/body weight HF EOD for four weeks did not alter the expression of collagen I and 

III proteins as observed by Masson’s trichrome staining or IHC (Fig. 5.6-8). Quantitative 

RT-PCR with primer probes specific to COL1A1 and COL3A1 on a limited number of 

vehicle (n=1 from one patient and 4 from the second patient) and HF-treated (n=3 from 

one patient and 1 from the second patient) xenografts from two patient specimens at the 

0.5 mg/kg body weight EOD treatment showed non-significant decreases for COL1A1 

mRNA, but with a significant increase for COL3A1 mRNA (Fig. 5.9A&B).  These results 

are contrary to our hypothesis of an inhibitory effect of HF on collagen I and III 

expression.   

Effect of Halofuginone on Other Pro-Fibrotic Factors in UL-Xenografted Tumors  

To investigate whether HF could alter the expression of fibrotic factors other than 

collagens I and III, we also examined the expression of TGFβ1, TGFβ3, lysyl oxidase 

III, dermatopontin and TGFβRII at either the protein or transcript levels. Quantitative RT-

PCR on a limited number of xenografts treated with 0.5 mg/kg body weight of HF EOD 

for 4 weeks, showed no changes at the transcript level of any of these genes except for 

a significant decrease in TGFβ1 (Fig. 5.9A-F). Immmunohistochemical analysis of 

xenografts treated with 0.25 mg/kg body weight HF or vehicle on a daily basis did not 

show any significant differences in dermatopontin or TGFβRII protein levels in 

xenografts (Fig. 5.10A-D). In spite of the limited number of xenografts analyzed for 
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these studies, our current results support targeting of the TGFβ pathway as a possible 

underlying mechanism behind the inhibitory effect of HF on UL-xenografted tumors. 

Effect of Halofuginone on Specific Organs/Tissues of Mouse Hosts 

To evaluate potential side effects of HF treatment on mice hosts, major body organs 

including lung, liver, heart, kidney, female reproductive tract, spleen, bladder, pancreas 

and skin were collected from vehicle and HF-treated animals and subjected to blind 

examination by a veterinary pathologist. Gross analysis of tissues stained with 

hematoxylin and eosin for both vehicle and HF-treated animals in all treatment schemes 

showed no sign of abnormal pathology resulting from any of the treatments (Fig. 5.11). 

These results indicate the relative safety of HF treatment at either 0.25 or 0.50 mg/kg 

body weight/day for mouse hosts. 

Discussion 

HF has been shown to have inhibitory effects on cell proliferation, collagen expression, 

angiogenesis, and tumor progression in numerous animal models for tissue fibrosis and 

cancer.  These well-known characteristics of HF along with our own in vitro studies with 

HF led us to investigate whether similar inhibitory effects would occur in an in vivo 

model of ULs.  The results of the present study, using three different treatment plans 

with HF, demonstrated the potent inhibitory effects of HF on the growth of UL-

xenografts in a four week treatment period. 

 Growth of pre-existing or newly formed tumors and fibrotic tissues of liver, 

bladder, skin, breast, prostate, and adrenal gland in animal models has been shown to 

be inhibited by microgram treatments of HF over a 4-8 week  treatment period (Huebner 

et al., 2008; Pines et al., 2001; Sheffer et al., 2007; Spector et al., 2010; Spira et al., 
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2002; Turgeman et al., 2008; Cook et al., 2010; de Figueiredo-Pontes et al., 2011; de 

Jonge et al., 2006; Jordan and Zeplin, 2012; Koon et al., 2011; Leiba et al., 2012; Taras 

et al., 2006;). In UL-xenografts, both the low and high doses of HF at 0.25 and 0.50 

mg/kg/day, respectively, reduced the volume of tumors by similar levels of 35-40%. In a 

similar study, administration of 10 μg HF three times a week after implantation of 

pancreatic tumor cells into nude mice resulted in 50% reduction in tumor development 

in a month (Spector et al., 2010). Xenografted Wilms tumor as well as prostate cancer 

treated with lesser doses of HF showed significant decreases in tumor volume (Gavish 

et al., 2002; Pinthus et al., 2005).  

Moreover, the inhibitory effect of HF in reported in vivo studies was found to be 

specific to the diseased tissue, leaving healthy tissues unaffected. HF treatment of 

normal mice, which served as control for mice induced for cirrhosis, did not interfere 

with normal collagen synthesis and liver regeneration (Spira et al., 2002). In a mouse 

model of muscular dystrophy, HF treatment at 5 μg for 10 weeks caused a significant 

decrease in fibrosis only in organs like diaphragm where the highest collagen content 

was present (Turgeman et al., 2008). Although we did not measure the rate of collagen 

synthesis in mouse tissues, morphological characteristics of host tissues treated with 

either doses of HF seemed to be normal and intact. The observed loss of appetite and 

weight loss in mice treated daily with the higher dose of HF seems to be a side effect of 

this drug at higher doses, which has also been reported in other studies. In a clinical 

study on patients with advanced solid tumors, a similar side effect on the 

gastrointestinal system was documented for patients taking a high dose of HF (de 

Jonge et al., 2006). The same study also showed that treatment of mice with 6 
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mg/kg/day HF leads to mortality. A very limited number of patients under clinical testing 

of HF for AIDS-related Kaposi Sarcoma showed skin irritations after the topical 

application of the drug (Koon et al., 2011). Taken together, our findings suggest that 

there is a threshold dose for HF above which no further inhibitory effect can be achieved 

without affecting the overall health of the host animal.  

 To understand the underlying cellular processes targeted by HF, which could 

contribute to tumor reduction, we looked into two major regulators of cell growth: cell 

proliferation and death.  Our results showed that both doses of HF reduced the rate of 

cell proliferation along with an induction of apoptosis in xenografted-LSMCs. In addition 

to several in vitro studies confirming such observations, in vivo studies on HF validate 

alterations of cell proliferation and apoptosis as mechanisms involved in the inhibitory 

effects of HF on tumor development (Elkin et al., 1999; Gavish et al., 2002; Huebner et 

al., 2008; Pines et al., 2001; Sheffer et al., 2007; Spira et al., 2002). Interestingly, in all 

these studies, the effect of HF on these two major cellular pathways were found to be 

specific to cells with dysregulated rate of proliferation belonging to the TGFβ-dependent 

fibrotic organs (Levi-Schaffer et al., 1996; Pines et al., 2001; Spector et al., 2010) 

In addition to cell proliferation and death, tumor growth is dependent on other 

factors such as individual cell size, abundance of ECM proteins and the water content 

within tissues (Jackson and Byrne, 2002). The first well characterized property of HF is 

its specific targeting of collagen α1 in fibroblast-like cells (Pines et al., 2000). Indeed, 

numerous in vivo and in vitro studies on fibrosis and cancers as well as evidence from 

clinical studies on HF are in support of this inhibitory effect (Huebner et al., 2008; Leiba 

et al., 2012; Pines and Halevy, 2011; Pines et al., 2003; Turgeman et al., 2008). The 
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lack of a significant change in ECM collagen I and III proteins or mRNAs in UL-

xenografts treated with either doses of HF does not support our hypothesis on the effect 

of HF on ECM production or turnover in xenografted-ULs. Besides the availability of 

very limited number of samples for mRNA analysis in our study, it is possible that the 

lack of such effect is due to the four-week treatment regimen for HF. This time frame 

may not have provided enough time for HF to cause measurable changes in production 

or degradation of the stable, highly cross linked collagens in UL tissue. It will be very 

important to repeat this analysis with a greater number of samples to confirm the 

observed targeting of collagen genes by HF that we observed in our in vitro study with 

LSMCs. Furthermore, extending the treatment period to longer times will help in 

understanding the effect of HF on collagen content in xenografted-ULs. 

 Tissue fibrosis is thought to occur following a dysregulated healing response to 

tissue injury (Ghosh, 2002).  During this process, cells and tissues are subjected to 

ongoing synthesis and turnover of ECM proteins through activation of enzymes such as 

prolyl hydroxylase and matrix metalloproteinases (MMPs). A major growth factor 

involved in fibrosis and tumorigenesis is TGFβ, which induces the synthesis of many 

ECM proteins including collagens and also inhibits the expression of anti-fibrotic MMPs 

for ECM degradation (Flanders, 2004; Horbelt et al., 2012) . The inhibitory effects of HF 

on tissue fibrosis and angiogenesis have been shown to be strongly mediated through 

modulation of the TGFβ pathway (Barrientos et al., 2008; Nelson et al., 2012; Wynn, 

2008; Zion et al., 2009; Turgeman et al., 2008). In an animal model of diabetic 

nephropathy, 1mg treatment with HF on a daily basis for 15 weeks decreased the 

mRNA expression of TGFβR1 and R2 with no effect on the TGFβ1 mRNA (Sato et al., 
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2009). Down-regulation of TGFβRII by HF has also been observed in mammary gland 

epithelial cells (Xavier et al., 2004). On the other hand, Mcgaha et al. found no change 

on either receptors at 10-8 M in fibroblasts (McGaha et al., 2002; Zion et al., 2009) and 

in leukemia cell lines HF, in a dose-dependent manner, upregulated TGFβ1 and 

TGFβR1 (de Figueiredo-Pontes et al., 2011). In pancreatic stellate cells, HF acted 

downstream of TGFβ receptors (Popov et al., 2006; Zion et al., 2009).  

In LSMCs, different doses of HF were shown to reduce levels of TGFβ1 mRNA, 

but not TGFβ3 (Grudzien et al., 2009). Our results with TGFβ signaling further confirm 

the differential, cell-type dependent effect of HF on this signaling pathway. In UL-

xenografted tumors treated with 0.50 mg/kg/body weight of HF we observed no 

changes at TGFβRII protein level or TGFβ3 mRNA. However, transcript levels of 

TGFβ1 were significantly reduced in UL-xenografts treated with 0.5 mg/kg body weight 

HF.  In addition, although the inhibitory effect of HF on the expression of the cross-

linking enzyme lysyl oxidase has been reported in hepatocyte after 8 weeks of 

treatment (Gnainsky et al., 2007), we did not observe any changes in the expression of 

this gene in UL-xenografts treated with the higher dose of HF. Due to the limited 

number of xenografts available for analysis, we can hypothesize  that with a greater 

sample size we might see statistical differences or if we used an alternative method 

such as  in situ hybridization to assess differences. Moreover, it is possible that 

extending the HF treatment period to longer than 4 weeks would result in significant 

changes in the expression of fibrotic factors. 

In conclusion, findings of our current study demonstrate an inhibitory effect of HF 

on human UL-xenografts in a mouse model and support this model as a pre-clinical 
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framework for further work on this anti-fibrotic drug.  Both 0.25 and 0.50 mg/kg body 

weight/day HF used in our study significantly reduced tumor volume through an 

increase in apoptosis and a reduction in cell proliferation after 4 weeks of treatment 

without any pathological side effects on host animals.  However, the specific pathways 

and molecular regulators of these processes remain unknown. Based on mechanistic 

studies of HF in other fibrotic and cancerous cells, one would speculate that pathways 

such as TGFβ-SMADs, MAPK, and immune regulatory systems could be altered in UL-

xenografted tumors by HF. Further understanding of molecular mechanisms underlying 

the effects of HF in ULs can lead the way for designing derivatives of HF, which would 

have maximum target efficiency for better management treatment of UL tumors in 

diseased patients with minimum side effects. 
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Figures 
 

 

Figure 5.1. Treatment schemes for UL-xenografted mice. LSMCs embedded in a 

collagen gel were transplanted under the kidney capsule of 8-week-old, 

immunocompromised, nude female mice. Four weeks after the establishment of the 

tumors, mice were divided into two groups of either vehicle or HF treatment. The three 

HF treatment schemes used were 0.25 mg/kg body weight daily or 0.5 mg/kg body 

weight daily or every-other-day via i.p. injection. Staining of mouse kidney shows UL-

xenografted tissue adjacent to mouse nephrons. 
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Figure 5.2. Effect of HF treatment on the body weight of mouse hosts. Beginning 

from the first day of treatment, body weight measurements of mice treated with vehicle 

or HF were recorded every day for the 4-week duration of treatments. (A) Body weight 

of mice treated with vehicle (n=6) or 0.25 mg/kg body weight HF (n=8) on a daily basis; 

(B) Body weight of mice treated with vehicle (n=7) or 0.50 mg/kg body weight HF (n=8) 

on a daily basis; (C) Body weight of mice treated with vehicle (n=6) or 0.50 mg/kg body 

weight HF (n=6) every-other-day. 
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Figure 5.3. Effect of HF treatment on volume of UL-xenografts. Primary LSMCs 

embedded in collagen gels were grown as subrenal grafts in mouse hosts and treated 

with either vehicle or HF for 4 weeks. At the end of the treatment period, grafts were 

harvested and the volumes of the xenografts were measured and normalized to the 

volumes of matched vehicle-treated xenografts from the same patient specimen. 

Statistical significance relative to vehicle-treated xenografts within each treatment 

scheme is indicated by letters. LSMCs from two patients are xenografted into 6-8 

animals per treatment group. (P<0.05). 
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Figure 5.4. Effect of HF treatment on proliferation of ULSMCS in UL-xenografts. 

Sections of embedded xenografts treated with vehicle (A & C), 0.25 mg/kg HF daily (B) 

or 0.50 mg/kg HF EOD (D) were immunostained with an antibody specific for the 

proliferation marker, Ki67. Images are representative of tumors from either 4 (for 0.25 

mg/kg/body weight HF) or 2 (for 0.50 mg/kg/body weight HF) different patients 

xenografted into 4-6 animals for each treatment (vehicle vs HF). (Bar=100μm, insets: 

negative control). 
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Figure 5.5. Effect of HF treatment on programmed cell death in UL-xenografts. 

Sections of embedded xenografts treated with vehicle (A & C), 0.25 mg/kg HF daily (B) 

or 0.50 mg/kg HF EOD (D) were evaluated for apoptosis using TUNEL assay. Images 

are representative of either 4 (for low dose HF) or 2 (for high dose HF) patient tumors 

xenografted on 4-6 animals per vehicle or HF-treated mice. (Bar=100μm, insets: 

negative control) 
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Figure 5.6. Effect of HF treatment on ECM collagens in UL-xenografts. Different 

sections from embedded xenografts treated with vehicle (A & B) or 0.25 mg/kg HF daily 

(C& D) were stained with Masson’s trichrome to assess the presence of ECM collagens. 

Images are representative of either 4 patient tumors xenografted on 4-6 animals per 

vehicle or HF-treated mice. (Bar=100μm) 
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Figure 5.7. Effect of HF treatment on the expression of collagen I in UL-

xenografts. Sections of xenografts from animals treated with either vehicle (A & C), 

0.25 mg/kg HF daily (B) or 0.50 mg/kg HF EOD (D) were immunostained with a primary 

antibody specific for collagen I. Images are representative examples of tumors from 

either 4 (for low dose HF) or 2 (for high dose HF) different patients xenografted into 4-6 

animals per treatment. (Bar=100μm, insets: negative control). 
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Figure 5.8. Effect of HF treatment on the expression of collagen III in UL-

xenografts. Sections of xenografts treated with either vehicle (A & C), 0.25 mg/kg HF 

daily (B) or 0.50 mg/kg HF EOD (D) were immunostained with a primary antibody 

specific for collagen III. Images are representative examples of tumors from either 4 (for 

low dose HF) or 2 (for high dose HF) different patients xenografted into 4-6 animals per 

treatment. (Bar=100μm, insets: negative control) 

 



 

142 
 

 

Figure 5.9. Effect of HF on mRNA levels of genes involved in tissue fibrosis. RNA 

samples isolated from xenografts from animals treated with either vehicle or 0.50 mg/kg 

HF EOD for 4 weeks were subjected to qRT-PCR using primers specific for COL1A1 

(A), COL3A1 (B), TGFβ1 (C), TGFβ3 (D), LOX3 (E), and DMT (F). Xenografts 

established from two different patients transplanted into 1-4 mice per treatment group 

were used for analysis. (P<0.05) 
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Figure 5.10. Effect of HF treatment on the expression of Bcl2, dermatopontin and 

TGFβRII and in UL-xenografts. Sections of xenografts from mice treated with either 

vehicle (A, C & E) or 0.25 mg/kg HF daily (B, D & F) were immunostained with primary 

antibodies specific for dermatopontin (A & B) or TGFβRII (C & D). Images are 

representative examples of tumors from 4 different patients xenografted into 4-6 

animals per treatment group. (Bar=100μm, insets: negative control). 
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Figure 5.11. Effect of HF on specific organs and tissues of mouse hosts. 

Histopathological characteristics of paraffin-embedded body organs from mice 

xenografted with UL-tumors under different treatments were assessed by hematoxylin 

and eosin staining. Treatments were: (A) control, (B) vehicle for 0.25 mg/kg HF daily, 

(C) 0.25 mg/kg HF daily (continued on next page) 
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Figure 5.11 (cont’d) (D) vehicle for 0.5 mg/kg HF daily or EOD, (E) 0.5 mg/kg HF daily, 

and (F) 0.5 mg/kg HF EOD. Images are representative examples of sections from 5-12 

xenografts for each treatment group. (Bar=100μm) 
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Chapter Six 

Conclusions and Future Directions 

The overall goal of my dissertation work was to understand the pathogenesis of human 

UL tumors in the context of the abundant extracellular matrix collagen and to determine 

the potential of the anti-fibrotic drug HF as a therapeutic for ULs by testing its inhibitory 

effects on the growth of these tumors. In doing so, I hypothesized that: (i) type and ultra-

structure of the ECM collagens, namely whether it is monomeric or fibrillar, would 

differentially affect the growth and morphology of LSMCs, (ii) the anti-fibrotic drug 

HFtargets cell proliferation and collagen expression in LSMCs in vitro, and (iii)  

immunocompromised mice xenografted with human LSMCs serve as a good pre-clinical 

model to test the use of HF as an alternative therapeutic treatment for ULs and 

treatment with HF would negatively affect tumor growth. 

Using in vitro and in vivo model systems of primary human LSMCs cultured on 

different collagen matrices or xenografted under the kidney capsule of immunocom-

promised mouse hosts, I was able to confirm all three hypotheses. In summary, the 

main findings of my research studies are: 

1. LSMCs cultured on monomeric collagen matrix maintained their smooth 

muscle cell morphology along with increased activation of FAK, showed increased 

accumulation of vinculin, and formation of central and peripheral actin stress 

fibers. In contrast, cells cultured on fibrillar collagen matrix developed star-like 

morphologies with reduced phosphorylation of FAK, dispersed vinculin 

distribution, and minimal assembly of actin stress fibers; 
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2. Monomeric collagen matrix increased basal and PDGF-stimulated cell 

proliferation, whereas fibrillar collagen, although permissive to proliferation,  was 

not as potent in the induction of  proliferation;  

3. Stimulation of LSMCs with PDGF caused rapid and transient phosphor-

ylation of PDGFR on both monomeric and fibrillar collagen;  

4. PDGF treatment led to transient and robust activation of ERK1/2 in 

LSMCs cultured on monomeric collagen in contrast to the sustained activation of 

ERK1/2 on fibrillar collagen matrices; 

5. HF at 50 nM concentration significantly reduced both basal and PDGF-

stimulated cell proliferation in LSMCs cultured on either  plastic  or  monomeric 

collagen matrices without affecting cell viability; 

6. Protein and transcript levels of both collagens I and III in LSMCs were 

reduced by HF treatment of LSMCs in vitro in a time-dependent manner; 

7.  HF also altered gene transcription of  several  major fibrotic genes 

including  TGFβ1, TGFβ3, LOX3 and DMT, which are involved in the 

pathogenesis of ULs; 

8. The SRC and MAPK signaling pathways were activated by HF over a 

short-term treatment whereas the activation of MAPK, SRC, and AKT were not 

significantly reduced by a 6-hour pre-treatment with 50 nM HF; 

9. Treatment of mouse hosts xenografted with LSMCs with either 0.25 or  

0.50 mg/kg body weight/day HF over four weeks significantly reduced the size of 

xenografted tumors through decreased proliferation and increased apoptosis; 
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10. Treatment of mice hosts with UL-xenografted tumors with either doses of 

HF did not alter the expression of collagen I, collagen III, TGFβRII and 

dermatopontin proteins. 

11. HF treatment, at both doses, of mice hosts altered the transcription of only 

COL3A1 and TGFβ1, but not COL1A1, TGFβ3, DMT and LOX in UL-xenografts. 

12. In contrast to the 0.50 mg/kg body weight/day treatment with HF, the 0.25 

mg/kg body weight/day dose was well tolerated by mouse hosts. Histopathological 

analysis on major body organs of mice treated with either doses of HF, however, 

showed no adverse side effects of HF on mouse hosts. 

A model summarizing these findings on the role of ECM collagen in regulating the 

proliferation of ULs and the modulatory effects of HF on growth of these tumors is 

depicted in Fig. 6.1.  Our results demonstrating that interaction of ECM collagens with 

LSMCs leads to alterations in their morphology and growth add to the growing body of 

evidence in a variety of cell types and tissues demonstrating how the extracellular 

environment of a cell, particularly the ECM, along with its genetic makeup can regulate 

cell function. The in vitro model system of monomeric and fibrillar collagen matrices that 

I used in these studies is a simple replication of the ECM environment that LSMCs are 

exposed to in vivo. While this model provided us with valuable insights into the manner 

by which the specific type and ultra-structure of ECM collagens regulate the growth of 

LSMCs, it could not provide us with a complete view of how cells in an in vivo 

environment interact with the matrix. Interaction of LSMCs with ECM collagens would 

best be studied in a three dimensional collagen matrix where cells are surrounded by 

the matrix from all sides and exposed to both biochemical and mechanical changes 
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occurring in their extracellular environment. In addition, since the ECM in vivo is 

composed of proteins other than collagens, our simplified collagen-only matrix could not 

recapitulate the combinatorial effect of all ECM proteins on LSMCs. Future work with 

more complex in vitro systems based on our initial studies would better determine the 

exact role of ECM collagen on the morphology and proliferation of LSMCs. 

The findings of our studies, however, have opened up new avenues for future 

research on ULs. The following is a list of questions and topics worth pursuing in future 

research investigations: 

1. How is the expression and localization of major collagen receptors, 

namely DDRs and integrins, altered on different collagen matrices? If the 

expression and localization of these receptors change differentially on each 

matrix, how would the down-stream signaling pathways be altered to affect 

LSMCs growth? Given the presence of a feedback mechanism on collagen 

synthesis from integrin receptors, it would be interesting to know whether the 

expression of collagen receptors is different between normal myometrial SMCs 

and LSMCs and if so, how such differences could affect  the process of collagen 

synthesis in uterine SMCs. 

2. Is there a feedback mechanism that controls the process of collagen 

synthesis in LSMCs when they are exposed to different types and ultra-structures 

of collagens? In other words, does the excess presence of malformed or 

disorganized collagen in the ECM provide a positive feedback to the process of 

collagen synthesis such that more collagen will be synthesized to keep the tumor 
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growing? If so, what are the major steps in this process that can be identified as 

points of intervention for therapeutic purposes? 

3. Is there an interplay between PDGFR and collagen receptors in regulating 

the proliferation of LSMCs? If there is an interaction between the two, how is this 

interaction altered in the leiomyoma vs. normal myometrial tissue? It would be 

also important to examine the dynamics of interaction between PDGFR and 

collagen receptors in LSMCs cultured on various collagen matrices. Co-

immunopreci-pitation and localization studies as well as development of dominant 

negative mutants of these receptors in myometrial and leiomyoma tissues could 

demonstrate the presence of such interaction on LSMCs proliferation and 

collagen synthesis.  

4. Does the transformation of fibroblasts to myofibroblasts change when cells 

are cultured on different collagen matrices? This process is known to be the key 

event in the formation of fibrotic tissue in response to an initial injury in a normal 

tissue. In light of the proposed theory of injury to the uterus being the initiating 

event that leads to ULs, it is worth investigating the process of fibroblast to 

myofibroblast conversion on different collagen matrices. Due to the anti-fibrotic 

effects of HF and its role in regulating fibroblast conversion, it would also be 

interesting to see if HF can modulate major markers of the transition of fibroblasts 

to myofibroblasts, such as αSMC, transgelin, cygb/stap, and cytoglobin in ULs. 

5. Does proliferation of LSMCs treated with TGFβ, a known pro-fibrotic factor 

in ULs, change depending on whether these cells are cultured on monomeric or 

fibrillar collagen matrices? Will HF have modulatory effects on the signaling 
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pathways activated by TGFβ in LSMCs? Can it reduce both the expression of 

collagens and proliferation induced by TGFβ in LSMCs similar to findings in other 

cell types? 

6. Increased deposition of ECM collagens is considered a major 

characteristic of LSMCs. The multi-step, complex process of collagen synthesis 

and deposition makes it susceptible to many changes at the gene and protein 

levels. Studies in ULs and similar fibrotic diseases have indicated mutations in 

collagen genes, alterations in post-translational modifications of collagen proteins 

as well as enzymes involved in collagen synthesis.  While such alterations 

represent the observed heterogeneity in ULs, it is worthwhile to identify major 

abnormal steps which are commonly shared between patients. Identification of 

such tissue-specific targets will serve as biomarkers for early detection of the 

disease as well as help with the design of therapeutic or preventive treatments for 

uterine fibroids. 

7. Vitamin C has been shown to have both a protective effect in tumor 

formation and therapeutic effect in tumor development. These tumors include 

prostate, cervix, breast, lung, colon, and esophagus. In addition, this vitamin is 

involved in the proper synthesis and deposition of ECM collagen. Moreover, a 

correlation between the consumption of fruits and vegetables, which mostly 

contain considerable amounts of vitamin C and the reduced risk of ULs has been 

established. Based on these facts, it is plausible to ask whether: (a) levels of 

vitamin C are different in women with ULs compared to healthy ones, (b) these 

differences are due to biological abnormalities or lifestyle; (c) alterations in the 
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level of vitamin C can alter the ultra-structure of collagen deposited in either in 

vivo or in vitro models of ULs, and (c) HF can ameliorate the possible alteration in 

the synthesis and function of vitamin C in UL tissue. Similar questions can be 

asked about other anti-oxidative agents. 

8. ULs are sex steroid hormone-responsive tumors. Numerous investigations 

looking at the efficacy of anti-estrogen and progesterone therapies in the 

treatment of leiomyomas have implied the role of these hormones in the 

abundance of collagens in UL tissue. Moreover, limited in vitro studies in collagen-

synthesizing cells have shown the stimulatory effect of female hormones in 

collagen production. It, therefore, seems necessary to fully delineate the exact 

role of these two hormones on the expression and deposition of collagen in 

LSMCs. Identification of biomarkers and development of effective therapeutics will 

emerge from such studies. On the other hand, it would be interesting to know if 

the anti-fibrotic agent HF could play a role in the hormonal regulation of collagen 

synthesis. Research on the effects of HF on sex steroid hormones is lacking. 

Investigating such effects on a hormone-dependent disease like ULs in proper 

animal models would be a good starting point in that direction.   

9. Epigenetic regulators such as acetyltransferases and miRNAs have 

recently been recognized to be involved in fibrosis and tumorigenesis. Alterations 

in similar epigenetic factors have also been identified in ULs. It will be intriguing to 

know whether HF can alter known epigenetic factors in ULs such that the rate of 

fibrosis/tumor development be reduced in diseased women. 
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10. Mechanistic studies on HF have identified the amino acid starvation 

pathway in immune responses to be a target for this drug.  In light of injury and 

the aberrant wound healing process followed the injury one could stipulate that 

the inhibitory effects of HF on ULs, documented in this study, could be mediated 

through a similar pathway. After all, ovulation is considered an inflammatory 

process and women with early age of menarche experiencing more ovulation are 

considered at higher risk of developing ULs. In addition, menstruation has been 

considered a form of injury to the myometrium.  

In conclusion, the findings of my dissertation have made a substantial contribution 

to understanding some of the underlying causes of ULs as well as key molecular targets 

for therapeutic treatments of this disease. The fact that the type and ultra-structure of 

ECM collagens can affect the morphology and growth of LSMCs will enable us to further 

delineate cellular and molecular processes through which these factors can be involved 

in the pathogenesis of ULs. Alterations in these factors can be considered as either the 

initiating elements in the formation of ULs or manifestations of other primary effectors.  

Thus, it will be of importance to not only identify the effect of risk factors such as race 

and the use of oral contraceptives associated with the etiology of ULs on these 

processes, but also discover how aberrations in these processes would lead to 

increased risk of developing ULs.  

In addition, the promising results obtained in comprehensive in vitro and in vivo 

studies on HF as a candidate drug for the treatment of HF, which showed efficient 

targeting of the major characteristics of ULs, have paved the way for testing HF in a 

clinical setting. Considering the non-toxic and reversible effects of HF on cell 
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proliferation and collagen synthesis in LSMCs, one would be hopeful that in near future, 

this drug would be of help to women with ULs who are not benefitting from other 

treatments due to the desire to maintain their fertility or avoid side effects.  
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Figures 
 

 
 

Figure 6.1. Suggested model for how ECM collagen regulates LSMCs proliferation and 

how the anti-fibrotic drug HF targets increased cell proliferation and excess deposition 

of ECM collagen in ULs. 
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Chapter Seven 

Materials and Methods 

Chemicals and Reagents 

Dulbecco’s Modified Eagle’s medium (DMEM), penicillin-streptomycin, and L-glutamine 

were purchased from Biowhittaker (Walkersville, MD). Dulbecco’s PBS/Modified 

medium, fetal bovine serum (FBS) and bovine calf serum (BCS) were purchased from 

Hyclone (Logan, UT). PureCol Collagen was purchased from Advanced Biomatrix (San 

Diego, CA.). Recombinant human PDGF-AB was purchased from R&D Systems 

(Minneapolis, MN). Tritiated thymidine ([3H] thymidine) was purchased from PerkinElmer 

(Waltham, MA). Precise Protein Gels, Restore Western Blot Stripping Buffer, Pierce® 

BCA protein assay kit, Nitrocellulose transfer membranes, Scintiverse scintillation liquid, 

nuclease-free water, hydrogen peroxide, xylenes, DAB EASY tablets, methyl green, 

eosin, paraffin, microscope slides, Sodium Dodecyl Sulfate (SDS), Restrore™  western 

blot stripping buffer,  and SuperSignal West Pico Chemiluminescent Substrate were 

purchased from Thermo Scientific (Rockford, IL). All antibodies, except for FAK, were 

purchased from Cell Signaling (Danvers, MA). FAK antibody was purchased from BD 

Trasnduction Laboratories (Lexington, KY). All signaling inhibitors, propidium iodide, 

Mayer’s Hematoxilin solution, sodium orthovanadate,  trichostatin-A, Crude 

collagenase, Diethyl pyrocarbonate (DEPC),  Triton X-100, Ponceau S solution, calcium 

chloride, Trichostatin A, and hemacytometer were purchased from Sigma (St. Louis, 

MO). Fluorophore antibodies, alamarBlue® Cell Viability Reagent, Collagenase type II, 

Image-iT Signal FX Enhancer, HRP-linked secondary antibodies, OPTI-MEM I reduced-

serum medium, Platinum® Taq DNA Polymerase, Platinum® PCR SuperMix, TRIzol® 
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Reagent, BLOCK-iTTM Fluorescent Oigo, LipofectamineTM 2000 SuperScript IIITM 

Reverse Transcriptase, DAPI, vitamins, essential and non-essential amino acids, High 

Capacity cDNA Reverse Transcription kit, TaqMan Unviersal Master Mix, Assays-on-

DemandTM Gene Expression Assay, RNAlater and ProLong Gold were purchased from 

Life Technologies (Carlsbad, CA). RNase A and Dithiothreitol (DTT) were from Roche 

(Indianapolis, IN). DAKo Target Retrieval Solution was from DAKO, Denmark. IHC 

SELECT Proteinase K and ApopTag® Plus Peroxidase In Situ Apoptosis Kit were from 

Millipore (Temecula, CA). Fetal bovine serum (FBS) and bovine calf serum (BCS) were 

purchased from Atlanta Biologicals (Norcross, GA).Ibidi dishes were purchased from 

ibidi GmbH (Munchen, Germany), paraformaldehyde from Electron Microscopy 

Sciences (Hatfield, PA), Precision Plus Protein All Blue Standards from BioRad 

(Hercules, CA), HyBlot CL autoradiography films from Denville Scientific (Metuchen, 

NJ), ABI PRISM® 7900 Sequence Detection System from ABI (ABI; Branchburg, NJ), G 

418 Sulfate from Calbiochem(Calbiochem), and Protein A/G Plus-Agarose 

Immunoprecipitation Reagentfrom Santa Cruz Biotechnology (Santa Cruz, CA). The list 

of antibodies used in different assays throughout the study along with their 

specifications is in appendix B.  

Tissue Collection and Cell Culture 

Leiomyoma samples were obtained from premenopausal women undergoing 

hysterectomy at either Carle Foundation Hospital (Urbana, IL) or the Feinberg School of 

Medicine, Northwestern University (Chicago, IL). Permission to use these samples was 

approved by the Institutional Review Boards at the University of Illinois at Urbana-

Champaign and Northwestern University.  
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 Tissue samples were manually minced into different sized pieces depending on 

their intended use. For cell culture, tissue samples were minced into 2-3 mm pieces to 

increase the surface area for efficient enzymatic digestion. These pieces were placed in 

10% medium (DMEM medium containing 5% FBS, 5% BCS, and 10,000 U pen/ml 

penicillin, 10,000 μg strep/ml streptomycin, and 200 mM L-glutamine), 200 U/ml 

collagenase type II and 3mM CaCl2 for 4-6 hours at 37°C in a shaking water bath. Total 

volume of the digesting solution was 8 times the volume of minced tissue pieces in the 

tube. Once digestion was finished, tissue samples were further dissociated by gentle, 

repeated pipetting 3-5 times. Digested tissues were next centrifuged at 65 x g for 3-5 

minutes, supernatant was removed and the pellet was resuspended in 10% medium at 

37°C in a humidified atmosphere of 95% air and 5% CO2. 

Immortalized LSMCs, DD-HLMs, were cultured similarly to primary LSMCs, but in 

minimum essential medium (MEM) containing 300 ug/ml G418, 16% FBS, and 1% 

vitamins (100X), L-Glutamine, and essential and non-essential amino acids.  

Collagen Matrix Preparation 

PureCol collagen solution was diluted to 1.0 mg/ml with 0.1 M acetic acid at room 

temperature. For monomeric collagen coating, plastic dishes were incubated with 0.5 M 

acetic acid for 20 minutes at room temperature, rinsed once with distilled water and 

coated with diluted collagen (2 mls for 60 mm and 4 mls for 100 mm dishes) under 

sterile conditions for 4-6 hours. For fibrillar collagen coating, diluted collagen was 

neutralized with 10x PBS at half the volume of concentrated collagen used to reach to 

the 1x concentration along with addition of 0.1 N NaOH and 0.1 N HCl, if necessary, on 

ice. Plastic 60 mm dishes were coated with 3 mls and 100 mm dishes were coated with 
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7 mls of fibrillar collagen. Plastic dishes coated with fibrillar collagen were incubated at 

37 degrees for 4 hours or overnight also at 37°C for the gel to polymerize. Coated 

dishes were then rinsed with PBS several times before seeding cells.  

Cell Proliferation Assay: Cell Count and Growth Curve 

LSMCs were cultured in standard 10% medium until reaching the desired 

confluence or the end of the treatment period.  Cultured cells were then washed once 

with 1x PBS to remove dead, floating cells before dissociation by 0.05% Trypsin  in 0.53 

mM EDTA for 5-8 minutes at 37°C. Once cells were lifted off from the dishes, 10% 

serum-containing medium was added to the dishes for enzyme inactivation. Cell 

suspensions were next centrifuged at 65 X g for 5 minutes, supernatant was removed, 

and cell pellets were resuspended in 10% serum-containing medium. A 10 ul aliquot of 

this cell suspension was placed on two separate chambers of a hemocytometer for 

counting of cells under the microscope. 

To obtain the growth curves for LSMCs, equal numbers of LSMCs were cultured 

in DMEM/10% serum-containing medium on three different matrices (plastic, 

monomeric collagen, and fibrillar collagen). Cells were trypsinized and counted every 

other day using a hemacytometer.  

Cell Proliferation Assay: Thymidine Incorporation Assay 

Thymidine incorporation assays were also used to quantify proliferation of LSMCs on 

different matrices in response to different treatments. LSMCs were plated at equal 

numbers in 96-well plates coated with either monomeric or fibrillar collagen. Cell cycle 

synchronization was achieved by growing LSMCs to 90% confluence followed by serum 

starvation for 24 hours. Cells were then treated with either 200μl of 10% serum-
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containing medium, serum-free medium or medium containing 10 ng/ml PDGF +/- HF at 

different concentrations. Cells were labeled with 0.01 µCi/µl triated thymidine in 20 µl 18 

hours after treatments were initiated. Finally, cells were trypsinized in 100 µl of 0.05% 

trypsin-EDTA and harvested on filter papers for quantification in a Wallace Microbeta 

liquid scintillation counter (Oy, Finland). Three to six experimental replicates were 

carried out per treatment. Primary cells from at least three different patients were used 

as biological replicates. 

Cell Adhesion Assay 

Adhesion of LSMCs to different matrices was compared in cells seeded onto either 

plastic, monomeric collagen or fibrillar collagen coated dishes. Three hours after 

seeding, dishes were gently rinsed with PBS to remove unattached cells and imaged to 

count the number of attached cells to each matrix. Adhesion assays were performed on 

cells from three different patients with two experimental replicates for each patient. The 

number of attached cells in 10 fields of 20 mm2 surface area was averaged and 

represented as mean ± SEM. 

Viability Assay  

To determine the cytotoxicity of 50 nM HF on LSMCs, cells treated with HF for 24 hours 

were diluted to approximately 106 cells/ml. Next, a 1:1 dilution of the cell suspension 

was prepared using a 0.4% trypan blue solution. Chambers of the hemocytometer were 

then loaded with 10 μl of the diluted cell suspension in trypan blue. After letting cells sit 

for 1-2 minutes, the number of stained cells was counted. The calculated percentage of 

unstained cells over the total number of cells represented the percent viable cells. 
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Gene Silencing Using siRNA 

For specific gene silencing using siRNAs, LSMCs were seeded in antibiotic-free 

medium and grown to 50% confluence for transfection. The following Gene specific 

siRNAs  from Life Technologies Inc. were used for tranfection: Silencer® Select 

Negative Control #1 siRNA, Silencer® Select siRNA COL11A1 (4392422, 

GCGAUGACGUGAUCUGUGAtt), Silencer® Select siRNA COL3A1 (4392421, 

CUUUGAAUGUUCCACGGAAtt).  LSMCs were cultured in 96-well plates in  a total 

volume of 200 ul for transfection.  Once the cells reached 50% confluence and were 

ready for transfection, 0.2 ul of each siRNA at 60 nM final concentration was mixed with 

25 ul Opti-MEM for each well and incubated at room temperature for 5 minutes. A 

mixture of 0.5 ul lipofectamine and 25 ul Opti-MEM was then also mixed and incubated 

at room temperature for 5 minutes. Next, this diluted lipofectamine was gently mixed 

with the diluted siRNA and incubated at room temperature for 20 minutes. For mock 

transfection, siRNAs were left out of the transfection mix. After washing cells with 2X 

Opti-MEM, 50.7 ul of the transfection mix and 150 ul Opti-MEM were added to each well 

and cells were placed in the incubator at 37 Cr for 4 hours. Thereafeter, medium was 

changed to the normal growth medium without antibiotics before using cells for 

subsequent experiments.  

Immunofluorescence Microscopy 

Immunofluorescence staining of cells was carried out by first fixing cells in 4% 

paraformaldehyde for 30 minutes at room temperature. Following three washes in PBS, 

cells were permeabilized in 0.1% triton X-100 for 15 minutes. Dishes were next 

incubated in ultra-cold methanol for 15 minutes at -20 degrees and washed for half an 
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hour before blocking with Image-iT FX Signal FX Enhancer for 30 minutes. Following a 

PBS wash, cells were incubated with 1:100 dilutions of primary antibodies against 

vinculin, pFAK, and FAK for 2 hours at room temperature. Cells were then incubated in 

a 1:200 dilution of secondary antibodies conjugated with different fluorophores for 2 

hours. For F-actin staining, fixed cells were washed in PBS three times and then 

permeabilized in 0.1% Triton X-100 in PBS for 3-5 minutes. After 3 washes in PBS, cells 

were incubated in Image-iT FX Signal Enhancer for 30 minutes. Next, cells were stained 

with 6.6 μM fluorescent phalloidin for 20 minutes at room temperature. Finally, all 

stained cells received three washes of PBS and were stained with 10 ug/ml DAPI for 15 

minutes. Dishes were cured in Prolong Gold for 24 hours in the dark before imaging 

with a Zeiss LSM710 microscope. 

Collecting Cell Lysate for Immunoblotting 

Total cell lysate from LSMCs that had received various treatments in specific 

experimentswere harvested by scraping cells into hot (95 C) 1x Laemmli sample buffer 

(LSB) (10% glycerol, 62.5 mM Tris pH 6.8, and 2% Sodium Dodecyl Sulfate, and 5 mM 

sodium orthovanadate). Harvested cell lysates were then collected in eppendorf tubes, 

sonicated for 10 seconds, and then spun at 14,000xg for 10 min at 4 C to remove 

nuclear and cell debris. The supernatant was then transferred to fresh eppendorf tubes 

for immediate use or storage at -20C for future use.  

lmmunoblotting 

BCA protein assays were performed on cell lysates to determine protein concentrations. 

Proteins were loaded onto gradient SDS-PAGE gels before being transferred to 

nitrocellulose membranes. Membranes were stained for 5-10 minutes with panceau to 
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check for proper transfer of proteins to the membrane. Next, membranes were blocked 

in 5% non-fat dry milk in TBST (20 mM Tris, pH 8, 150 mM NaCl, 0.1% Tween 20) for 

90 minutes and then incubated at 4°C overnight in primary antibody according to 

conditions specific for each primary antibody listed in appendix B. After 3 washes in 

TBST, membranes were incubated in a 1:10000 dilution of HRP-conjugated secondary 

antibody for 60 min at room temperature. Finally, after three 10-minute washes in TBST, 

the SuperSignal West Pico Chemiluminescent Substrate was applied to membranes for 

5 minutes before exposure to autoradiography films.  Membranes were first probed with 

phosphorylated protein antibody and then stripped in Restore western blotting stripping 

buffer for 15 minutes at room temperature and re-probed with antibody against the total 

protein as a loading control. For collagen I and III antibodies, GAPDH was used as 

loading control. (Conditions for these specific antibodies are described in the appendix 

B) 

Densitometric Analysis of Western Blots 

To quantify changes in protein expression in response to various treatments, films 

developed after exposure to chemiluminescence were scanned. Images were saved at 

high resolution in a TIFF format and analyzed using the ImageJ software from the 

National Institutes of Health (available at http://rsbweb.nih.gov/ij/download.html). 

Software was calibrated for optical density measurements using a Kodak no. 3 

calibrated step tablet available at http://rsb.info.nih.gov/ij/docs/examples/calibration. 

Bands of interest were measured by drawing the smallest rectangle capable of 

measuring the optical density of each of the bands. The same rectangle was used to 

measure all the bands on a given film. Measurements of bands for the activated or 
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phosphorylated form of a specific protein) were normalized to measurements for total 

proteins as a loading control. Immunoblots for collagens I and III were normalized to 

GAPDH.  

RNA Isolation 

TriZolTM reagent was used to isolate RNA from both cultured LSMCs and leiomyoma 

tissues. Once the cell culture medium was removed, cells were washed with 1x PBS 

and then 1ml TriZolTM was added to each 60 mm dish.  Dishes were placed on a shaker 

at medium speed for 5 minutes before collecting the lysate into an eppendorf tube for 

storage at -80°C or immediate isolation.Frozen sample tubes were thawed at room 

temperature for 5 minutes before continuing the isolation procedure.  Two hundred μl of 

pure chloroform per 1 ml of TRIZol volume were added to each tube in a fume hood. 

Tubes were tightly closed and shaken vigorously by hand for at least 15 sec and then 

left at room temperature for 3 min with a quick shake every minute. Tubes were then 

spun at 12000 X g for 15 min at 4°C.  Following centrifugation the mixture separated 

into a lowerphenol-chloroform phase, an interphase, and a colorless aqueous phase on 

top.  Since RNA is present in the aqueous phase, this phase was transferred into a 

fresh 1.5 ml eppendorf tube. Next RNA was precipitated by adding 0.5 ml ice-cold 

isopropyl alcohol per 1 ml of original TRIZol volume. Tubes were inverted a few times to 

mix and left at room temperature for 10 minutes before being spun at 12000 X g for 10 

minutes at 4°C. Supernatant was removed and the RNA pellet was washed with 1ml of 

75% ice-cold EtOH. Samples were next vortexed and spun at 7,500 X g for 5 minutes at 

4°C. The supernatant was discarded and the pellet was air-dried for 5-10 minutes at 

room temperature. Finally, the RNA pellet was resuspended in 10-20 μl of DEPC-
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treated water and incubated for 10 min at 55°C to help improve re-suspension before 

storage at -80°C. 

To obtain samples for RNA isolation from UL specimen, pieces of tissue were sliced 

thinly and soaked in twice the volume of the tissue in RNAlater® solution overnight 

before freezing at -80°C for future use. UL-xeongrafted tissue was homogenized in 

TRIZol and RNA was isolated as mentioned above.  

Reverse Transcription 

 Reverse transcription was carried out on 1 ug of RNA from each sample using a High- 

Capacity cDNA Reverse Transcription Kit. Ten μl of RNA were mixed with 10 μl 2X RT 

master mix (2 μl 10X RT buffer, 0.8 μl of 25X of 100mM dNTP mix, 2 μl of 10X RT 

random primers, 1 μl of MultiScribe™ reverse transcriptase, 4.2 μl of nuclease-free 

water). After a brief spin, RNA was transcribed under the following thermal cycle 

conditions: 25°C for 10 minutes, 37°C for 120 minutes and 85 °C for 5 minutes. 

Samples were then stored at -20°C for future assays. 

Quantitative Real Time PCR 

Synthesized cDNA samples from different experimental treatments were analyzed for 

changes in gene expression by real time PCR using TaqMan Universal PCR Master 

Mix.  The following 20x Assays-on-DemandTM Gene Expression Assay primer-probe 

sets from Applied Biosystems were used for our studies: COL1A1 (Hs00164004_m1), 

COL3A1 (Hs00943809_m1), TGFβ1 (Hs00998133_m1), TGFβ3 (Hs01086000_m1), 

lysyl oxidase III (LOX III, Hs01046945_m1), dermatopontin (DMT, Hs00355056_m1), 

and POP4 (HS00198357_m1) as an endogenous controlto amplify the corresponding 

genes. Briefly, 4.5 μl of a 1:10 diluted cDNA sample was mixed with 5.5 μl of master mix 
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(5μl of TaqMan Universal PCR Mix and 0.5 μl of 20X Assay on Demand) for a total 

volume of 10 μl per well in a MicroAmp optical 384-well reaction plate. Three 

experimental replicates were performed for each sample. 

 Real time PCR amplification and quantitation was performed using the ABI 7900 

sequence detection system. We first validated the use of POP4 as an appropriate 

endogenous control in ULs. Next, the comparative CT method (∆∆Ct) was used for 

quantification of gene expression. Relative fold differences in gene expression for all   

tested genes were normalized to the POP4 endogenous control and then calibrated to 

the no treatment sample at the corresponding time.   

Immunohistochemistry 

To assess the effects of halofuginone (HF) on UL-xenografted tissues and mouse body 

organs, immunohistochemical analysis was performed. Following harvest of the 

xenograft specimens, tissues were placed in cold, 4% paraformaldehyde (a 1:10 ratio of 

tissue to PFA) and left at 4°C overnight. The next day, tissues were rinsed with ethanol 

and paraformaldehyde was replaced with 70% ethanol. Specimens were then kept at 

4°C for future processing, embedding and sectioning. 

 Slides were stained with Hematoxylin and eosin to assess the effect of treatment 

on the overall morphology of tissues and also to detect the presence of xenografted ULs 

in the kidney capsule specimens. Slides were deparaffinized in a series of xylene 

incubations for 5 minutes, rehydrated in serial (100%, 100%, 90% and 70%) 1-minute 

washes of EtOH followed by a quick wash in tap water.  Nuclei were then stained with 

Mayer’s hematoxylin for 10 minutes before being washed in running tap water for at 

least 15 minutes. Slides were next stained in 1% eosin for one minute followed by tissue 
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dehydration in a series of EtOH washes (70%, 80%, 90%, 100%, and 100%), each for 

one minute. Clearing was done last with three 1-minute washes in xylene and slides 

were covered in Permount. 

  After tissue deparaffinization and rehydration, an antigen retrieval method using 

DAKO solution was used to detect the presence and abundance of specific proteins in 

fixed tissues. Slides were placed in a 1:10 dilution of DAKO solution in PBS at 90°C in a 

waterbath for 30 minutes and brought to room temperature with incubation in pre-

warmed  (37°C)-PBS at room temperature.  Endogenous peroxidase activity in 

specimens was inactivated by incubating slides in 0.3% H2O2 in methanol for 15 

minutes. After three 5-minute washes in PBS, sections were blocked for half an hour in  

5% normal serum of the animal species in which the secondary antibody was raised in. 

Sections were then washed in PBS three times and incubated in a 1:100 dilution of 

biotin-secondary antibody in 1% BSA/PBS for an hour. After a short wash in PBS, 

sections were incubated in ABC solution for 30 minutes at room temperature before 3 

washes in PBS. Incubation with DAB was next performed using various incubation 

times depending on the particular antibody. Finally, counterstaiing in Mayer’s 

hematoxylin was carried out for 1 minute before washing sections in tap water, 

dehydration, clearing and mounting. 

TUNEL Assay 

The ApopTag® Plus Peroxidase in Situ Apoptosis Kit or the terminal deoxynucleotidyl 

transferase-mediated dUTP nick end labeling (TUNEL) assay was used to assess the 

rate of apoptosis in UL-xenografted tissues in HF and vehicle-treated animals. Following 

deparaffinization, tissue was pretreated with freshly diluted proteinase K (20 μl/ml) for 
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15 min at room temperature in a coplin jar or directly on the slide. Endogenous 

peroxidase (remove this big space)was next quenched in 3% hydrogen peroxide in PBS 

for 5 min at RT either directly on the slide or in a coplin jar. Slides were rinsed 2X with 

PBS for 5 minutes each and then incubated with the equilibration buffer for 60 minutes 

at room temperature. Working strength TdT Enzyme was next applied to sections for an 

hour at room temperature. Slides were incubated for 15 seconds in the stop/wash buffer 

before a 10-minute remove this big space incubation at room temperature. After three 

washes with PBS, anti-digoxigenin conjugate was applied to slides in a humid chamber 

for 30 min at room temperature. Following a PBS wash, color was developed using the 

peroxidase substrate (3,3'-Diaminobenzidine Tetrahydrochloride hydrate or DAB), slides 

were washed in 3X dH2O for 1 min each  and the last wash was followed by an 

incubation in dH2O for 5 min at room temperature. Slides were incubated in 0.5% (w:v) 

methyl green in a coplin jar  for 10 min at room temperature to counterstain specimens, 

and then washed a few times in dH2O before a final wash in 3X 100% n-butanol 

followed by mounting with coverslips. 

Statistical Analysis   

Experimental variability between treatments/matrices was determined by first 

conducting the Kolmogorov test for normality on obtained data. Based on the results, 

parametric (ANOVA) or non-parametric (Kruskal-Wallis) hypothesis tests were 

conducted using STATA (6.0). To compare groups pair-wised, post-hoc comparisons 

were performed Values are expressed as mean ± SEM and P<0.05 was considered 

statistically significant.  
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Xenografting of Human Leiomyomas Underneath Mouse Kidney Capsule 

The detailed procedure for transplanting ULs under the kidney capsule of mice host can 

be found at Kurita et al. 2010.  

Treatment of UL-Xenografted Mouse with Halofuginone 

Based on previously published studies on HF treatment in animal models, we chose two 

doses of HF at 0.25 and 0.50 mg/kg/body weight along with vehicle controls for 

treatment of UL-xenografted mice. Intraperitoneal (i.p.) administration of HF was 

scheduled on a daily basis for 5 days a week for 4 weeks. Since the daily treatment of 

mice with 0.50 mg/kg/body weight was found to be not well tolerated by mouse host, 

animals on the higher dose of treatment were split into two groups.  One group 

continued to receive daily treatments of 0.5mg/kg while the other received this higher 

dose treatment of HF every-other-day (EOD). 
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Appendix A 

List of Abbreviations 
 
 
ABC: avidin biotynilated enzyme complex 

ANOVA: analysis of variance 

BCA: bicinchoninic acid 

BCS: bovine calf serum 

bFGF: basic fibroblast growth factor 

BMI: body mass index 

BSA: bovine serum albumin 

-ME: beta mercaptoethanol 

CPM: counts per minute 

DAB: 3,3-Diaminobenzidine, liquid chromogen substrate kit 

DMEM: dulbecco’s modified eagle medium 

DMSO: dimethylsulphoxide 

DPBS: dulbecco’s PBS 

DTT: dithiothreitol, reducing agent 

DMT: dermatopontin 

EGF-R: EGF receptor 

Eker rat: animal model for leiomyoma tumors 

ELT-3: leiomyom smooth muscle cell line from Eker rat 

ER/ESR: estrogen receptor 

ERK: extracellular signal regulated kinase 

FBS: fetal bovine serum 
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FGF: fibroblast growth factor 

GAGs: glycosaminoglycans 

GDP: guanosine diphosphate 

GnRH: gonadotropin releasing hormone 

HGF-R: hepatocyte growth factor receptor 

HRP: horseradish peroxidase 

IGF-I: insulin-like growth factor-I 

JNK: c-jun N-terminal kinase 

LSB: Laemmlli sample buffer 

LSMCS: leiomyoma smooth muscle cells 

LOX 3: Lysyl oxidase 3 

MAPK: mitogen-activated protein kinase 

MAPK1/2: ERK1/2 

MMP: matrix metalloproteinase 

PBS: phosphate buffer saline 

PCNA: proliferating cell nuclear antigen 

PDGF: platelet-derived growth factor 

PDGF-R: PDGF receptor 

PGF2: prostaglandin F2 alpha 

PI3K: phosphatidyl inositol 3 phosphate 

PKC: protein kinase C 

PR: progesterone receptor 

PTEN: phosphatase and tensin homolog 
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qRT-PCR: real-time quantitative reverse transcription PCR 

ROS: reactive oxygen species 

RU-486: progesterone receptor antagonist 

SEM: standard error of the mean 

SRF: serum response factor 

SMC: smooth muscle cells 

TBST: tris buffer saline with Tween 

TGF1: transforming growth factor beta 1 

TGF3: transforming growth factor beta 3 

TIMP: tissue inhibitor of metalloproteinase 

TNF: tumor necrosis factoa alpha 

VEGF: vascular endothelial growth factor 

VSMCs: vascular SMCs 
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Appendix B 

List of Antibodies 
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Appendix C 

siRNA-Mediated Silencing of COL1A1 and COL3A1 

 

Silencing collagen expression did not affect LSMC proliferation. (A) Immunoblot for 

collagen I in LSMCs silenced for COL1A1, (B) RT-PCR for COL1A1 and COL3A1 in 

LSMCs silenced for COL3A1, (C) proliferation of LSMCs silenced with negative control 

(NC) siRNA, or siRNAs specific for COL1A1 and COL3A1 or both in the absence of 

presence of 10 ng/ml PDGF for another 24 hours. Letters indicate statistical significance 

between groups. (n=5, P<0.05.) 


