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Role d’une inflammation induite par les radiations ou le lipopolysaccharide dans le
processus metastatique chez un modele murin de cancer du sein

Par
Chantal Mitterer 
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Memoire presente a la Faculte de medecine et des sciences de la sante en vue de l’obtention 
du diplome de maitre es sciences (M. Sc.) en Sciences des radiations et imagerie 

biomedicale, Faculte de medecine et des sciences de la sante, Universite de Sherbrooke,
Sherbrooke, Quebec, Canada, J1H 5N4

La mortalite liee du cancer du sein est principalement causee par le developpement des 
metastases qui apparaissent plusieurs annees apres le traitement de la tumeur primaire. Une 
inflammation liberant des cytokines qui stimulent 1’ invasion des cellules cancereuses est 
induite par les radiations ou une infection bacterienne. La capacite des radiations a 
reveiller des metastases pulmonaires dormantes et celle d'une infection bacterienne a faire 
progresser des metastases pulmonaires deja en proliferation ont ete etudiees avec des 
modeles in vitro et in vivo. Les lignees D2.0R (dormante) et D2A1 (proliferative) derives 
d’une tumeur mammaire murine, servent de modeles cancereux mammaires. La capacite 
des radiations a reveiller les cellules D2.0R est evaluee dans un systeme de culture en 3- 
dimensions (3D), formant des microspheres. L'ajout de la prostaglandine E2 (PGE2 ; 
lOOng/ml) ou de milieux conditionnes irradies (5 Gy) de cellules epitheliales bronchiques 
humaines CALU-3 stimule la proliferation des cellules dormantes D2.0R resultant en 
microspheres d'un diametre plus grand par rapport aux cellules non traitees. Pour les 
microspheres D2A1, l'ajout de PGE2 ou de milieux conditionne de cellules CALU-3 
irradiees n’augmente pas le taux de proliferation. Chez la souris, nos resultats demontrent 
qu’une dose de radiation fractionnee (5x7.5 Gy) a la glande mammaire augmente 
significativement le developpement des metastases pulmonaires D2.0R dormantes, 42 jours 
apres irradiation. L’effet d’une infection bacterienne sur la croissance de metastases 
pulmonaires obtenues apres injection de cellules D2A1 est aussi etudie. Les souris ont ete 
traitees au lipopolysaccharide (LPS) qui est libere des bacteries Gram-negatives et qui 
genere une inflammation. Les souris traitees ont un niveau eleve d’interleukine-ip (IL-1P) 
dans les poumons, supportant l'induction d'une inflammation. Une augmentation de 
l’expression des molecules d'adhesions (VCAM-1 et ICAM-1) s’ensuit, 5 heures apres 
traitement. Par imagerie optique, nous demontrons la capacite du LPS a augmenter le 
nombre et la taille des metastases pulmonaires D2A1. Chez les souris agees, une 
augmentation significative de la superficie couverte par les metastases pulmonaires est 
mesuree ainsi qu’une tendance a avoir des metastases plus nombreuses. Chez les souris 
jeunes, le nombre et la taille des metastases sont inchanges malgre une augmentation de 
l'expression de l’IL-ip et des molecules d'adhesion. En conclusion, notre etude demontre 
que l'inflammation stimule, dans un modele in vitro en 3D ainsi que chez les souris, le 
re veil des cellules D2.0R. La proliferation et le nombre de metastases pulmonaires D2A1 
ne sont augmentes par le LPS que chez les souris agees.

Mot cles : culture 3D, inflammation, irradiation, metastases pulmonaires, LPS, dormance, 
D2.0R, D2A1
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Mortality from breast cancer is primarily due to metastatic disease, which often appears 
years after treatment of the primary tumor. Radiation as well as bacterial infection induces 
inflammation, which by releasing cytokines can be implicated in metastatic processes. 
Using in vitro and in vivo models, the ability o f radiation to awaken dormant lung 
metastases was assessed as well as the capacity of a bacterial infection to enhance 
metastatic progression in already proliferating lung metastases. As models, we used the 
D2.0R (dormant) and D2A1 (proliferative) cell lines, which are derived from spontaneous 
murine mammary tumors. The ability of radiation to awaken dormant D2.0R mammary 
cancer cells was assessed in a 3-dimension (3D) cell culture system, which resulted in the 
formation of microspheres of cancer cells. The addition of prostaglandin E2 (PGE2 ; 
lOOng/ml) or conditioned media from irradiated (5 Gy) CALU-3 human bronchial 
epithelial cells stimulated the proliferation of the dormant D2.0R cells resulting in 
microspheres with a larger diameter compared to the untreated cells. Regarding the 
proliferative D2A1 microspheres, their rate of proliferation was not further increased by 
adding PGE2 or the conditioned media of irradiated CALU-3 cells. In Balb/c mice bearing 
dormant lung D2.0R micrometastases, our data showed that a fractionated radiation dose 
(5x7.5 Gy) to the mammary gland resulted in a significant increase in the development of 
metastases, as measured 42 days post-irradiation by bioluminescent reaction. We also 
evaluated whether a bacterial infection could stimulate the growth of D2A1 cancer cells. 
Gram-negative bacteria release the lipopolysaccharide (LPS) that induces an inflammatory 
response. In lungs of mice treated with LPS, a higher level of interleukin-1 (3 (IL-1P) was 
measured supporting the induction of an inflammation. This was accompanied by an 
increase of cell adhesion molecules (VCAM-1 and ICAM-1) 5 hours after treatment. The 
ability of LPS mediated-inflammation to stimulate the quantity and size of the proliferating 
D2A1 lung metastases was also demonstrated by optical imaging. In aged mice, a 
significant increase in total surface area covered by the lung metastases was measured as 
well as a tendency to have more numerous metastases. Conversely, no difference in tumor 
size or quantity was observed in young mice, which nevertheless had increased expression 
in pro-inflammatory mediators and adhesion molecules. In conclusion, our study 
demonstrated that inflammation increases the awakening of dormant D2.0R microspheres 
in a 3D in vitro model, while in mice treated with LPS, an age-dependent stimulation o f the 
proliferation and number of D2A1 lung metastases was measured.

Key words: 3D culture, inflammation, irradiation, LPS, lung metastases, dormancy, D2.0R, 
D2A1



“If you want a happy ending, that depends, of course, on where you stop your story.” 
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INTRODUCTION

1 -  Breast Cancer

1.1 -  Epidemiology and survival

Since 2005, cancer has become the leading cause of death in Canada, as it has 

surpassed circulatory disease related deaths (29% versus 28%). In 2012, the Canadian 

Cancer Society estimates that there will be 186 400 new cases and 75 700 deaths. This 

means that every hour, an average of 21 people will be diagnosed and 9 will die of cancer. 

The most common types are prostate cancer for men and breast cancer for women, 

followed by lung, then colorectal. However, it is lung cancer which has the highest 

mortality rates in either sex followed by colorectal cancer for men and breast cancer for 

women. Breast cancer in women is estimated to account for 26% of the incidences (22 

700) and 14% of the mortality (5 100) rates in Canada in 2012. Moreover, 1 out of 9 

women is expected to develop the disease during her lifetime and 1 out of 27 women is 

expected to die of breast cancer. Even though breast cancer is commonly found in women, 

men are also affected, accounting for 1% of all breast cancers.

Not all breast cancer news is bleak since the 5-year survival of patients has 

increased dramatically from a meagre 40% from 1944-1954 to 85.8% by the year 2004 

(Maxmen, 2012). This doubling of survival in about 50 years is due to development of 

better screening techniques and early diagnoses, surgeries and therapies. The survival rate 

of patients can be further broken down to the site of cancerous cells: 98.6% for localized, 

83.8% for regional and 23.3% for metastatic disease (Maxmen, 2012). Hence, as the 

cancer spreads to other tissues and organs, the prognosis becomes sombre and death from 

breast cancer is more likely. In the case o f breast cancer, the distant sites colonized by the 

cancerous cells include primarily bone, lung, liver and brain.
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1.2 — Metastatic cascade and progression

Metastasis formation was initially thought to be a late event in tumor progression. 

In the linear progression model, after an accumulation of multiple mutations, only the fittest 

cancerous cells survive; those with the most aggressive phenotypes. These clones are 

therefore able to leave the primary tumor and colonize other organs. This model is 

supported by findings where the primary tumor and metastasis have similar copy number 

profiles (Navin et al., 2011) as well as the TNM classification system where metastasis 

occurrence is related with primary tumor size (Weinberg, 2008). An opposing and 

emerging view is that metastasis occurs as an early event. Supporting this view are 

observations which document that metastasis can occur from small cancers or in clinically 

undetectable primary tumors (van de Wouw et al., 2002). In breast cancer epidemiological 

studies, Engel and co-workers found that metastasis could be initiated 5-7 years prior to 

primary tumor diagnosis (Engel et al., 2003). This early or parallel progression model 

proposes that very early on, in the absence of a detectable primary tumor, those transformed 

cells will disseminate to distant sites. These cells will therefore evolve differently from the 

primary tumor due to differences in the microenvironment encountered and mutations 

acquired (Klein, 2009). This is corroborated by molecular genetic analysis which showed 

that the disseminated tumor cells (DTCs) have different genetic alternations when 

compared to the primary tumor (Klein, 2009; Husemann et al., 2008; Ding et al., 2010). 

Hence, the mutations in the DTCs are not necessarily the same as those found in the 

primary tumor.

Metastasis, often lethal, is a multistep process. Initially mutations in cells cause 

changes allowing for unlimited replicative potential, resistance to apoptosis, self-sufficient 

growth signals, insensitivity to anti-growth signals, migration and invasion and the list goes 

on. One new characteristic, angiogenesis, the formation of new blood vessels from 

preexisting immature ones, is often noted to permit the growth of the primary tumor as cells 

must be located within 100-200 pm of the blood vessels to be viable (Torres Filho et al, 

1994). In addition, local invasion by the expression of proteases, such as matrix 

metalloproteinase-2 (MMP-2) which degrades the basement membrane (Gilles et al, 1998), 

is needed for the cancer cells to migrate and be able to reach the systemic circulation. Cells
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then enter the bloodstream, a process known as intravasation, becoming circulating tumor 

cells (CTCs). The lymphatic system can also be used by the cancerous cells to enter 

indirectly into the bloodstream or reach lymph nodes where colonization is possible. In 

circulation, they will need to survive in transit and then arrest in a new organ where they 

will extravasate out of the bloodstream and into the surrounding tissue. The vasculature 

therefore affects, in part, the location of the metastasis. From the breast, the CTCs would 

follow the blood flow to reach the heart then travel to the capillaries of the lungs. In the 

lungs, depending on their size, some will get lodged in the capillaries (mechanical trapping) 

while others will pass though, gaining access to other sites via the systemic arterial 

circulation (Chambers et al, 2002).

In this secondary site the cells, now known as disseminated tumor cells (DTCs), 

will need to initiate and continue their growth, colonizing a new environment. This 

colonization depends on the tumor-host cell interactions. Indeed, Steven Paget proposed 

over a century ago, the seed-and-soil theory, which explained that the seed (cancerous 

cells) needed to appropriate soil (microenvironment) for survival and if the soil was not 

compatible, no growth could result (Paget, 1889). Out of 735 breast cancer patients, 

metastases were found in specific organs such as liver and this could not only be due to the 

vasculature (Paget, 1889). However, this theory was only backed up 90 years later by 

others who found that even though CTCs have the possibility of reaching all organs, only 

specific sites develop metastases (Hart and Fidler, 1980). These new sites termed niches 

due to the fact that they can support and maintain metastatic cells, contain stromal cells, 

soluble factors, a vasculature, nutrients, an extracellular matrix (ECM) and provide a tumor 

permissive immunological microenvironement (Weigelt and Bissell, 2008; Mantovani et 

al, 2008).

Since at any point in those numerous steps failure is possible, it is evident that 

metastasis formation is an exceedingly inefficient process. This inefficiency has been 

documented in human cancer (Tarin et a l, 1984), as well as in experimental models: The 

Chambers team has been able to demonstrate that a minute number, 0.02% or less, of cells 

are able to form large metastases (Allan et al, 2007), while 80% of cells who intravasate
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can survive and extravasate into a new organ (Koop et al., 1995). This shows that while 

early events in the metastatic cascade are efficient, the later ones are usually deadly to the 

cells. Aside from apoptosis usually being the main outcome, two other scenarios exist once 

the cancerous cells have reached their secondary site (figure 1): dormancy or proliferation. 

Even if the cells proliferate in the new environment, not all become large clinically 

detectable metastases since they can again die in the process as they acquire new mutations 

or become dormant (Brackstone et al., 2007).

1.3 -  Tumor dormancy

Dormancy can be defined as the state in which tumor cells are not clinically 

detectable for a prolonged period of time (Almog, 2010). The cells survive but there is no 

apparent tumor progression. This can occur in patients when after initial treatment there is 

an asymptomatic period before disease progression returns locally or as metastasis (Fehm 

et al., 2008). In clinic, the existence of dormancy had been known for quite some time 

especially in breast and prostate cancers and melanoma (Steeg, 2006). However, the 

mechanism of dormancy has not fully been established. This dormancy phenomena is 

causing quite some controversy and is problematic for not only is there no consensus on 

what causes dormancy but being able to locate these cells clinically is highly difficult 

(Rice, 2012). In radiology, objects smaller than 1 mm are difficult to identify making 

DTCs identification quite difficult since they fall well below that measurement. In 

addition, utilizing histological analysis by pathologists another method that has not proven 

efficient in detecting solitary DTCs. Hence, these metastases remain clinically 

undetectable.

1.3.1 -  Types of dormancy

As for the second problem, there seems to be many possibilities as to how cancer 

cells stay dormant (figure 1). Some think that they are in cellular dormancy, which occurs 

when solitary tumor cells are in a quiescent state (arrest in Go-Gi phase) for many years 

(Naumov et al., 2001). This is unlike senescence, an irreversible phase of cell cycle arrest. 

In their new organ, these solitary cells do not succeed in dividing but also do not die 

therefore they are in a reversible state of cell cycle arrest (Chambers et al., 2002). In
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addition, when these dormant mammary carcinoma cells were recovered from their 

secondary site and re-injected into mammary fat pads, tumors were formed (Naumov et al, 

2002). This demonstrated that these cells kept their tumorigenic characteristics and that the 

tumor-microenvironment interactions affected tumor proliferation. The mechanism of how 

these cells escape dormancy still remains unclear. One possibility is that lack of surface 

receptors such as pi integrin causes dormancy. In vitro, the interaction between the ECM 

and integrin pl-FAK pathway was essential for D2A1 breast cancer cell proliferation, and 

if knocked-down, elevated levels of pi 6, p21 and p27 mRNA were observed just like those 

found in dormant D2.0R cells which are in cell cycle arrest (Shibue and Weinberg, 2009). 

Elevated cyclin-dependent kinase inhibitors such as p i6, p21 and p27 result in the arrest of 

cell cycle progression, determining if the cell remains in quiescence or continues and 

divides. Additionally, in vivo dormant metastasis had a low growth promotion (ERK): 

growth-restriction (p38) signaling ratio while the opposite was true for metastatic growth 

(Aguirre-Ghiso et al, 2004). These mitogen-activated protein kinase pathways, regulated 

by the urokinase plasminogen activator receptor (uPAR), allow for growth and proliferation 

if the extracellular regulated kinase (ERK) is activated, or result in apoptosis and restricted 

tumor growth via activation of the stress-activated protein kinase 2 (p38) (Aguirre-Ghiso et 

al, 2001).

Other studies found that micrometastases, a clinically undetectable group of 

cancerous cells whose proliferation is counterbalanced by apoptosis, could also contribute 

to dormancy (Holmgren et al, 1995). Up to now, this tumor mass dormancy could be 

caused by two different mechanisms. Pre-angiogenic micrometastases would be caused by 

an inadequate vascularization because no new blood vessels are recruited as proliferation 

continues (Holmgren et al., 1995). Since mammalian cells need oxygen and nutriments, 

they must be found within 100-200 pm of blood vessels, thus limiting their size (Torres 

Filho et a l, 1994). As the micrometastases grow, the vascularization cannot sustain its 

need for oxygen and nutriments and anoxia or hypoxia occurs resulting in cell death 

(Semenza, 2003). These metastases stay dormant until they undergo mutations which 

initiate the angiogenic switch. This activates gene transcription which shifts the balance 

towards more pro-angiogenic factors such as VEGF and PDGF than anti-angiogenic factors
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being expressed (Semenza. 2003 ). The second mechanism by which a balance in 

proliferation and apoptosis would occur is by immune surveillance. The immune system. 

notably cytotoxic CD8+ T lymphocytes (Finn. 2006). is able to recognize and destroy some 

of the cells from the micrometastasis white leaving others intact regulating the growth of 

the micrometastsis (Weinhold et al. . 1979). Not only can it kill cells but it can also regulate 

the cancer for a certain time frame. Koebel and his team determined that m 

immunocompetent mice. tumor cells were m a state of equilibrium while m 

immunodeficient mice. those same cells grew significantly (Koebel et al .. 2007). Hence, 

the immune system controls the growth of the micrometastasis. keeping them in a state of 

dormancy. 

A 
Death ~~/ Proliferation 

~ 
Single cell . / ~. Micrometastases 
dormancy + dormancy 

• ~ • Arrested cell 
. Proliferating cell 
• Apoptotic cell 

Figure 1. Outcome of disseminated tumor cells at a secondary site. Three possibilities 
exist for tumor cells. They can: ( 1) proliferate forming metastasis and therefore early 
recurrence. (2) die by apoptosis or (3) enter astate of dormancy. Dormancy is divided into 
2 main categories: single cell where the cell is in quiescence (cell cycle arrest) or 
micrometastasis where a balance between proliferation and apoptosis within the 
microenvironment exists either due to immune surveillance or Jack of blood vessels. The 
lightening shape denotes factors which change the cell or micrometastases, allowing for 
proliferation to a clinica}ly detectable size (image modified from Fehm et al., 2008). 
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1.3.2 -  Effect of dormancy on cancer therapies

Dormancy is one mechanism used to explain recurrence in certain cancer types. 

Metastases in breast and prostate cancers, as well as in ocular melanoma have been 

observed decades after eradication of the primary tumor (Triozzi et a l, 2008; Lee, 1985; 

Johansson et al., 2004). This leads to a very important observation in which recurrence 

does occur in patients who have undergone therapies, bringing to light that those therapies 

may be ineffective in killing dormant ceils which cause recurrences (Brackstone et a l, 

2007). This is further revealed by an experimental model of dormant breast cancer which 

demonstrated resistance to doxorubicin, a chemotherapeutic drug that kills rapidly dividing 

cells (Naumov et al., 2003). This is quite devastating since therapies which kill fast 

dividing cells would be ineffective at eliminating the body of these dormant metastases.

1.4 -  Radiation and its mechanism in cancer treatment

In addition to chemotherapy, breast cancer can be treated with a variety of different 

therapies which are chosen depending on staging, size, type, hormonal status, age of 

patient, etc. Using ionizing radiation with or without the surgical removal o f the tumor is 

often performed. This radiation is beneficial during surgery for not only may it decrease 

the mass removed but it may also help eliminate cells surrounding the primary tumor (Choy 

and Milas, 2003). However, even though radiotherapy has proven its efficiency (Clarke et 

al, 2005), the clinical radiation dose of 50-60 Gy to the whole breast is not calculated to 

eradicate all malignant cells but rather to optimize the long term effects by balancing 

elimination of cancer cells and adverse effects to normal tissues. This is due to the fact that 

malignant foci are usually present in the breast; 42% of mastectomy specimens had 

malignant foci at 2 cm from the tumor edge (Holland et al., 1985). Thus, not all cancer 

cells can be removed and these residual cells could be a potential source of metastasis. In 

addition, both cancerous cells and healthy tissue are exposed to the ionizing radiation. The 

main tissue side-effects include cosmetic outcome, cardiac complications and pulmonary 

fibrosis (Coles et al., 2005). Pulmonary fibrosis can occur given that by irradiating the 

breast, a part of the lungs is also irradiated. This disfiguration of the breast region results 

from fibrosis and breast induration due to radiation-induced inflammation (Archambeau et 

al, 1995).
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Radiation on a cellular level causes multiple effects. The energy deposited by y- 

irradiation in the tissue interacts with DNA directly or indirectly by the generation of 

reactive oxygen species (ROS). Since DNA is damaged, proliferation is halted and 

pathways that either induce cell survival or death by apoptosis are triggered (Mirzaie- 

Joniani et al., 2002). Radiation can also enhance the expression of angiogenic growth 

factors (ex. VEGF, PDGF) (Gorski et al., 1999) and cell cycle proteins (ex. cyclins, p27), 

as well as trigger pathways whose effector proteins include growth factors and gene 

transcription regulators (Rosen et al., 2000). ROS also causes cellular damage by 

interacting with membrane lipids and by affecting membrane transport of electrolytes, 

transition metals and small molecules resulting in possible cell death and tissue edema 

(Riley, 1994). Much molecular modifications such as enzyme activity and lipid 

peroxidation (Zhao and Robbins, 2009) as well as cross-talk between signaling pathways 

are implicated in radiation making it extremely difficult to elucidate the mechanism. 

However, inflammation is readily induced in almost all patients who have undergone a 

radiation treatment.

2 -  Inflammation and its role in radiation and bacterial infections

2.1 -  Inflammation and the immune system

Inflammation caused by injury or tissue damage is usually viewed as a beneficial 

physiological response to insult or injury causing localized reaction with systemic effect 

(Licastro et al., 2005; Vasto et al., 2007). It is described as an influx of inflammatory cells, 

modification in cytokine levels, synthesis of pro-inflammatory mediators and recruitment 

of fibroblasts (Schmidt-Ullrich et al., 2000). Our innate immunity is initially called upon to 

defend the host against the agent and then the more specialized adaptive immune 

mechanisms come into play. Its goal is to destroy, diminish or sequester the pathological 

agent but also the injured tissue (Licastro et al, 2005). In acute conditions signs include 

pain, heat, redness, swelling and loss of function. Even though its function is to protect us, 

sometimes it may have detrimental effects.
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2.2 -  Inflammation and cancer

Indeed the association between cancer development and inflammation is well 

known (Coussens and Werb, 2002). Low levels of chronic inflammation has also been 

implicated in cancer progression (Hagemann et al, 2007), as well as certain pro- 

inflammatory cytokines (Tsatsanis et a l, 2006). Many studies have demonstrated that 

cyclooxygenase (COX) and lipoxygenase (LOX) play an important role in mediating the 

inflammatory process and subsequent possible organ dysfunction with the help of their 

respective metabolites prostaglandins (PGs) and leukotrienes (LTs) (Yang et al, 2011).

2.2.1 -  Radiation-induced inflammation

By using radiation as a cancer treatment modality, a significant inflammatory 

response is attained in the irradiated tissue which acts as the main limiting factor during the 

procedure (Molla and Panes, 2007). Studies in experimental models have shown that 

blockage of inflammatory molecules such as COX-2 enhances the antitumor effect o f 

radiation. In mice, mammary and lung tumors treated with radiation in combination with 

Celecoxib, a selective COX-2 inhibitor, caused a greater delay in tumor growth than either 

modality alone (Liu et al, 2003). In addition, Celecoxib in vitro causes arrest of tumor 

cells in G2/M phase (the most radiosensitive phase of the cell cycle) increasing cell 

cytotoxicity (Lui et al, 2003). To further complement these findings, apoptosis can also be 

increased in cells which underwent the Celecoxib-radiation treatment (Saha et a l, 2003). 

However, ultraviolet and ionizing radiation of normal and tumor cells increases the 

expression of COX-2 and production of metabolites in vitro (Steinaur et a l, 2000; Eisen 

and Walker, 1976; Buckman et al, 1998). This increase of inflammatory molecules could 

help with cell survival by protecting them from the cytotoxic effects of radiation, since the 

inhibition of these molecules increases cell death (Choy and Milas, 2003). Hence, an 

excellent mechanism to restore normal cell functioning but not without disadvantages since 

this would also be applicable to tumor cells. This could also shed light as to why COX-2 is 

often elevated in tumor development such as prostate, colon, lung, liver, esophageal, 

cervical and head and neck cancers, as well as in breast cancer, where COX-2 

overexpression varies between 29-89% (Choy and Milas, 2003).
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2.3 -  LPS-induced inflammation

Other inducers of inflammation include lipolysaccharides (LPS) found on the outer 

membrane of gram negative bacteria. These non-proteinic molecules have vital biological 

actions on bacterial-host immune system interactions which include toxicity. LPS is made 

up of a core, a lipid A that confers the endotoxicity of the molecule and an O antigen (Szalo 

et al, 2006; Erridge et al., 2002). Lipid A binds to LPS-binding protein (LBP) and this 

complex is then recognized mainly by toll-like receptor-4 (TLR-4) but also by CD 14 

glycosylphosphatidylinositol-anchored molecule located on • activated macrophages 

(Fujihara et al., 2003; O’Neill et al., 2003). These macrophages secrete pro-inflammatory 

molecules such as Interleukin-1 (IL-1), tumor necrosis factor-a (TNF-a) and interferon-y 

(IFN-y) (Lotter et al, 2006) which bind to cells and cause inflammatory signaling pathways 

such as the transcriptional factor NF-kB resulting in prostaglandin and leukotriene 

synthesis as well as induction of the complement system (Szalo et al., 2006; Tajima et al, 

2008; Rautemaa and Meri, 1999). This results in fever and hypotension due to 

vasodilatation, increase in vascular permeability and decreased heart contractions, which at 

worst can lead to death (Szalo et a l, 2006). While the lipid A is highly conserved in 

bacteria, the O antigen is variable (Erridge et al., 2002). This component, formed by 

repeating oligosaccharides (Szalo et al, 2006), is recognized by the immune system but can 

also confer resistance to complement activation and phagocytosis (Rautemaa and Meri, 

1999), as well as allowing adherence in tissues (Jacques, 1994). Therefore it is not 

surprising that LPS causes the up-regulation of adhesion molecules. Increases in ICAM-1 

(Myers et al., 1992) as well as VCAM-1 (Tong et al., 2006) were noted allowing for 

endothelial binding with neutrophils and lymphocytes. In addition, LPS is able to induce 

an increase in COX-2 protein levels as well as an increase in its PGE2 and PGD2 

metabolites; two important inflammatory mediators in lung fibroblasts (Zheng et al, 2011).

3 -  Mediators involved in inflammation

3.1 -  Cyclooxygenase

Cyclooxygenase, also named prostaglandin-endoperoxide synthase (PTGS), are 

isoenzymes which limit the conversion of arachidonic acid (AA) liberated by cytosolic
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phospholipase A2 (CPLA2) from the phospholipid membrane to eicosanoids, biologically 

active lipids which act in autocrine and paracrine manners. Cyclooxygenase exists in 3 

forms: COX-1 (also named PTGS1) is usually constitutively active, therefore viewed more 

as a housekeeping enzyme involved in vasoconstriction, renal function, gastric mucosal 

maintenance and platelet aggregation (Wang and Dubois, 2006); COX-2 (or PTGS2) is an 

early response enzyme not usually expressed at baseline but induced through a variety of 

stimuli (Williams et al, 1999); and COX-3 a splice variant of COX-1 which does not seem 

to produce prostaglandins (Vandevoorde and Lambert, 2007). With a 60% similarity, they 

transform A A to prostaglandin H (PGH) by using two catalytic reactions (Vandevoorde and 

Lambert, 2007). Using their endoperoxide synthase component, COX converts AA to the 

PGG2 intermediate which is then reduced by the peroxidase component to form PGH2 

(Rishikesn and Sadhana, 2003). PGH2 is then converted into more stable products such as 

prostaglandin E2, D2 and F2a (by prostaglandin synthases), prostacyclin I2 (by prostacyclin 

synthase) or tromboxane A2 (by thromboxin synthases) (figure 2). The COX-2 inducers 

include radiation, bacterial endotoxins, hormones, cytokines such as IL-1, TNF-a, IL-6, and 

growth factors like epidermal growth factor (EGF), fibroblast growth factor (FGF) and their 

effect on COX-2 expression is usually felt within 2-6 hours (Tsatsanis et a l, 2006). 

However, in certain organs such as in the CNS, kidneys and gonads, COX-2 is suspected to 

also have housekeeping functions since it is constitutively expressed (Tsatsanis et al, 

2006).



12

Arachidonic acid (AA)
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COXIBs
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Figure 2. Schematic overview of prostaglandin synthesis mediated by cyclooxygenase 
(COX) enzyme pathway and principle functions. All prostaglandins or thromoboxane have 
their own unique function. NSAIDs: non-steroidal anti-inflammatory drugs; COXIBs: 
COX-2 selective inhibitors. (Image modified from Wang and DuBois, 2006).

3.1.1 -  COX-2 overexpression

In addition to being stimulated by the environment, COX-2 has also been found to 

be elevated in disorders, which include ischemia, spinal cord injury, Alzheimer’s disease, 

Parkinson’s disease and cancers (Vandevoorde and Lambert, 2007). Overexpression of 

COX-2 is caused by an up-regulation in transcription and stabilization of its mRNA (Jang 

et al„ 2000). In cancer, COX-2 is expressed in the tumors’ epithelial cells, tumor- 

associated fibroblasts, vascular endothelial cells and inflammatory mononuclear cells 

(Singh and Lucci, 2002). Indeed, Liu and coworkers (2001) selectively overexpressed 

COX-2 in the mammary gland which resulted in more than 85% of the mice having tumors 

in the gland while hardly any were detected in the controls. Notably, proapoptotic Bax and 

B c1-xl  were decreased while anti-apoptotic Bcl-2 was increased in the tumor tissue (Liu et
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al, 2001). The authors concluded that overexpression of COX-2 was able to induce breast 

cancer.

The COX-2 overexpression leads to the formation of metabolites which exert 

physiological functions. Of these metabolites, prostaglandins are usually found to be 

increased either following radiation, cancer and/or inflammation. PGs exert their role 

either by binding to their respective G-protein coupled receptors on the cell’s surface 

causing changes in cAMP and Ca+ levels or by directly acting in the nucleus affecting gene 

transcription (Singh and Lucci, 2002). These effects result in modulation of signaling 

pathways and cell function (Singh and Lucci, 2002). Since PGs directly affect the cell or 

nearby cells, this can help in metastasis formation since the soil, the microenvironment, can 

be primed or modified to allow cancerous cell colonization (Hanahan and Weinberg, 2000). 

COX-2 seems to prefer to pair with either PGE2 or PGI2 synthase (Smith et al., 2000). 

Indeed, one of the prostaglandin metabolites, PGE2 , is often associated with tumorigenesis 

and progression. COX-2 and PGE2 increases have been associated with stimulating cell 

proliferation (Sheng et al, 2001), inhibiting apoptosis by increasing the synthesis of anti- 

apoptotic molecules via PI3 kinase/Akt pathway (Lin et al., 2001; Liu et al, 2001) or by 

delaying cell cycle progression by leaving the cells in the Gi phase (DuBois et a l, 1996). 

In addition, elevated levels of these molecules were also found to induce angiogenesis by 

the production of proangiogenic factors (Chang et a l, 2004), inhibit immune surveillance 

by decreasing T and B cell growth and the cytotoxicity of natural killer cells (Singh and 

Lucci, 2002) and increase cell motility and invasiveness by allowing the degradation o f the 

ECM by MMP-2 (Takashashi et al, 1999).

3.1.2 -  Prostaglandin (PG) metabolites of COX-2

In addition to the tumorigenic roles, PGE2 regulates gastric acid secretion, renal 

blood flow, ovulation, fertilization and bronchodilation (Smith et a l, 2000). PGE2, which 

mediates inflammatory responses, is now found to exert possible anti-inflammatory effects 

depending on the context and location. In the lungs, PGE2 at baseline is found in much 

higher concentrations than in the plasma and is involved in reducing inflammation in 

bronchial asthma (Vancheri et a l, 2004). Indeed, PGE2 can inhibit the release of histamine
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and PGD2 from mast cells (Hartet et a l, 2000), as well as decrease the number of 

inflammatory cells recruited at the site (Kita et al., 1991) and activate the expression of 

intracellular and vascular adhesion molecules (Panettieri et al, 1995). Another important 

PG that has this double inflammatory activity is PGD2 . This PG plays roles in regulating 

sleep and body temperature, olfactory function, hormone release, pain response, induction 

of vasodilatation and bronchoconstriction and preventing platelet aggregation (Joo and 

Sadikot, 2012). Being the predominant PG in the rat brain (Narumiya et al., 1982), PGD2 

is also located in the spleen (Meyer and Thomas, 1995), heart (Tokudome et al., 2009), 

kidneys, lungs (Joo et al., 2009) and in inflammatory cells such as eosinophils, basophils 

and lymphocytes (Oguma et al., 2008). In a mouse asthma model, PGD2 is pro- 

inflammatory controlling eosinophilia, mucus production and cytokine levels in Th2 cells 

(Matsuoka et al., 2000). If injected in the skin, it can cause erythema, edema and leukocyte 

infiltration, all hallmarks of inflammation (Pettipher et al., 2007). Finally, it can cause 

vasodilation of blood vessels, increasing blood flow. Conversely, in a murine model o f 

pleuritis, PGD2 reduced inflammation (Gilroy et a l, 1999) and an intratracheal injection of 

PGD2 helped rid the lungs of a P. aeruginosa infection (Joo et al., 2007). Few studies have 

concentrated on PGD2 mediated tumor effects but Keyaki and co-workers found that an 

intratumoral injection of PGD2 inhibited glioma cell growth both in vitro and in vivo 

(Keyaki et al, 1984). The same scarcity of studies was also noted when it came to 

radiation-induced PGD2 increases. However, Black and co-workers were able to observe 

an increase in PGD2 after UVB skin irradiation (Black et a l, 1980).

3.2 -  Interleukin-10

Interleukin-1 (IL-1), a pleiotropic cytokine, plays a central role in inflammation 

whether it is mediated by ionizing or UV radiation, X-rays, LPS, TNF-a or itself (Ishihara 

et al., 1995). As a pyrogen that increases body temperature, it has the ability to induce a 

variety of pro-inflammatory genes, which in a healthy individual are not usually present 

(Rube et al, 2005). One of its main effects is to up-regulate COX-2, which in turn releases 

prostaglandins (Dinarello, 2005). There are 3 IL-1 proteins, which have either agonistic 

characteristics such as IL-1 a  and IL-1 P or antagonistic properties such as IL-1 receptor 

antagonist (IL-IRa), which once bound to its receptor causes no signal transduction (Apte
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and Voronov, 2002). IL-1 a  and IL-(3 are synthesized as 31 kDa precursor molecules, which 

are then cleaved by calpain or caspase-1 proteases, respectively, to become active 17 kDa 

molecules (Apte and Voronov, 2002). Even though they act on the same receptors and 

exert the same functions, their cellular localization is completely different. IL-1 a  is active 

in the cytosol or in a membrane-associated form, while IL-lp must be secreted (Apte and 

Voronov, 2002).

Known as alarm cytokines, IL-1 a, -P and TNF-a are readily produced by 

macrophages and initiate inflammation by inducing a variety of pro-inflammatory genes 

such as COX-2, iNOS, IL-6 , chemokines and cytokines. In addition both IL-1 and TNF-a 

amplify the signal since they can stimulate their own and one another’s production (Apte 

and Voronov, 2002). Not only does it stimulate pro-inflammatory molecules but it has an 

effect on proliferation, differentiation and function of inflammatory NK, T and B cells as 

well as on macrophages and granulocytes (Dinarello, 1996). However, no doubt exists in 

its role in cancer; it is found to be up-regulated in breast, colon, lung and head and neck 

tumors (Jin et al, 1997; Chen et al, 1999; Gemma et al, 2001). In 90% of the invasive 

breast cancers, IL-1 was expressed and was associated with aggressive tumor 

characteristics (Jin et al, 1997). Not only do cancer cells produce IL-1 in an autocrine 

fashion to stimulate growth and invasion but paracrine signaling can stimulate the stromal 

cells to also secrete this cytokine as well as VEGF, TNF-a and IL- 6  (Akagi et a l, 1999; 

Elaraj et al, 2006). IL-1 seems to be implicated in tumor growth and metastasis as the IL- 

la/-p deficient melanoma mice model had an increase survival when compared to wildtype 

mice which were dying of lung metastasis (Voronov et al, 2003). At a molecular level, IL- 

1P signaling pathway degrades the NF-kB inhibitor which allows this transcriptional 

modulator to up-regulate pro-inflammatory and anti-apoptotic genes such as COX-2, iNOS, 

VCAM-1, ICAM-1, B c1-xl (Lawrence et a l, 2002).

3.3 - Cell adhesion molecules (CAM)

CAM, important receptors in trans-endothelial migration, can be viewed as 

doorways into organs as they allow circulating molecules and cells to arrest on the vascular 

endothelium and therefore gain access to the tissue. Therefore, it is not surprising that they
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are up-regulated in inflammation (Elangbam et a l, 1997, Haapasalmi et a l, 1995). Injured 

endothelial cells release pro-inflammatory mediators such as IL-1 P and TNF-a into the 

bloodstream, which stimulate the influx of inflammatory molecules and expose cell-surface 

adhesion molecules. Initially, carbohydrate ligands on the leukocytes bind to low affinity 

receptors, notably E- and P-selectins, on the endothelium that promotes leukocyte tethering 

and rolling (Carlos and Harlan, 1994; Springer, 1994). As they slow down, chemokines on 

the endothelial or surrounding cells are secreted and integrins are activated on the 

leukocytes (Springer, 1994). At the same time, on the endothelium, inflammatory 

mediators up-regulate high affinity CAMs which bind to their respective integrin (Carter 

and Wicks, 2001). The intracellular adhesion molecule 1 (ICAM-1) firmly attaches to the 

LFA-1 or a4p7/MAD integrins, while the vascular cell adhesion molecule 1 (VCAM-1) 

adheres with VLA-4 (Lawson and Wolf, 2009). Migration into the tissue is then possible. 

ICAM and VC AM binding with their respective integrin also activates signaling pathways 

in the endothelial cells which result in contraction of the cell and weakening of junctions 

between cells to allow for easier passage (Lawson and Wolf, 2009). To further help this 

process, VCAM-1 interaction with leukocytes can cause matrix metalloproteinase (MMP) 

synthesis in T lymphocytes (Romanic and Madri, 1994).

3.3.1 -  Vascular adhesion molecule 1 (VCAM-1)

VCAM-1, a six or seven immunoglobulin domain transmembrane protein, is not 

usually expressed on the vascular endothelium, but can be easily induced by inflammatory 

cytokine stimulation such as IL-1, IL-4 (Thornhill et al, 1991), TNF-a and LPS (Carlos et 

al, 1990). It is constitutively localized in fibroblast-like synovial lining cells (Carter and 

Wicks, 2001), bone marrow stromal cells (Mazo et al., 1998), lymph node endothelium 

(May et al., 1993), thymic epithelial cells (Salomon et a l, 1997) and in certain dendritic 

cells (Koopman et al, 1991). VCAM-1 allows adhesion of monocytes, T and B 

lymphocytes, basophils and eosinophils, which all contain the VLA-4 integrin (Elangbam 

et al, 1997; Bochner et al, 1991). Besides inflammatory recruitment, VCAM-1 seems to 

be involved in atherosclerosis (Iiyama et al, 1999), asthma (Sagara et a l, 1997) melanoma 

metastasis (Vidal-Vanaclocha et al, 2000) and embryonic development (Gurtner et al, 

1995).
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3.3.2 -  Intracellular adhesion molecule-I (ICAM-1)

ICAM-1, a five immunoglobulin domain transmembrane protein, is constitutively 

expressed on the cell surface of endothelial cells, lymphocytes and monocytes and is up- 

regulated by cytokines such as IL-1, TNF-a and INF-y (Zhou et al., 2006; Elangbam et a l, 

1997). It has also been found in dermal fibroblasts, melanocytes and certain cancers 

(Johnson et al., 1989; Vogetseder et al., 1989). It adheres to neutrophils, T cells and 

macrophages (Breider, 1993; Kavanaugh et al., 1991), which either have the LFA-1 and/or 

MAC-1 integrins. It plays a role in antigen presenting cell-T cell communication 

(immunological synapse formation) by facilitating the binding of these cells. Just like 

VCAM-1, ICAM-1 is also involved in atherosclerosis (Lawson and Wolf, 2009).

4 -  Age and its effect on inflammation

Inflammation, often encountered in acute conditions, may persist and stay 

unresolved becoming chronic. In chronic inflammation, tissue injury and healing occur 

concurrently with the help of an activated immune system (Vasto et al., 2007). This 

chronic low-level inflammation, termed inflamm-aging (Franceshi et al., 2000) is often 

associated with age. Indeed many studies have demonstrated increases in cytokines and 

inflammatory cells in aged individuals. Pro-inflammatory molecules such as IL-6 , IL- 8  and 

TNF-a were increased in the elderly (Fagiolo et al., 1993). Furthermore, endotoxins such 

as LPS encountered in aged individuals have caused higher increases of pro-inflammatory 

mediators. As an example, in mice who received LPS intraperitoneally, there was an 

elevation in mRNA levels of iNOS, 11-6, TNF-a, and chemokines (Sharman et al., 2008). 

This is however contradicted by other studies which documented that there was no increase 

in inflammatory mediators. As an example, Bruunsgaard and co-workers (1999) found no 

differences in IL- 6  levels in blood supernatants of elderly adults after an LPS injection.

Chronic inflammation associated with age seems to be correlated with many factors 

such as genetic background, increased fat tissue, which may produce more pro- 

inflammatory cytokines (Rudin and Barzilai, 2005), decreased sex steroid synthesis, and
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chronic disorders such as atherosclerosis (Licastro et al, 2005; Vasto et a l, 2007). The 

immune system, which protects the host from pathogens, after a certain age, may not be 

able to keep up since life expectancy in society is much longer than formerly due to 

improvements in technology, nutrition, sanitation and medical advances (Vasto et al., 

2007). This may therefore explain the decreases in cytokine levels seen in other studies. In 

aged individuals, there was a decrease in TNF-a and IL-1 P after LPS stimulation that may 

be due to impaired immune functions (Bruunsgaard et al., 1999). These functions cause a 

decrease in the defense mechanism against infections leading to increased vulnerability 

(Bruunsgaard et al, 1999). Moreover, studies have shown thymus involution, changes in T 

and B cells (Candore et al, 2003), decreased killing by aged macrophages and neutrophils, 

and decreased T and B activation by aged dendritic cells (Plackett et al., 2004) as a few 

possible changes which occur within the immune system as the organism ages.

As natural as aging is, this results in increased vulnerability for the organism 

because there is a progressive decrease in the body’s homeostasis which leads to decreased 

response to the environment (Vasto et al, 2007). In addition to some possible immune 

changes described above, aged natural killer cells have shown decreased cytotoxicity for 

tumor cells (Di Lorenzo et al, 1999). Hence, all these findings mentioned previously 

explain in part the increase in mortality rates in adults over 65 years. When compared to 

25-44 year old adults, heart disease, cancer, stroke, chronic lung disease, pneumonia and 

influenza were much higher in the aged individuals (Troen, 2003). In 2012, according to 

the Canadian Cancer Society, in adults aged 50-79 years old, 69% of all new cases and 

62% of all cancer deaths are estimated to occur in this age group. Mortality should be 

highest in the 80+ group (34%). This is no different in breast cancer where patients are 

usually 50-69 years of age at diagnosis, while most deaths are noted in those 80+. In 

animal studies, aged mice are more prone to death during systemic inflammation caused by 

endotoxins than their younger counterparts (Starr et al, 2010). In addition, Alzheimer’s 

disease, atherosclerosis and cancer, which are said to be age-related diseases, all have a 

major inflammatory component (Licastro et al, 2005). This further suggests that a healthy 

and functional immune system does decrease vulnerability and susceptibility to disease. 

Finally, new studies have demonstrated that past infections could also have an effect on
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chronic diseases and mortality (Finch and Crimmins, 2004). As an example, a respiratory 

disease such as pneumonia in children before 2  years of age is associated with a reduced 

lung function (Shaheen et al., 1994). Such a predisposition to certain diseases could also 

indicate why certain elderly individuals are more affected than others.

5 -  Hypothesis and work plan

Knowing that inflammation can be induced by multiple factors such as ionizing 

radiation and LPS, we hypothesized that they could be implicated in cancer progression. 

Our working model is as follows:
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Radiation (microorganism infection)

\  ^  \
Pro-inflammatory cytokines Cell adhesion molecules
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^  X  i
|  Proliferation Leukocyte   Endothelial adhesion Cancerous cell
I Apoptosis recruitment and migration —► extravasation from

(f permeability) blood circulation

1

------- ► Inflammation ,,

-------------------------------------------------------1------------------------► Metastases

More specifically, we wanted to determine if inflammation can cause (1) an awakening of 

dormant metastasis and (2 ) an increase in the number and size (proliferation, survival, 

extravasion) of lung metastases.



2 0

To answer the first question we needed to analyze dormancy both in vitro and in 

vivo. Initially, we determined at the cellular level if radiation can induce the awakening of 

dormant D2.0R breast cancer cells by using a three-dimension (3D) culture system. We 

analyzed the effect of PGE2 , a pro-inflammatory mediator, and irradiated pulmonary cells 

on the dormant behavior of D2.0R cells. We studied the, awakening of dormant D2.0R 

cells after ffactioned dose treatment to the mammary gland in the mice model of 

experimental lung metastasis. Our D2.0R cells expressed a bioluminescence marker which 

allowed for quantification of the signal in the lungs. In addition, we investigated the COX- 

2  pathway as possible player in the switch from dormant to proliferative phenotype.

To answer the second question, a LPS-mediated bacterial inflammation was 

inflicted onto young and old mice. By using the already proliferating D2A1 cell line in the 

same experiment model of lung metastasis, we looked at differences in pro-inflammatory 

and cell adhesion molecules. We then observed tumor progression according to age, by 

employing the fluorescent ubiquitination-based cell cycle indicator (FUCCI) proteins. This 

allowed for distinction between Gi and S/G2/M phases in the cell cycle and continual 

tracking of the cells (Sakaue-Sawano et al., 2008).



MATERIAL AND METHODS

1 -  Chemicals and reagents

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich (Oakville, 

ON, Canada) and solvents were ordered from Fisher Scientific (Ottawa, ON, Canada). 

Ketamine was obtained from Wyeth (Guelph, ON, Canada) and xylazine from Brimeda- 

MTC (Cambridge, ON, Canada). Isoflurane was purchased from Abbott Laboratories 

(Montreal, QC, Canada) and 16-16-dimethly-PGE2 from Cayman Chemical Company (Ann 

Arbor, MI, USA).

2 -  Cell culture

The D2.0R (dormant) and D2A1 (proliferative) mouse mammary carcinoma cell 

lines, which are both derived from a spontaneous mammary tumor in a Balb/c mouse (Rak 

et al, 1992), were a gracious gift from Dr. Ann F. Chambers (London Health Sciences 

Centre of the University of Western Ontario, London, Ontario, Canada). These cells were 

grown and maintained in a humidified 5% CO2 incubator at 37°C in DMEM complete 

culture medium [DMEM (Invitrogen, Life Technologies Corporation, Carlsbad, CA, USA) 

supplemented with 10% FBS (Wisent, St-Bruno, QC, Canada), 1 mM sodium pyruvate, 2 

U/ml penicillin G, 2 pg/ml streptomycin and 250 ng/ml amphotericin]. Cells were passed 

when confluence reached about 80% with 0.25% trypsin and re-seeded in a ratio of 1/20 

(D2.0R) or 1/40 (D2A1). Medium were always changed every fourth day.
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3 -  Generation of stable cell populations encoding a marker for cell cycle progression

3.1 -  Lentiviral production

Viral particles were generated from 293T cells (HEK293T, human embryonic 

kidney transformed by expression of the large T antigen from SV40 virus that inactivates 

pRb) which contained either the Kusabira Orange (mK02) or green monomeric Azami 

Green (mAG) proteins.

The CSII-EF-MCS lentiviral vectors encoding the Cdtl (amino acids 30/120) and 

Geminin (amino acids 1/110) E3 ligases substrates, fused respectively to the red 

monomeric version of Kusabira Orange (mK02-hCdtl) or green monomeric Azami Green 

(mAG-hGem) fluorescent proteins (Sakaue-Sawano et a l, 2008), were graciously given by 

Dr. Asako Sakaue-Sawano (Brain Science Institute, RIKEN, 2-1 Hirosawa, Wako-city, 

Saitama, Japan). For the production of viral particles, each of the CSII-EF-MCS vectors 

were co-transfected with plasmids encoding for the lentiviral packaging proteins (plpl, 

plp2 and plp/VSVG) in 293T cells using the Lipofectamine 2000 (Invitrogen) protocol. 

Briefly, 293T cells were seeded at a density of 5xl06 in P I00 petri dishes. The next day, 6  

pg of CSII-EF-MCS were combined with 6  pg of each packaging vectors, which was then 

incubated at room temperature for 20 minutes with 48 pi of the Lipofectamine reagent in a 

volume of 3 ml of serum-free OptiMEM culture media. Lipofectamine is a cationic lipid 

that facilitates transfection by mediating DNA/cellular interactions. The 

DNA/lipofectamine complexes were then added to the 293T cells, which were beforehand 

replenished with 5 ml OptiMEM medium deprived of FBS. After an incubation of 4 hours 

at 37°C, the medium was changed and replaced by DMEM complete culture medium. Two 

days later, the culture medium containing the lentivirus was collected and filtered with a 

0.45 pm HT tuffryn membrane filter (PALL, Port Washington, NY, USA) to remove 

cellular debris and only keep the viruses. Hence, each virus generated contained either the 

mAG or mKO probe. They were then conserved at -80°C in aliquots for further use.
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3.2 — Infection of cells with a lentivirus encoding the fluorescent proteins 

(mKO/mAG)

The D2A1 cell populations expressing the fluorescent ubiquitinated-based cell cycle 

indicator (FUCCI) proteins were generated by performing a triple sequential lentiviral 

infection procedure for each fluorescent protein.

A volume of 700 pi of the mK02-hCdtl virus stock, which was in DMEM 

complete culture medium and complemented with 4 pg/ml of polybrene (hexadimethrine 

bromide), was added to cells at about 50% confluence in a 6 -well plate and left overnight. 

Polybrene is a positively charged molecule, which binds to the cell surface and neutralizes 

the charge found between the viral glycoproteins and sialic acids found on the cells’ 

surface, thereby increasing the retroviral infection efficiency (Ory et al., 1996). The 

following morning, the virus was removed and replaced by a new quantity of virus and 

polybrene (4 pg/ml). In the evening, 700 pi of new virus stock was added and left 

overnight. The next morning, the cells were seeded in a P I00 petri dish. Two days later, 

these cells were again seeded in a 6 -well plate where the addition of the mAG protein via 

the lentivirus was incorporated into the cells’ DNA using the same triple infection protocol 

the following day. Since the CSII-EF-MCS vectors encoding for the fluorescent markers 

mAG and mKO are devoid of a resistant gene, no drug selection of cells expressing these 

proteins was possible. Validation for the integration of the fluorescent proteins mAG and 

mKO in cells was therefore performed by fluorescent microscopy with the FSX100®Bio 

Imaging Navigator microscope (Olympus, Center Vally, PA, USA). Time-lapse imaging 

was also performed to distinguish the cell cycle progression and hence the change in color 

in the individual cells.
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4 -  Generation of stable cell populations encoding a marker for bioluminescence 

4.1 -  Retroviral production

Viral particles were generated from 293T cells which contained either the murine 

stem cell virus-puro-luciferase (pMSCV_pLuc) or murine stem cell virus-puro-empty 

(pMSCVempty) constructs.

The pMSCV_pLuc and pMSCV empty constructs (Biswas et al, 2007) were 

kindly provided by Dr. Carlos L. Arteaga (Vanderbilt-Ingram Cancer Center, Vanderbilt 

University School of Medicine, Nashville, Tennessee, USA). The enzyme, a firefly 

luciferase under the control of the pMSCV promoter, allows the DNA that is integrated into 

the genome to be constitutively expressed in the cell. The addition of the substrate, 

luciferin, enables the enzyme that is expressed in those cells to cleave it, releasing light by 

the bioluminescent reaction. The 293T cells were seeded in a PI00 petri dish at a density 

of 1.25xl06 cells in DMEM complete culture medium. The following day, the cells were 

transfected with either the empty or luciferase vector in DMEM medium containing Fugene 

6  (Roche, Indianapolis, IN, USA), the pVPack vectors GP (gag-pol- expressing vector) and 

VSV-G (glycoprotein G of the vesicular stomatitis virus, an envelope-expressing vector). 

Two days later, DMEM with 10% of heat inactivated FBS (incubated at 56°C for 30 

minutes) was added to produce the virions. Inactivating the serum allows inhibition of the 

serum complement that hinders the viral infection. Cells were then maintained for two 

additional days before viral collection. Just as the lentivirus, the culture medium was 

filtered with a 0.45 pm filter and kept in aliquots at -80°C for further use.

4.2 -  Infection of cells with a retrovirus encoding for the bioluminescent 

luciferase protein

The D2.0R cell populations expressing either no luciferase or luciferase were 

generated by performing a retroviral infection.
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The 1 ml of retrovirus particles, in the presence of 4 pg/ml of polygene, was added 

to the D2.0R cells, which were at about 50% confluence in 6 -well plates. This cell density 

was selected to allow cell proliferation overtime, thereby allowing the integration of the 

luciferase DNA from the vims into the cells’ genome. After an incubation of 4 hours, 3 

ml/well of DMEM supplemented with 10% heat inactivated FBS was added. Selection 

with puromycin was started 2 days after the infection at a concentration of 5 pg/ml for the 

D2.0R cells since their sensitivity to puromycin varied. Drug resistant colonies were 

pooled after about 14 days to create cell populations either expressing the luciferase or the 

empty vector, which were subsequently maintained in a perpetual state of selection with a 

concentration of 3 pg/ml of puromycin for the D2.0R cells.

5 -  Cell count assay

Cells were counted for 7 consecutive days to observe if the integration of the 

marker genes has an effect on their growth.

In a 6  well plate, cells were seeded at a concentration of lxl 04 in triplicate for a 

total of 7 days. Each day, each triplicate was counted twice using the automatic counter, 

Countess Cell (Invitrogen).The wells were washed twice with PBS (obtained an IX final 

solution by diluting the 10X solution in 1/10 distilled water which contains 80 g NaCl, 2 g 

KC1,14.2 g Na2HP04 and 2.4 g KH2P04 in 1000 ml distilled water with a pH adjusted to 

7.4), trypsinized, centrifuged and re-suspended in PBS. Each triplicate was counted twice 

and the growth curve was graphed by GraphPad (version 5.02, GraphPad Software, Inc.).

6 -  Three-dim ensional (3D) culture

6.1 — In vitro microsphere model

D2.0R and D2A1 cells were seeded in a 3D culture which is composed of growth 

factor-reduced Matrigel (BD Biosciences, Becton, Dickinson and Company, Franklin
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Lakes, NJ, USA) at 100% as the bottom layer and a 3D culture medium with 2% Matrigel 

as the top layer.

A volume of 50 pi of Matrigel was added to the 96-well plate previously cooled and 

then incubated at 37°C for a minimum of 4 hours to allow polymerization. A final solution 

100 pi of lxlO3 D2.0R or D2A1 cells was then added to each well containing Matrigel in 

the 3D culture medium which contained 2% Matrigel [DMEM/F12 media supplemented 

with 5% horse serum, 100 ng/ml cholera toxin and 0.5 pg/ml hydrocortisone, all from 

Invitrogen, and 10 pg/ml insulin, 2 mM L-Glutamine (Wisent), 1 mM sodium pyruvate, 2 

U/ml penicillin G, 2 pg/ml streptomycin and 250 ng/ml amphotericin]. Hydrocortisone is 

used so that no trail-induced autophagy occurs (Mills et al., 2004). Cholera toxin allows a 

proper polarization of the cells and a lower expression level of pro-apoptotic proteins (BMF 

and Bim) while horse serum keeps the cells in epithelial form, forming proper 3D structures 

(kind personal communication from Dr. Joan Brugge, Harvard Medical School, Department 

of Cell Biology, Boston, MA, USA). Cells were incubated at 37°C with CO2 and culture 

medium was changed every 4 days. All experiments were done in duplicate. In addition to 

the 3D culture, cells were also grown in 2D cultures in parallel.

Different treatments used included the addition of 16-16-dimethly-PGE2 at 100 

ng/ml in the 3D culture medium and irradiated or non-irradiated conditioned culture 

medium from either Calu-3 human epithelial lung cells derived from bronchial submucosal 

glands or Balb/c mice 3T3 fibroblasts to the top layer.

6.2 -  Preparation of conditioned culture media

For experiments where radiation effects were tested, Calu-3 or 3T3 cells were 

irradiated at 5 Gy (dose rate of 1.31 Gy /minute for 3.49 minutes) with a 60Co source 

(Gammacell 220, Nordion, CDN) or at 0 Gy (control) in DMEM culture medium 

supplemented with 0.1% BSA. The conditioned media, containing growth factors, pro- 

inflammatory cytokines, etc., released by the cells into the medium, was collected 24 hours 

after and stored in aliquots at -20°C until further use. The conditioned media was mixed to
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an equal volume of the 3D culture media (50:50) and then added to the cells. To enable 

proper microsphere development, the 3D culture media was twice concentrated. Media was 

replenished every 4 days for 2 weeks.

6.3 -  Visualization and analysis of the microspheres

The formation of microspheres was visualized and imaged under the Axiovert 200 

phase-contrast microscope (Carl Zeiss Light Microscopy, Gottingen, Germany) with a 5X 

magnification every 5, 9 and 13 days. The images were then processed using Image Pro 

Plus software (Media Cybernetics, Silver Springs, Maryland, USA). Each image was 

converted from RGB to 16-bits gray and a flatten filter (bright 112) was applied to even out 

the intensity variation in the background pixels so that the pixels in the microsphere 

structures were enhanced. Measurements were also selected to disregard impurities or 

areas that had a diameter that was too small. The area was set for 135-100 000 pixels, the 

aspect rank was from 0.5-3, the density and diameter were from 0-100 000 pixels and the 

roundness level was from 0-17. The appropriate range to cover the entire area of the 

microsphere was selected and if certain areas were not taken into consideration, they were 

manually selected and added until all microspheres were included. The diameter was 

recorded and separated into 2 different ranges (40-150 pm and 150 pm and greater), which 

were expressed as a percent of the total amount of microspheres.

7 -  Experimental lung metastasis model

The animal experimental protocols were approved by the institutional ethics 

committee of Universite de Sherbrooke and fulfilled the regulations of the Canadian 

Council on Animal Care. Female Balb/c mice were obtained from Charles River (Raleigh, 

NC, USA).

Injection into Balb/c mice was planned when D2.0R_pLuc or D2A1_FUCCI cells 

reached 75-90% confluence. Cells were washed twice with PBS and then centrifuged and 

re-suspended in PBS with a final concentration of lx l0 6/100 pi. The cell suspension was
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then injected intravenously (i.v.) into the tail of the mice. The cancerous cells will have a 

tendency to home or at least arrest in the lungs since they are the first organ with capillaries 

that those cells encounter, hence forming metastasis. Mice follow-up was done twice a 

week until euthanasia by drug overdose (ketamine/xylazine) and lungs were extracted.

8 -  Awakening dormant D2.0R_pLuc lung metastasis

8.1 -  Irradiation and injection of D2.0R_pLuc cells in mice

Mice were injected using the experimental model of metastasis and then they 

received an irradiation treatment.

Retired reproductive female Balb/c mice ( 6  months or more) were injected i.v. with 

lxlO6 D2.0R_pLuc cells. Four days later, mice were irradiated at the second right 

mammary gland with the Leksell Gamma Knife® Prefexion™ (Elekta AB, Stockholm, 

Sweden) containing 201 radioactive 60Co sources at a dose o f 7.5 Gy for 5 consecutive days 

with collimators of 8 mm (1.6 Gy/minutes, with spatial distribution and total dose of 

radiation delivered carried out by the service of medical physics in the nuclear medicine 

and radiobiology department). Mice under anesthesia (isoflurane) were placed in a 

contention bed designed to prevent any movement. Irradiation of the second right 

mammary gland was completed and established at the exact same place each day. Forty- 

two days after irradiation, mice were sacrificed by drug overdose (ketamine/xylazine) and 

lungs were extracted. Vehicle mice were subjected to the same procedures as described 

above, with the exception that they were not irradiated.

8.2 -  In vitro bioluminescence assays

The amount of dormant metastasis found in mice lungs were assayed using the 

bioluminescent reaction.

For mice who had received the radiation treatments (5x7.5 Gy) and their controls (0 

Gy), 0.05 g of both left and right lung tissue was weighed and added to 1 ml of IX Cell
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Culture Lysis Reagent (CCLR; Promega Corporation, Madison, WI, USA) that was 

supplemented with 2.5 pl/ml of the protease inhibitor, phenylmethane-sulfonyl fluoride 

(PMSF; Fluka BioChemika, AG, Switzerland). Lungs were minced under ice for 10 

minutes and then snap-frozen. A Bradford DC protein assay (Bio-Rad Laboratories, 

Mississauga, ON, Canada) was completed in triplicate for each sample. This allowed all 

lyses to be adjusted in relation to the smallest lung protein concentration as to obtain an 

equal concentration of protein. The protein lyses were then analyzed in duplicate by the 

Orion Microplate Luminometer (Berthold Detection Systems Gmhb, Pforzheim, Germany), 

which adds the luciferin to each well which contains the luciferase enzyme in the protein 

lyses. The cleavage of the substrate by luciferase releases a light signal via the 

bioluminescent reaction that is recorded in relative light units (RLU). Since the protein 

concentration varied from one experiment to another, results were normalized to the protein 

concentration to achieve RLU/mg of protein.

8.3 -  Visualization of pulmonary metastasis by histology

The histological visualization of the lung specimens allowed for confirmation of 

cancerous cells by the hematoxylin (colors nucleus of cells blue) and eosin (colors 

cytoplasm red/pink) stain.

This was to determine the presence of micrometastasis and metastasis in the lung of 

the mice. Lung specimens were fixed overnight in a 10% pH 7.4 neutral buffered formalin 

solution (Leica Microsystems Inc., Concord, ON, Canada) and then washed twice with 

70% ethanol. They were imbedded in paraffin, cut at 3 pm, deparaffinized and stained with 

hematoxylin and eosin by the RRTQ/EIsED intestinal phenotyping platform at Universite 

de Sherbrooke. Slides were then viewed using an Axioskop 2 phase- 

contrast/epifluorescence microscope (Carl Zeiss, Inc., Thomwood, NY, USA) and a Retiga 

SRV CCD camera (Qimaging, Bumaby, ON, Canada) equipped with a 10X objective. The 

presence of cancerous cells was confirmed by a pathologist.
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9 -  Effect of an LPS-induced inflammation on metastasis in mice lung

9.1 -  LPS-induced inflammation and injection of D2A1_FUCCI cells in mice

Inflammation in mice was induced by lipopolysaccharide (LPS) from Escherichia 

coli 055:B5 and then D2A1FUCCI cancerous cells were injected using the experimental 

model of metastasis.

Retired reproductive ( 6  months or more) and 6 - 8  weeks old female Balb/c mice were 

injected intraperitoneally (i.p.) with a dose of 1 mg/kg of LPS dissolved in saline buffer. 

As a control, a group of mice were injected with LPS vehicle - with a solution of saline. 

Both treated and control mice were injected i.v. five hours later with 100 pi of PBS 

containing lxlO6 D2A1_FUCCI cells. Mice were sacrificed 21 days later by drug overdose 

(ketamine/xylazine), and the lungs were extracted and then imaged using the small animal 

optical imager QOS, QOS® (Quidd S.A.S., Val de Reuil, France).

9.2.1 — Imaging fluorescence with the QOS® imager

The fluorescent proteins, mAG and mKO found in the metastasis of mice lungs were 

visualized by the QOS® imager.

The QOS® imager operated under the QOSSofit v2.01 software (Quidd S.A.S., Val de 

Reuil, France) was used to detect lung metastases in mice injected with D2A1FUCCI. A 

bright field image of the lungs was taken and then the appropriate filters were selected to 

excite the fluorescent proteins. To observe mKO, excitation (Semrock FFO1-472/30-25) 

and emission (Semrock FF01-536/40-25) filters were used; while for mAG, excitation 

(Semrock FFO 1-531/40-25) and emission (Semrock FF01-593/40-25) filters were used. 

The photons emitted were recorded with a CCD camera (Andor Technology pic, Belfast, 

UK). An image was taken for each fluorochrome individually at a spatial resolution of 

0.0168cm/pixel and at an exposure that varied from 1 to 1 2 0  seconds, according to the 

amount of fluorescence intensity found in the lungs.
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9.2.2 -  Analyzing images obtained by QOS® imager

The images obtained were processed using Image Pro software (Media Cybernetics). 

To take into account the difference in exposure times, the images were set to a specific 

range (which depended on the exposure time). This allows for a similar intensity and 

therefore uniformity through the images. A flatten filter was applied on each image (30 

dark for mAG, 30 bright for mKO) to even out the background variations by decreasing the 

intensity variation in the background pixels so that the tumor pixels were enhanced. 

Measurements were selected to disregard objects that were not tumors. The area was set 

for 8-100 000, the aspect was from 1-5, the density and diameter were from 0-100 000 and 

the roundness was from 0.5-5. Then the appropriate range was selected to cover the entire 

surface of the tumor, with some added manually when needed. Geometric parameters, such 

as area and diameter, were recorded for each tumor in the lung. The percentage of total 

surface area covered by the metastasis and total amount of individual tumors were 

calculated. The total surface area covered by the metastases was divided by the total 

surface area of the lung in order to calculate the percentage o f total surface area covered by 

the metastases. For illustration purposes, Photoshop (Adobe Photoshop CS5 version 12.0 x 

64, Adobe Systems Inc.) was used to merge the images of the lung taken without excitation 

with those acquired with the appropriate filters for the detection of mKO and mAG. The 

merged images were contrast enhanced and pseudocolored according to their original 

fluorochromes (green for mAG and red for mKO).

9.3 -  Fluorescence of D2A1 cells in mice lungs

Lung specimen containing D2A1FUCCI cancerous cells were embedded in 

Tissue-Tek optimal cutting compound (O.C.T.) (Electron Microscopy Sciences, Hatfield, 

PA, USA) and snap-frozen. Sections were then cut at a thickness of 7 pm using a cryostat 

(Leica CM3050 Microsystems, GmbH, Wetzlar, Germany) and added to a slide. Samples 

were then fixed with 3% paraformaldehyde for 45 minutes and then subjected to 3 washes 

of 5 minutes in PBS. Cover glasses were mounted onto the slides with Vectashield 

mounting medium (Vector Laboratories, Peterborough, UK). Fluorescence of D2A1 

cancerous cells was viewed using an Axioskop 2 phase-contrast/epifluorescence 

microscope (Carl Zeiss, Inc.) equipped with band pass filters for fluorescence of Hoechst
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(Ex. D360/40: Em. D460/50); FITC (Ex. D480/30: Em. D535/40) or tetramethylrhodamine 

isothiocyanate (TRITC) (Ex. D560/40: Em. D630/60), all from Chroma Technology Corp.). 

Photomicrographs of 1392 x 1040 pixels were captured using 10X objective and Retiga 

SRV CCD camera (Qimaging) to confirm the presence of metastatic D2A1FUCCI cells 

and validate the QOS® imager data.

9.4 -  Quantification of inflammatory molecules mRNA by semi-quantitative 

PCR (qPCR)

Mice lungs were extracted 5 hours after i.p. injection of 1 mg/kg of LPS. A small 

amount of each lung was submerged in RNAlater™ (Qiagen Inc., Toronto, ON, Canada) 

and minced. The samples were stored at 4°C for 24 hours and then at -80°C. The qPCR 

were performed by the Sherbrooke Center of Functional Genomics platform. Total RNA 

extractions, reverse transcription, primers dilutions and PCR reactions with the FastStart 

Universal SYBR Green Master mix (Roche Diagnostics, QC, CAN) were performed 

following the previously published procedure (Paquette et al., 2011). The following 

cycling conditions were used: 10 minutes at 95°C to activate and increase the efficiency o f 

the polymerase enzyme; 50 cycles: 15 seconds at 95°C to allow the double-stranded DNA 

template to be denatured into single strands, 30 seconds at 60°C to anneal the primers to the 

single strand DNA, and 30 seconds and 72°C to allow the DNA polymerase to synthesize 

the complementary strand. The cycling enabled the DNA fragments to be amplified 

exponentially. Primer sequences were the following:

Sense: 5’- CTGCTACCTGCACTTTGCCCTG -3’
ICAM

Antisense: 5’- AGGCTT CTCT GGG AT GG AT GG AT -3’

Sense: 5’- CAT GT GGCTCT GGG AAGCT GG A -3’
VC AM

Antisense 5 AGCCAAACACTTGACCGTGACC -3 ’

Sense: 5’- T AGCCCGC ACT G AGGTCTTT -3’
IL-1 P

Antisense: 5’- AGC AAT GT GCT GGT GCTTC A -3’
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COX-2
Sense:

Antisense:

5’- T GGTTTT GT GCT GGCCTGGT A -3’ 

5’- TTCGAAGTTCAGCCTGGCAAGT -3’

UBC
Sense:

Antisense:

5’- CGTCGAGCCCAGTGTTACCACCAAGAAGG -3’ 

5’- CCCCCATCACACCCAAGAACAAGCACAAG -3’

HPRT1
Sense:

Antisense:

5’- GCTTGCTGGTGAAAAGGACCTCTCGAAG -3’ 

5’- CCCTG AAGT ACTC ATT AT AGT C AAGGGC AT -3’

GAPDH
Sense:

Antisense:

5’- TGACGTGCCGCCTGGAGAAA -3’

5’- AGT GT AGCCC AAG AT GCCCTT C AG -3’

Amplification of specific targets was verified by dissociation curve analysis. Relative 

expression levels were calculated using the qBASE framework (Hellemans et al., 2007) and 

mouse housekeeping genes UBC, HPRT1 and GAPDH for mouse cDNA were used as a 

normalization factor between each sample. All qPCR essays were performed in triplicate 

using samples prepared from three different mice.

10 -  Analysis of PGE2 in mice lung who received LPS or irradiation

10.1 -  PGE2 and PGD2 extraction

PGE2 and PGD2 were extracted from lung samples of mice that had either been 

irradiated or treated with LPS, along with their respective controls. The weight of each 

lung was measured and the addition of 10 pM indomethacin (COX inhibitor) in 0.5 ml PBS 

as well as internal PGE2-CI4  (Cayman Chemical Company) standard at 10 ng/ml and 0.05% 

butylhdroxytoluene (BHT), which prevents peroxidation by free radicals, was added to the 

lungs. Lungs were then homogenized with a dounce tissue grinder (Wheaton, Millville, NJ, 

USA) and prostaglandin extraction was performed according to Golovko and Murphy 

(2002). A volume of 1 ml of acetone was incorporated, samples were vortexed and 

centrifuged and the supernatant was collected and added to 1 ml of hexane. After another
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centrifugation, the supernatant was removed and an acidification occurred by the addition 

of 2M of formic acid, followed by 1ml of chloroform. Again, after centrifugation, the 

supernatant was discarded and the samples were evaporated under vacuum. The remaining 

prostaglandins were reconstituted in 200 pi methanol: ammonium acetate (10 mM) and 

samples were frozen at -20°C until quantification by high performance liquid 

chromatography with two mass spectrometers in tandem (HPLC-MS/MS), as described 

below. Extraction was performed under low-light and low-temperature conditions to 

decrease possible photo-oxidation or thermal degradation of eicosanoid metabolites.

10.2 -  PGE2 and PGD2 analysis by HPLC-MS/MS

PGE2 was quantified by HPLC-MS/MS using an API 3000 mass spectrometer 

(Applied Biosystem, Foster City, CA, USA) equipped with a Sciex turbo ion spray (AB 

Sciex, Toronto, Ontario, Canada) and Shimadzu pump and controller (Kyoto, Japan). 

Prostaglandins were chromatographically resolved using column Kromasil 100-3.5C18 150 

x 2.1 mm (Eka Chemicals AB, Brewster, NY, USA). A linear acetonitrile gradient from 

45% to 90% for 12 minutes at a flow rate o f 200 pl/minutes was used to achieve baseline 

resolution for compounds of interest. The mobile phase consisted of water buffered with 

0.05% of acetic acid and acetonitrile 90% with acetic acid 0.05%. Injection volume was 10 

pi per samples, which were kept at 4°C during the analysis. Individual products were 

detected using negative ionization and the monitoring of the transition m/z 351 271 for 

PGE2 and PGD2 and 355 275 for PGE2-d4 at collision energy o f -25 V. Retention times for 

PGE2 and PGD2 are different, enabling them to be differentiated (PGD2 is retained 30-60 

seconds more than PGE2). The area under the curve for PGE2 and PGD2 were then 

normalized by that of the PGE2-dt internal standard.

11 — Statistics

For the molecules analyzed either by qPCR or HPLC-MS/MS, and for the 

microsphere diameters analyzed in 3D cultures, data was expressed as the mean ± standard 

deviation (SD) and a student’s t-test statistical analysis was performed between treatment
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and vehicle group. Due to the great distribution in the data for the luminometer and Image 

Pro Plus QOS® imager analysis, box charts were graphed and a Mann-Whitney statistical 

test for non-parametric data was performed. In the case of the luminometer data, the
th  thRLU/mg of protein between the 10 to the 90 percentile was taken into account.



RESULTS

1 -  Validation of the dormant and proliferating model

Mouse mammary carcinoma cells, D2.0R and D2A1, now collectively referred to as 

“D2 cells” are used to study metastasis awakening (Barkan et al, 2008). These cell lines 

are said to be a model to study metastatic cell dormancy because the D2.0R cell line does 

metastasize but remains as quiescent cells for an undetermined amount o f time and then 

sometimes awakens from the dormant state by starting to proliferate. The D2A1 cell line, 

on the other hand, forms metastases much faster than the D2.0R cells since they proliferate 

earlier (Morris et al., 1994). However, as much as their behavior in vivo is dissimilar, in 

vitro, both cell lines proliferate at a similar rhythm when cultured on plastic, in two- 

dimensions (2D). However, when cultured in a three-dimensional Matrigel basement 

membrane, the D2.0R cells proliferate slowly for at least 14 days, while the D2A1 cells 

proliferate rapidly (Barkan et al, 2008).

To ensure that the D2A1 and D2.0R cell lines, graciously obtained from Dr. Ann 

Chambers, had the same behavior as previous studies had demonstrated (Barkan et al., 

2008; Shibue and Weinberg, 2009), we verified their growth. First we tested the growth 

capacity of the cells in the 2D cell culture system. As expected, both D2A1 and D2.0R had 

the same growth from days 1 to 6  (figure 3). On day 7 there was a significant difference in 

growth capacity due to the fact that by day 5 and 6  the cells had reached confluence level 

and by day 7, confluence was surpassed. Therefore, D2A1 cells seem to bypass the 

mechanism of growth contact inhibition while D2.0R cells do not.
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Figure 3. In 2D cell culture system, D2.0R and D2Al cell lines have a similar 
proliferation capacity. D2.0R and D2Al cells were counted to verify if their growth was 
similar. The values are derived from 2 independent experiments, done in triplicate. The 
plot represents the cell number each day, for 7 consecutive days. The same proliferation 
pattern is seen from days 1-6 while at day 7 a significant difference was noted (P < 0.05). 

We then evaluated in a 3D system the ability of D2.0R and D2Al to f01m 

microspheres and proliferate. In the 3D cell culture system, images of the D2Al and 

D2.0R microspheres were taken on days 5 (figure 4A, B) and 9 (figure 4C, D) after their 

seeding by a phase-contrast microscope at a magnification of 5X and then analyzed with 

the Image Pro Plus software. In the image, the number of microspheres was counted and 

the diameter was determined. From the basis the percentage of microspheres that were in 

the diameter range of 40-150 µm (small microspheres) and 150 µm and greater (large 

microspheres) were determined. As time progressed from day 5 to 9 the diameter of D2Al 

microspheres increased while that of D2.0R microspheres stayed relatively the same (figure 

SA, B). The percentage of D2A 1 microspheres located in the category 150 µm and greater 

was about 3.5 times higher than that of the dormant D2.0R microspheres. Both results 

from the 2D and 3D models support those reported by Ann Chambers (Barkan et al. , 2008), 

validating that proliferation in 2D was similar for D2Al and D2.0R and in 3D, microsphere 

proliferation was much slower for D2.0R cells. 
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D) Day 9 - D2.0R microspheres 

Figure 4. D2Al and D2.0R microspheres in a 3D culture cell system at day 9.. 02.0R 
and D2Al cells were seeded with Matrigel as described in materials and methods section. 
On day 4 and 8, medium was changed and 24 hours a:fter, a phase-contrast photograph at a 
magnification of 5X was taken for D2A 1 (A, C) and 02.0R (B, 0) microspheres on days 5 
(A, B) and 9 (C, 0). 
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Figure 5. In 3D cell culture system, D2Al and D2.0R microspheres have a different 
growth capacity. To evaluate growth, the microsphere diameter in a 3D culture was 
calculated and sorted into two diameter ranges: small ( 40-150 µm) and large (150 µm and 
greater) using the photographs obtained. The graphs plot the D2 microspheres brought as a 
percentage of microspheres per diameter range for days 5 (A) and 9 (B). Values are 
derived from 3 independent experiments, done in duplicate and/or triplicate. After 9 days, 
the diameter of D2Al microspheres had significantly increased with a P value < 0.05 
denoted by *. 

2 - PGE2 increases the proliferation of mouse mammary carcinoma cell lines 

Based on the results previously obtained from figure 3 and 5, we wanted to observe 

the effects of radiation on the dormant cells in the 3D mode!. Knowing that the pro-

inflammatory prostaglandin E2 (PGE2) is often up-regulated in breast cancer (Leppa et al. , 

2004) and after radiation (Yang et al., 2011), we first tested the addition of 100 ng/ml of 

PGE2 on the D2Al and D2.0R cells. 3D culture media containing 1 OO ng/ml of PGE2 was 

added on days 4 and 8 and microspheres were analyzed as previously described. From day 

5 to 9, the diameter of the D2.0R microspheres treated with PGE2 increased when 

compared to its respective control (figure 6A, B). However, the D2Al microspheres did 

not change in size when compared to those which received the PGE2 treatment and the 

control (figure 6C, D). On day 9, the D2.0R microspheres who received the PGE2 

treatment had a significant increase in size (figure 7). ln addition, these D2.0R 

microspheres treated with PGEi had a similar diameter to the D2Al microspheres on day 9 
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(figure 7). Thus, the microsphere size of 02.0R when treated with PGE2 becomes like that 

of the proliferating D2A 1 after 9 days. No difference in the proliferation rhythm was 

observed with the PGE2 treated and control D2A 1 microsphere. 

A) Day 9 - D2.0R CTRL B) Day 9 - D2.0R+ PGE2 . 

C) Day 9 - D2Al CTRL 
--~~ 

Figure 6. Addition of PGE2 to the D2Al and D2.0R microspheres in a 3D culture cell 
system. 0 2.0R and D2Al cells were seeded with Matrigel and media containing either 100 
ng/ml of PGE2 (B, D) or 0 ng/ml of PGE2 (A, C) was added on days 4 and 8. After 24 
hours, a phase-contrast photograph at a magnification of SX was taken at days 5 and 9. 
Photographs represent diameters of 02.0R and 02Al microspheres at day 9. 
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Figure 7. Increase in diameter of D2.0R microspheres with the addition of PGE2 in 
3D cultures at day 9. The diameter of each microsphere was calculated and sorted into 
two ranges: small (40-150 µm) and large (150 µm and greater) using the images obtained 
by microscopy. The graphs plot the D2 microspheres brought as a percentage of 
microspheres per diameter range for days 5 (A) and 9 (B). Values are derived from 3 
independent experiments, done in duplicate and/or triplicate. After 9 days, the diameter of 
the D2.0R microspheres treated with PGE2 (D2.0R+PGE2) had significantly increased with a P value < 0.05 denoted by * compared to the microspheres grown only with 3D culture 
media (D2.0R CTRL). In addition, D2Al and D2.0R microsphere diameters were quite 
similar in the groups treated with 1 OO ng/ml of PGE2 at day 9. In the controls who received 
no treatment, the D2.0R microsphere diameter was significantly smaller P < 0.05 (denoted 
by +) when compared to the D2Al cells. 

3 - Effect of irradiated fibroblastic and epithelial cells on the proliferation of mouse 

mammary carcinoma cell lines 

A radiation treatment not only has an effect on the production of prostaglandins but 

also on the surrounding stroma! cells themselves which are irradiated and respond by 

releasing diverse molecules that interact with cancerous cells. In lungs, cells found include 

fibroblasts and lung epithelial cells. To reproduce a similar environment in vitro , CALU-3 

lung epithelial cells and 3T3 fibroblasts were irradiated and the conditioned media collected 

24 hours after was added to the microspheres. The addition of the conditioned culture 

media was done to 4 day old D2Al and D2.0R microspheres and it was replenished on day 

8 and 12. Microspheres were · measured on day 5, 9 and 13 and data was analyzed as a 
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percentage of microsphere diameter. The same two diameter ranges were chosen as above 

(40-150 µm or 150 µm and great~r). 

Initially we wanted to determine if the mediators secreted by the 3T3 and CALU-3 

cells without irradiation in the conditioned culture media had an effect on the proliferation 

capacities of the D2.0R cells. When comparing the D2.0R microspheres treated with 0 Gy 

of CALU-3 conditioned media and those which only received the normal 3D culture media, 

only a tendency in microsphere diameter increase was noted on day 9 (figure 8). This 

means that the mediators secreted by the non-irradiated CALU-3 cells are not potent 

enough to produce a significant increase in D2.0R proliferation. However, this is not the 

case for the 3T3 conditioned media which secrete enough pro-proliferation mediators to 

cause changes in D2.0R diameter. In this case, a significant increase in D2.0R microsphere_ 

diameter was observed on day 9 for those treated with 0 Gy conditioned media of 3T3 cells 

(figure 8). 
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Figure 8. Effect of the CALU-3 and 3T3 conditioned cultured medium on D2.0R 
microspheres in 3D cultures. D2.0R microspheres which had received only the 3D 
culture media (CTRL) were compared to either the 0 Gy of CALU-3 cell conditioned 
culture media (+CALU-3 OGy) or 0 Gy 3T3 cell conditioned culture media (+3T3 OGy) 
obtained from the previously described results. The microsphere diameter treated with 0 
Gy CALU-3 conditioned media had a tendency to increase due to growth factors , probably 
secreted by the CALU-3 cells. However, in the case of those who received the 3T3 
conditioned culture media, the D2.0R microsphere diameter was significantly increased (P 
< 0.05, as denoted by *) due to 3T3 cells which seem to already secrete a significant 
amount of growth factors. 
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It was also observed that for the D2A1 microspheres treated with 0 Gy CALU-3 

conditioned culture media, the diameter did not increase in size when compared to the non

treated 3D culture medium control (results not shown). The CALU-3 conditioned culture 

media had also no effect on D2A1 microsphere proliferation.

After determining whether or not the cells found in the lung environment can induce 

an awakening in proliferation capacity in the D2.0R microspheres, we wanted to explore 

this same capacity in microspheres treated with irradiated cell culture media. This enabled 

us to confirm if the irradiated micro-environment which surrounds the cancerous cells 

could in fact cause them to awaken from dormancy. Using the same method as described 

above, we analyzed the microsphere diameter of D2A1 and D2.0R cells treated with 5 Gy 

of CALU-3 conditioned culture media. At day 5, no change in diameter in the two cell 

lines was noted. The microsphere diameter of the D2.0R cells which had received the 

irradiated culture media of CALU-3 cells increased and by day 13, it became significantly 

different (figure 9). On day 9, the increase in size was not very apparent when compared to 

the respective 0 Gy control due to the fact that it too had a large percentage of microspheres 

in the 150 pm and greater category (figure 9B). As for the D2A1 microspheres which are 

cells that already readily proliferate, no difference in microsphere size was seen with the 

addition of 0 or 5 Gy CALU-3 conditioned culture medium (figure 9). Irradiation has no 

effect on D2A1 microsphere proliferation (figure 9D). However, when comparing the 0 Gy 

D2.0R and D2A1 microspheres, no difference was noted on days 5 and 9. The same was 

also true when comparing with the 5 Gy treatment. However, at day 13, the D2A1 

microspheres had a tendency to be bigger, without being significantly different (P = 0.10), 

especially those treated with the 0 Gy of conditioned media. At this point in time, the 

D2.0R microspheres treated with 5 Gy conditioned culture media also had the capacity to 

form bigger microspheres, comparable to those of D2A1 cells (figure 9C, D).
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B) Day 9 
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Figure 9. Increase in D2.0R microsphere proliferation when treated with irradiated 
human lung epithelial CALU-3 culture medium. D2.0R and D2Al cells were seeded 
with Matrigel and on day 4 treated with conditioned culture media of CALU-3 cells which 
had received either no treatment (0 Gy) or a dose of radiation (5 Gy). Media was changed 
on day 8 and 12. Twenty-four hours after addition of conditioned culture media, a phase-
contrast photograph at a 5X magnification was obtained. The graphs plot the amount of 
microspheres, as a percentage, found within two diameter ranges ( 40-150 µm and 150 µm 
and greater) for each day 5 (A), 9 (B) and 13 (C) analyzed. Values are derived from 3 
independent experiments, done in duplicate and/or triplicate. The diameter of the D2.0R 
microspheres treated with 5 Gy of CALU-3 cells conditioned culture media (D2 .0R 
+CALU-3 5 Gy) increased and by day 13 it became significantly bigger, P value < 0.05 
denoted by *, compared toits respective contrai (D2.0R +CALU-3 0 Gy). During each day 
analyzed, the D2Al microsphere diameter was similar for both 0 Gy and 5 Gy treatments. 
Photographs visually demonstrate the data obtained by the graph showing a bigger diameter 
for the D2.0R microspheres that underwent the 5 Gy treatment which was similar to the 
D2A 1 microspheres which had no difference in diameter between treatment modalities (D). 
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With the addition of the 3T3 conditioned culture media to the D2.0R microspheres a 

different result was obtained. From day 5 to 13 the microspheres grew in diameter, 

whether they had received 0 or 5 Gy (figure 10D). However, the percentage of 

microsphere in the large range (above 150 pm) was almost the same for both treatment 

modalities (figure 10). No difference in diameter was noted between the 0 and 5 Gy group 

compared at the same day. This can be largely explained by the fact that, as shown on 

figure 8 , 3T3 cells without any stimulation produce a variety of factors that induce growth 

in the D2.0R cells. Radiation is therefore not sufficient to induce a significant increase. Its 

possibility masks the effect that radiation alone could increase the diameter of the D2.0R 

microspheres.

These results show that the addition of 3T3 conditioned media affects the growth, 

increasing the diameter of D2.0R microspheres whether it is with 0 Gy or 5 Gy. As for the 

D2.0R microspheres treated with the CALU-3 conditioned culture media, a significant 

increase in size was noted with the 5 Gy treatment while the 0 Gy treatment seems to be 

associated with a very moderate increase in microsphere diameter. On the other hand, there 

is no effect on the size or proliferation capacities of the D2A1 microspheres treated with 

either CALU-3 or 3T3 conditioned media. Thus, the culture media of cells belonging to the 

tumor environment is sufficient to increase the size of the D2.0R microspheres but not the 

D2A1 cells.
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Figure 10. Effect of irradiated fibroblastic 3T3 culture medium on the proliferation 
of D2.0R microspheres in 3D cultures. D2.0R cells were seeded with Matrigel and on 
day 4 treated with conditioned culture media of 3T3 cell s which had received either no 
treatment (0 Gy) or a dose of radiation (5 Gy). Media was replenished on day 8. Twenty-
four hours after addition of conditioned culture media, a phase-contrast photograph at a 5X 
magnification was obtained. The graphs plot the amount of microspheres, as a percentage, 
found within two diameter ranges (40-150 µm and 150 µm and greater) for each day 5 (A), 
9 (B) and 13 (C) analyzed. Values are derived from 3 independent experiments, done in 
duplicate and/or triplicate. The diarneter of the D2.0R microspheres treated with 5 Gy of 
3T3 cells conditioned culture media (D2.0R + 3T3 5 Gy) were not different than those 
which received no irradiation (D2.0R +3T3 0 Gy). A star indicates that D2.0R and D2Al 0 
Gy controls were significantly different (P < 0.05). 
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4 -  Effect of radiation on dormant lung metastases

In previous studies, it was shown that the D2 cells had different metastatic abilities 

when it came to form distant metastasis in liver and lungs once injected into mouse 

mammary fat pads (Morris et al., 1994). The D2A1 cells were readily able to form 

metastases efficiently whereas the D2.0R line rarely gave metastases. In addition, when 

injected into the tail vein, both cell lines metastasized to the lungs but the D2A1 cells 

proliferated and became a larger mass while the D2.0R cells remained small (Shibue and 

Weinberg, 2009).

Based on these findings and our 3D-culture results, we wanted to investigate 

whether irradiation could cause an awakening of dormant D2.0R cells in an experimental 

mouse model. In order to quantify the lung metastases, we labeled the D2.0R cells. A 

population of D2.0R cells was infected with the retrovirus containing either the luciferase 

enzyme (pLuc) or empty vector which was integrated into the cells’ genome. To confirm 

that the infection did not modify the growth characteristics, a cell count assay for 7 days 

was obtained and compared to the D2.0R cells. When comparing D2.0R and D2.0R_pLuc, 

no significant difference was noted in growth (figure 11). There was also no difference in 

growth when comparing the cells expressing the empty vector.
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Figure 11. The integration of the marker gene for bioluminescence, the luciferase 
protein, in the D2.0R cell line does not affect their proliferation capacity. 0 2.0R cells 
which express pMSCV _empty (control) and pMSCV _pLuc were counted to verify if their 
growth was similar. The values are derived from 2 independent experiments done in 
triplicate. The plot represents the cell number each day for 7 consecutive days. The same 
proliferation pattern is seen for all 3 cell lines with no significant difference (P < 0.05). 

Knowing that the luciferase gene has no effect on the growth characteristics of the 

02.0R cells, we then examined their possible awakening by radiation in vivo. The 

0 2.0R_pLuc cells were injected in the tail vein of reproductive retired Balb/c mice and 

irradiated 4 days later with a fractioned dose of 5x7.5 Gy on their right second mammary 

gland located in front of the lungs. Lung samples obtained on days 28 or 42 were 

processed to measure the level of biolwninescence. Signal intensity was significantly more 

elevated in the irradiated mice lungs on day 42 than those who had not undergone the 

radiation treatment (figure 12). No difference in signal intensity was observed at day 28 

post-irradiation. Sectioning of the lungs stained with the hematoxylin and eosin (H&E) 

coloration was used to visualize and confirm the presence of 02.0R metastasis (figure 13). 
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Figure 12. Proliferation is stimulated in dormant 02.0R_pLuc metastasis in mice 
lungs following radiation treatment (Sx7.S Gy). Mice lung specimens were collected on 
days 28 and 42 from reproductive retired Balb/c mice which had been initially i.v. injected 
with lxl06 D2.0R_pLuc cells and then irradiated with a fractioned dose of 5x7.5 Gy on the 
mammary gland (5x7.5 Gy). Controls were injected with D2.0R_pLuc cells but received 
no irradiation (0 Gy). The collected lung specimens were prepared for protein lyses. The 
bioluminescent signal was evaluated by standard bioluminescence reaction with luciferase 
as the substrate. We plotted the number of days post-radiation versus bioluminescence 
signal obtained in relative light units (RLU) as a concentration of 1 mg of protein. Results 
fitting between the 101

h and 90111 percentile obtained from both left and right lungs were 
taken into account and graphed by box plots. After 42 days, there was a significant 
increase in bioluminescent signal, which corresponds to proliferation, in the lungs of 
irradiated mice. * denotes P < 0.05 for a Mann-Whitney non parametric test. 
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Figure 13. H&E coloration to validate dormant D2.0R_pLuc metastasis in mice lungs 
following radiation treatment (Sx7.5 Gy). Mice treated as described above, were 
processed to retrieve Jung specimens. Tissue sections of the lungs were stained with H&E 
to visualize and confirm with a 1 OX magnification the presence of D2.0R lung metastasis. 
The presence of cancerous cells was also confirmed by a pathologist. The blue-purple 
color represents the nucleus while the red-pink color represents the cytoplasm. Arrows 
indicate metastasis. 

Thus, after demonstrating that the integration of a marker gene luciferase has no 

effect on the growth curves of D2.0R cells, we were able to demonstrate that there was an 

increase in the amount of cancerous cell s in mice lungs 42 days after radiation treatment. 

In order to see if the increase in light signal and therefore amount of lung metastases 

obtained after a fractioned dose treatment could be induced by an increase in the quantity of 

PGE2 or PGD2 signaling pathways, the prostaglandins were analyzed by HPLC-MS/MS 12 

hours after the last radiation treatment. PGD2 and PGE2 have been found to mediate 

inflammatory responses in the body (Wang and DuBois, 2006). The presence of PGE2 did 

not increase in the lungs of mice who received the fractioned dose treatment (fi gure 14A). 

Even though the right mammary gland was irradiated, no increase of PGE2 in the right and 

left lungs was noted. In contrast, PGD2 decreased in the right lungs of irradiated mice 

(figure 14B). However, both groups who did not receive the fractioned dose treatment 

displayed similar results. Thus, findings demonstrate that 12 hours after a conserved 

radiation treatment of 5x7.5 Gy, the amount of PGD2 was decreased in the right lungs while 

having no effect on the quantity of PGE2. 
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Figure 14. No increase in PGE2 and PGD2 in mice lungs following radiation treatment 
(Sx7.5 Gy) on mammary gland. Reproductive retired Balb/c mice were injected i.v. with 
1x106 D2.0R cells and irradiated 4 days later with a fractioned dose of 5x7.5 Gy in the right 
mammary gland (5x7.5 Gy). One group was injected with D2.0R cells but received no 
radiation (0 Gy) whereas another group received no treatment at all (CTRL). Mice lungs 
were collected 12 hours after the last inadiation. PGE2 and PGD2 were quantified with 
HPLC/MS/MS, normalized with the internai standard PGE2-d4 and then graphed. Values 
are derived from a triplicate. There was no difference in the amount of PGE2 extracted in 
the different groups. As for PGD2, a significant decrease (P < 0.05, denoted by *) was 
observed when irradiated. 

5 - Effect of an LPS-induced inflammation m an experimental model of Jung 

metastasis 

Not only could radiation induce an inflan1illatory cascade which has an effect on the 

growth characteristics of metastatic cells but so could a bacterial-induced inflammation. To 

test this hypothesis, mice were treated with LPS which mediates an inflammatory response 

via TLR (O 'Neill et al. , 2003). Since the extravasation of cancer cells to Jung metastases 

requires the presence of adhesion molecules on the surface of endothelial cells, we 

measured whether LPS increases the level of the adhesion molecules VCAM- 1 and ICAM-

1. Five hours after LPS treatment, lungs of retired (reproductive retired) and young (6-8 

week-old) m1ce were extracted and mRNA levels of VCAM-1 and ICAM-1 were 

quantified by qPCR. Control mice (vehicle) were also present but obtained a saline 

injection instead. Just as previous studies had noted (Beck-Schimmer at al. , 2002; Tong et 

al. , 2006), there was an increase in mRNA expression of ce ll adhesion molecules VCAM-1 
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and ICAM-1 (figure 15). Both cell adhesion molecules for retired and young m1ce 

increased 4-fold. We also assessed whether an inflammation was induced in LPS-treated 

mi ce by quantify ing the mRNA levels of IL-1 ~ and COX-2 by qPCR. IL-1 ~ had the 

highest increase with a 13 and 48-fold rise in retired and young mice respectively. On the 

other hand, the COX-2 increase was not significant in the young mice (3 -fo ld increase) and 

barely changed in the retired mice (1.34-fold increase). 
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Figure 15. Increase in the mRNA expression of cell adhesion and pro-inflammatory 
molecules in young (6-8 weeks) and retired reproductive mice following LPS-induced 
inflammation. Lungs from either reproductive retired or young (6-8 week-old) Balb/c 
mice were collected 5 hours after having been injected i.p. with 1 mg/kg of LPS in saline 
(treatment) or only saline (vehicle). The relative expression levels for VCAM-1 , ICAM-1 , 
IL-1~ and COX-2 were analyzed by qPCR (He llemans et al. , 2007) using the cDNA of 
mouse housekeeping genes UBC, HPRTI and GAPDH. The mRNA of each protein was 
normalized with their respective control. There was an increase in the inflammatory 
molecule mRNA synthesis for all molecules with either the reproductive retired or young 
(6-8 week-old) mice (P < 0.05, denoted by *). The values obtained are derived from a 
triplicate. 

Since an increase in COX-2 is one pathway used to raise the quantity of PGE2 and 

PGD2, these prostaglandins also did not increase 5 hours after LPS injection, as analyzed 

by HPLC-MS/MS (figure l 6A, B respectably). Thus, fo llowing LPS treatment, mRNA 

expression of VCAM-1 , ICAM-1 and IL-1 ~ were increased in the lungs of both retired and 

young mice while COX-2, PGE2 and PGD2 were not changed. 
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Figure 16. Quantification of the inflammatory molecule, PGE2 and PGD2 following 
LPS-induced inflammation in mice. Lungs from either reproductive retired or young (6-8 
week-old) Balb/c mice were collected 5 hours after having been injected i.p. with 1 mg/kg 
of LPS in saline (treatment) or only saline (vehicle). The values are derived from a 
triplicate . PGE2 and PGD2 were quantified by HPLC/MS/MS, normalized with the internai 
standard PGE2-d4 and then graphed. No difference was noted in the right mice Jung. 

Knowing that molecules present in inflammation were observed with the LPS 

treatment, the impact that these and others could have on the growth of Jung metastasis was 

researched. To fo llow the growth of the metastases, D2Al cells were infected with a 

lentivirus containing FUCCI, a marker of cell cycle progression which shows red 

fluorescence (mKO) when in G0/G1 and green fluorescence (mAG) when in S/G2/M phase. 

No selection was done but the integration of the fluorescent proteins mAG and mKO was 

validated by fluorescent microscopy (figure 17). Most cells were noted to have integrated 

the FUCCI marker. A time-lapse was also performed to view the change in color in the 

individual cells (results not shown). 
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Figure 17. Integration of the FUCCI marker genes in D2Al cells. D2Al express the 
FUCCI red (mKO) and green (mAG) fluorescent proteins. Photograph taken at a 20X 
magnification in red, green, and then bright field views which afterwards were merged to 
produce a single image. Cells which have the red fluorochrome are in the Go/G1 phase 
while cells that have the green fluorochrome are in the S/G2/M phase. 

To ensure that the integration of the fluorescent proteins did not alter the 

proliferation characteristics of the cells, a cell count assay was conducted for 7 consecutive 

days. The expression of the mKO and mAG to the genome did not affect the growth of the 

D2Al_FUCCI cells before confluence, which was reached by day 5 or 6 (figure 18). 

However, after having passed the confluence, the D2Al cells grew much faster than the 

D2Al_FUCCI cells. This could be explained by growth contact inhibition being more 

present in the cells which have integrated the FUCCI genes. Thus, results confirm that the 

incorporation of FUCCI to the D2Al cells' genome does not influence 'their growth before 

confluence and that a substanÜal amount of cells were integrated. 
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Figure 18. Integration of marker genes for cell cycle progression, the fluorescent 
proteins (mKO/mAG) FUCCI proteins, in the D2Al cell line does not affect their 
proliferation capacity below confluence. 02A 1 cells which express the FUCCI protein 
were counted to verify if their growth was similar after integration of the marker gene in the 
genome. The values are derived from 2 independent experiments, done in triplicate. The 
plot represents the cell number each day, for 7 consecutive days. The same proliferation 
pattern is seen for the 2 cel l lines before day 7 where it then becomes significantly different 
(P < 0.05) due to confluence having been well surpassed . 

D2Al _FUCCI cells were then injected i.v. into the tail of retired and young mice 

which had, 5 hours prior, been injected i.p with 1 mg/kg LPS or vehicle (saline). The ltmgs 

were excised 21 days later and imaged by the animal optical imager. A red (mKO) and 

green (mAG) image was acquired for each mouse. For visualization purposes, a picture 

containing merged brightfield and pseudocolored red and green images was attained (figure 

l 9A, B). To validate that the fluorescent signais obtained by the allimal optical imager 

were in fact metastasis and not background noise, mice lungs were viewed under a 

fluorescent microscope and imaged (figure l 9C D). Only the fluorescent mAG and mKO 

signais which came from the cells were observed and there was no background 

fluorescence. Furthermore, the images obtained by fl uorescent microscopy were in 

accordance with those attained by an optical imager. The lungs which exhibited more 

metastases when viewed under optical imaging also exhibited more metastases when 

examined by microscopy. This demonstrates that the optical imager was an adequate 

instrument to use for identification of metastases. 
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Figure 19. Validation of the D2Al_FUCCI metastases by fluorescent microscopy. 
Lungs from either reproductive retired or young (6-8 week~old) Balb/c mice were collected 
21 days after having been i.v. injected with lxl06 D2Al_FUCCI cells and 5 hours prior, 
injected i.p. with 1 mg/kg of LPS in saline (treatment) or only saline (vehicle). The lungs 
were then imaged an animal optical imager. For illustration purposes, lung images 
obtained were merged (bright field, mKO and mAG) and pseudocolored according to their 
original fluorochrome with Photoshop (A and B). Arrows show some of the metastasis. 
Next, they were embedded in O.C.T. and snap-frozen. Lung sections were eut to a 
thickness of 7 µm, fixed and mounted. Tissue sections were then viewed by an 
epifluorescent microscope at a 1 OX magnification to confirm the presence of fluorescent 
D2Al cells (C and D), thus validating the animal optical imager images. 

Knowing that the optical imager was a useful tool for the identification and 

subsequent quantification of metastasis, the red and green lung images obtained were 

analyzed to better understand the proliferation of the D2Al _FUCCI lung metastases. 

Using the same method described above to obtain D2Al_FUCCI lung metastases after 

LPS-mediated inflammation, we measured via optical imager photographs the metastatic 
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lung surface area and quantity of individual metastases in each mouse. The total metastatic 

surface area obtained on each mice lung for either red or green proteins was graphed 

according to the LPS or vehicle treatment as well as the age of the mouse (figure 20C, D). 

In the older, retired mice, an increase in the percentage of metastatic area was visually 

noted in those who received the LPS-induced inflammation treatment (figure 20A, B). This 

increase was graphed for both mKO and mAG images. In the aged mice, the total surface 

area occupied by the metastases was significantly greater in the mKO images (P = 0.019) 

and quite increased in the mAG images (P = 0.066) (figure 20C, D respectively). In 

addition, there was approximately a 2-fold increase in the green mAG fluorescent protein 

than red in the older mice that were treated with LPS, signifying that a proliferation- 

division state was more present. As for the young mice, there was notably more individual 

variation and no difference was noted since both vehicle and LPS treatment had almost the 

same distribution.
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Figure 20. Increase in D2Al metastatic lung surface area in retired reproductive 
mice. Reproductive retired or young (6-8 week-old) Balb/c mice were injected i.p. with 1 
mg/kg of LPS 5 hours before i.v. injection of lx106 D2Al_FUCCI cells (LPS). Control 
mice (CTRL) received the same treatment but with saline instead of LPS. Mice lungs were 
collected 21 days after and viewed under the animal optical imager. For illustration 
purposes, lung images obtained via the animal optical imager were merged (bright field, 
mKO and mAG) and pseudocolored according to their original fluorochrome with 
Photoshop (A and B). Arrows show some of the metastasis. The photograph acquired for 
either mKO and mAG measured the surface area covered by the metastasis as well as the 
total lung surface area. According to the age of the mouse, the percentage of total surface 
area occupied by the D2Al lung metastasis was calculated (total metastasis surface 
area/lung surface area) and graphed by box plots for both mKO (C) and mAG (D) 
fluorescence. There was a significant increase in the metastatic surface area in the 
reproductive retired mice but not for the young (6-8 week-old) mice. The results are 
derived from 2 independent experiments, done in duplicate or triplicate. P < 0.05 analyzed 
by a Mann-Whitney non parametric test is denoted by *. In this figure no values had a P < 
0.05. 
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Using the same images, the amount of individual metastasis in each lung for the 

mKO and mAG fluorescent protein was also calculated (figure 21A, B respectably). Once 

again, no difference was noted in the young mice, while in the older mice, a trend was 

emerging where the LPS-induced inflammation seemed to trigger more metastasis in both 

mKO and mAG images (P = 0.177 and 0.066 respectably) . With either young or aged 

mice, those treated with LPS seemed to portray more individual variations. 
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Figure 21. Increase in the number of D2Al lung metastases in retired reproductive 
mice. Reproductive retired or young (6 -8 week-old) Balb/c mice were injected i.p. with 1 
mg/kg of LPS 5 hours before i.v . injection of lxl06 D2Al _FUCCI cells. Control mice 
(CTRL) received the same treatment but with saline instead of LPS. Mice lungs were 
collected 2 1 days after and viewed under the animal optical. imager to acquire the red and 
green fluorescent images. The photograph acquired for either mKO or mAG was used to 
calculate the amount of metastasis in each lung. Box plot graphs for either mKO (A) and 
mAG (B) were obtained representing the age of the mi ce versus the number of metastases. 
An increase in the number of metastases in the reproductive retired mi ce but not the young 
(6-8 week-old) mice was observed. The results were derived from 2 independent 
experiments, done in duplicate or triplicate . P < 0.05 analyzed by a Mann-Whitney non 
parametric test is denoted by *. 

These preliminary results show that an LPS-induced inflammation is significantly 

more present ï"n older than younger mice when it cornes to the amount of surface area 

occupied and the quantity of Jung metastases. The older mice are therefore more sensitive 

to an LPS-induced inflammation which seems to be associated with a greater chance of 

lung metastasis. 



DISCUSSION

Recurrence in breast cancer is often thought to come from not only the cancer cells 

surrounding the primary tumor that were not eradicated, but also from distant metastases. 

These distant metastases can remain in a state of dormancy for many years. However, if 

awoken, these proliferate at a much greater speed, giving rise to clinically detectable 

metastases. Not much is known about the awakening process and the events that trigger 

these dormant cells to acquire a proliferative phenotype.

The focus of this study was to evaluate, both in vitro and in vivo the effects of 

inflammation, whether evoked by radiation or bacterial infection (LPS-induced), on 

dormant and proliferative breast cancer lung metastases. Herein, we report, in a validated 

dormant 3D breast cancer model, that PGE2 and conditioned culture media from irradiated- 

CALU-3 cells increase the diameter and thus cause proliferation of dormant microspheres 

of D2.0R cells in vitro (figure 7, 9 and 10). In vivo, radiation increased the amount of 

D2.0R metastases found in mice lungs after 42 days (figure 12). As for the LPS treatment 

with already proliferating cancerous cells, not only was there an increase in the number and 

surface area occupied by D2A1 metastases in mice lungs but also in the expression of cell 

adhesion and pro-inflammatory molecules (figure 15, 2 0 , and 2 1 ).

We needed to begin by verifying that the cells received were in fact behaving as 

previously reported (Shibue and Weinberg, 2009; Barkan et al, 2008). The D2A1 and 

D2.0R cells grown in 2D culture have the same proliferation capacity, as denoted by their 

similar growth curves (figure 3). This contrasts with the data obtained by Shibue and 

Weinberg who noted a 3.5-fold increase in the D2A1 proliferation rate in 2D after 10 days 

compared to the D2.0R cells. The difference may be accounted for by the fact that in 2D, 

they used a low seeding density (500 cells/cm2 bottom area), which made for certain that 

there were not many homotypic interactions. Since our cells were seeded at a density of
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1040 cells/cm2 bottom area, a density 2-fold higher than their low seeding density, more 

cell-cell interactions could be possible explaining the difference in growth rates. In 

addition, the cells were not analyzed the same way. While we counted with an automatic 

cell counter, they fixed the cells, stained their nuclei and viewed them under a microscope 

and counted. Finally, no mention of a statistical test between D2.0R and D2A1 

proliferation rates was noted, yielding uncertainty in the significance of the 3.5-fold 

increase observed by Shibue and Weinberg (2009). However, our results were in 

agreement with those reported by for Barkan and co-workers. They showed by using a 

colorimetric MTS test, which determines the number of viable cells in proliferation, that the 

proliferation capacity of D2A1 and D2.0R cell populations was not significantly different. 

Therefore, it is safe to conclude that in 2D culture conditions, the D2A1 and D2.0R cells in 

our laboratory were behaving as expected.

In 3D, the D2.0R cells proliferated much more slowly than the D2A1 cells (figure 

5), as previously reported. Shibue and Weinberg noted after 10 days, with an initial low 

seeding density of 500 cells/cm2 bottom area, that there was a 9.2- to 100-fold increase in 

the D2A1 cell number when compared to D2.0R cells. They found that it was probably due 

to a slower cell cycle progression since apoptosis was comparable among the two cell lines 

and that the detection level of the Ki67 proliferation marker was enhanced in the D2A1 

cells.

In our case, we did not analyze cell number but microsphere diameter which 

increased by 3.5-fold for D2A1 cells with a diameter greater than 150 pm. Even though the 

increase is significantly different between the two D2 cell populations, it is not as high as 

what others reported, which may be due to seeding density. In Shibue and Weinberg’s 

study, when cells were seeded using a 10-fold increase (5000 cells/cm2 bottom area), the 

D2.0R cell number was much higher in the 10 day period and the Ki67 proliferation marker 

was doubled when compared to the low seeding density. They hypothesized that this 

increase in proliferation capacity was due to cell-cell interactions since cells would 

aggregate together. In our study, cells were seeded at a 3125 cells/cm initial density, 

increasing the cell-cell interactions compared to the 500 cell/cm2 densities thus explaining
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in part the lessened increase. The other explanation could be once again related to the 

methodology used to analyze the microspheres. While we imaged the cells and measured 

their diameter; they counted the cell numbers via nuclei staining. As for Barken and co

workers, using a MTS test and pi 6  marker, the proliferation of the D2A1 cells remained in 

quiescent until days 4 to 6  then started to proliferate while D2.0R cells stayed quiescent 

during the entire 14-day experiment. In addition, on day 10, the proliferation of the D2 

cells became significantly dissimilar with D2.0R microspheres not proliferating and staying 

in a quiescent, dormant phase. Our results are consistent with their findings; at day 5 no 

difference is noted between the two D2 cell lines while after 9 days, they were significantly 

different in size: the diameter of D2A1 microspheres was increased, whereas D2.0R were 

not. Thus, the 2D and 3D models were validated with growth characteristics being very 

different between the D2 cell lines in 3D culture. In 3D their growth is similar to their 

metastatic behavior in vivo: D2A1 proliferate and D2.0R are dormant.

Many studies have demonstrated the importance of the environment on the 

proliferation capacities of tumor cells. As an example, PGE2 seems to be associated with 

carcinogenic abilities such as tumor growth (Shen et al., 2001), preventing apoptosis (Tsujii 

and Dubois, 1995) and increasing cell migration (Timoshenko et a l, 2003). Notably, it is 

up-regulated in breast (Leppa et al., 2004) and lung cancers (Kim et a l, 2010). Using the 

3D model, the dormancy and proliferating capacities of our two D2 cell lines have been 

demonstrated. This demonstrates that the extracellular matrix composition and structure is 

an important factor in the growth of cancerous cells. This is further supported by a study 

that demonstrated that contact with fibrillar collagen, a constituent o f the EMC, inhibited 

the proliferation of metastatic melanoma (Henriet et al., 2000). This corroborates Pagets’ 

seed and soil theory (Paget, 1889).

We therefore tested the 3D model even further and noted that the addition of 100 

ng/ml of PGE2 to the media did increase the D2.0R microsphere diameter after 9 days 

(figure 7). The D2.0R microspheres treated with PGE2 seemed to be behaving just like the 

proliferating D2A1 microspheres. However, with the D2A1 microspheres no difference in 

diameter was noted with the group that was treated. This may be explained by the fact that
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the D2A1 cells may already be proliferating at their top capacity and so addition of PGE2 

cannot increase the already fast proliferating cells. This is an important finding since this 

has never been done, to our knowledge, in 3D cultures and it supports that certain 

modulators found within the dormant cells environment can in fact awaken these cells by 

inducing proliferation. Consequently, we may have identified a molecule that could 

explain in part why in vivo recurrence in breast cancer occurs. Thus, our increase in 

proliferation is consistent with many studies that have demonstrated that PGE2 is involved 

in tumor growth such as sarcoma cells (Amino et al., 2003) and is up-regulated in the 

MTag-induced breast tumors in vivo (Basu et al., 2004).

In addition to prostaglandin and other secretary molecules being present in the cell’s 

environment, much data suggests that stroma-tumor interactions play an important role in 

tumor malignancy and proliferation (Nguyen et al., 2009). In our laboratory, it had 

previously been discovered that conditioned culture media from 5 Gy-irradiated 3T3 

fibroblasts augmented the invasiveness of MDA-MB-321 human breast cancer cells 

(Paquette et al., 2011). In addition, the bronchial epithelial cells are involved in secreting 

pro-inflammatory cytokines, chemokines and arachidonic acid mediators in vitro (Van der 

Velden et al., 1998). Finally, radiation of the stoma cells influences metastatic spread of 

sarcomas and carcinomas in mice (Milas et al., 1988), as well as increasing the growth of 

formerly dormant lung metastases in mice (Camphausen et al., 2001). We therefore 

wondered if the irradiated conditioned culture media from cells found in the lungs could 

also increase the proliferating capacity of the dormant breast cancer cells via the molecules 

they secrete in the culture media.

After irradiating 3T3 fibroblasts and CALU-3 epithelial lung cells, cells found in the 

lungs, we added these conditioned culture media to the D2.0R cells in the 3D model. 

Before adding the 5 Gy treatment, we compared the 0 Gy conditioned culture media to the 

control which contained plain 3D culture media. On days 5 and 9, no difference was noted 

with the 0 Gy CALU-3 media. On the other hand, a significant difference in size for the 

D2.0R microspheres was observed at day 9 upon treatment with conditioned media of 3T3 

fibroblasts (figure 8 ). This increase in diameter can be explained by the fact that these
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fibroblasts have the inherent properties to produce a variety of factors that induce the 

D2.0R proliferation capacity, thereby masking any radiation-induced increase in D2.0R 

microsphere size. This means that at 0 Gy CALU-3 cells secrete less mediators which 

affect D2.0R than the 0 Gy 3T3 treatment. However, no day 13 was done for the control so 

some information is lacking. Future experiments will be needed to observe the growth 

capacity at that endpoint. As for the D2A1 cells, with 0 Gy CALU-3 conditioned media, no 

difference in proliferation rate was noted. The same explanation can be said, as was the 

case with the PGE2 treatment: D2A1 cells are already proliferating at maximum capacity so 

the addition of stimulating factors has no effect. As for those treated with 3T3 conditioned 

media, more experiments will be needed to observe their behavior since contamination and 

difficulties in growth did not allow generation o f enough data. However, based on the 

results observed from CALU-3 and PGE2 treatments, we suggest that D2A1 microspheres 

would not grow faster since their baseline seems to already be at maximum proliferation 

capacity. The same can be suggested if treated with 5 Gy.

With the CALU-3 5 Gy conditioned media, by day 13 there was a significant 

increase in the size of the D2.0R microspheres compared to the 0 Gy treatment (figure 9). 

Moreover, the percentage of spheres with a diameter above 150 pm was also very similar to 

those of the D2A1 cells. This provides proof of concept that radiating stoma cells, such as 

lung epithelial cells, does have an effect on cancerous cells, and in our 3D model awakens 

our dormant D2.0R cells after 13 days. In addition, the 5 Gy treatment on the D2.0R 

microspheres seems to follow more the trend of the D2A1 microspheres. This is consistent 

with findings which found that secreted factors from irradiated rat lung microvessel 

endothelial cells increased the growth of rat carcinoma cells in vitro (Nicolson et al, 1991) 

as well as increased the growth in mice lung metastases which had previously been 

dormant (Camphausen et al, 2001). However, for the groups who received the 0 Gy or 5 

Gy 3T3 culture media treatment, there was no observable increase in diameter on the 

D2.0R microspheres. This is probably due to the increase in diameter with the 0 Gy media 

masking the radiation effect (figure 10). Unlike those who received the 3T3 conditioned 

media, we can deduce that whatever the CALU-3 secrete on their own is not enough to 

impact the D2.0R microspheres. Nevertheless, the 5 Gy treatment seemed to liberate either
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more molecules or different ones that influence the proliferation of D2.0R microspheres. 

This can be supported by the fact that in a co-culture system, the MRC5 fibroblast secretion 

alone increased the invasive behavior of the pancreatic cancer cells (Maehara et al., 2002). 

Moreover, with 5 Gy irradiated MRC5 fibroblasts, the invasive capacities of the pancreatic 

cancer cells were also increased (Ohuchida et al., 2004). Even though they studied tumor 

invasion in co-cultures rather than in 3D model, this supports that the fibroblasts 

themselves might secrete molecules in the environment that increase the risk of developing 

carcinogenic properties. To our knowledge, we are the first to report in a 3D culture model 

that irradiated conditioned culture media can impact the proliferation of dormant D2.0R 

microspheres. However, looking at invasion assay co-cultures and other studies, our data 

seem to be following the same trend as what was previously noted even though there are 

differences in cell types and in vitro models used. In further experiments, it would be 

interesting to use fibroblasts originating from the lungs, as well as primary pulmonary cells 

to see if they could induce an increase in D2.0R microsphere diameter with a 5 Gy 

radiation trying to be even more representative of the cells which compose the lungs. Also, 

identification of which mediators are produced by the CALU-3 cells upon 5 Gy irradiation 

would help to identify critical and novel mediators of breast cancer metastasis.

After testing the in vitro 3D model, we transposed to an in vivo mouse model of 

experimental lung metastasis to see if radiation could awaken dormant D2.0R cells. In 

vivo, after injecting the D2.0R cell population that had incorporated the luciferase gene, a 

conserved fractioned dose radiation (5x7.5 Gy) treatment on mice breast was given. After 

42 days, this treatment produced a significant increase in the light signal and therefore an 

increase in D2.0R lung metastases, when compared to the 0 Gy control group (figure 12). 

This demonstrates that the environment, once irradiated, does seem to awaken or at least 

increase the proliferation capacities of the D2.0R cells, which otherwise remained dormant. 

This is in agreement with other studies that observed that mice tissue that had previously 

been irradiated had a higher squamous cell carcinoma metastasis occurrence than in non

irradiated tissue (Baker et al., 1995). Moreover, irradiation with a fractioned 5x10 Gy or 

single 40 Gy dose to primary Lewis lung carcinoma in mice thigh was followed by a 

dramatic significant increase in the growth of formerly dormant lung metastases
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(Camphausen et al., 2001). Data from many studies gave conflicting results concerning the 

effect of radiation and tumor progression so that no generalization can be said about 

radiation and its effect on tumors. Depending on the dose, animal model, tumor lines, 

experimental techniques and animal species used, conclusions may vary. However, our 

findings do correlate with at least one other dormant model of lung metastases 

(Camphausen et al., 2001). These results are very interesting since they infer that radiation 

is inducing a change from a dormant to proliferative phenotype in the D2.0R metastases in 

vivo. This awakening could possibly explain recurrence in certain breast cancer patients. 

In addition, this could also decrease the time frame before cancer recurrence appears. More 

experiments will be needed to fully validate the data such as increasing the number of mice 

in each group due to a wide variability in the data obtained. In addition, irradiation of the 

lungs or only the D2.0R cells and not the tissue should be done prior to injection into the 

mice. Finally, it would be of interest to examine the behavior of the already proliferating 

D2A1 cells with these various radiation regiments and compare those obtained with the 

D2.0R metastasis.

To gain insights into which mechanism could in fact cause this awakening of the 

dormant D2.0R lung metastases in vivo, we analyzed the PGE2 levels in irradiated and non

irradiated mice lung samples. This mediator was chosen for two main reasons: (1) in vitro, 

an increase in PGE2 has been observed in irradiated lung fibroblasts (HFL-1 and MRC-5) 

(Yang et al., 2011) and (2) in the in vitro 3D culture model, our results demonstrated an 

increase in D2.0R microsphere diameter with the addition of PGE2 . Twelve hours after 

their last 5x7.5 Gy irradiation, mice lung samples were obtained and PGE2 quantified by 

HPLC-MS/MS. However, no difference was noted between the mice who received the 

conserved fractioned dose treatment, non-irradiated control or no radiation or cancerous 

cell injections (figure 14A). This was unexpected since radiation is often associated with 

an increase in COX-2 and therefore PGE2 , its primary metabolite, is increased due to 

inflammation (Steinauer et al., 2000). Moreover, mice sacromas in mice thighs irradiated 

with a 10x2 Gy fractioned treatment grew less fast when indomethacin, a COX-2 inhibitor, 

was given (Milas et al., 1990). There are a few possible reasons why our findings do not 

corroborate those previously discussed. These include differences in tumor type, mice
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species, experimental model, dose, time PGE2 was extracted after radiation, tissue analyzed 

and assay used. Furthermore, conflicting results as to what exact roles PGE2 plays in the 

lungs have been documented due to the fact that it differs according to receptor subtype 

used and which cells produce this mediator (Vancheri et al., 2004). This makes it quite 

difficult to fully grasp its function. Future experiments could include measuring COX-1 

and -2 expression in the lungs by qPCR and Western blot after irradiation. Additionally, 

different doses and time points could be used to see if PGE2 levels are modulated upon 

irradiation, as well as if PG receptor subtypes are affected. Even though in the in vitro 3D 

culture model PGE2 helped to awaken the dormant microspheres, this prostaglandin seems 

unlikely to play a stimulating effect on the D2.0R lung metastases in our in vivo radiation 

model. The difference in the in vivo and in vitro models may be due to the fact that while 

the 3D model does allow for a better interaction between tumor cells and the EMC, an 

important element of the microenvironment, not all in vivo characteristics are represented 

(Shibue and Weinberg, 2009). Another reason for this difference could be due to the fact 

that a new equilibrium between the expression of the stimulatory (EPi and EP3) and 

inhibitory (EP2) receptors is achieved in vivo when compared to the in vitro experiments. It 

would be interesting to document if an over-expression of these PGE2 receptors in our 

D2.0R cell line in vivo could reconcile the apparent discrepancies in tumor activity between 

the experiments.

Another modulator that is starting to gain popularity is PGD2 , an isomer of PGE2 . 

In the lungs it had been found to play a vasodilating or bronchoconstrictive role. Mainly 

released from mast cells, it has been implicated as an allergic and inflammatory mediator 

(Lewis et al, 1982). Since it can either function as a pro-inflammatory or anti

inflammatory depending on the biological system used, we wondered if radiation could 

exert an effect on this prostaglandin production. We saw that in the right lung, the lung 

which received radiation, there was a significant decrease in PGD2 production while the left 

lung showed a decreased tendency compared to the control 0 Gy (figure 14B). This 

decrease was quite unexpected. In studies which measured PGD2 after irradiation, Black 

and co-workers (1980) observed that following UVB irradiation of human skin, PGD2 was 

significantly increased after 6  and 24 hours. Moreover, in vitro, UVB irradiation of
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mammalian cells increased PGD2 production (De Leo et a l, 1985). The fact that we used a 

different species, irradiation technique, radiation dose as well as tissue could explain the 

difference. More studies will need to be done to understand this down-regulation 12 hours 

after radiation by observing the levels of COX, as well as those of PGD2 metabolites, 

prostaglandins of the J series, after radiation and increasing the sample size. In addition it 

would be interesting to understand what effect of PGD2 is being down-regulated; is it the 

pro-inflammatory effect that is being down-regulated or is it the anti-inflammatory effect?

Inflammation is not only generated by ionizing radiation but by bacterial infection 

as well. In animals, an injection of bacterial LPS, a glycoprotein found on gram-negative 

bacteria, is often the model of choice used to generate inflammation. Using this model, we 

therefore injected 1 mg/kg of LPS in mice i.p. and 5 hours after, lung samples were 

resected to analyze the expression of pro-inflammatory and cell adhesion molecules. The 5 

hour endpoint was chosen since it was reported that inflammatory molecules were up- 

regulated close to that end point (Lotter et al, 2006; Tong et al, 2006; Sharman et al., 

2008). In our laboratory we also noted that the 5 hour endpoint had the highest increase in 

molecules when compared to 24 and 48 hours (unpublished data from Marc-Andre 

Giguere). By qPCR, we determined that ICAM-1, VCAM-1 and IL-ip levels were all 

significantly up-regulated when compared to the vehicle, while COX-2 was not 

significantly increased (figure 15). These results are in accordance with others who all see 

an up-regulation after LPS treatment. As examples, in rat lung alveolar epithelial cells, 

ICAM-1 protein and mRNA were found up-regulated 6 hours after LPS treatment (Beck- 

Schimmer et al, 2002). Likewise, in mice who received LPS i.p., VCAM-1 mRNA and 

protein levels were significant elevated after 6 and 24 hours in lung tissues, particularly in 

vascular endothelial cells (Tong et al, 2006). IL-lp was also increased in the mouse 

peritoneal, after 1.5 and 8 hours of LPS i.p. (Remick et a l, 2000). Moreover, mRNA 

expression of IL-ip was significantly increased in the mouse lungs, heart, kidney and liver 

after LPS i.p. In the lungs, maximal mRNA was denoted 2 hours after treatment, but still 

significantly enhanced after 1 to 6 hours (Lotter et al, 2006). The IL-lp protein 

concentration also followed the same curve. In murine macrophages COX-2 expression 

increased from 4-24 hours which also increased PGE2 and PGD2 production (Rouzer et al,
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2005). Importantly, even though other studies may not have taken place in vivo and were 

tested only using mice as a model, they are in agreement with our results that cell adhesion 

molecules and pro-inflammatory cytokines have elevated levels after LPS stimulation. 

Future relevant studies could include qPCR evaluation of other pro-inflammatory 

modulates (IL-6), adhesion molecules (selectins) and up-stream factors (CPLA2 ) and 

evaluating protein levels of these molecules by Westem-blot or ELISA. In addition, 

histological staining of lung dysfunction, inflammatory cells and tissue injury warrants 

further investigation.

We also noted that with LPS treatment, the fold increase on those pro-inflammatory 

and cell adhesion molecules was not the same between young (6-8 week old) and old 

(reproductive retired) mice. VCAM-1 and ICAM-1 mRNA expression was almost the 

same for young and old mice, while COX-2 was slightly higher and II-10 was drastically 

increased in young mice (figure 15). This elevated 48-fold increase in young mice 

compared to 13-fold in old mice can be explained by a significantly lower IL-lp baseline in 

young mice with a similar increase after LPS stimulation in both age groups. This was also 

seen in the lungs of male mice where at baseline the IL-lp mRNA expression was 

significantly lower in young (11 weeks) than old (65 weeks) mice (Ito et al., 2007). In 

addition, after 2, 6 and 12 hours of LPS treatment there was no difference between young 

and old mice (Ito et al, 2007). These data are in total agreement with ours where mice age 

does have an effect on the baseline but not once stimulated with LPS. This could be 

explained by the aged animals having a higher cytokine profile due to chronic inflammation 

that is more prominent. Ito’s data also demonstrates that there is an age-dependent 

difference in IL-ip mRNA expression after 24 and 72 hours o f LPS treatment. We did not 

use other endpoints when comparing difference in ages but future experiments could be 

done to include these times. It is also imperative to remember that data concerning age and 

IL-ip expression is extremely variable and contradicting. Other investigators have 

demonstrated higher expression in elderly humans (Krabbe et al., 2001) and animals 

(Chorinchath et al, 1996; Tateda et al., 1996) after LPS treatment. This has led to the 

hypothesis that a biphasic model may exist where there are two waves of cytokines such as 

IL-lp and TNF-a (Endlich et al., 2002; Rojas et al, 2004) and it is though that the
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regulatory mechanism may differ by age (Ito et al., 2007). It is therefore suggested that the 

early wave in cytokines is due to resident macrophages and epithelial cells, while the late 

wave is triggered after recruitment of other cells such as circulating macrophages and 

neutrophils. These two waves would therefore vary according to the age of the animal.

After a 5-hour LPS treatment, our data show that COX-2 is slightly higher, but not 

significantly different in young mice (figure 15). In mouse macrophages, COX-2 mRNA 

expression was significantly higher in old mice after 2 hours of LPS treatment and took 

longer to reach levels comparable to the non-treated group (18 instead of 12 hours) (Hayek 

et al., 1997). However, it was only at 2 hours after LPS-treatment that a significant 

difference was noted between young and old mice, where at 6 hours both young and old 

mice had very similar results. This may explain why we did not observe a significant 

difference at 5 hours after LPS treatment. However, it does not explain the tendency that 

the young mice had higher COX-2 expression. Future studies should be conducted to 

increase the sample size, as well as address different endpoints since the age-cytokine 

relationship may be time-dependent.

Few studies seem to compare age and modulation of adhesion molecules. In mice 

hearts ICAM-1 mRNA was found to be increased in old (24 month) mice after 6 hours o f 

LPS treatment and it stayed elevated until 24 hours (Saito and Papaconstantinou, 2001). As 

for VCAM-1, in a mouse atherosclerosis model, there was also an elevated expression of 

VCAM-1 in the aortic arch (Merat et al., 2000). Our data did not show any differences 

between mRNA levels of these adhesion molecules and this may be due to difference in 

target organ used and the mouse model. It may be of interest to try different mice strains 

and endpoints, as well as increasing the sample number.

In those same lung samples not only were the cell adhesion and pro-inflammatory 

molecules analyzed but so were two downstream prostaglandins: PGE2 and PGD2 . By 

HPLC-MS/MS, both were found to be similar to their saline injected vehicle group (figure 

16). These were unexpected results since: (1) an increase in L-PGES expression was
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observed with LPS treatment in macrophages in vitro and mice lungs in vivo (Joo et al, 

2007) and (2) murine RAW264.7 macrophage cells significantly increased the synthesis o f 

both PGs 1 hour after stimulation, that peaked at 4 hours and started to decline after 6 hours 

(Rouzer et al., 2005). This difference between our results and those of others could be 

attributed to the very small increase in COX-2 mRNA expression, an up-stream PG 

modulator, which was noted after 5 hours. In addition, Gao et al, (2009) observed that 

PGE2 and PGD2 were increased with a LPS stimulation at 3 hours and returned to baseline 

by 5 hours in male rat lungs. This is what may be occurring in our model since the 

prostaglandins were not analyzed at any other endpoints. Future experiments will be 

needed to look into this avenue. In addition, the differences observed with our data and 

other findings may be also explained by the use of dissimilar animal species or cell lines in 

vitro, endpoints and analyzing the synthase and not the prostaglandins. Furthermore, we 

analyzed young (6-8 week old) and older (reproductive retired) mice. There was no 

significant difference between mice age groups but PGE2 had a tendency to increase in the 

young while PGD2 showed similar results in both age groups. In literature, both PGE2 and 

PGD2 typically increase. PGD2 in bronchoalveolar lavage fluid of older mice was 

increased after infection with influenza and SARS (Zhao et al, 2011). In rat aorta 

endothelial cells, the mRNA of the synthases (mPGESl, mPGES2, cPEGS and H-PGDS) 

are increased in the aged rats (Tang and Vanhoutte, 2007) and PGE2 was also noted to 

increase in coronary arteries (Ishihata et a l, 2005). In addition, older mice and human 

macrophages synthesize more PGE2 than their younger counterparts (Plowden et al, 2004) 

and it is usually associated to elevated COX expression (Hayek et a l, 1997). These 

variances may be accounted for by using different tissue samples, endpoints, animals, 

treatments and models. For future experiments, we should not only increase sample size 

but also analyze other potential regulators that could act on those prostaglandins. Also, to 

validate if COX does play a role in stimulating those PGs in these mice, inhibitors and 

inducers should also be tried in vehicle and before LPS treatment. One last interesting 

observation between our prostaglandin data and others is that in the lungs, PGD2 is an 

important metabolite produced. When comparing rat lung PGE2 and PGD2 levels obtained 

by LC-MS/MS by Gao et al, (2009), we noticed that the PGD2 levels were similar but 

those of PGE2 in our study were increased by at least 25-fold. However, in vitro, mice
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macrophages showed higher PGE2 production than PGD2 (Tajima et a l, 2008). This 

difference in which PG metabolite is more elevated in the lungs after LPS stimulation could 

be species dependent and this warrants further investigation to better understand endotoxin- 

induced lung injury.

Marker fluorescent protein integration was well incorporated into the D2A1 

proliferating cells and the 2D proliferating capacity was the same before confluence was 

achieved between D2A1 and D2A1FUCCI cells (figure 18). Knowing that our previous 

data had demonstrated that LPS induced an up-regulation of both pro-inflammatory and 

adhesion molecules in lungs of young and old mice, we wondered whether those molecules 

could have an effect on metastatic cells circulating in the blood at the time of an endotoxin 

attack. If cell adhesion molecules were increased then maybe the proliferating D2A1 cells 

would have a greater chance to adhere to the lungs, thereby producing bigger and additional 

metastases. IL-1 (3 has been found to play a role in metastasis and tumor invasiveness, as 

well as on the expression of adhesion molecules on endothelial and malignant cells (Vidal- 

Vanaclocha et al, 1994). In melanoma cells, metastasis is thought to be promoted via IL- 

lp, which increases ICAM-1 and VCAM-1 on endothelial cells, aiding in tumor-cell 

interactions (Yano et al, 2003). Jin et al, (1997) observed IL-lp in the breast carcinoma 

environment, which was increased in higher tumor grades and invasive tumors. In 

addition, COX-2 up-regulation is often associated with tumor progression and metastasis. 

COX-2 and its metabolite, PGE2 , were elevated in human breast tumors and lymph node 

metastasis (Pockaj et al, 2004). In the MTag mouse model of spontaneous breast cancer, 

treatment with a COX-2 inhibitor, Celecoxib, significantly decreased tumor burden (Basu 

et al, 2004). Lung metastases were also significantly decreased with Celecoxib in a Lewis 

lung carcinoma model (Park et a l, 2008). Therefore, with an LPS treatment 5 hours prior 

to an i.v. injection of D2A1FUCCI cells, we analyzed lung metastasis by optical imager 

21 days later (figure 19A and B). As expected, preliminary results noted an increase in the 

number and surface area occupied by the D2A1 lung metastases in the aged mice after LPS 

treatment with both fluorescent proteins (figure 20A and B). However, with young mice no 

difference was be noted. This may be due to many factors such an extremely large range in 

immune response, individual vulnerability in genetics and to stress, etc. Some young may
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be better protected than others against endotoxin-tumor-immune interactions, which could 

widen the variability. An increase in mice number for both age groups and treatments 

should be done to decrease the variability. Aged mice may have a deficient immune 

response, therefore not being able to rid the body of cancerous cells as efficiently. This 

age-vulnerability was reinforced by our observation that mortality in aged mice was much 

higher than in young mice at an i.p. LPS dose of 1 mg/kg. This is in accordance with other 

studies: Karanfilian et al, (1983) noted that at a dose of 5 mg/kg, the aged 12-month old 

mice had a higher mortality than the young 3-month-old-mice.

With the data obtained, not only were we able to analyze number and surface area 

of metastases but we could also observe which metastasis had D2A1 cells in the Go/Gi and 

S/G2/M phases due to the use of the FUCCI marker. In the aged mice, we noted that the 

number of lung metastases seemed to be the same with the fluorescent proteins (figure 21). 

On the other hand, their surface area was increased by 2-fold in the dividing state (S/G2/M) 

compared to those in the non-dividing G0/G 1 state (figure 20C and D). We therefore can 

see that there are many more actively dividing cells within the aged mice that underwent 

LPS treatment than non-proliferating cells. This could not be said about the young mice 

that had similar measures in both vehicle and LPS treated groups. Up to now, we are the 

only group who has been able to demonstrate this phenomenon. This is quite interesting 

since it adds to the theory that in aged animals treated with LPS, the pro-inflammatory 

molecules increase tumorgenesis.

The studies using LPS with our dividing cells are in their preliminary stage and 

many more experiments will need to be done. It would be of interest to evaluate the 

ligands of VCAM-1 and ICAM-1 on our proliferating D2A1 cells, as well as the possible 

proliferation effect of LPS oh these cells in vitro. In addition, using D2.0RFUCCI cells in 

the place of the D2A1 proliferating cells would be of great interest. We would be able to 

compare dormant and proliferating behavior upon LPS treatment and see if this endotoxin- 

induced inflammation could also, just like radiation, increase the proliferation o f our 

previously dormant D2.0R cells. It would also be important to look into the cell cycle
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progression of these cells by the marker FUCCI proteins and see if they differ from the 

proliferating cells in vivo with and without LPS.

In conclusion, we were able to demonstrate that (1) in vitro the dormant D2.0R cells 

can awaken from dormancy by the addition of PGE2 and irradiated CALU-3 lung epithelial 

media in a 3D model, (2) in vivo dormant D2.0R lung metastases seem to awaken after 42 

days following radiation-mediated inflammation by increasing their proliferation and this 

may be independent of PG levels, and (3) while LPS-induced inflammation increases pro- 

inflammatory and cell adhesion molecules in both young and old mice, only aged mice 

have an increase in surface area and number of proliferating D2A1 lung metastases. 

Therefore, inflammatory processes do play an extremely important role in lung metastases.



CONCLUSION AND PERSPECTIVES

In this study, we determined that inflammation is involved in the process of 

awakening dormant D2.0R cells or increasing the metastatic capacities of the already 

proliferating D2A1 cell line. We established that in the 3D in vitro culture model the 

addition of PGE2 and conditioned media from irradiated CALU-3 cells increased the 

proliferation capacity of the previously dormant D2.0R microspheres. We then used the 

murine experimental lung metastasis model to validate these findings in vivo. We noted 

that 42 days after a fractioned irradiation (5x7.5 Gy) on the 2nd mammary gland, gland 

found above the lungs, resulted in an increase in the D2.0R metastases in the lungs. 

However, in vivo, PGE2 did not seem to be the pathway used to cause this increase since 

there was no elevation in its synthesis. On the other hand, there was a decrease in lung 

PGD2 following radiation. Hence, even though irradiation seems to be implicated in the 

awakening process the mechanism by which this is produced remains unknown. 

Subsequently, we looked into the effect of a bacterial induced inflammation on the growth 

and number of lung metastases in young and old mice. Initially, we validated that 

following an LPS injection in mice, pro-inflammatory molecules such as IL-ip and cell 

adhesion molecules ICAM-1 and VCAM-1 were significantly increased in young and old 

mice. COX-2 was only slightly increased and its metabolites, PGE2 and PGD2 , were 

unchanged. In addition, LPS had a more detrimental effect on the old mice, whose survival 

rate was decreased. Recognizing that inflammatory mediators were activated, analysis of 

the quantity and size of the D2A1 lung metastases via fluorescent cell cycle marker proteins 

also showed age differences. In aged mice, the size was significantly increased while the 

quantity of metastases showed a trend increase in those who had undergone LPS treatment 

when compared to the vehicle group. In young mice, no differences were noted between 

treated and vehicle groups. Hence, following LPS injection, inflammatory mediators are 

released or expressed and size and quantity of lung metastases increase in an age-dependant 

manner.
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Overall our findings hold several potential clinical benefits in respect to breast 

cancer patients. By knowing which factors awaken dormant cells, treatment modalities 

could change to take into consideration their possible awakening. Indeed, radiation seems 

to be a factor implicated in this process, such as was demonstrated in our study. 

Treatments to either decrease or preventing the use of these awakening modulators, such as 

not irradiating the whole breast or favoring other techniques could be used instead. 

Moreover, using lower dosage and smaller areas of radiation in combination with other 

modalities to increase the overall therapeutic efficiency could be suggested to maintain the 

metastasis in a longer dormant state instead. Hence, the risk of developing recurrence 

would therefore be diminished. From another standpoint, in certain cases, awakening the 

metastasis to rid the body of them could be a technique of choice by using many 

irradiations and maintaining close follow ups. Also, by being able to determine if a 

bacterial infection increases the risk of metastasis, cancer patients who are susceptible to 

these infections could benefit to be treated with anti-bacterial drugs. These medications, 

which reduce the possibility of infection could aid in preventing metastatic growth. 

Furthermore, by observing age-differences, the time to begin treatments or prevention 

mechanisms could be studied. As noted in our study, the aged creatures were much more 

affected by the tumor growth than the young. If we could determine when susceptibility to 

increases in tumor size due to infections starts to be augmented, research could adapt more 

screening and prevention techniques to attempt to decrease tumor load. In addition, this 

raises the question as to whether other inflammation inducing agents such as cold, flu, or 

viral infections could also worsen cancer prognosis by enhancing its’ metastatic 

progression. Clearly, more work is required to better understand the role inflammation 

plays in cancer development.
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