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Abstract 

 

The activation of the endothelin receptor type A (ETAR) by its ligand endothelin-1 

(ET-1) is well known for its role in vasoconstriction. Interestingly, ET-1 and ETAR 

are over-expressed in various human tumors, including breast cancer. Several studies 

described an important role for ETAR in cancer progression and metastasis. The 

extensive network of interactions that exist between ET-1 axis and other signaling 

pathways can trigger an autocrine and paracrine signaling that modulates different 

tumorigenesis processes, such as cellular proliferation and survival, epithelial-to-

mesenchymal transition (EMT) and chemoresistance. The main objective of this study 

was to investigate the antitumor effects of Ambrisentan, a selective antagonist of 

ETAR, and FDA-approved for the treatment of pulmonary arterial hypertension 

(PAH), on tumor growth and metastasis using a syngeneic, orthotopic triple negative 

breast cancer (4T1) animal model. The results show a significant reduction in tumor 

growth and enhancement in overall animal survival in Ambrisentan-treated mice. This 

correlated with a significant decrease in the extent of tumor metastasis to the liver and 

lungs. Experiments using luciferase-expressing 4T1 tumor cells (4T1-Luc2) and in 

vivo life imaging (IVIS) of animals revealed a 5- and 18-fold decrease in the 

bioluminescence signal collected from the primary tumor site and distant organs, 

respectively, in Ambrisentan-treated mice. Using multi-color flowcytometry, 

accumulation of CD11b+Ly6G+ granulocytes in blood, peripheral lymphoid organs 

and lungs, a process driven by chemokines secreted by 4T1 cells, was inhibited by 

>50% following Ambrisentan treatment. Importantly, this was further confirmed by 

demonstrating >90% reduction in the number of 4T1-Luc2 tumor cells metastasizing 

to the lungs. Moreover, histological staining of liver tissue revealed a 43% decrease in 

the number of tumor foci in Ambrisentan treated group compared to control group. In 

an independent series of experiments, the effect of Ambrisentan on 4T1 cell growth 

was tested in the Chorioallantoic membrane (CAM) assay. The findings highlighted 

the capacity of Ambrisentan to inhibit tumor growth by ~25% independent of any 

effect on anti-tumor immune responses. To uncover the underlying mechanism for the 

anti-metastatic effect of Ambrisentan, the extent of angiogenesis was within the tumor 

tissue by immunohistochemical staining using CD31-specific mAb. The findings 
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revealed that total tumor vascularity was reduced by ~50%, mainly due to a decrease 

in the size of blood vessels in animals treated with Ambrisentan. Analysis of gene 

expression in 4T1 cells treated with Ambrisentan revealed significant inhibition (40-

50%) of CXCL1 and MMP9, which are essential factors for tumor progression and 

metastasis. Taken together, this study provides a rationale for using Ambrisentan as a 

potential adjuvant in cancer therapy. 

 

Keywords: Endothelin type A receptor (ETAR), Endothelin-1 (ET-1), Cancer 
metastasis, Ambrisentan, IVIS, Myeloid cells, Lungs, Granulocytes, CAM, 
Angiogenesis, CXCL1, MMP9. 
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Title and Abstract (in Arabic) 
 

حول آلیة عمل دواء الأمبریسینتان و الذي یعمل كمضاد لمستقبلات الإندوثیلین من 

 النوع أ في سرطان الثدي 

 صالملخ

لدوره في تضییق الأوعیة الدمویة. و من المثیر   )ETAR(یعرف تنشیط مستقبلات الإندوثیلین أ 

في العدید من  1و مستقبلات اللإندوثیلین ) ET-1(  1للاھتمام الإفراط في التعبیر عن الإندوثیلین

الأورام البشریة، مثل سرطان الثدي. كما وصفت العدید من الدراسات الدور الأساسي لمستقبلات 

شاره. یمكن أن تؤدي شبكة التفاعلات الواسعة القائمة ما بین الإندوثیلین أ في تطور الورم و انت

  paracrineو   autocrineمحور الإندوثیلین و مسارات نقل الإشارات الأخرى على تنشیط إشارات 

و التي یمكنھا من التحكم في العدید من عملیات تكوین الأورام، مثل نمو و تكاثر الخلایا السرطانیة 

لكیمیائي و التي تساعد على انتشار الورم. تھدف ھذه الدراسة للتحقق من و مقاومتھا للعلاج ا

التأثیر المضاد للورم للأمبریسنتان، و ھو مضاد انتقائي لمستقبلات الإندوثیلین من النوع أ، ومعتمد 

لعلاج ارتفاع ضغط الدم الشریاني الرئوي  )FDA(من قِبل ھیئة الدواء و الأغذیة الأمریكیة 

)PAH نمو الورم و انتشاره في تجربة غیر سریریة باستخدام النموذج الحیواني لسرطان )، على

. أظھرت النتائج انخفاضًا ملحوظا في نمو )4T1(الثدي السالب للمستقبلات الھرمونیة الثلاث 

الورم وتحسین في بقاء الحیوانات على قید الحیاة بشكل عام في الفئران المعالجة بالأمبریسنتان. 

ذا أیضًا بانخفاض كبیر في مدى انتشار الورم في الكبد والرئتین. من خلال استخدام وارتبط ھ

تم متابعة نمو الورم عن طریق استخدام  )4T1-Luc(خلایا السرطانیة المعبرة عن اللوسیفراز 

ضعفا  18و   5، أظھرت البیانات التي تم جمعھا انخفاضًا بمقدار )IVIS(التصویر في الجسم الحي 

في إشارة التلألؤ الحیوي المنبعثة من موضع الورم الرئیسي بالإضافة إلى الصادرة من الأعضاء 

) Flow cytometry(البعیدة على التوالي في الفئران المعالجة. و باستخدام تحلیل التدفق الخلوي  

في الدم و )  CD11b + Ly6G+ Granulocytes(الخلایا الحبیبیة المتعادلة  وجد انخفاضا في تجمع

, )4T1(الأعضاء اللیمفاویة و في الرئتین و ھي عملیة تتحكم  بھا الكیموكینات التي تفرزھا خلایا 

كنتیجة للعلاج بالأمبریسنتان. علاوة، تم تأكید ذلك من خلال إظھار انخفاض   %50بنسبة أكبر من 

المنتشرة في الرئة. بالإضافة إلى ذلك، أظھر ) 4T1-Luc(فأكثر في عدد خلایا ورم  %90بمقدار 

تقریبا في المجموعة  %43التصبیغ النسیجي انخفاضًا في عدد بؤر الورم في أنسجة الكبد بنسبة 
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المعالجة بالأمبریسنتان. و في سلسة مستقلة من التجارب، تم اختبار تأثیر الأمبریسنتان على نمو 

. و قد أبرزت النتائج قدرة الأمبریسینتان على )CAM(السقاء -في الغشاء المشیمي4T1 یا خلا

% تقریبا، بعیدا عن أي استجابات مناعیة ضد الورم. للكشف عن الآلیة 25تثبیط نمو الورم بنسبة 

 أوعیةراسة مدى قدرة الورم على تكوین تم دالتي یعمل بھا الأمبریسنتان كمضاد لانتشار الورم، 

. 

مستقبل الإندوثیلین من النوع أ، الإندوثیلین، ورم خبیث، أمبریسنتان، : مفاھیم البحث الرئیسیة

-تصویر الجسم الحي، الخلایا النخاعیة، الرئتین، الخلایا الحبیبیة المتعادلة، الغشاء المشیمي

  CXCL1،.MMP9السقاء، أوعیة دمویة ورمیة، 
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Chapter 1: Introduction 

 

1.1 Endothelin axis 

1.1.1 Discovery of the endothelin receptors 

In 1988, Yanagisawa and colleagues were the first to describe endothelin-1 

(ET-1). They purified and sequenced an endothelial cell-derived peptide after 

observing an endothelium-independent contraction of isolated porcine coronary 

arteries (Yanagisawa et al., 1988). ET-1 is a small peptide of 21 aa (amino acid) 

residues, characterized by a single α helix, two essential disulfide bridges, Cys3-Cys11 

and Cys1-Cys15, and six conserved amino acid residues at the C-terminus. Since its 

discovery, ET-1 has been found to be expressed in the genome of several species, 

including humans. However, human genome encodes two other endothelin isotypes, 

endothelin-2 (ET-2) and endothelin-3 (ET-3). The different endothelin isopeptides are 

highly homologous with conserved sequences; all are 21 aa polypeptides, containing 

two intrachain disulfide bonds, and an identical hydrophobic C-terminal hexapeptide 

(Ohlstein et al., 1996). Changes in the amino acid sequence between the different ET 

isoform is highlighted in Figure 1. 

1.1.2 Endothelin biosynthesis 

ET-1 is not a ready-made protein that is kept stored in endothelial cells. Instead, 

the production of ET-1 is regulated at the transcriptional level in response to various 

stimulants and inhibitors, thus allowing for massive changes in the amounts released. 

The ET-1 cDNA contains one single copy gene that encodes a long precursor 

polypeptide of 212 aa known as preproendothelin (PPETs). The human ET-1, ET-2,  
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Figure 1: Amino-acid sequences of endothelin isoforms. The change in the amino acids 
sequence in the different isoforms compared to ET-1 is circled in red (Chester & 
Yacoub, 2014) 

 

and ET-3 are separate gene products and have been located on chromosomes 6p23-23, 

lp34, and 20q13.2-13.3, respectively (Bloch et al., 1989). The EDN1 gene, which 

encodes for ET-1, is located on chromosome 6, containing five exons and spanning 

6.8 kb (Rosanò et al., 2013). Preproendothelin will be further cleaved proteolytically 

by peptidase to form pro-ET-1, which is then activated and converted to 38 aa-long 

pro-ETs, known as big-ET1 by the activity of a subtilisin-like convertase/furin-like 

protease. Endothelin converting enzyme 1 (ECE1), or, alternatively, a chymase 

enzyme 6 then subsequently cleaves Trp21-Va122 of big ET-1 to release the mature 

form of the 21-aa- ET-1 peptide (Xu et al., 1994) (Figure 2). Following ET processing, 

peptides can either be secreted constitutively or it can be kept stored intracellularly in 
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granules and secreted in response to a pathway activation by a stimulus it can be 

secreted (Russell et al., 1998).  

 

 

Figure 2: ET1 biosynthesis. EDN1 gene encode for 212 aa long precursor known as prepro-
Endothelin.  PPET is proteolytically cleaved and converted to the bigendothelin (38 aa long). 
Which will be subsequently cleaved by endothelin converting enzyme to fore the active for 
ET-1 (Chester & Yacoub, 2014). 

 

1.1.3 Endothelin receptors (ETRs) 

After their activation and secretion, ETs act mainly on two distinct receptors 

belonging to the G protein-coupled receptors (GPCR), seven transmembrane spanning 

superfamily, Endothelin Type-A receptor (ETAR) and Endothelin Type-B receptor 

(ETBR). The two receptors differ in their binding affinity to the different ETs and in 

their different cellular distribution. It has been found that ETAR binds ET-1 and 2 with 

the greatest affinity, (Kd = ~20-60 pM) compared to ET-3 (Kd = ~6500 pM), whereas 
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ET-1,2, and 3 all have the same affinity for ETBR (Kd = ~15 pM) (Rosanò & Bagnato, 

2016). Several cells and tissues express endothelial axis components, such as smooth 

muscle cells, cardiac myocytes, mesangial cells, astrocytes and leukocytes. However, 

the main source of the endothelin axis components is the vascular endothelium. In 

humans, ETAR is found in the vasculature and is mainly expressed by the vascular 

smooth muscle cells, while ETBR is mainly expressed by smooth muscles cells and 

endothelial cells. In these cells, when ETs bind to ETAR, they induce vasoconstriction 

and proliferation, while their binding to ETBR induces vasodilation through the release 

of nitric oxide. In addition, ligand binding to ETBR can mediate vasoconstriction in 

certain vascular beds as well as bronchoconstriction in the respiratory tract (Aubert & 

Jeanneret, 2016). 

1.2 ET Signaling pathway 

1.2.1 G-Protein mediated GPCR signaling 

As a GPCR, binding of ET to ETRs transduce the activation of signaling 

cascade through G proteins, which are named for their ability to bind Guanosine 

triphosphate (GTP) and Guanosine diphosphate (GDP). Heterotrimeric G proteins are 

consisting of 3 subunits, Gα, Gβ and Gᵧ subunits (Tuteja, 2009). In their inactive form, 

Gα is bound to Gβγ dimer and GDP. On the other hand, the binding of agonist to the 

GPCR, result in receptor conformational change and trigger G proteins to exchange 

GDP for GTP on the Gα subunit leading to its activation and leads to the dissociation 

of Gβγ dimer from Gα. Following dissociation, each complex can interact with a 

variety effector system (Wang et al., 2018). G proteins are classified based on the α 

subunit into 4 main classes: Gαstimulatory (Gαs), Gαinhibitory (Gαi), Gαq, and 
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Gα12/13 (Tuteja, 2009). ETAR couples to Gαq and activates the PLC (phospholipase 

C) signaling (Gilman, 1984). 

1.2.2 Cellular contraction  

In the smooth muscles, binding of ET1 to ETAR induces the activation of 

phosphatidyl inositol specific phospholipase C (PI-PLC), this leads to the formation 

of inositol 1,4,5 triphosphate (IP3) and diacylglycerol (DAG). Increased IP3 then 

stimulates the release of stored Ca2+ from sarcoplasmic reticulum into the cytosol. 

The rapid elevation in intracellular Ca2+, in turn, causes smooth muscle contraction 

and then vasoconstriction (Khimji & Rockey, 2010).  On the other hand, binding of 

ET-1 to ETBR on the endothelium induces the formation of nitric oxide (NO). In the 

absence of smooth muscle endothelin receptor stimulation, NO causes vasodilation. 

The cascade of ETAR-initiated events that lead to cellular contraction is shown in 

Figure 3.   

1.2.3 Endothelin-1 Receptor/β-Arrestin-1 Axis 

In response to ET binding, ET receptors can activate different signaling 

pathways in a G-protein independent manner, by forming complexes with β-arrestin 

(β-arr-1 or β-arr-2). β-arrestins, initially identified as negative regulators of GPCR-

mediated signaling, are now recognized as scaffolds and adapters proteins (Lefkowitz 

& Shenoy, 2005). The binding of ET-1 to its receptors leads to the recruitment of β-

arr1, which then shuttles into the nucleus where it forms a complex with histone 

acetyltransferase P300 (p300 HAT) involving different transcriptional factors and 

leading to the transcription of different target genes including ET-1. This will result in 

the amplification of the ET-1 autocrine loop (Maguire et al., 2012). In addition to its 
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nuclear function in ET-1 signaling, β-arr found to directly interact with multiple 

cytoskeletal components with various functions and localization (Shukla, Xiao, & 

Lefkowitz, 2011). It induces actin assembly activities and several upstream regulators 

which in turn lead to local invasion and metastasis (Semprucci et al., 2016). Thus, 

ETAR/β-arr1 signaling is a key role for cytoskeletal organization and Rho GTPase 

activity supporting cell motility (Rosanò & Bagnato, 2019; Tocci et al., 2016).  

1.2.4 Crosstalk with other pathways   

Endothelin signaling is extremely complex and activation of the ET axis can 

stimulate a number of various effector systems such as phospholipases D and A2, 

protein kinase A and C (PKA and PKC), as well as the protein tyrosine kinase and 

MAP-kinase (MAPK/ERK) pathways (Bremnes et al., 2000; Sasaki et al., 1998). ET-

mediated activation of NF-κB, β-catenin, Hypoxia-inducible factor 1-alpha (HIF1-α) 

and Rho factor (ρ) has also been described (Nelson et al., 2003). Some of the pathways 

activated by ET-1 signaling lead to essential cellular responses that are illustrated in 

Figure 3. For example, tyrosine kinases (PTK), such as RAF and RAS, are stimulated 

by ET1 and promote the induction of RAF/MEK/Mitogen-activated protein kinase 

(MAPK) pathway, which in turn activates cell growth and metastasis.  

1.3 Physiological role of endothelin 

1.3.1 Receptors distribution 

Since Endothelin is a potent, ubiquitous endothelium-derived vasoactive 

peptides, Endothelin receptors are expressed in all tissues, contributing to the 

maintenance of vascular tone. However, ETAR and ETBR are differentially expressed 

in the tissues. In humans, ETAR   predominates on the smooth muscle of blood vessels, 



7 
 

 

 

 

while ETBR is the principal type in the kidney, localized in nonvascular tissues. In 

addition, epithelial cells and central nervous system glia and neurons also express 

ETRs. 

 

 

 

 

1.3.2 Blood flow and vasoconstriction 

Maintaining the blood flow in the body appears to be the most important 

physiological stimulus that regulates ET-1 synthesis and release. As a result of increase 

blood flow, ETBR acts as a “clearing receptor” to remove ET from the circulation. Its 

activation induces the release of endothelium-derived relaxing factors, such as nitric 

oxide (NO) and prostanoids which will cause vasodilation (Davenport, 2002). ET-1 

mRNA is also upregulated by a variety of soluble factors including cytokines, 

Figure 3: Endothelin pathway signaling. Activation of endothelin receptors stimulate 
the initiation of various downstream signaling cascades, which in turn induces several 
cellular responses (Dandan & Brunton, 2012). 
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transforming growth factor-beta (TGF-β), tumor necrosis factor (TNF), interleukins, 

insulin, norepinephrine, angiotensin II and thrombin (Emori et al., 1992). It has also 

been shown that ET-1 mRNA is upregulated by hypocapnia and down regulated by 

hypoxia.   

1.3.3 Other physiological function 

In addition to its extremely important vasoconstrictor activity, endothelin can 

stimulate cellular proliferation, including smooth muscle cells (ETA) and astrocytes 

(ETB). In most of these cells, ET is thought to act as a co-mitogenic, enhancing the 

action of other growth factors such as platelet-derived growth factor (PDGF) (Kohno 

et al., 1994).  

1.4 Endothelin axis expression in cancer 

 It has been found that both ETAR and ETBR are expressed by different cancer 

cells. However, the receptor expression profile differs in tumor cells when compared 

to normal tissues. Some cancers predominantly express ETAR such as ovarian, 

nasopharyngeal, thyroid, prostate, colon, pancreatic, gastric, renal, and breast cancers, 

while in other cancer cells ETBR is predominant, such as melanoma, glioblastoma 

multiforme (GBM), and astrocytoma. Moreover, the expression of the two receptors 

was reported in oral, lung, bladder, vulvar cancers, and Kaposi’s sarcoma (Bagnato et 

al., 1995; Nelson et al., 2003; Nelson et al., 1995; Rosanò et al., 2013). In addition to 

that, overexpression of ET-1, ETAR and ETBR has been shown in various human 

tumors; ETAR overexpression was reported on breast cancer tissue in comparison with 

non-neoplastic tissue (Wülfing et al., 2005) and in prostate cancer, elevated expression 

of both ET-1 and ETAR was observed (Nelson et al., 2003). Studies have reported the 
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ability of ET to confer apoptosis resistance, stimulate new vessel formation, modulate 

immune responses and promote invasion and metastatic dissemination (Rosanò et al., 

2013). 

1.5 Endothelin receptor antagonists 

Endothelin receptor antagonists (ERAs) are therapeutic alternatives to 

parenteral prostacyclin agents. They are currently classified as either ETAR-selective 

(ETAR/ETBR selectivity > 100) or dual ETAR/ETBR antagonists (equivalent 

selectivity to ETAR and ETBR). In contrast, very few ETBR-selective antagonists 

(ETAR/ETBR selectivity < 100) have been developed and evaluated in clinical trials 

to date. When given orally, ERAs competitively bind to ETAR and ETBR, causing a 

reduction in pulmonary artery pressure (PAP), pulmonary vascular resistance (PVR), 

and mean right atrial pressure (RAP). ETRs antagonist drugs are approved by the 

World Health Organization (WHO) for treatment of pulmonary arterial hypertension 

(PAH) in patients with class III or IV symptoms to improve exercise ability and 

decrease the rate of clinical deterioration (Galiè et al., 2016). There are currently three 

ET-receptor antagonists in clinical use, Bosentan, Ambrisentan and Macitentan, while 

drugs like Sitaxentan, which initially showed favorable results have been withdrawn 

from the market in 2010 due to issues relating to hepatic toxicity (Chester & Yacoub, 

2014). 

 1.5.1 Bosentan 

Bosentan, sold under the brand name Tracleer, is a dual ETAR/ETBR 

antagonist medication and was the first ERA to be used clinically. It has a higher 

affinity for ETAR compared to ETBR. It is available as film coated tablets for oral 
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administration and has a half-life of approximately 7 hours (Roux & Rubin, 2002). 

Treatment with Bosentan has been associated with elevations in serum 

aminotransferase levels during therapy and with rare instances of clinically apparent 

acute liver injury. It is metabolized by the CYP2C9 and 3A4 isoenzymes of 

cytochrome P450 and may therefore interact with drugs like cyclosporine A and birth 

control pills. Monthly monitoring of serum enzyme levels is recommended, with 

discontinuation when levels of the upper limit of the normal range (ULN) score above 

8 times the ULN (2012). 

 1.5.2 Ambrisentan 

Ambrisentan is approved by European Medicines Agency (EMA) and U.S 

Food and Drug administration (FDA) for the treatment of PAH. It is available under 

the brand name, Letairis and Volibris. It preferentially blocks ETAR as it has 4000 

times greater affinity for ETAR compared to ETBR. Ambrisentan has a half -life of 

~15 hours, making it suitable to be taken daily (Barst, 2007). Unlike other ERAs, 

Ambrisentan can get metabolized by glucuronidation and it does not interact with 

warfarin in the liver. Ambrisentan has advantages over other ETAR blockers, such as 

lower reported rates of liver toxicity (Newman et al., 2007). 

1.5.3 Macitentan 

Macitentan sold under the brand name Opsumit, is a dual ETAR/ETBR 

antagonist that was developed by modifying the structure of Bosentan to make 

sulphonamide derivatives. Macitentan has improved tissue penetration and high 

affinity for both receptors, hence a lower dose is required to achieve a similar effect of 

Bosentan. Macitentan has a half-life of approximately 6–8.5 and 14–18.5 hours 
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depending on the dose and it is slowly absorbed by the body. There was no effect of 

macitentan on bile salts indicating no toxic effect on hepatic function (Sidharta et al., 

2013; Sidharta et al., 2011). 

1.5.4 ERA and pregnancy  

Studies have demonstrated the importance of ET1 axis signaling during early 

embryonic development. ET-1/ETAR signaling pathway was shown to be involved in 

early induction, migration and maintenance of neural crest specification (Bonano et 

al., 2008). Therefore, blocking of ETRs using ERAs drugs can affect normal embryo-

fetal development. Mice carrying targeted homozygous mutations for the ET-A 

receptor or ET-1 died shortly after birth due to severe defects in the formation of neural 

crest derivatives (Clouthier et al., 1998; Kurihara et al., 1995; Pla & Larue, 2003). The 

three ERAs approved for the treatment PAH, Bosentan, Ambrisentan and Macitentan 

are listed in the Pregnancy Prevention Program (PPP) and are likely teratogenic (de 

Raaf et al., 2015; Enevoldsen et al., 2020). 

1.6 Properties of tumors  

Cancer happens when cells divide and grow abnormally resulting in a visible 

growth called tumor. Tumor cell have the ability to grow continuously, without being 

controlled by the main phases of the cell cycle. Some type of cancer has rapid cells 

growth, while others grow with a slower rate. Tumor cells can infiltrate and destroy 

normal body tissue and also have the ability to spread throughout the body. Cancerous 

cell is characterized by uncontrollable cell cycle, change in genomic information, rapid 

growth and increase cell mobility (Hanahan & Weinberg, 2011). Morphologically, 

malignant cells can be identified by the presence of a large nucleus, abnormal mitotic 
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figures, high nuclear cytoplasmic ratio, irregular contour, and a scarce cytoplasm 

intensely colored or, on the contrary, pale (Baba & Câtoi, 2007). Neoplastic cells 

function differently when compared to normal cells, these functional changes cause 

the formation or elimination of different active substances, including, growth factors, 

hormones, lytic enzymes. The secretion of lytic enzymes promotes cancerous cell 

mobility and dissemination. Tumors evolving from neoplastic cell composed of a 

highly heterogeneous cell population. This heterogeneity is continuously changing in 

time and can gradually change and increase tumor aggressiveness and acquire 

invasiveness and metastatic characteristics.     

1.6.1 Regulation of tumor metastasis 

 Cancer cell metastasis is the process in which a tumor cell migrates from the 

primary tumor site and colonize a secondary site in distant organ. It is a complex 

process, and up to date the regulatory mechanism of tumor cell migration and invasion 

is not fully defined. However, for a tumor cell to successfully colonize a distant target 

organ, there are essential steps that it needs to go through. Failure to achieve any of 

those steps will result in metastasis inefficiency. As shown in Figure 4, first cells in 

the primary tumor need to detach and invade adjacent tissues and basement membrane. 

Then cells have to enter and survive in nearby blood vessels or lymphatic channels to 

be carried through the circulation to a distant organ. Eventually cells will arrest in 

small vessels within the distant organ, extravasate into the surrounding tissue and 

proliferate at the secondary site forming a secondary lesion (Hunter et al., 2008). 
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1.6.1.1 Inflammatory chemokines and metastasis  

Tumor growth and progression is promoted by multiple soluble factors 

secreted by both, tumor cells and stromal cells in the tumor microenvironment. This 

includes growth factors such as TGF and platelet-derived growth factor (PDGF) and 

cytokines such as chemokines. Chemokines are best known for their role in cells 

recruitment and movement according to a chemokine gradient. Cells expressing 

specific chemokine receptors will home toward the higher concentration of the ligand. 

During inflammation, chemokine induce specific recruitment of lymphocytes, 

 

 

Figure 4: Tumor cells metastasis steps. cells from the primary tumor detach and invade 
the adjacent tissue, then to a blood vessels or lymphatic channels. Cells arrest and 
extravasate to distant target organ. There cells proliferate to form secondary lesion 
(Hunter et al., 2008). 
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dendritic cells and macrophages. However, increasing evidence demonstrated the role 

of chemokines in tumor progression and metastasis (Allavena et al., 2011; Ben-

Baruch, 2006). Inflammatory chemokines can control and regulate the homing and 

extravasation of tumor cells to distant organs. It has been reported that tumor cell 

derived chemokine (C-C motif) ligand 2 (CCL2), also referred to as monocyte 

chemoattractant protein 1 (MCP1), directly activates endothelial cells and with the 

help of monocytes, it facilitates tumor cell extravasation. Also, the recruitment of 

myeloid-derived suppressor cells (MDSC) to metastatic sites is induced by the 

inflammatory chemokines CCL2 and chemokine ligand 5 (CCL5) (Borsig et al., 2014). 

Those are immature myeloid cells with the ability to downregulate adaptive immunity 

and support tumor cells growth and progression. Furthermore, expression of 

Fractalkine also known as chemokine (C-X3-C motif) ligand 1 (CX3CL1) in the bone 

facilitates metastasis of tumor cells that express its receptor, chemokine (C-X3-C 

motif) receptor 1 (CX3CR1) to this site. In clinical studies, the effect of chemokines 

on tumor metastasis was first reported on breast cancer tissue. It has been found that 

in response to the expression of (CXC) chemokine ligand 12 (CXCL12) (CXC), cancer 

cells expressing chemokine receptor 4 (CXCR4) metastasize to the lymph nodes and 

lungs (Müller et al., 2001). CXCR4 is found to be expressed in the bone marrow and 

liver, CXCL12 is considered to be the sole ligand for CXCR4 (Kang et al., 2003; 

Wendel et al., 2012). In consequence, it has been found that breast cancer cells 

metastasize to the different organs in a CXCR4-dependent manner. High level of 

CCL2 and/or CCL5 was connected with poor outcome and shorter disease-free 

survival after surgery in patients with colon, breast, cervical and prostate cancer (Lu 

et al., 2006; Soria et al., 2008; Ueno et al., 2000; Velasco-Velázquez et al., 2012; 

Yoshidome et al., 2009; Zijlmans et al., 2006). High expression levels of CCL2 in 
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breast cancer tissue lead to an elevation in the tumor-associated macrophages (TAM) 

infiltration and increase in vessel density due to angiogenesis. In 4T1 cells, a murine 

breast cancer cells, elevated expression of CCL5 mediated spontaneous cells 

metastasis to lungs and liver (Stormes et al., 2005). CCL5 knockdown in 4T1 cells 

strongly reduced tumor cells metastasis that was linked with a reduced expression of 

MMP-10 and MMP-2. This finding highlights the role of CCL5 in facilitating 4T1 

cells metastasis through modulation of matrix metalloproteinase production. 

1.6.2 Tumors and the immune system 

Tumor cells can suppress immunity by different ways, systemically and at the 

level of the tumor microenvironment. They can produce molecules such as soluble Fas 

ligand (FasL) and TGF-β, that work as immunosuppressor (Houston et al., 2003; 

Teicher, 2007). Moreover, through its progression, a growing tumor can recruit 

different components of the host response to its microenvironment. At first, tumor 

antigens attract dendritic cells (DCs), that take up the antigen and produce interleukin-

12 (IL-12). In the draining lymphoid nodes, DCs stimulate the differentiation of type 

1 helper T-cell (Th1). That will help to expand CD8 cytotoxic T-lymphocytes that can 

destroy tumor cells through the effector molecules granzyme B and perforin.  

However, another set of tumor antigens can promote maturation of a different type of 

dendritic cells, which produce the interleukin-6 (IL-6), proinflammatory cytokines and 

tumor necrosis factor α (TNF-α) and results in the activation of type 2 helper T-cell 

(Th2) that are not effective in tumor rejection. It has also been found that tumors recruit 

regulatory T cells, tumor associated macrophages (TAMs) and myeloid-derived 

suppressor cells (MDSC), all of which are known for their role to suppress antitumor 

effector T cells (Finn, 2008). High numbers of these cells were detected in ovarian 
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cancer and non–small-cell lung cancer (Woo et al., 2001). In addition, tumors can have 

a systemic immunosuppressive effect. In patients with head and neck cancer, an 

increase in regulatory T cells has been found in the peripheral blood (Bergmann et al., 

2007; Chikamatsu et al., 2007). In colorectal cancer and pancreatic tumors there was 

an increase in numbers of activated granulocytes (Schmielau & Finn, 2001) and 

MDSCs (Nagaraj & Gabrilovich, 2007), both of which can suppress tumor specific T-

cells in mice (Sinha et al., 2007).  

1.6.2.1 Chemokines regulate Leukocytes recruitment to the metastatic site    

Versican is a large proteoglycan found in the extracellular matrix and can 

recruit leukocytes by forming a chemokine gradient. Versican facilitates tumor 

metastasis to the lung through enhancement of tumor promoting inflammatory 

responses and releasing CCL2. Accordingly, the recruitment of monocytes and 

myeloid cells expressing chemokine receptor 1,2 and 5 (CCR1-, CCR2- and CCR5) 

was correlated to cancer progression (Lu & Kang, 2009; Qian et al., 2011; Robinson 

et al., 2003; Wolf et al., 2012; Zhao et al., 2013). In breast cancer cells expressing 

CCL5, tumor growth and progression was directly related to the infiltration of 

leukocytes expressing CCR1- and CCR5. The use of Met-CCL5 a CCR1 and CCR5 

antagonist significantly retards tumor growth of already established tumors (Robinson 

et al., 2003). Moreover, the recruitment of CCR2- positive monocytes to the metastatic 

sites was identified as an essential factor for tumor metastasis in colon, breast, and 

lung cancer (Qian et al., 2011; Wolf et al., 2012). 
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1.7 Breast cancer 

Breast cancer is considered as the most common malignancy in women 

worldwide. Approximate of 2.1 million women were newly diagnosed with breast 

cancer in 2018 only, and 626,679 women with breast cancer died (Bray et al., 2018). 

Early detection of cancer in the breast without spreading to other organs or only spread 

to the axillary lymph nodes can successfully be treated in 70-80% of patients. 

However, when breast cancer is metastatic at diagnosis, what known as advanced 

breast cancer is considered uncurable and treatment only prolongs survival and 

improve quality of life. At the molecular level, breast cancer is very heterogenous. It 

has been traditionally classified based on the presence or absence of the steroid 

hormones receptors, estrogen (ER) and progesterone (PR), and the epidermal growth 

factor receptor family member (HER2). Currently breast cancer is clinically classified 

into five subtypes based on the histological and molecular characteristic. The different 

breast cancer subtypes are illustrated on Figure 5.  

1.7.1 Triple negative breast cancer  

Triple negative breast cancer (TNBC) is a subtype of breast cancer that based 

on immunohistochemistry staining is negative for the three receptors: ER, PR and 

HER2. However, TNBCs are heterogeneous in their molecular characteristics, thus 

patients with TNBC have a wide variety of responses to chemotherapy (Medina et al., 

2020). TNBC is known for its aggressive nature and the ability to metastasize to 

distinct organs, such as lung, liver and bone.  TNBC account for 10-20% of invasive 

breast cancer cases (Aysola et al., 2013) and to date it lacks targeted therapies.   
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1.7.1.1 Murine cellular model of triple negative breast cancer (4T1 cells)  

4T1 is a murine cell line model for triple negative breast cancer, was first 

isolated by Fred Miller and his colleagues (Aslakson & Miller, 1992; Dexter et al., 

1978). 4T1 tumor, transplanted in BALB/c mice is highly invasive and can 

spontaneously metastasize from the primary tumor in the mammary pad to different 

distant organs including blood, lungs, liver, lymph nodes, brain, and bone, making it a 

great model to study metastatic breast cancer. Kinetics analysis of the primary tumors 

Luminal 

ER, GATA3, TFF3, 
FOXA1, LIV-1 

 

HER2 
positive 

HER/ERBB2, GRB7 

 
Normal-like 
Mesenchymal cell  

Basal-like 
Keratin 5 and 17 
Laminin, FOXC1, 
c-KIT, P-cadherin  

EMT  
 ALDH1A1 

(mammary stem cell)  
Immune response 

Hormonal metabolism, 
immune response 

Androgen/estrogen 
signaling pathway HER2 

 

EMT signaling 
mammary stem cell-

 

Immune cell signaling 
cytokine signaling  

Cell Cycle  
DNA damage control   

Figure 5: Schematic diagram of breast cancer classification by both gene expression 
and immunohistochemical staining. A. Intrinsic molecular subtypes of breast cancer 
based on gene expression, B. Immunohistochemical features of non-TNBC 
subclassification C. TNBC distinct subtypes according to gene expression patterns 
and significant molecular features of each subtype. TNBC shows negativity for ER, 
PR, and HER2. ER estrogen receptor, PR progesterone receptor, HER2 human 
epidermal growth factor receptor 2, IHC immunohistochemistry, LAR luminal 
androgen receptor, CL claudin low, M mesenchymal, MSL mesenchymal stem-like, 
IM immunomodulatory, BL basal-like, MES mesenchymal, BLIA basal-like 
immune-activated, BLIS basal-like immunosuppressed, EMT epithelial-
mesenchymal transition, TNBC triple-negative breast cancer (Lee, Oh, Go, Han, & 
Choi, 2020) 
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collected from 4T1-tumor bearing mice has shown that, orthotopic transplant of 4T1in 

the fat mammary pad causes splenomegaly and increases the hematopoietic cells 

infiltrate (CD45+) in the primary tumor site, mainly CD11b+ myeloid cells, with a 

F4⁄80+CD11c+ Gr-1+ phenotype (DuPre et al., 2007). Those are immature myeloid 

cells that are capable of differentiating into macrophages, dendritic cells, or 

granulocytes under the influence of certain cytokines or growth factors. On the other 

hand, analysis of the lung and liver, revealed the accumulation of granulocytes 

(Gr1+CD11b+ but F4/80-/CD11c-) myeloid phenotype population. It has been found 

that those neutrophils are gathered at the premetastatic site in the lung and produce 

leukotrienes which in turn will recruit highly tumorigenic breast cancer cells to the 

lung and thereby promote the seeding and colonization of tumor cells (Xie et al., 2017). 

In addition, it has been reported that 4T1 cells their selves produce neutrophils 

attractant chemokines such as, chemokine ligand 5 (CCL5) also known as RANTES, 

monocyte chemoattractant protein-1 (MCP-1/CCL2) and keratinocytes-derived 

chemokine (KC/CCL1). Which indicates that 4T1 cells and myeloid infiltrating cells 

are working in loop to induce tumor cells metastasis and colonization to the metastatic 

sites. 

1.8 ET- axis and tumor growth 

The autocrine ET-1 signaling in various tumor cells, functions as a mitogen 

and stimulate cancer cells proliferation. This signal can be amplified by interaction 

with different growth factors, including epidermal growth factor (EGF) and vascular 

endothelial growth factor (VEGF), basic fibroblast growth factor, insulin, insulin-like 

growth factor, PDGF, TGF-β and IL-6 (Nelson et al., 2003; Rosanò et al., 2013). 

Different studies using prostate, cervical, and ovarian cancer cells, showed that the 
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blockade of ET-1 receptor with receptors antagonists such as Zibotentan (ZD4054) 

and Atrasentan (ABT-627), lead to a significant growth inhibition and apoptosis 

induction. The combination of chemotherapeutic drugs with BQ123, Atrasentan, and 

Zibotentan, the selective ETAR antagonists or with dual ETAR and ETBR antagonist, 

Macitentan, improved the antitumor activity (Maffei et al., 2014; Nelson et al., 2003; 

Rosanò et al., 2014; Rosanò et al., 2013). Different tumor cells escape apoptosis by 

modulating well-known cell survival pathways, such as dependent protein kinase B 

(Akt), Phosphoinositide 3-kinases (PI3K), and NF-κB (Banerjee et al., 2007; Nelson 

et al., 2005). In prostate cancer cells, the use of Atrasentan, selective ETAR antagonist, 

inhibited the NF-κB DNA-binding activity, correlated with a decrease in the levels of 

the anti-apoptotic proteins Bcl-2, Bcl-xl and survivin, causing apoptotic cell death 

(Banerjee et al., 2007). Using ovarian cancer cells, it was found that ET-1 

phosphorylated the anti-apoptotic protein Bcl, which lead to the inhibition of 

paclitaxel-induced apoptosis. Moreover, when the specific ETAR antagonist BQ123 

was used, it restored the apoptotic response (Del Bufalo et al., 2002). In addition, 

numerous in vitro and in vivo experiments were performed on ovarian, prostate, colon 

and cervical cancer cells to study the effect of combining ET receptors antagonist and 

chemotherapy reagents, and all showed an improved induction of cell apoptosis 

(Bagnato et al., 2002; Banerjee et al., 2007; Del Bufalo et al., 2002; Kim et al., 2011; 

Kim et al., 2012; Nelson et al., 2005; Rosano et al., 2003). 

1.9 ET1 role in tumor cell invasion and metastasis 

A key feature distinguishing tumor cells from normal cells, is their capability 

to migrate and spread throughout the body by two related mechanisms, invasion and 

metastasis. During tumor progression, tumor cells regulate the synthesis and 
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production of the substances that bind cells to their surroundings, in addition to the 

release of proteases to lose cell-cell junctions allowing cancer cells to convert to more 

mesenchymal phenotype, facilitate invasion of extracellular matrix (ECM) and escape 

the primary tumor site (Polyak & Weinberg, 2009). In the aggressive model of triple-

negative breast cancer (TNBC), it has been found a direct relation between lactoferrin 

and cells invasiveness, which was promoted through increasing ET1 expression and 

secretion (Ha et al., 2011). When BQ123 was added to the TNBC cells in culture, the 

ability of ET1 lactoferrin to promote cell migration was impaired. 

1.9.1 MMPS and integrins 

 Increasing cell motility and migration depends on the ability of the cells to 

express different molecules and metastasis proteinases, among those are the soluble 

matrix metallopeptidases (MMPs) and integrins that facilitate the attachment of cells 

to the ECM, in addition to the modulation of cellular functions and behavior by 

delivering intracellular messages. ET1 activates varieties of soluble MMPs, including 

MMP2, MMP9, MMP3, MMP7 and MMP13. It also, increases the MMP/TIMP ratio 

by activating membrane type-1-MMP (MT1-MMP) and decreasing the release of 

tissue inhibitor of MMP1 (TIMP1) and TIMP2, which induces the rapid degradation 

of the ECM (Rosanò et al., 2001; Wu et al., 2012). In cultured glioblastoma (GBM) 

cells, exogenous ET-1 induced tumor cell migration that was correlated with an 

increase expression of MMP-9 and MMP-13 (Hsieh et al., 2014). Moreover, several 

studies on ovarian cancer and melanoma cells suggested the potential effect of ET1 on 

metastatic colonization by modulating β-integrins activation. The crosstalk between 

integrin-linked kinase (ILK), an intracellular serine/threonine kinase and ET1 

promotes binding of ILK to the cytoplasmic domains of β1 integrin subunits, 
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connecting integrins to the actin cytoskeleton, controlling the spread of the cells and 

actin organization required for cell motility (Bagnato et al., 2004; Rosanò et al., 2006). 

1.9.2 RHO-GDI2 

Reduced expression of the GDP dissociation inhibitor (RhoGDI2), a metastasis 

suppressor, was found to decrease survival of patients with advanced lung metastatic 

bladder cancer. When DNA microarrays were performed to identify genes affected by 

RhoGDI2 reconstitution, ET1 suppression was observed (Titus et al., 2005). In the 

same model, treatment with Atrasentan and Zibotentan inhibited lung metastasis, 

suggesting the importance of ET1 in the bladder cancer microenvironment to promote 

pulmonary metastasis, thus identifying ET1 as a potential biomarker for lung 

metastasis (Said et al., 2011; Titus et al., 2005).  

1.10 Effect of ET-1 on angiogenesis  

Angiogenesis is the process of forming a network of blood vessels to support 

tumor growth and an important mechanism in tumor cells progression and metastasis. 

It is regulated by multiple conditions in the tumor microenvironment, including local 

hypoxia. It has been showed that ET1 works as mitogen for fibroblasts, vascular 

smooth muscle cells, blood and lymphatic endothelial cells (Nelson et al., 2003). 

Moreover, ET-1 found to stimulate angiogenesis process independently and through 

the induction of VEGF, expression of ET-1 and its receptor ETBR was increasing in 

correlation with VEGF and its receptors (VEGFR1 and VEGFR2) (Salani et al., 2000; 

Spinella et al., 2009; Wu et al., 2014). 
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1.11 ET-1 and immune cells   

1.11.1 Inflammation and macrophages 

 ET1 can regulate differentiation and activation of tumor associated 

macrophages (TAMs). The expression of ETBR by macrophages allows them to travel 

towards ET1 secreted by different tumor cells. It has been reported that the secretion 

of ET1 by bladder cancer cells, triggers macrophages and induce pro-inflammatory 

cytokines and chemokines, such as IL-6, CCL2, COX2 and MMPs, which enable the 

primary cancer cells to migrate to the lungs. Interestingly, when ETAR antagonist, 

Zibotentan was used and macrophages were depleted, lung metastasis was suppressed 

(Said et al., 2011). In a breast cancer model, macrophages induced the expression of 

ET-1 and its receptor by the cancer cells, promoting the transendothelial migration of 

cancer cells (Chen et al., 2014). 

1.11.2 Dendritic cells 

Dendritic cells the most efficient antigen presenting cells were found to 

produce ET-1 and highly express ETAR and ETBR, especially during their maturation 

(Guruli et al., 2004). Interestingly, depending on which receptor is being activated, 

dendritic cells can respond differently. Blockade of ETAR using Atrasentan 

significantly reduced the expression of CD83, a dendritic cells maturation marker. It 

also reduced the production of IL-12, which impairs the ability of DC to stimulate T 

cells by dendritic cells and promoted cell apoptosis. On the other hand, blockade of 

ETBR by A192621 increased the expression of CD83 and improved dendritic cell 

survival.  
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1.11.3 Lymphocytes 

 ETBR overexpression was linked to the inhibition of T cells homing to the 

tumors. In ovarian cancer cells, ETBR signaling decreased tumor infiltrating 

lymphocytes and the use of ETBR antagonists abrogated this effect (Buckanovich et 

al., 2008; Kandalaft et al., 2009; Kandalaft et al., 2011). Moreover, it has been found 

that ETBR inhibits the expression of endothelial intercellular adhesion molecule 1 

(ICAM1) preventing the adhesion of T cells to the endothelium.          

1.12 ET-1 antagonists in clinical trials 

The importance of ET1 signaling for tumor progressing and its role in 

promoting cancer cells metastasis and colonization, make it a rational target for cancer 

therapy. The promising preclinical results from cells and animal models on ET 

receptors antagonist therapy in cancer, opened the door to initiate different clinical 

trials. The dual ETAR and ETBR antagonists Bosentan and Macitentan and the 

specific ETAR antagonist Zibotentan, Atrasentan and YM-598, all have been 

evaluated in clinical settings. A phase III trials in patients with non-metastatic prostate 

cancer or advanced metastatic prostate cancer, Atrasentan and Zibotentan, each have 

been evaluated. ETRAs were giving either alone as a monotherapy or combined with 

docetaxel as combination therapy. All the trials, unfortunately, failed in patients with 

well-established tumor (Bagnato et al., 2011; Morris et al., 2005). In a phase I/II trial 

in patients with platinum-resistant recurrent ovarian cancer, Atrasentan was combined 

with doxorubicin. Limited number of patients showed a sign of prolonged survival 

(Witteveen et al., 2010). The reasons for this failure might be that ERA drugs have 

been used for patients with established metastatic disease suggesting that ERAs have 
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no effect on advanced tumors. Therefore, new therapeutic strategies need to explore 

the potential of Ambrisentan and other ERAs as adjuvant drug for patients with non-

metastatic disease to prevent metastasis. 
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Chapter 2: Hypothesis 

 

Endothelin axis is composed mainly of the ligand endothelin-1 (ET-1) and two 

main receptors, ETAR and ETBR. When ET-1 binds to its receptors, it stimulates the 

initiation of several signaling pathways that play a key role in multiple cellular 

processes such as, cell proliferation, migration, survival and apoptosis. Moreover, 

activation of endothelin receptors in particular the binding of ET1 to ETAR has been 

implicated in the development of several cancers. In some tumors, ET1 acted as a co- 

mitogen that induces cancer cells proliferation. Also, ET axis has shown to promote 

epithelial to mesenchymal transition and induce tumor cells migration and invasion.  

Relaying on the previous findings, this study hypothesizes that blocking ETAR 

signaling could retard tumor growth and metastasis and enhance host survival in the 

invasive triple negative breast cancer animal model.  
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Chapter 3: Aim and Objectives of the study 

 

This study aims to investigate the in vivo effects of the selective ETAR 

antagonist Ambrisentan on metastatic breast cancer using a preclinical animal model. 

Ambrisentan is a selective ETAR antagonist approved by the U.S Food and Drug 

administration (FDA) and European Medicines Agency (EMA) for the treatment of 

PAH. Ambrisentan lower rate of liver toxicity possess advantages over other ETAR 

antagonists, however, the anti-tumor potential of Ambrisentan is yet to be investigated. 

Specific aims in this study are: 

• Investigate the effect of Ambrisentan on tumor growth and metastasis as well 

as host survival in the preclinical 4T1 TNBC model 

• Analyze the underlying mechanism for the action of Ambrisentan 
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Chapter 4: Materials and Methods 

 

4.1 Materials 

4.1.1 Mice  

BALB/c mice were purchased from Jackson Laboratory (Bar Harbor, ME, 

USA), bred in the animal facility at the College of Medicine and Health Science, 

United Arab Emirates University (CMHS, UAEU). Mice were housed in plastic cages 

with a controlled light and dark cycle of 12 hours each at 24-26°C and received rodent 

chow and water ad libitum. All animals for this study were female and used at 8-12 

weeks of age, weighing 18-22 g. All studies involving animals were carried out in 

accordance with, and after approval of the animal research ethics committee of the 

UAEU (Protocol no.AE/06/81). 

4.1.2 Standard solutions  

For the different techniques, different solutions were used. Table 1 shows the 

preparation of each solution. 
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Table 1: Standard solutions 

Solution Preparation 

10x PBS  87.66 g NaCl, 2.56 g NaH2PO4.H2O and 11.94 g 
Na2HPO4 dissolved in 1 L of distilled water.  

Staining buffer for flow 
cytometric analysis  

1 ml fetal calf serum and 0.1 g NaN3 was 
dissolved in 100 ml PBS.  

Retrieval solution for 
immunocytochemistry  

1.21 g Tris base, 0.37 g EDTA with 1000 ml 
water, pH adjusted to 9.  

Blocking buffer (BSA) for 
immunocytochemistry  

1 g albumin from bovine serum with 100 ml PBS 
with tween.  

RBCs lysis buffer 8.3g ammonium chloride, 1g potassium 
bicarbonate and 1.8ml of 5%EDTA in 1L of 
distilled water and filtered through 0.2μm filter 

10% Formalin for fixation  100 ml 37% formaldehyde in 900 ml PBS.  

 

4.1.3 List of antibodies used for FACS staining  

All antibodies used for flowcytometry experiments are shown in Table 2.  

Table 2: List of antibodies used for FACS staining 

Antibody Host Conjugate Catalogue # Company Dilution 

(ug/ml) 

CD16/CD32 Rat - 101302 Biolegend 10 

CD45 Rat APC 103112 Biolegend 2.5 

CD3 Rat Brilliant Violet 785™ 100232 Biolegend 2.5 

CD3 Rat FITC 100306 Biolegend 5 

CD19 Rat PE 115508 Biolegend 2.5 

CD8 Rat APC 100712 Biolegend 2.5 
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Table 2: List of antibodies used for FACS staining (Continued) 

 

Antibody Host Conjugate Catalogue # Company Dilution 

(ug/ml) 

CD4 Rat Alexa Fluor® 700 100430 Biolegend 2.5 

CD4 Rat PE/Cyanine7 100528 Biolegend 2.5 

CD11b Rat Alexa Fluor® 488 101217 Biolegend 2.5 

CD11b Rat Alexa Fluor® 700 101222 Biolegend 2.5 

CD11b Rat APC/Cyanine7 101226 Biolegend 2.5 

Ly6G Rat APC/Fire™ 750 127652 Biolegend 2.5 

Ly6C Rat Brilliant Violet 785™ 128041 Biolegend 1.25 

Ly6C Rat PE 128008 Biolegend 1.25 

CXCR2 Rat PE 149304 Biolegend 2.5 

F4/80 Rat Brilliant Violet 421™ 123137 Biolegend  2 

MHCII Rat Alexa Fluor® 488 107616 Biolegend 2.5 

Zombie 

Aqua Fixable 

Viability Kit 

- BV-510 423101 Biolegend 1:200 

7AAD 

viability 

staining 

solution 

- PerCP-cy5-5 420404 Biolegend 1:100 
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4.1.4 List of materials, kits used and suppliers  

All chemicals or kits used in different techniques are shown in Table 3.  

Table 3: List of materials used and suppliers 

Chemicals  Company  Catalog #  

Lung dissociation kit-mouse Miltenyi Biotec 130-095-927 

D-Luciferin Sigma 2591-17-5 

isoflurane Baxter FDG9623 

Bright-Glo™ Luciferase 
Assay System 

Promega E2610 

RNeasy® Plus Mini Kit Qiagen 74134 and 74136 

 

4.1.5 List of antibodies used for immunocytochemistry  

Table 4 shows the list of antibodies used for immunocytochemistry  

Table 4: List of antibodies used for immunocytochemistry 

Antibody  Host  Reactivity  Catalog #  Company  Dilution  

Ki67  rabbit Anti-mouse  ab21700  Abcam  Pre-diluted  

CD31 rabbit Anti-mouse ab28364 Abcam 1:1000 

Signal 

stain boost 

IHC  

  Anti-rabbit  8114S  Cell 

signaling 

Pre-diluted 
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4.2 Methods 

4.2.1 Breast cancer cell line  

Murine mammary gland cell line 4T1 were a generous gift from Dr Jo Van 

Ginderachter (Vrije Universiteit Brussel, Belgium) and the genetically engineered 

4T1-Luc2 cells to constitutively express the firefly luciferase protein was a generous 

gift from Dr. Janet V. Cross (University of Virginia School of Medicine, USA). Cells 

were grown in DMEM supplemented with 10% FBS (Gibco-ThermoFisher Scientific) 

at 37°C in a humidified atmosphere with 5% CO2. For implantation experiments, 4T1 

cells were trypsinized, washed, resuspended in PBS to a single cell suspension, 

counted, and unless otherwise indicated 20x103 cells were injected subcutaneously 

within 30 min. For qRT-PCR, 1.5x106 cells were seeded in 6-well plates and treated 

with vehicle or 1,10,100 µM Ambrisentan for 4 and 24 hours. Cells were collected in 

trizol for RNA extraction.  

4.2.2 Ambrisentan preparation  

Ambrisentan powder, a generous gift by Dr Gabriela Riemekasten (University 

of Lübeck, Germany) was prepared in solution at a concentration of 20 mg/1ml in 

distilled water (dH2O). Since Ambrisentan is poorly soluble in water, 100 mg of the 

powder was diluted in 2 ml dH2O adjusted to a high pH (> 12). When Ambrisentan 

was completely dissolved, HCL was used to decrease the pH to ~7 in the stock solution 

to a final concentration of 20 mg/ml. Stock was aliquoted in eppendorf tubes and kept 

in -20°C until use. Before each experiment, a working solution with a final 

concentration of 1 mg/ml for animal use was also prepared by diluting the 20x stock 

in dH2O when needed. Each mouse received 0.2 mg/200 µl of Ambrisentan solution 
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(equivalent to 10 mg/kg of body weight) by oral gavage P.O. Control animals received 

an equivalent volume of dH2O (200 ul).  Ambrisentan treatment or water for the control 

were administered daily for 5 consecutive days, followed by a 2-days break, and this 

cycle was repeated for a total of 5 weeks, three weeks before tumor implantation, 

followed by 2 weeks of treatment after the implantation. 

4.2.3 Experimental protocol 

Female BALB/c mice with matched age and weight were randomly divided 

into two groups. First group received 200 µl of water daily by P.O and served as 

control. Second group received 0.2 mg/200 µl of Ambrisentan P.O. and served as 

treated group. After three weeks of treatment, 4T1 cells (2×104) cells in 100 µl 

volume, unless otherwise indicated) were orthotopically implanted by injecting the 

cells subcutaneously into the fourth mammary fat pad following Pulaski et al. protocol 

(Pulaski & Rosenberg, 2000). Treatment with Ambrisentan or dH2O was continued for 

another 2 weeks post implantation. Tumor growth was followed by quantitative 

determination of tumor volume twice weekly and tumor volume was calculated from 

two tumor diameter measurements using the following formula: tumor volume = 

(length×width2)/2. Mice were sacrificed at day 21 post-implantation, blood was 

collected, and spleen, tumor, liver and lungs excised for further analysis. For survival 

experiments, mice were implanted orthotopically with 4T1 cells (5×103 cells per 

mouse), tumor volumes were measured twice/week and animal survival was monitored 

for up to 60 days. Animals with any sign of morbidity including, lethargy, weight loss, 

hyperkyphosis and piloerection, were humanely sacrificed by CO2 asphyxiation. 
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4.2.4 Spleen tissue processing  

At the end of experiment, mice were sacrificed, spleens were collected, and 

single-cell suspension was prepared by mechanical dissociation. Spleens were teased 

apart into a single-cell suspension by using the frosted ends of two microscope slides 

using 5 ml of PBS. Red blood cell lysis was performed using 1 ml of RBCs lysis buffer 

(NH4Cl, KHCO3, and 5% EDTA). The resultant cells were counted manually using a 

hemocytometer and processed for flow cytometry.  

4.2.5 Lung tissue processing  

Lungs were excised at the end of the experiment, washed with PBS, cut into 

small pieces that were transferred into GentleMACS C-tubes (Miltenyi 

Biotec,Germany), for processing using a lung dissociation kit and a GentleMACS 

dissociator (Miltenyi), according to the manufacturer’s instructions. To obtain a 

single-cell suspension, homogenized lungs were passed through a 70-mm nylon mesh. 

The resultant cells were counted manually using a hemocytometer and processed for 

flow cytometry  

4.2.6 Blood processing for single-cell suspension 

Blood was collected from animal immediately after scarification to prevent 

coagulation. Then, 2 ml of 1x RBC lysis buffer was added to each tube and 

immediately vortexed. Samples were incubated at room temperature for 10-15 the 

minutes in dark and then centrifuged at 350 g for 5 minutes. Supernatant was aspirated 

and cells resuspended. 
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4.2.7 Flow cytometry  

0.5x106 cells/well from isolated cells were incubated in U shaped bottom 96-

well plate (BD) for 30 minutes at 4°C in 50 μl of staining buffer containing anti-

CD16/CD32 monoclonal antibody (clone 2.4G2) to block the FcII/III receptors and, 

therefore, prevent any non-specific binding of the antibodies. Then, the plate was spun 

at 900 rpm for 5 minutes at 4°C, decanted, and cells incubated with zombie antibody 

for exclusion of non-viable cells. Afterwards, the plate was spun at 900 rpm for 5 

minutes at 4℃, decanted and cells incubated at 4°C for 30 minutes with different 

combinations of conjugated monoclonal antibodies (Biolegend as detailed in Table 2) 

in a total volume of 100 μl/well. Then, plates were spun, decanted and cells washed 

twice with staining buffer, 200 μl/well. Finally, cells were re-suspended in 200 μl of 

staining buffer and either immediately read or fixed overnight by adding 100 μl of 4% 

paraformaldehyde. Data were collected on 30,000 cells using BD FACS Celesta (BD 

biosciences, Mountain View, CA, USA) and analyzed using FlowJo TM software. 

4.2.8 Liver tissue fixation and H and E staining  

At the end of the experiment, livers were excised and immediately fixed in 

10% Formalin. After overnight fixation, tissues were placed in histological cassettes, 

dehydrated with a series of alcohols, 70% to 95% to 100%, cleared with xylene and 

then infiltrated and embedded in paraffin (Sherwood Medical, St. Louis, Mo, USA). 

Using Shandon Finesse 325 manual microtome (Thermo Scientific, Pittsburg, PA, 

USA), paraffin blocks were trimmed, 5 μm sections prepared and placed on gelatin 

coated slides. The process of rehydration was done at room temperature by immersing 

the sections in xylene I solution for 5 minutes, xylene II for 5 minutes, absolute ethanol 
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I for 3 minutes, absolute ethanol II for 3 minutes, 90% ethanol for 3 minutes, 80% 

ethanol for 3 minutes and finally 70% ethanol for 3 minutes. Then tissue was stained 

with Instant Haematoxylin (Thermo Scientific Shandon, Pittsburg, PA, USA) for 10 

minutes followed with eosin yellowish (Panreac, Spain) for 1 minute. Finally, the 

sections were dehydrated in ascending series of graded ethanol, cleared in xylene and 

mounted with DPX (Panreac, Spain). Images were captured with an Olympus BX51 

microscope model V-LH100HG (Olympus Corporation, Japan). 

4.2.9 Assessment of liver metastasis 

Quantification of micro-metastases, defined as single-to small clusters of 

tumor cells, in the liver was done using the H and E-stained sections and visualized in 

a stereo investigator system (Zeiss Imager M2AX10, Germany). For each section, total 

area was scanned and measured. Digital images were used to quantify the number of 

tumor metastatic foci in each section and calculated as the number of foci per mm2 

area. To detect the highly proliferative cells, indirect immunostaining with a rabbit 

anti-mouse Ki67 antibody (Abcam, Cambridge, UK) followed by anti-rabbit-HRP 

(Cell signaling, Danvers, MA, USA) was used. Antigen retrieval was performed by 

placing the tissue slides at 200°C for 10 minutes, and then cooled down for 30 mins 

on ice. Peroxidase activity was determined using DAB chromogen (Dako, Carpinteria, 

CA, USA). Hematoxylin was used as counterstain, then sections were visualized and 

photographed with an Olympus BX51 microscope. All slides were examined by a 

certified pathologist under blinded conditions. 
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4.2.10 CD31 immunohistochemistry staining and tumor vascularity assessment 

At the end of the experiment tumors were collected and fixed with 10% 

formalin, embedded in paraffin and used to prepare 5 um sections. After tissue 

dehydration, antigen retrieval was performed by placing the tissue slides at 200°C for 

10 minutes, and then cooled down for 30 mins on ice. Endogenous peroxidase activity 

was blocked using 3% H2O2 solution diluted in methanol. After 3 wash cycles with 

0.01% Tween-20 in TBS (TBST) (10 minutes each), the slides were further blocked 

with 5% BSA in PBS for 45 minutes followed by incubation at 4°C with a rabbit anti- 

mouse CD31 antibody (Abcam, Cambridge, UK) diluted in BSA (1:1000). After 

overnight incubation, slides were kept for one hour at room temperature, washed and 

then, incubated with the secondary antibody anti rabbit HRP (Cell Signaling, Danvers, 

MA, USA) for 30 minutes in a humid chamber at room temperature. After 3 wash 

cycles with TBST (10 minutes each) the peroxidase activity was determined using 

DAB chromogen (Dako) for 5-10 minutes followed by wash with distilled water. 

Sections were then, stained for 1 minute with hematoxylin and dehydrated. 

dehydration was in the following order: 70% ethanol for 1 minute, 80% ethanol for 1 

minute, 90% ethanol for 1minute, absolute ethanol I for 1minute, absolute ethanol II 

for 1 minute, xylene I for 2 minutes and xylene II for 2 minutes. Finally, sections were 

mounted with DPX (Panreac, Spain) and images captured with an Olympus BX51 

microscope model V-LH100HG (Olympus Corporation, Japan). For tumor vascularity 

quantification 10 random HPF were scanned, and the blood vessels number and area 

were recorded. Tumor vascularity was calculated as average surface vessels area per 

HPF.   
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4.2.11 Lung metastasis assessment 

Lungs were collected at the end of the experiment and the right, and the left 

lungs were processed separately, and their weight were recorded. Lungs were 

homogenized in 2 ml DMEM media while the tubes kept on ice at all time to maintain 

high cell viability. When the tissue homogenate was made to solution, samples were 

serially diluted, and 100 µl of each dilution was taken and labelled. All samples were 

in duplicates. Equal volume of the Bright-Glo™ Luciferase Assay reagent (100 µ) 

(Promega, Madison, USA) was added to each sample. After 5 minutes, samples were 

vortexed, and the luciferase signal was measured as the relative luminescence level 

using GloMax®-Multi Detection System (Promega, Madison, USA). Using a protocol 

that was stablished in the lab, metastatic tumor cells in the lung were quantified as 

number of metastatic tumor cells per mg of lung tissue.  

4.2.12 In vivo bioluminescence imaging (IVIS) 

Mice were treated with either dH2O or Ambrisentan as described in the 

treatment protocol and implanted with 20x103 4T1-Luc cells. Prior to imaging, animals 

received an intraperitoneal injection of D-Luciferin firefly (Sigma) at a dose of 

150 mg/kg body weight. 10 minutes after Luciferin injection to ensure consistent 

photon flux, animals were initially placed in a chamber where they inhaled a mixture 

of the anesthetic isoflurane (Baxter, Deerfield, IL, USA) and oxygen. Afterwards, mice 

were moved to the platform in the imaging chamber where their noses were put at the 

anesthetic-gas ports to maintain anesthesia. At different time points, starting from the 

day of implantation and followed with once weekly until the end of the experiment, 

mice were imaged to follow tumor growth and metastasis using the in vivo imaging 
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system Lumina II (Caliper Life Sciences, Hopkinton, MA, USA). Data acquisition and 

analysis were performed using living image software (Caliper Life Sciences). 

4.2.13 Quantitative RT‑ PCR analysis 

RNA was extracted by trizol method and re-purified on Qiagen columns (RNA 

easy mini kit, Qiagen, Valencia, CA). The quality and quantity of the RNA was 

determined using the Nanodrop ND-1000 spectrophotometer (Thermo Scientific, 

Waltham, MA). cDNA was synthesized using Taqman reverse transcription reagents 

(Applied Biosystems, Foster City, CA) using manufacturer’s protocol. Premade 

TaqMan primers and probes (Applied Biosystems) were used to study the expression 

of a set of genes, HPRT (Mm01545399_m1), CXCL1 (Mm04207460_m1), CCL5 

(RANTES) (Mm01302427_m1), Mmp9 (Mm00442991_m1), MCP-1 (CCL2) 

(Mm00441242_m1) and VEGFa (Mm01281449_m1). Transcript levels of target 

genes were normalized according to the ΔCq method to the respective mRNA levels 

of the housekeeping gene HPRT. The expression of the target gene is reported as the 

level of expression relative to HPRT. 

4.2.14 In ovo tumor growth assay  

Fertilized White Leghorn eggs were incubated at 37.5°C and 50% humidity for 

9 days. At the embryonic day 9 (E9), the chorioallantoic membrane (CAM) was 

dropped by drilling a small hole through the eggshell into the air sac, and a 1cm2 

window was cut in the eggshell above the CAM. Cancer cells were trypsinized, washed 

with complete medium, and suspended in PBS. A 50 µl inoculum of 1 × 106 cells was 

added onto the CAM of each egg, in a total of 10 to 15 eggs per treatment condition 
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(to get sufficient surviving embryos at the end of the experiments). Two days later, 

tumors that began to be detectable were treated every second day at E11, E13, E15, 

and E17 by dropping 100 μl of the vehicle (PBS) or Ambrisentan (10 mg/kg). At E18, 

the upper portion of the CAM was removed, washed in PBS, and then the tumors were 

carefully cut away from normal CAM tissues and weighted to determine the impact of 

Ambrisentan on tumor growth. The in ovo 4T1-Luc xenografts assay was done by Dr. 

Samir Attoub’s lab (UAE University, Al Ain. UAE) and according to the protocol 

approved by the animal ethics committee at the United Arabs Emirates University. The 

eggs were randomly assigned to the treatments, but the experimenter was not blinded 

to the identities of the groups. All data collected were used in statistical analysis.  

4.2.15 Statistical analysis  

Statistical significance between control and treated groups was analyzed by 

unpaired two-tailed Student’s t-test or two-way ANOVA test to analyze the difference 

in tumor volume between the two groups through the different time points. While the 

log rank (Mantel-Cox) test for Kaplan-Meier functions was used for survival 

experiments analysis. All tests were performed using GraphPad Prism software (San 

Diego, CA, USA). Differences between experimental groups were considered 

statistically significant when P-values were < 0.05. 
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Chapter 5: Results 

 

5.1 Myelopoiesis is a hallmark of the 4T1 breast cancer model        

4T1 is a triple negative murine breast cancer cell line that recapitulate the 

properties of human TNBC in being highly tumorigenic, invasive and capable of 

readily metastasizing from the primary tumor to distant organs including the lungs, 

brain and liver. One of the main characteristics of 4T1 tumor cells is their ability to 

induce myelopoiesis in the bone marrow through their high level of constitutive 

production of monocyte chemoattractant protein-1 (MCP-1) and other chemokines 

(DuPre et al., 2007). As a consequence of this central property, increased accumulation 

of myeloid cells in the tumor tissue as well as metastatic organs is consistently 

observed in mice harboring 4T1 tumor cells. Therefore, first the cellular changes in 

the blood and spleen tissue were analyzed at different time points after 4T1 

implantation. Kinetic analysis of blood and spleen tissue of 4T1 tumor-bearing mice 

was performed. Females BALB/c mice were subcutaneously implanted with 1x105 

4T1 cells and then sacrificed at different time points (Day 14, 21, 28 and 35) post-

tumor implantation. Spleen and blood cells were collected, and 6-color flow cytometry 

was used to study the distribution of myeloid cell populations. Total myeloid cells 

were identified using the pan-myeloid cell marker CD11b. Myeloid cells which were 

also positive for the Ly6G cell surface marker were identified as granulocytes. 4T1 

tumors resulted in a massive increase in the total myeloid cell population (CD11b+) 

as early as day 14 post tumor implantation, reaching up to ~80-90% of the total 

leukocytes in the blood and spleen by day 35 post implantation (Figure 1B, D). 

Moreover, those cells were predominantly Ly6G+ granulocytes (Figure 6C, E). 
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Increased granulopoiesis correlated with the significant splenomegaly observed in 4T1 

tumor-bearing mice (Figure 6F). The average spleen weight was approximately 3-fold 

and 6-fold larger than normal at day 21 and 35 post implantation. 

5.2 No gross adverse effects observed following Ambrisentan administration in  
      mice 

In order to monitor Ambrisentan toxicity in mice, body weight was determined 

in animals treated with Ambrisentan or vehicle control daily for 3 constitutive weeks. 

Baseline body weights were recorded just before starting the treatment and at weekly 

intervals after treatment with either vehicle or Ambrisentan. The percentage change in 

body weight from baseline was then calculated. Results showed that treatment with 

Ambrisentan over a 3 week-period did not retard the normal weight gain and treated 

mice had the same rate of increase in body weight as normal mice (Figure 7A). In 

another experiment, mice were treated with Ambrisentan daily for two weeks, after 

which spleens and blood were collected and 6-color flow cytometry was used to 

examine the effect of Ambrisentan on immune cell populations. Phenotype-specific 

markers, such as CD19, CD3 and CD11b, were used to identify B cells, T cells and 

myeloid cells, respectively. The findings confirmed that Ambrisentan treatment did 

not change the cellular landscape in spleens of treated mice (Figure 7B-D) and did not 

alter spleen weights. In the blood, however, there was evidence of a decrease in of a 

decrease in the percentage of myeloid cells in treated animals (Figure 7H). However, 

the absolute myeloid cell number in both normal and Ambrisentan-treated mice was 

the same (Figure 7I). 
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Figure 6: 4T1 tumors promote the accumulation of granulocytes in blood and spleen. Mice were implanted with 4T1 cells, sacrificed at different 
time points thereafter, as indicated, at which blood and spleens were collected and analyzed by flow cytometry 
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Figure 6: 4T1 tumors promote the accumulation of granulocytes in blood and spleen. Mice were implanted with 4T1 cells, sacrificed at 
different time points thereafter, as indicated, at which blood and spleens were collected and analyzed by flow cytometry to determine 
distribution of myeloid cell populations (continued). (B-E) Percentage of CD11b+ cells in blood (B) and spleen (D) showing the 
accumulation of myeloid cells over time. Those cells were mainly of granulocytic (Ly6G+) phenotype in both blood (C) and spleen (E). 
Spleen weights of normal or tumor-bearing mice at different time points post 4T1 implantation.  Asterisks denote statistically 
significant differences (* p < 0.05, ** < 0.01, *** <0.001). The data is pooled from 3 independent experiments (n = 3-4/group). 
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5.3 Ambrisentan retards tumor growth in a dose and time-dependent manner 

To assess the potential of Ambrisentan as an anti-cancer agent, a preclinical 

syngeneic mouse 4T1 breast cancer model that express ETAR was used (Kappes et al., 
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Figure 7: Ambrisentan treatment does not lead to any gross alterations in body weight 
and immune cell populations in peripheral lymphoid organs. (A) Percentage of 
increase in body weight in mice treated with Ambrisentan or vehicle (water). 
Percentage of the different immune cell populations in the spleen (B-D), spleen 
weight (E), percentage of different immune cell populations in the blood (F-H), and 
absolute myeloid cells number in the blood (I).  Asterisks denote statistically 
significant differences (* p < 0.05). Data in (A) is pooled from 2 experiments (B-I) 
from one experiment (n = 3 / group). 
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2020). First, given that Ambrisentan has been approved for use in patients with PAH 

at 5-10 mg/kg dose (Galiè et al., 2008; Kingman et al., 2009), this study assessed oral 

administration of Ambrisentan at 5-10 mg/kg dose range in mice. BALB/c mice were 

given either Ambrisentan or vehicle (control) for 2 weeks, then implanted with 20x103 

4T1 and treatment continued for another 2 weeks, as illustrated in the schematic 

treatment protocol shown in Figure 8A. Daily administration of Ambrisentan at 5 

mg/kg/day had no apparent effect on the growth of 4T1 tumors (Figure 8B). However, 

increasing the dose to 10 mg/kg/day led to approximately 55% reduction in primary 

tumor volume compared to untreated mice at 3 weeks post implantation (Figure 8C).  

When the length of treatment prior to tumor implantation was increased to 3 

weeks, Ambrisentan led to a significant inhibition in primary tumor growth, reaching 

~67% at 3 weeks post implantation, in comparison with controls (Figure 8D).  In 

addition to its effect on tumor growth, Ambrisentan treatment delayed the onset of 

tumor growth, as shown by its effect on tumor incidence, which is the number of mice 

with observable tumor (Figure 8E). Based on these findings, the latest protocol of 

Ambrisentan treatment was used for all subsequent studies.   

5.4 Ambrisentan improves host survival in orthotopically‑implanted 4T1 tumor 
      model 

Next, the effect of Ambrisentan administration on long-term host survival was 

evaluated.  Following a 3-week pre-treatment with Ambrisentan, mice were inoculated 

with 5000 4T1 cells after which tumor volume (Figure 9A) and animal survival (Figure 

9B) were followed up to 2 months. The overall survival of tumor-bearing animals 

improved significantly after Ambrisentan treatment. The median animal survival 

increased from 46 days in the control group to 56 days in Ambrisentan-treated mice.  
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Figure 8: Ambrisentan retards 4T1 tumor growth in a dose and time-dependent 
manner. (A) Schematic diagram of the treatment protocol for orthotopically-
implanted 4T1 breast tumor cells. Oral treatment with Ambrisentan was initiated 2 
or 3 weeks prior to 4T1 cell implantation and continued for another 2 weeks post 
implantation. Unless otherwise indicated, all animals were sacrificed on day 21 post 
implantation and organs/tissues were collected and processed for the indicated 
analysis. Effect of Ambrisentan administration using a dose of 5 mg/kg/day (B), or 
10 mg/kg/day (C) on tumor growth. Effect of pre-treatment with 10 mg/kg 
Ambrisentan for 3 weeks on tumor volumes (D) and incidence (E). Numbers in 
parenthesis denote the number of mice per group for each experiment. Asterisks 
denote statistically significant differences (p < 0.05). The data is representative of 
2-3 independent experiments. 
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Increased from 46 days in the control group to 56 days in Ambrisentan-treated mice. 

It is important to note that 4T1 cells are quite aggressive and that due to their highly 

metastatic nature, all mice from both groups eventually succumb.  

 

 

 

                                                                                                                                                   

5.5 Ambrisentan retards tumor growth and metastasis, - in vivo imaging (IVIS) 
      studies 

 In Vivo Imaging (IVIS) is a sensitive optical imaging system that uses the full 

wavelength spectrum from high energy blue to low energy infrared of bioluminescent 

and fluorescent reporters. It can be used to track tumor growth and metastasis in 
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Figure 9: Increased survival after Ambrisentan treatment. Effect of Ambrisentan 
treatment on tumor growth (A) and host survival (B) after orthotopic implantation of 
5x103 4T1 breast tumor cells. Ambrisentan was administered as shown in Fig. 3A. 
Animal survival was followed for up to 60 days. The number of mice per group is 
shown in parenthesis. Asterisks denote statistically significant differences (p < 0.05). 
The data is representative of 2 independent experiments (n= 12-15/group). T-test was 
used to test the difference in tumor growth between the two group in each time point, 
while chi squared (Mantel-Cox) statistical test was used for the survival assay. 
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animals in real time.  IVIS collects the emitted light signal from the living tissue and 

acquires a photographic image of the animal under white light and a quantitative 

bioluminescent signal which is overlaid on the image (Lim et al., 2009). In order to 

track the growth and metastasis of tumor cells, 4T1-Luc cells have been used which 

are genetically engineered to constitutively express the firefly luciferase (luc) gene. 

When 4T1-Luc tumor bearing-mice are injected with luciferin, tumor cells emit a 

visual light signal that can be monitored and measured using the IVIS Spectrum life 

imaging system (Lim et al., 2009). Primary tumor growth can be monitored and 

measured by quantitating the tumor photon flux, which is proportional to the number 

of light-emitting cancer cells. Similar to the parental 4T1 cell line, growth of 4T1-Luc 

tumor cells was retarded by oral treatment with Ambrisentan (Figure 10A). In these 

studies, tumor-bearing mice were imaged once weekly starting on the day of 

implantation. As shown in the images captured on day 21 post-implantation (Figure 

10B), control mice (upper panel) exhibited more robust tumor growth than their 

Ambrisentan-treated counterparts (lower panel). The bioluminescence signal at the 

primary tumor implantation site was quantified for each animal and used as an 

indicator of tumor growth. The data collected from IVIS showed a 5.3-fold reduction 

in tumor growth in Ambrisentan-treated mice (Figure 10C). Moreover, live imaging 

was also used to detect metastasis to central organs, such as liver and lungs, by 

focusing on the appropriate location and covering the implantation site, thereby 

unmasking the expectedly weaker signals associated with metastatic lesions, as 

illustrated in Figure 11A. Mice treated with Ambrisentan had 18.3-fold reduction in 

bioluminescence at tumor metastatic sites (Figure 11B).   
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5.6 Inhibition of liver tumor metastasis in Ambrisentan treated mice 

4T1 triple-negative breast cancer cells are well known to continuously 

metastasize to the lung and liver (Stormes et al., 2005). To examine the effect of 

Ambrisentan administration on the extent of 4T1 metastasis to the liver, liver tissues 

were collected 3 weeks post tumor implantation. Tissue sections were fixed, stained 

Figure 10: Growth of breast tumors detected by in vivo imaging of luciferase-labeled 
4T1 tumor cells. Mice were orally gavaged with either water only (control) or 
Ambrisentan (at 10 mg/kg/day) for 3 weeks, implanted with 4T1-luc cancer cells, and 
continued treatment for another 2 weeks post implantation. (A) 4T1-Luc2 tumor 
growth with and without Ambrisentan treatment. (B) Representative images of tumor-
bearing animals, control (top) or Ambrisentan-treated (bottom) were captured on day 
21 post implantation. (C) Bioluminescence signals associated with the site of tumor 
implantation (indicated by red circles in B) were determined and used as an indicator 
of tumor growth. Number of mice per group is shown in parenthesis. Asterisks denote 
statistically significant differences (p < 0.05). The data is representative of 2 
independent experiments (n=15-18/group). 
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and the whole section was scanned under the microscope to determine the total number 

of tumor metastatic foci. Liver foci count was then calculated per section area. 

Ambrisentan-treated mice had significantly fewer metastatic foci (~ 43% reduction) 

compared to vehicle controls (Figure 12A–F). These foci appeared clearly as small 

aggregates of tumor cells (Figure 12A, C) and stained strongly with anti-Ki67 antibody 

(Figure 12B, E), indicating a high proliferative state. The tumor foci had the 

characteristics of malignant cells including high nuclear/cytoplasmic ratio, irregular 

contour, and abnormal mitotic figures (Figure 12C). 

 

 

 

Figure 11: Detection and quantification of tumor metastasis to distant organs in mice 
implanted with luciferase-expressing 4T1 breast tumors. (A) Representative mice 
from either untreated (top panel) or Ambrisentan-treated (bottom panel) group are 
shown. Images were obtained after masking the signal from the implantation site and 
focusing on the metastatic upper body regions. Images were captured on day 21 post 
implantation. (B) Bioluminescence signals associated with the metastatic site 
(indicated by red rectangles in A) were determined and used as an indicator of 
metastasis. Number of mice per group is shown in parenthesis. Asterisks denote 
statistically significant differences (p < 0.05). The data is representative of 2 
independent experiments (n=15-18/group). 
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5.7 Reduced tumor growth correlates with decreased myelopoiesis  

As shown in Figure 6, orthotopic implantation of 4T1 cells in the fat mammary 

pad resulted in the accumulation of granulocytes (CD11b+Ly6G+) in the blood and 

spleen. Assessment of myeloid cell infiltration in the lungs was used as a correlate to 

the extent of 4T1 tumor metastasis. Mice were treated with either vehicle (water) or 

Ambrisentan (10 mg/kg/day), as shown in Figure 8A. At day 21 post implantation, 

mice were sacrificed, and spleen, lung and blood were collected for flow cytometric 

Figure 12: Assessment of liver metastasis in 4T1 breast tumor-bearing mice after 
Ambrisentan administration. (A-F) Liver tissues were collected 3 weeks post 
implantation of 4T1 tumor cells and sections were prepared and processed for H and 
E (A, C, D) and Ki67 (B, E) staining. Images taken at 40 × (A, D), 60 × (C) or 20 × 
(B, E) magnification are shown. Representative liver sections of control (A-C) or 
Ambrisentan-treated (D, E) mice are shown. Tumor metastatic foci consisting of a 
small cluster of tumor cells, strongly Ki67-positive, are circled in red. Arrows (C) 
indicates proliferative malignant cells (F) The number of metastatic foci was 
determined for representative liver sections and calculated per mm2 area. Asterisks 
denote statistically significant differences (p < 0.05). The data is representative of 3 
independent experiments (n = 11–12 / group). 



53 
 

 

 

 

analysis. Representative dot plots illustrating the gating strategy used for spleen cells 

are shown in Figures 13 and 14 (a similar gating strategy was used for the analysis of 

blood and lung tissue). Two different antibody panels were used, one for the 

phenotypic characterization of hematopoietic cell populations (Figure 13), while the 

second focused on analysis of the different myeloid subpopulations (Figure 14). 

 

 

 

Figure 13: Gating strategy for spleen hematopoietic cells. After the exclusion of 
doublets, debris, and non-viable cells, immune cells were identified using the pan-
hematopoietic marker CD45+ cells were further analyzed for B cells and T cells using 
their markers CD19+ and CD3+ respectively. T cells were analyzed for CD4 and CD8 
positivity. Cells that were negative for CD3 and CD19 markers were further gated for 
the myeloid cell marker, CD11b+. The same gating strategy was used for the lung and 
blood. 
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Based on their positive expression of CD11b, the majority of the gated CD45+ 

cells in the blood, spleen and the lungs of 4T1-bearing mice are of myeloid origin, 

with an average of ~78%, 53% and 54%, respectively. Ambrisentan treatment led to a 

significant decrease in myeloid cells in the blood, spleen and lung, averaging ~35%, 

18% and 63%, respectively (Figure 15 A-F). The myeloid cells can be broadly 

subdivided into Ly6G-positive (granulocytes) or negative (monocytes) 

subpopulations. Further analysis using myeloid cell-specific panel of antibodies 

confirmed that the majority of CD11b+ cells are granulocytes. Pre-treatment with 

Ambrisentan significantly reduced the accumulation of granulocytes by 40% and 26% 

Figure 14: Gating strategy for spleen myeloid cells. After the exclusion of doublets, 
debris, and non-viable cells, immune cells were identified using the pan-
hematopoietic marker CD45.CD45+ cells were further analyzed for Ly6G+CD11b+ 
cells, which count for granulocytes, CD11b-intermediate (CD11b-int) and CD11b-
high cells. The same gating strategy was used for the lung and blood.   
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in the blood and spleen, respectively. Similarly, there was a significant decrease in 

hematopoietic cell infiltration into the lungs of treated mice that was accompanied by 

a 69% reduction in granulocyte accumulation. The observed reduction in granulocytic 

infiltration in the lungs most likely reflects decreased 4T1 cell metastasis to these 

organs. In Figure 15, FACS dot plot representing CD45+, myeloid cells and 

granulocytes are shown (Figure 15A-C). Moreover, as a result of decrease in myeloid 

cells population in the spleen, Ambrisentan treated mice have a significant ~26% 

reduction in spleen weight compared to untreated (Figure 15F). 

5.8 Ambrisentan impairs metastasis to the lung  

Further confirmation of the ability of Ambrisentan to inhibit tumor metastasis 

to the lungs was carried out by quantifying the bioluminescence signal in lung tissue 

after implantation with 4T1-Luc cells. Three weeks post implantation, lungs were 

collected from control or Ambrisentan-treated mice, homogenized in 2ml DMEM 

media to prepare single cell suspension and processed for luciferase signal detection, 

using the Bright Glo Luciferase Assay System. Since tumor cells are the sole source 

of any bioluminescence signal detected in the lung tissue, the extent of metastasis is 

proportional to the measured relative luminescence level. Luciferase signal was 

determined for each sample and standardized to 1x106 lung cells (Figure 16). Lungs in 

the treated group had ~94% reduction in bioluminescence signal compared to control 

lungs (Figure 16A). To quantify the approximate number of metastatic tumor cells in 

the lung, a standard curve of the bioluminescence level of a specific number of 4T1-

Luc cells (10, 100, 1000, and 10,000) taken directly from in vitro culture or mixed 

with lung cell suspension was stablished (Figure 16B). Using the standard curve, the 

approximate number of metastatic 4T1 cells in normal mice was 635 cells per mg lung 
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tissue. In sharp contrast, extent of metastasis was reduced by 97.8% to 14 cells/mg in 

Ambrisentan-treated mice (Figure 16C). The findings underscore the potent inhibitory 

effect of Ambrisentan on tumor metastasis in this preclinical model of triple-negative 

breast cancer. 
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Figure 15: Ambrisentan retards myeloid cell accumulation at secondary sites. (A-C) 
representative FACS gating of mouse blood (A), spleen (B) and lung (C) tissue. For 
each organ, CD45+ cell was gated (left most dot plot) from which CD11b+ cells are 
selected (middle dot plots). Right hand dot plots illustrate the staining profiles with 
antibodies for CD11b and Ly6G cell surface markers. In each sub-figure (A-C), the 
upper panel represents control mice and lower panel represents Ambrisentan-treated 
mice.  
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Figure 15: Ambrisentan retards myeloid cell accumulation at secondary sites 
(Continued). (D, E, G) Quantification of total myeloid (CD11b+) cells and 
granulocytes (Ly6G+) in the blood (D), spleens (E) and lungs (G) of tumor-bearing 
mice. Alterations in spleen weights are shown in (F). Asterisks denote statistically 
significant differences (* p < 0.05, ** P<0.01). The data is pooled from 2 independent 
experiments (n = 6–8 / group).  



59 
 

 

 

 

 

 

 

 

Contro
l

Trea
ted

 

102

103

104

105

106 Control (n=7)

Treated (n=6)

*
R

el
at

iv
e 

Lu
m

in
es

ce
nc

e 
le

ve
l

Contro
l

Trea
ted

0

500

1000

1500
Control (n=7)

Treated (n=6)

*

M
et

as
ta

tic
 tu

m
or

 c
el

ls
 /m

g 
Lu

ng

100 101 102 103 104 105 106

101

102

103

104

105

106

107

Cells
Cells+Lung

  Y= 5.3x+ 83.53

Cell number

R
el

at
iv

e 
Lu

m
in

es
ce

nc
e 

le
ve

l

A C

B

Figure 16: Assessment of lung metastasis in 4T1 breast tumor-bearing mice after 
Ambrisentan administration. (A-C) lung tissues were collected 3 weeks post 
implantation of 4T1-Luc tumor cells. Tissues were homogenized in MDEM media, 
then serially diluted and a total volume of 100µl was taken from each dilution and an 
equal volume of the Bright Glo reagent was added to the samples. Samples relative 
luminescence was determined using GloMax-multi detection system. (A) Relative 
luminescence level per 1x106 lung cells was calculated. Treatment with Ambrisentan 
reduced luminescence signal in treated lungs by ~ 94% compared to control lungs. (B) 
Relative Luminescence of 4T1-Luc cells alone or mixed with lung cells. The graph 
indicates 5 folds decrease when 4T1 cells are mixed with lung cells (C) Number of 
metastatic tumor cells / mg lung for each group was determined using the best fit curve 
of the signal detected by mixing lung cells with 4T1-Luc cells (blue line in B). The 
graph indicates ~97% decrease in the number of metastatic tumor cells/mg lung in 
treated mice. Asterisks denote statistically significant differences, using nonparametric 
t-test (* p < 0.05). The data is pooled from 2 independent experiments (n = 6-7/ group) 
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5.9 Ambrisentan treatment reduces tumor vascularity 

The growth of tumor tissue and ability of tumor cells to metastasize are linked 

to critical changes in the tumor microenvironment, including angiogenesis and 

epithelial-to-mesenchymal transition. In many tumors, vascular density can be an 

indicator of metastatic potential, the higher the vascularity, the higher is the incidence 

of tumor metastasis (Zetter, 1998). Therefore, tumor tissue of control and 

Ambrisentan-treated mice were analyzed for changes in angiogenic potential by 

staining with CD31-specific monoclonal antibody, a specific marker of endothelial 

blood vessels.  

To quantify the data, 10 high power fields (HPF) were randomly scanned for 

each tissue section and blood vessel number and area were determined. Tumor 

vascularity was calculated as total vessel area per HPF (µm2/HPF). As shown in 

Figure 17, a significant reduction in the extent of angiogenesis was observed in tumors 

of animals treated with Ambrisentan. Total tumor vascularity was reduced by ~55%, 

mainly due to a decrease in the size of blood vessels (Figure 17E-G). 

5.10 Ambrisentan decreased the expression level of CXCL1 and MMP9 in  
         cultured 4T1 cells  

To shed light on the potential mechanism of action of Ambrisentan, cultured 

4T1 cells were cultured in the presence or absence of Ambrisentan for 4 or 24 hours. 

After extraction of RNA, gene expression was determined by quantitative RT-PCR. 

Gene expression profile of important factors, including CXCL1, CCL5, MMP9, MCP-

1 (CCL2) and VEGF-A was determined. The expression of these chemokines and 

growth factors are known to play an essential role in tumor progression and metastasis. 

This analysis revealed the ability of Ambrisentan to target 4T1 cells directly and 
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significantly reduced their expression of CXCL1 and MMP9 with a trend of decrease 

in CCl5 and VEGF-A (Figure 18A-D). However, there was no significant changes in 

the expression of CCL2 was observed.
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Figure 17: Effect of Ambrisentan treatment on tumor vascularity.  (A-G) Tumor tissues were collected 3 weeks post implantation of 4T1 
tumor cells and sections were processed for CD31 staining (A- D). Images taken at 40× magnification are shown. Representative tumor 
sections of control (A, B) or Ambrisentan-treated (C, D) mice are shown, with counterstain (A, C) or without (B, D). (E-G) Blood vessel count 
was calculated as the mean of counts in 10 fields per section randomly selected from non-necrotic areas of the tumors. Area of each blood 
vessel in the field was determined and tumor vascularity was calculated as the mean of total vessels area in µm2/HPF. Treatment with 
Ambrisentan significantly reduced tumor vascularity (E) due to the decrease in vessel area (G). Asterisks denote statistically significant 
differences (p < 0.05). The data is representative of 3 independent experiments (n = 15–20 / group). 

 

 



63 
 

 

 

 

 

 

 

5.11 Treatment with Ambrisentan retards tumor growth in ovo  

Independent from the host immune system, the effect of Ambrisentan on tumor 

growth was investigated in vivo using the in ovo chick embryo tumor growth assay, 

also known as the Chorioallantoic membrane (CAM) assay. CAM is a structure that 

can rapidly expands generating a rich vascular network that provides an interface for 

gas and waste exchange, making it a simple animal model to study tumor formation 
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Figure 18: Ambrisentan treatment reduce genes expression level in culture. 1.5x106 

were seeded in 6 well plate, cells were treated with either vehicle or Ambrisentan for 
4 and 24 hours and RNA was extracted for qRT-PCR. Treatment with Ambrisentan 
significantly decreased (A) CXCL1 and (B) MMP9 mRNA levels with a trend of 
decrease in (C) CCL5 and (D) VEGF. No significant effect on (E)CCL2. Transcript 
levels of target genes were normalized according to the ΔCq method to respective 
mRNA levels of the housekeeping gene HPRT. The expression of the target gene is 
reported as the level of expression relative to HPRT. Asterisks denote statistically 
significant differences (p < 0.05). The data is representative of 3 independent 
experiments. 
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and metastasis (Ribatti, 2017). At the embryonic day 9 (E9), CAM was dropped and  

1 × 106 4T1-Luc cells were added onto the CAM of each egg. After 2 days, tumors 

began to be detectable and were then treated with 10 mg/kg Ambrisentan every 2 days 

(E11, E13, E15 and E17). To prepare 10 mg/kg Ambrisentan dose, fertilized egg at 

day 11 was weighted and embryo’s weight was used to prepare a working solution of 

Ambrisentan in 1ml saline, then 100 µl was added/egg. At E18, tumors were recovered 

from the upper CAM and weighed (Figure 19A). Ambrisentan treatment reduced the 

growth of 4T1-Luc by ~25% (Figure 19B). Toxicity was also evaluated by comparing 

the number of dead embryos in control and treated groups. At the end of the experiment 

(E18), Ambrisentan showed no toxic effect as there was no difference in the number 

of surviving embryos in control and Ambrisentan-treated groups (Figure 19C). These 

results corroborate previous findings of the inhibitory potential of Ambrisentan on 

tumor growth independently of possible additional actions on anti-tumor immune 

responses. 
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Figure 19: Effect of Ambrisentan on 4T1 tumor growth in ovo. 4T1-Luc2 cells were 
inoculated at E9 and after two days when tumors were detectable, were treated with 
10 mg/kg Ambrisentan every second day, E11, E13, E15 and E17. (A) At day 18, 
tumors of each group were collected and weighed. (B) Ambrisentan treatment 
reduced tumor weight by 25% compared to control tumors (C) Treatment with 10 
mg/kg Ambrisentan has no cytotoxic effect as there was no difference in the number 
of surviving embryos in control and treated groups. Numbers in parenthesis denote 
the number of embryos per group. The data is pooled from 2 independent 
experiments (n=20-24/group) 
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Chapter 6: Discussion 

 

The findings of this study show the capacity of Ambrisentan to impair the 

primary tumor growth of the triple negative 4T1 breast cancer cells and inhibit their 

metastasis to distant organs, including the liver and lungs. In this study Ambrisentan 

was used in a preventative model, prior to tumor implantation and was continued for 

two weeks after the implantation. The advantage of using the preventative protocol, 

where the drug can be found in the blood before implanting the tumor cells is to help 

understand the impact of the drug on metastasis, if the drug is capable to block 

metastasis this will show in the incidence of metastasis in the group. However, the 

drug can also work by decreasing the growth of metastasis in distant organs rather than 

blocking it completely, which was observed after Ambrisentan treatment. In addition, 

this study is considered the first to investigate the effect of ERAs on breast cancer, also 

the 4T1 TNBC model used in here is highly aggressive and mimics the human TNBC 

very well and is highly metastatic. Since there is no previous work was done on this 

model, Ambrisentan was tested on preventative model. Ambrisentan is already 

approved by the US Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA) and has an advantage over other ETRAs by the lower 

reported rates of liver toxicity (Newman et al., 2007). The data reported herein 

highlight Ambrisentan as a potential therapeutic drug for controlling breast cancer 

progression and metastasis. 

 Autocrine and paracrine activation of tumor cells by ET-1-induced signaling 

elicits pleiotropic effects on progression and metastasis of ovarian, prostate, colon, 

breast, bladder and lung cancers (Nie et al., 2014; Smollich et al., 2008; Wülfing et al., 
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2005). ETAR expression has been shown to be upregulated on breast cancer in 

comparison with non-neoplastic breast tissue (Nie et al., 2014; Smollich et al., 2008; 

Wülfing et al., 2005). In addition, there is extensive cross communication between the 

ET-1 axis and several growth factors, including epidermal growth factor (EGF), 

vascular endothelial growth factor (VEGF), transforming growth factor beta (TGF-β) 

and IL-6, all of which being essential factors for tumor growth and progression (Nelson 

et al., 2003; Rosanò et al., 2013). This makes the ET-1 axis a rational target for cancer 

therapy. 

 This project findings are in agreement with previous pre-clinical studies, 

where the blockade of endothelin receptors using specific antagonists led to a 

significant tumor growth inhibition and apoptosis induction (Bagnato et al., 1995; 

Nelson et al., 2003; Nelson et al., 1995). Macitentan, the dual-specific ETAR and 

ETBR antagonist, was shown to inhibit tumor growth and metastasis in resistant 

ovarian cancer xenografts in mice (Sestito et al., 2016) and to increase sensitivity to 

chemotherapy in colorectal cancer- stem cell (CRC-SC) patient-derived xenograft 

(Cianfrocca et al., 2017). In a recent study, pretreating the human ovarian cancer cells 

(SKOV3-Luc) with ambrisentan prior to implantation suppressed intraperitoneal 

seeding and metastasis (Masi et al., 2021). Moreover, the specific ETAR antagonist 

Zibotentan and the selective ETAR antagonist Atrasentan have demonstrated a 

potential anticancer activity in preclinical studies in prostate cancer (Bagnato et al., 

2011; Morris et al., 2005) and promising outcomes in Phase II trials in patients with 

advanced metastatic prostate cancer. Phase III trials were carried out in patients with 

non-metastatic prostate cancer or advanced metastatic prostate cancer using 

Zibotentan or Atrasentan as monotherapy or in combination with the chemotherapeutic 



68 
 

 

 

 

agent docetaxel (Miller et al., 2013). All trials with established advanced disease have 

so far failed to demonstrate benefits of ETRs blockade over placebo in the treatment 

of cancer (Miller et al., 2013; Murphy, 2005), suggesting the need for new therapeutic 

approaches. 

Based on the findings to date, inhibition of tumor metastasis by Ambrisentan 

is likely to be due to the direct effect of Ambrisentan on tumor cells. data in this project 

show that gene expression of matrix metallopeptidase 9 (MMP9) and the chemokine 

CXCL1 (known as KC) is reduced in Ambrisentan-treated 4T1 cells. MMP9 is a 

significant protease that plays essential role in extracellular matrix (ECM) remodeling 

through the cleavage of several ECM proteins (Huang, 2018). As a result of its 

proteolytic activity, MMP9 is involved in the degradation of ECM, alteration of cell-

cell and cell-ECM interactions, in addition to the cleavage of cell surface and 

extracellular proteins (Ortega et al., 2005; Stamenkovic, 2003). Moreover, MMP9 

plays a role in basement membrane degradation (Hou et al., 2014), an essential step in 

tumor development that acts to support tumor invasion and metastasis. At the tumor 

primary site, MMPs can release soluble factors in the circulation, which in turn can 

promote the establishment of a metastatic niche in distant organs (Kessenbrock et al., 

2010). MMPs are produced by the tumor cells themselves as well as by stromal cells 

in the tumor microenvironment in response to corresponding stimulatory interactions 

(Radisky & Radisky, 2007). They are strongly linked to breast cancer aggressiveness 

and metastasis, hence the overexpression of MMP9 is a characteristic of triple-negative 

and HER2-positive breast cancers (Yousef et al., 2014). The knockdown of MMP9 on 

basal-like, triple negative breast cancer cell lines, including BT-549, SUM159PT and 

MDA-MB-231 cells, significantly suppressed cell invasion in matrigel transwell assay 
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(Mehner et al., 2014). In addition, none of the mice bearing MMP9-silenced tumors of 

MDA-MB-231 breast cancer showed pulmonary metastasis, while metastasis to the 

lung was detected in all the control mice. This finding highlights the importance of 

tumor cell-produced MMP9 for metastasis in basal-like triple negative breast cancer. 

Chemokines are a subset of cytokines which function primarily to direct the 

migration of leukocytes in response to a chemical gradient of ligand, known as the 

chemokine gradient (Balkwill, 2004). The chemokine CXCL1 has a crucial role in the 

host immune response and mainly acts on neutrophils recruitment according to 

chemokines gradient (Sawant et al., 2016). CXCL1 mediates its function by binding 

to the G-protein coupled receptor CXCR2. CXCL1 expression has been shown to 

correlate with lung relapse in breast tumors (Minn et al., 2007; Minn et al., 2005) as 

well as with increasing the aggressiveness of circulating breast tumor cells (Kim et al., 

2009). Additionally, CXCL1 was shown to be upregulated in LM2-4175 breast cancer 

cells (LM2), which grow aggressively and metastasize to the lungs (Acharyya et al., 

2012). The knockdown of CXCL1 by two independent shRNA hairpins in LM2 cells 

significantly decreased mammary tumor growth and lung metastasis, and induced 

tumor apoptosis. However, CXCL1 knockdown did not result in any visible changes 

in angiogenesis or cell proliferation rates in vitro. In the same study, knockdown of 

CXCL1 significantly reduced CD11b+Gr1+ myeloid cell population within the tumor. 

These myeloid cells represent a heterogeneous group of cells, including precursors for 

neutrophils and monocytes, both expressing CD11b and Gr1 (Gabrilovich and 

Nagaraj, 2009). In mice, Gr1+ cells include granulocytes (Ly6G+) and macrophages 

(Ly6C+) (Rosenberg and Sinha, 2009). Further characterization of myeloid cells 

revealed a decrease in the Ly6G+ granulocytes in the tumor and a decrease in both 
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Ly6G+ granulocytes and Ly6C+ monocytes (Ly6C+) in the lungs of animals bearing 

CXCL1-negative tumors (Acharyya et al., 2012). These findings highlight the 

distinguished role of CXCL1 in tumor progression and uncover a network of paracrine 

signals between tumor, myeloid and endothelial cells that drives tumor progression 

and metastasis in breast cancer. Considering these previous findings, one can 

hypothesize that the observed inhibition in tumor progression and metastasis by 

Ambrisentan can be attributed to its capacity to inhibit the release of pre-metastatic 

factors by 4T1 breast tumor cells.  

The relationship between myeloid cells and 4T1 tumors is very essential for 

4T1 tumor growth and progression. The orthotopic implantation of 4T1 cells in the 

mammary fat pad in mice induces a huge increase in myelopoiesis in the primary tumor 

site and the metastatic organs (DuPre et al., 2007). In this study, a kinetic analysis of 

blood and spleen tissue of 4T1-tumor bearing mice showed a massive increase in the 

granulocytic (Ly6G+) myeloid cell population as early as day 14 post tumor 

implantation, reaching up to ~80-90% of the hematopoietic cells by day 35 post 

implantation. The extraordinary alterations observed in the 4T1 breast cancer model 

suggest that Ly6G+ cells are critical contributors to tumor growth through their 

secretion of various chemokines and other factors. Cultured 4T1 cells have been shown 

to express mRNA transcripts for the myeloid cell chemokines RANTES, MCP-1 and 

CXCL1, MIP-1α and MIP-1β (DuPre et al., 2007). Chemokine secretion by 4T1 cells 

correlates with myeloid cell accumulation in the primary tumor and plays a crucial role 

in metastasis to distant organs. Through this capacity, 4T1 cells appear to hijack host 

myeloid cells, effectively recruiting them to serve the growing tumor.  In addition to 

their role in supporting tumor growth and invasion, several lines of evidence suggest 



71 
 

 

 

 

that these intratumoral myeloid cells can differentiate into cells with an 

immunosuppressive capacity known as myeloid derived suppressor cells (MDSCs) 

(Condamine et al., 2015; Marvel & Gabrilovich, 2015). MDSCs can be divided into 

two main subpopulations, granulocytic Ly6G+ MDSCs (gMDSCs) and monocytic 

Ly6C+ MDSCs (mMDSCs).  In addition to their immunosuppressive activity in cancer 

patients and tumor-bearing mice, MDSCs play important roles in promoting 

angiogenesis, invasion and tumor metastasis through the formation of pre-metastatic 

niches (Condamine et al., 2015). In the invasive 4T1 model, tumor-bearing mice 

develop spontaneous lung metastasis; in contrast, no detectable metastasis is observed 

in the lungs of mice bearing the less invasive EMT6 tumor (Ouzounova et al., 2017). 

In the same study, 4T1 cells induced an infiltration by mMDSCs into the primary 

tumor tissues and gMDSCs into the lungs of tumor-bearing mice. It is worth noting, 

however, that no functional assays were done to prove the immunosuppressive 

capacity of those Ly6G+ cells in the study by Ouzounova et al. Nevertheless, it is 

important to emphasize that the increase in Ly6G+ cell accumulation in the lungs is 

entirely consistent with previously published data using the same tumor model 

(Kappes et al., 2020). In this context, Ambrisentan-mediated inhibition of tumor 

growth may explain the observed reduction in the percentage of Ly6G+ cells in the 

lungs of treated mice. Furthermore, the data suggest that Ambrisentan treatment is 

changing the balance from a pro-tumor microenvironment to one that is more hostile 

to tumor growth.  

This project findings also demonstrate that Ambrisentan treatment decreased 

tumor vascularity and lead to the production of smaller, presumably less functional, 

blood vessels. Tumor angiogenesis is the process in which a network of blood vessels 
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is formed to supply tumors with oxygen and required nutrients to support their growth. 

Angiogenesis is induced by hypoxia, various growth factors and chemokines (Whipple 

& Korc, 2010). Within the tumor tissue, the balance between angiogenic stimulators 

and inhibitors is lost and the release of angiogenic factors and proteolytic enzymes 

induce the proliferation of endothelial cells and promote the degradation of the 

basement membrane and ECM (John & Tuszynski, 2001; Whipple & Korc, 2008). 

This, in turn, increases the likelihood of metastatic spread and growth of metastatic 

foci in distant organs (Whipple & Korc, 2008). The interactions between tumor cells 

and host stromal cells in the tumor microenvironment are essential for tumor cell 

proliferation, invasion, angiogenesis, and metastasis (Liotta & Kohn, 2001). 

Endothelial cells and fibroblasts are among the most vital components of tumor stroma 

(Hughes, 2008). Endothelial cells facilitate tumor progression through the release of 

matrix bound growth factors, such as VEGF and FGFs, in addition to a variety of 

MMPs, especially MMP 2, 3, and 9, that contribute to ECM degradation and cause the 

release of additional pro-angiogenic growth factors. Moreover, the important role of 

chemokine-mediated angiogenesis in tumor growth has been demonstrated in many 

cancers, including breast cancer, gastrointestinal malignancies, prostate carcinoma, 

melanoma, renal cell carcinoma, ovarian cancer, glioblastoma, and head and neck 

cancer (Kitadai et al., 1998; Mestas et al., 2005; Miller et al., 1998; Richards et al., 

1997). In melanoma, CXCL 1, 2 and 3 are all highly expressed. Immortalized murine 

melanocytes that do not form tumors acquire the ability to form highly vascular tumors 

in vivo after transfection with these chemokines (Owen et al., 1997). Furthermore, 

depletion of CXCL1, 2, or 3 in the hosts lead to a reduction in tumor-associated 

angiogenesis and inhibition of tumor growth, underscoring the important roles played 

by these chemokines in tumor growth. 



73 
 

 

 

 

Recent evidence also has pointed out to another mechanism that Ambrisentan 

could be acting on metastatic process, mainly by inhibiting invadopodia (Masi et al., 

2021). Invadopodia are actin-rich membrane extensions used by cancer cells to 

degrade the ECM, a non-cellular structure comprising the basement membrane and the 

collagen-based interstitial matrix  
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Chapter 7: Conclusion 

 

Ambrisentan treatment significantly reduced tumor growth and improved 

overall survival of 4T1 tumor-bearing mice. This was correlated with reduction in 

tumor metastasis to major organs, including liver and lungs. To understand the 

underlying mechanism for the anti-metastatic effect of Ambrisentan, the extent of 

angiogenesis within the tumor tissue was examined. The data revealed a significant 

reduction in the total tumor vascularity in Ambrisentan treated group, mainly due to a 

decrease in the size of blood vessels, making it insufficient to supply the tumor with 

the optimal amount of oxygen and nutrients needed for tumor growth. In addition, 

cultured 4T1 cells treated with Ambrisentan showed a significant decrease in the 

Matrix metallopeptidase 9 (MMP9) and the chemokine ligand CXCL1, both which are 

crucial for 4T1 tumor progression and metastasis. Figure 20 is summarizing the main 

findings of this study. Ambrisentan is seems to act on the tumor cells to make them 

more immunogenic than cells in the absence of Ambrisentan. Treatment seems to 

allow more vigorous antitumor immune response, by decreasing the 

immunosuppressive effect of 4T1 tumor microenvironment and shifting the balance 

from protumor to antitumor microenvironment. These findings demonstrate a 

significant and beneficial effect of Ambrisentan in this highly metastatic breast cancer 

model and provide a rationale for targeting ETAR as a potential adjuvant therapy in 

cancer patients.  

For future studies, therapeutic potential of Ambrisentan in combination with 

chemotherapeutic agents needs to be investigated. The combination treatment could 

help to reduce the high mortality rates in breast cancer patients as well as to ameliorate 
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the overall rate of severe morbidity due to side effects of chemotherapy agents 

administrated to patients with cancer. Moreover, a better understanding of the 

mechanism of action of Ambrisentan is needed in order to fully realize the potential of 

this class of drugs in cancer treatment. 

 

 

 

 

Figure 20: Schematic diagram summarizing the main finding of the study. Tumor 
environment is a heterogenous mixture of cells including, the tumor cells, stromal 
cells, fibroblast and immune cells. All are secreting factors can be used by the tumor 
for its continued growth and metastasis. Ambrisentan treatment blocks metastasis to 
distant organs such as the lungs and liver. When 4T1 cells were cultured with 
Ambrisentan. There was a significant reduction in key factors important for metastasis 
(mmp9) as well as chemokines that recruit granulocyte to the site of tumor growth 
(cxcl1) showing that Ambrisentan is acting directly on tumor cells. Ambrisentan 
treatment also decreased the degree of angiogenesis in the tumor tissue by decreasing 
the size of the blood vessels. 
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