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ABSTRACT

Metastatic disease is responsible for the majority of cancer related deaths. 

However, most anti-cancer drugs are not designed or tested for efficacy against 

this heterogeneous cancer cell population. This is in part due to the technical 

challenges involved in imaging and quantifying individual cells, or even large 

metastases, in common non-superficial sites of metastasis including lung, brain, 

bone marrow and liver. The purpose of the studies presented here was to 

develop and utilize imaging techniques capable of assessing metastatic cell 

progression and quantifying the effect of treatment on the majority of metastatic 

cell population, inclusive of solitary cells.

Quantification of the solitary metastatic cells in whole mouse liver was 

achieved using an MRI technique in which iron labeled cells were visible as 

areas of signal void. Signal void area was found to be highly correlated with the 

number of MPIO labeled cell injected into the liver. The MR scanning protocol

used here resulted in images in which both signal void (due to iron labeled cells)
/

and hyperintensity due to metastases (>200 |j,m) were apparent and could be 

quantified. This technique was subsequently utilized to assess the effect of 

doxorubicin and the synthetic triterpenoid CDDO-lm on experimental liver 

metastases in mice. It was found that despite significantly inhibiting the growth of 

large metastases, neither treatment decreased the number of solitary cells 

present in the same liver. In order to better understand the effect of treatment on 

the metastatic cell population at a cellular level, cells that express a cell cycle 

reporter system that changes colour as cell cycle progresses (fudci) were used in 

2D and 3D cell culture. It was found that initial cell density and CDDO-lm 

treatment altered cell growth, and that cell cycle progression could be monitored 

longitudinally in individual and groups of cells within the same enclosed culture 

system.

It is expected that the techniques presented here will enable the screening 

of therapeutic strategies for their efficacy against not just a subset of the 
metastatic cell population, but the population as a whole.
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1. INTRODUCTION

This chapter contains concepts and parts of a book chapter “Tumor dormancy in 

liver metastasis: clinical and experimental evidence and implications for 

treatment”, by J. L. Townson and A. F. Chambers, in: Liver Metastasis: Biology 

and Clinical Management. Springer (In Press), and of a published review 

“Dormancy of solitary metastatic cells”, by J. L. Townson and A. F. Chambers in 

Cell Cycle. 2006 Aug;5:1744-50.

1.1 METASTASIS AND LIVER METASTASIS

1.1.1 The problem and the process

Significant progress has been made in our understanding of cancer risk 

factors and cancer cell biology, as well as ability to detect, localize and treat 

specific types of cancer. Indications that these advances are having an impact 

have recently been observed including a 4.5% increase in five-year relative 
survival for all cancers between 1992-1994 and 2002-2004 (1, 2). However, 

despite considerable resources, dedicated research, knowledge generation and 

technological advancements, cancer remains a leading cause of death, 

responsible for approximately 1 in 4 deaths (1, 2). The majority of cancer related 

deaths however are not due to primary tumors, but to metastatic tumors arising 

from the spread of cancer from one site to another (3, 4). Yet despite the 

associated lethality, metastasis is a highly inefficient process by which only a 

small fraction of the cancer cells that leave a primary tumor successfully form a 

tumor in a secondary site (3-11). This inefficiency is primarily due to cell death at 
one of the multiple steps a cell must successfully complete in order to form a 

large metastasis, including: detachment and migration from a primary tumor; 
intravasation into, and transit through, blood or lymph vessels; arrest in a 

secondary site; extravasation; and ultimately the initiation of proliferation, 

sustained growth and angiogenesis (Fig. 1.1). While cell death is often the
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primary reason for metastatic inefficiency, experimental metastasis models have 
revealed that metastatic inefficiency is also due, at least initially, to an often 

significant population of metastatic cells that remain in the tissue as solitary 

dormant cells (4-6,8, 9, 12-16). It has been proposed that this population of cells, 

in conjunction with dormant micrometastases, may be responsible for recurrence 

that can occur months to decades following apparently successful treatment (17- 

22). However, the mechanisms regulating metastatic dormancy, and in fact the 

ultimate clinical significance of dormant metastatic disease, are incompletely 

understood.
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Circulation Artery Metastasis

Figure 1.1 -  The metastatic process. Metastasis is a multistep process in which 

all steps must be completed in order for a clinically apparent metastasis to be 
formed. The process of metastasis leading to a large vascularised secondary 

tumor starts with escape of a cell or group of cells from a primary tumor (A), 

intravasation into blood or lymph vasculature (B), transit in the vasculature (C), 

arrest in a secondary site (D), extravasation (E), proliferation and sustained 

growth (F) and angiogenesis (G). Metastatic dormancy is observed at two stages 

in the process, the solitary cell (F1) and micrometastasis (F2) stage. Arrest as a 

bolus of cells or a cell with platelets coating it has been found to increase 
metastatic efficiency (D1). Liver metastases can develop from cancer cells that 

originate from primary tumors that drain directly into the portal system or 

indirectly after passing through an upstream organ and arriving via the hepatic 

artery.



4

1.1.2 Liver Metastasis

Liver is the second most common site of metastasis and metastasis to this 

site has been found to occur in approximately 41% of cancer patients with 

metastatic disease (23). The frequency of metastasis to the liver is not 

unexpected given the significant volume of nutrient-rich blood that flows through 

the liver (portal vein and hepatic artery), the number of organs that drain directly 

into the portal system and the large number of fenestrated sinusoids within the 

liver. This large blood volume filtered directly downstream of a number of organs 
is significant if the number of cells that may be shed into the venous circulation (> 

3 x 106 per g of tumor/day) is considered (24). While the majority of metastases 

observed in the liver originate from primary tumors in organs that drain directly 

into the portal system circulation, many including from the eye, breast and lymph 

nodes arrive in the liver via an arterial circulation path and thus do not arrive 

directly at the liver (3, 23, 25, 26). The frequent incidence of liver metastasis from 

cells delivered via both the portal vein and hepatic artery indicate that the liver is 

a common site of metastasis due to both the incidence of cell arrest (first pass 

arrest from portal system) and suitability of the microenvironment for growth 
(from previously “filtered” arterial system). Yet despite the high incidence of liver 

metastasis from multiple primary tumors, the efficiency of metastasis formation 

from cells that successfully arrive in the liver has been shown to be very low (5, 
6, 9, 15, 27). While in experimental models the majority of cells have been shown 

to survive the process of cell arrest and extravasation in lung and liver, most cells 

will subsequently either die or remain dormant (6, 8, 9, 16). Liver resection 

techniques and chemotherapy treatment strategies have appreciably improved 5 

year survival rates of patients with liver metastases, yet a large proportion of 

patients still do not survive that long (28). In order to make substantial increases 

in survival rates of patients with metastases to liver, as well as other organs, 

treatment strategies may need to be re-examined with increased consideration 

given to the entire cancer cell population inclusive of the dormant metastatic cell 

populations.
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1.2 TREATMENT AND RECURRENCE

Cancer recurrence and the large number of deaths resulting from 

metastasis are due to failure of treatment to completely eradicate all cells 

responsible for the disease. Several plausible explanations for the often 

significant failure rates of treatment have been proposed including late stage of 

detection (i.e. number of metastases and extent of invasion), difficulty in 

accessing the tumor for treatment (barriers to physical and/or chemical 

intervention) and cellular drug or radiotherapy resistance. More recently it has 
been proposed that failure to target distinct subpopulations of cancer cells with 

stem like properties (cancer stem cells [CSCs]) may in fact be responsible for 

treatment failure and recurrence (29, 30). In any case, if treatment of all clinically 

apparent tumors is considered successful (i.e. no longer clinically detectable), 

recurrent disease is then due to occult or sub-clinical metastases, some of which 

may be dormant. As the dormant metastatic cell population has been shown to 

survive treatment that successfully inhibits growth of large vascularised 

metastases, treatment options will need to take into account the unique 

properties of this cancer cell population in order to eradicate these cells (5, 31). 
Developing treatments that target specific subpopulations of cancer cells, and 

metastatic cells in particular, will require modifications to the way in which most 

treatments are developed and tested (32, 33). Multiple types of pre-clinical 

models of primary cancer and metastatic disease exist in which drug efficacy can 

be assessed (Table 1). Yet superficial orthotopic and ectopic injection sites, 
which are used to model primary tumor growth, are often chosen due to the 

relative ease of injection and quantification of treatment effect. However, recent 

evidence suggests that the focus on “primary tumor” models in drug efficacy 
studies may lead to the development of drugs that have minimal benefit, or may 

even be harmful, to patients with metastatic disease (32, 34, 35). Along this 

same line, it is unlikely that dormant metastases (either pre-angiogenic 

micrometastases or single cells) will respond the same as primary tumors or 

large vascularised metastases to treatment. This has in fact been demonstrated
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in pre-clinical models and is supported by clinical data presented by Demicheli et 
al., in which adjuvant systemic chemotherapy following surgery had no effect on 

a second peak (at around 60 months) of recurrence in breast cancer patients, a 

peak attributed to pre-existing dormant métastasés (5, 36). Given the differences 

in response of the various cancer cell subpopulations to treatment, it may be 

advantageous to choose pre-clinical models that better relate to the clinical 

setting in which the drug will be used, as outlined in Table 1. As such, a better 

understanding of metastatic dormancy and its therapeutic implications must also 

be considered in developing novel treatment strategies. In this chapter we will 

review experimental and clinical data regarding metastatic dormancy and discuss 

the implications of the dormant metastatic population on cancer treatment.
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Clinical Target Standard Clinical 
Treatment

Appropriate Animal 
Model

Primary Tumor Surgery and/or 
Neoadjuvant Therapy

Orthotopic primary 
tumor model

Presumed
micrometastatic disease

Adjuvant Therapy Micrometastasis/ 
dormancy models

Macroscopic metastatic 
disease

Metastatic Therapy Metastasis models

Table 1.1 -  Rational animal models for pre-clinical treatment development. Pre- 

clinical animal models of treatment efficacy should be chosen based on the 

clinical target. Patients can present with a primary tumor only, lymph node 

involvement and/or local métastasés and/or distant métastasés. The stage of 

disease progression in combination with other tumor properties (HER2, ER, PR 

receptors etc.) are used to determine the treatment regimen. Models that best 

mimic these clinical situations are available and treatment development should 

make use of experimental models that most closely relate to the stage of disease 

progression being targeted.
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1.3 METASTATIC DORMANCY IN EXPERIMENTAL MODELS -  SOLITARY 

CELLS AND MICROMETASTASES

1.3.1 Metastatic Dormancy

Dormancy has been used to describe two distinct subpopulations of 

metastatic cells, both of which have been observed to exist in multiple metastasis 

models (6, 12, 15, 17-19,27, 37-39). The two stages of metastatic progression at 

which dormancy has been observed and characterized are at the solitary cell 
stage and the pre-angiogenic micrometastasis stage (Fig. 1.1). However, despite 

both being referred to as metastatic dormancy, and both often referred to as 

micrometastases, these distinct populations of cells differ in several significant 

ways and will likely need to be dealt with as two separate treatment targets. After 

arrival in a secondary site, the first stage at which dormant metastatic cells have 

been observed occurs at the solitary cell stage (Fig. 1.1-D1). These cells are 

considered to be dormant due to the absence of markers for proliferation or 

apoptosis, as well as retention of exogenous labels that fall below the threshold 

of detection following a couple cycles of division (6, 8, 9, 12-14,38). However, the 
majority of solitary cells observed within a secondary site will not progress to 

form metastases (micro or macro) but will instead undergo apoptosis, even after 

initial survival and a variable period of dormancy (6, 8, 9, 16). The small 

proportion of solitary cells that do initiate proliferation can give rise to a second 

category of metastatic dormancy at the micrometastasis stage (Fig. 1.1-F1). 

These micrometastases are believed to be restricted in their ability to continue 
tumor growth, through balanced apoptosis and proliferation, primarily due to lack 

of their own vasculature or due to growth suppression by the immune system 

(17, 18, 39-41). As these two dormant metastatic cell populations appear to be 

controlled by different mechanisms and will likely need to be treated as separate 

therapeutic targets, here we will distinguish between the two and refer to these 

distinct populations of cells as either solitary dormant metastatic cells or dormant 

micrometastases (or pre-angiogenic metastases). An understanding of the 

mechanisms controlling micrometastasis dormancy is much further advanced
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than those controlling solitary cell dormancy (17-19). Yet while distinct, these two 

metastatic cell populations do have multiple similarities that complicate both 

study and treatment of them. Primary among these is the technical challenges 

involved in imaging these cell populations in their typical metastatic sites, which 

include non-superficial tissues such as liver, lung and bone. Additionally, 

metastatic efficiency from both of these metastatic cell populations is low as few 

solitary cells and/or micrometastases observed within an organ progress to form 

large vascularised metastases within the typical period of experimental 

observation (6, 8, 9, 42). This means that even if a particular metastatic cell or 

micrometastasis is successfully monitored longitudinally, the chances of it 
commencing and continuing proliferation are likely to be small.

1.3.2 The liver as a model for metastatic dormancy

In addition to the frequency with which liver metastases are observed 

clinically, multiple properties of the liver make it a useful organ for experimental 

models of metastasis and metastatic dormancy in particular. First, in comparison 

to other common sites of metastasis including lung, bone and lymph nodes, the 
liver is relatively large and easy to access and image due to limited movement or 

obstruction by bone and/or air (9, 43-48). Direct injection of cells to the liver via 

the portal vein system, along with the efficient entrapment of cells within the liver, 

allows for a relatively high degree of control over the number of cells that initially 

arrest in the liver. This is important as the number of cells initially present in an 

organ must be known in order to quantify the subsequent fate of the entire 

population (9, 48). As the majority of cells arrest in the liver following portal vein 

injection, no significant growth in other organs usually occurs which otherwise 
would force the experiment to end early due to non-specific morbidity (5, 6, 9). 

The large number of sinusoids in which cells can arrest also provides an 

opportunity for cells to arrest as solitary cells or as small groups of cells. This is 

significant as the number of cells that arrest together within a sinusoid are known 

to alter cell fate, with increased cell bolus size leading to increased metastatic
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efficiency (49, 50). By providing organ specific delivery in which the number of 

cells arresting can be controlled, while at the same time allowing for distribution 

of solitary cells throughout the entire organ, the liver provides advantages over 

injections in which cells arrive as a large fluid bolus of cells (i.e. mammary fat 

pad, subcutaneous, intradermal etc.) and systemic injections (intracardiac, 

intravenous, etc.) for the study of metastatic dormancy.

1.3.3 Micrometastasis Dormancy

Dormant solitary cells and micrometastases have been observed in 

multiple organs, including liver, in a number of different metastasis models (6, 8, 

9, 12-15,18, 19, 27, 51). Dormant micrometastases have long been recognized 

as a logical treatment target, with research yielding considerable advances in the 

understanding of mechanisms controlling pre-angiogenic dormancy (17, 39, 41, 

52). In addition, a number of anti-angiogenic therapies have been developed in 

order to inhibit growth of tumors beyond the stage of dormant micrometastases 

(17, 39, 41, 53). Several recent reviews have discussed the mechanisms 

controlling tumor angiogenesis (and thereby maintenance of pre-angiogenic 
dormancy of micrometastases) and treatment strategies based on tumor 

angiogenesis (17, 42, 54). Dormant pre-angiogenic micrometastasis will thus 

only be discussed here in the context of a significant sub-population of metastatic 

cells that requires consideration when planning a treatment strategy to ensure 

eradication of all cancer cells. To this end, it should be emphasized that 

micrometastasis dormancy is achieved by a state of balanced apoptosis and 

proliferation such that the tumor does not continue to expand beyond 

approximately 1 mm (41). Thus while “dormant” in terms of metastatic 
progression and growth, cells in pre-angiogenic micrometastases may not be 

dormant from a cell cycle perspective.
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1.3.4 Models of solitary metastatic cell dormancy

Solitary dormant metastatic cells differ from dormant micrometastases in 

that solitary cell dormancy is defined by lack of proliferation and apoptosis (not 

balanced rates), and the cells are believed be arrested in the G0-G1 phase of the 

cell cycle (6, 8, 9, 18, 19). These cells have been observed to exist in tissue 

alone or in the presence of actively proliferating and growing metastases (6, 8, 9, 

12-15,18, 19, 27, 51). Despite their common presence few of the solitary 

metastatic cells observed, at least within typical experimental observation 
periods, will ever begin proliferating or sustain growth to form the large 

vascularised metastases that are of primary clinical concern. Most solitary 

metastatic cells will undergo apoptosis, or remain dormant for the duration of 

observation (6, 8, 9). Yet solitary dormant metastatic cells have been shown to 

maintain their ability to proliferate and form tumors in vivo or continue to grow 

upon isolation in 2D cell culture even following treatment with cytotoxic 

chemotherapy (6, 14, 15). Relatively few models of solitary cell dormancy, in 

which cells persist as solitary cells within an organ (without proliferating) for a 

prolonged period of time, have been identified due to the natural focus of 

research on cell lines which form metastases during a reasonably short 

experimental period. However, even in cell lines that are categorized as highly 

metastatic, an often significant population of solitary dormant cells is observed in 

the same organ that also contains actively growing metastases (6, 8, 9). In order 

to avoid the short experimental time frame often caused by the morbidity and 

mortality associated with rapidly growing metastatic cells lines, it may be better to 

choose “non-metastatic” or poorly metastatic cell lines in order to study solitary 

cell dormancy. Cells that persist within an organ for extended periods of time 
without commencing proliferation allow for a suitable period in which to modify 

and observe alterations of growth dynamics and fate in order to elucidate the 

mechanisms controlling dormancy. One of the better characterized and 

understood models of solitary metastatic cell dormancy is the D2.0R murine 

mammary carcinoma cell line in mouse liver (5, 6, 55-59). When injected into
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mouse liver via mesenteric vein injection a large proportion of cells initially 

remain dormant but maintain the capacity to form large macroscopic metastases 

approximately 11 weeks after injection (5, 6). Additional cell lines have also been 

shown to preferentially survive in liver or lung for extended periods of time, yet 

the mechanism controlling site specific survival and dormancy remain to be fully 

understood (14, 15, 27).

1.4 IMAGING AND MECHANISMS OF SOLITARY CELL DORMANCY

1.4.1 Imaging of metastatic dormancy

Recent advances in imaging and diagnostic technology have increased 

the ability to both image and detect solitary metastatic cells in vivo. Yet while a 

number of imaging modalities now possess detailed pm (10s - 100s) scale 

resolution (magnetic resonance imaging (MRI), computed tomography (CT), 

ultrasound and intravital microscopy), only MRI and intravital microscopy are 

currently capable of detecting, and only intravital microscopy capable of 

resolving, at the scale of a single cell (60). Additionally, optical microscopy 

continues to be the only imaging modality currently capable of the resolution 

necessary to visualize sub-cellular events. The ability to detect and image single 

cells has been enhanced by a number of improvements in fluorescent cell labels 

and molecular identification of human cells in a mouse (45, 60-66). Both 

endogenous and exogenous fluorescent cell labels continue to improve 

producing brighter, more specific (wavelengths and cellular localization) and 

stable cellular fluorescence options. Cellular MRI can also be used to provide a 

non-invasive means by which the metastatic cell population can be monitored 

longitudinally, as solitary cells labelled with iron particles have been observed in 

brain and liver (12, 13, 38). However, beyond single time point (or short 
observation times) imaging and detection, longitudinal in vivo cellular imaging 

remains a significant technical challenge.
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1.4.2 Optical and magnetic resonance imaging of solitary cancer cells in 

vivo

Studies of solitary cancer cells in vivo have generally relied on optical 

imaging of cells labelled with either transient labels that permit identification of 

cells prior to dilution of the label by cell division, or stably expressed fluorescent 

markers that identify all cells arising from the original population, whether or not 

they have undergone cell division. These markers have included transient 

fluorescent labels such as Calcein AM and nanospheres, and constitutively 

expressed labels such as green and red fluorescent proteins (5, 9, 14, 15). 
These fluorescent markers, along with tumor cell specific antibodies and reporter 

genes such as LacZ, have been used to find solitary cells in tissues. However, 

the disadvantages of these markers include that some may photobleach, they 

may be masked by background tissue fluorescence, provide poor definition of 

cell boundaries, or are only useful during histological examination. Ideally when 

studying solitary cells one would like to be able to observe what is happening 

longitudinally to the entire cell population as well as at the individual cell and 
molecular levels.

While optical imaging is capable of single cell resolution in vivo, it is not as 

efficient as other modalities at imaging whole populations of cells in a large organ 

or entire animal due to its often-limited depth of penetration and field of view. 

Although whole body optical imaging is capable of detecting small tumors and of 

imaging populations of cells longitudinally and noninvasively, it is not yet capable 

of doing this reliably at the single cell level (60). However, the feasibility of 

imaging a population of metastatic cells longitudinally and noninvasively over 

time has improved recently due to advances in MRI. Using iron oxide 
nanoparticle labelled cells (which increase relaxivity leading to signal voids in T2 

weighted images) researchers have been able to image different cell types at the 

single cell level in vivo (12, 13). Identification of cells is limited to a few cell 

divisions due to dilution of the iron label. The ability of MRI to longitudinally 

monitor single cell populations in entire organs combined with the high resolution
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of optical imaging greatly facilitates study of cell progression, fate and response 
to treatment and molecular manipulation of metastatic cells.

1.4.3 Mechanisms of metastatic dormancy

Barkan et al., recently showed that while no significant period of dormancy 

is observed in metastatic cells lines in 2D in vitro culture, variable periods of 

solitary cell dormancy are observed in multiple cells lines in 3D cell culture 

conditions (56). This included the D2.0R cell line, which remained dormant in the 

3D cell culture model for the entire 14 day period of observation. In addition, a 
number of other cell lines were found to remain dormant in 3D cell culture in a 

manner that correlated with their proliferative behavior in vivo (56). It was 

reported that integrin-pi binding and myosin light chain kinase (MLCK) signalling 

were responsible for controlling solitary dormancy in this 3D cell culture model, 

and inhibition of MLCK led to enhanced solitary cell dormancy in a lung 

metastasis model. These results were subsequently confirmed in a similar 3D 

cell culture and lung metastasis models in which integrin-pi signalling through 

focal adhesion kinase (FAK) was found to control solitary cell dormancy (55). The 

results of these 3D cell culture models are in agreement with a number of in vivo 

experiments indicating that solitary metastatic cell dormancy is controlled by cell 

surface receptor binding (e.g. fibronectin, integrin-pi or uPAR etc.), subsequent 

signal transduction (via MLCK, FAK, p38, ERK) and cell cycle control via cyclin 
dependent kinases (CDK) and cyclin dependent kinase inhibitors (CDKI) (55, 56, 

67-76).
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1.5 CLINICAL DORMANCY AND RECURRENCE

1.5.1 Clinical evidence of cancer dormancy

Improved screening techniques made possible by advances in medical 

imaging and diagnostic technology have allowed for detection and diagnosis of 

cancer while tumors are still relatively small. Detection of single or small numbers 

of cancer cells in bone marrow (disseminated tumor cells -  DTCs) and blood 

(circulating tumor cells -  CTSs) is possible using a variety of cytometric, 

immunological or molecular methods (77). However, while it is possible to detect 
the presence of individual cancer cells in bone marrow, blood and other fluids, 

localization and longitudinal observation of individual solitary cells or pre- 

angiogenic micrometastases in patients over time is not yet feasible. As such, the 

majority of clinical data regarding metastatic dormancy has been obtained 

primarily from studies of recurrence and/or death patterns following initial 

treatment or detailed examination of tissue at autopsy (7, 21-23,36, 78-85). 

However, despite comprising much of the clinical data regarding dormancy, 

several limitations exist regarding interpretation of these data with respect to 

metastatic dormancy. While analysis of recurrence patterns following initial 

treatment provides evidence for the existence of clinically undetectable disease, 

it does not yield any information regarding mechanisms and does not prove that 

recurrence is due to metastatic dormancy. In addition, much like in experimental 

models, only amplified by relative size and lack of cell labelling, the chance of 

“false negative" results during autopsy of liver are high and autopsies only 

provide information about the cells at a single point in time (79). Regardless, 

these two sources of clinical data combined yield significant information 
regarding a subpopulation of cells that are likely responsible for recurrence and 

ultimate treatment failure. Much of the data regarding recurrence and mortality 

following primary treatment has originated from patients with primary breast 

cancer, a tumor type that often metastasizes to the liver (3, 86, 87). Interestingly, 

with respect to the findings regarding recurrence and mortality rates, many may
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be generalized to multiple sites of metastasis including liver, as Demicheli et al., 
have recently found that breast cancer recurrence dynamics did not depend on 

the site of recurrence (88).

1.5.2 Patterns of recurrence

While no definitive criteria for clinical classification of cancer as dormant 

have been established, it has been demonstrated that many cases of recurrence 

are better explained by a kinetic growth model consisting of a period of dormancy 
followed by rapid growth than by a model of constant tumor growth (21, 22, 78, 

89). Retrospective analysis of breast cancer patients treated by mastectomy with 

or without adjuvant therapy has provided significant insight into the dynamics of 

recurrence and dormancy, revealing recurrence up to two decades following 

initial treatment (22, 36, 81, 84). In 1173 patients treated by mastectomy alone 

between 1964-1980, two distinct peaks in recurrence (at any site) were observed 

at 18 and 60 months following surgery (21). These peaks of recurrence following 

treatment have further been shown to be influenced by other factors including 

menopausal status, lymph node involvement, primary tumor size and adjuvant 

treatment (21, 36, 84, 90). Interestingly, adjuvant treatment with CMF was shown 

to reduce early recurrences (first 4 years) with little benefit for late recurrence or 

the overall recurrence rate (36, 82, 90, 91). This has been speculated to be due 

to effective treatment of pre-existing micrometastases that would be sensitive to 

adjuvant therapy (and recur first) and inability to kill solitary dormant cells that 

may recur later (36, 82, 91). Analysis of more recent data from patients treated 

with current standard therapy (combinations of surgery, radiation, chemotherapy 

and hormone and molecular targeted therapy depending on tumor markers) have 
not consistently revealed the same dual peak recurrence pattern, however 

delayed recurrence is still observed and suggestive of the presence of metastatic 

dormancy (92-94).
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1.5.3 Circulating and disseminated tumor cells

A number of recent studies have shown CTCs and DTCs are present in 

many cancer patients (77). While the significance of the presence of CTCs is still 

being evaluated, the presence of DTCs at the time of resection in a variety of 

primary cancers has been reported to correlate with poor prognosis (77). 

Although able to show the presence of individual or small groups of cells, 

technologies for DTC and CTC detection are still subject to the limitation that 

they show the presence of cells but not if the cells are dormant métastasés. 
Taken together the clinical evidence discussed above strongly supports the 

clinical presence of dormant métastasés. The detection of individual or small 

groups of cells (autopsy, CTCs and DTCs) that are associated with recurrence is 

better explained by kinetic models in which a period of dormancy exists. At a 

minimum, these finding support the idea that a heterogeneous population of 

cancer cells is present in most patients and will thus likely require multiple 

treatment strategies in order to eradicate all cells.

1.6 THERAPEUTIC IMPLICATIONS

1.6.1 Differential response to treatment

The presence of dormant métastasés presents a number of therapeutic 
challenges ranging from detection and localization of such inherently small 

events to treatment resistance of cells which have been shown to exhibit multiple 

passive and active defence mechanisms against traditional cancer treatments (5, 

18, 19, 30, 95-97). There is growing evidence that treatment that effectively 

inhibits growth of primary tumors may have little effect on métastasés and may in 

some cases enhance metastasis (32, 34, 35, 83). This concept may be applied 
further to the different metastatic cell populations (i.e. solitary cells, 

micrometastases and large vascularised métastasés) where treatment that 

effectively inhibits growing métastasés has been shown to have no effect on
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viability or growth potential of solitary dormant cells (5, 97). Making the situation 
more complex, it is likely that not all occult métastasés are dormant and not all 

dormant cells share the same fate or even metastatic potential. It is not currently 

feasible to determine if any given solitary dormant cell will eventually undergo 

apoptosis, continue to remain dormant or commence and continue proliferation 

and growth to form a clinically apparent large vascularised metastasis. 

Regardless of the fate of an individual cell, it is unlikely that these distinct 

populations of cells which differ in their vascularisation, proliferation status, drug 

resistance mechanisms and size will respond uniformly to treatment (Fig. 2). As 

such, the unique properties of the heterogeneous metastatic cell population, 

inclusive of dormant metastatic cell populations, should be considered in order to 

achieve the treatment goal of eradicating all cancer cells.
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Figure 1.2 -  The heterogeneous cancer cell population differs in their response 

to treatment as well as their ability to be detected and localized clinically. Large, 

vascularized and localized tumors can often be successfully treated by local 

treatment (surgery, radiotherapy). However, the number of treatment options and 

ability to image the cancer cell population decreases with the size of the tumor to 

the individual cell level and disseminated nature of metastatic disease. The gain 

of passive (dormancy) and active (drug resistance) defence mechanisms likely 

makes dormant cells and cells with stem like properties a more difficult cell 

population to eradicate by treatment.
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1.6.2 Direct treatment limitations imposed by size

At the most basic level, the first challenge associated with treatment of 

dormant metastatic cells is detection and localization of individual or small groups 

of cancer cells that can be as small as 10-20 micrometers. Advances in imaging 

technologies have successfully lowered the threshold of tumor detection to the 

millimetre range, however this is insufficient to detect dormant solitary cells and 

in most cases micrometastases. As such, these cancers are often referred to as 

“occult” or “clinically undetectable” métastasés. And while it is possible to detect 
the presence of small numbers of cells in bone marrow and body fluids, this does 

not assist in localization of cells for direct treatment methods including surgery 

and radiation. Surgical resection of all visible liver métastasés significantly 

improves survival, yet a considerable number of patients die from recurrence of 

métastasés not originally apparent (occult or sub-clinical) at the time of initial 

resection even with the addition of adjuvant chemotherapy (98-100). And while 

the addition of repeat resections, staged resections and portal vein embolization 

to treatments regimens have appreciably improved outcome, a significant 

proportion of patients with metastatic liver cancer do not survive to 5 years (28, 

101). Surgical removal of tumors provides obvious and immediate clinical benefit, 

however it has also been proposed that surgery may also have a growth 

promoting effect on residual métastasés by removing angiogenesis inhibition 

(102). In addition, wound healing and immune suppression have both been 

shown (clinically and experimentally) to promote metastasis growth and 

recurrence, raising a danger of unintended consequences of treatment (40, 103- 

105). In any case, inability to localize occult métastasés seems to require the use 

of adjuvant systemic therapy capable of targeting all occult cancer cells, including 
dormant metastatic cells, regardless of the ability to observe or localize them.
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1.6.3 Systemic Therapy

Ideal systemic therapy would be delivered to and be effective against all 

target cells with limited effect and toxicity on non-target cells. This has long been 

a goal of cancer treatments. However, it may be that design of treatments that 

specifically target an individual cell will work better scaled up to target larger 

metastases than most treatments scaled down from larger tumor treatment tend 

to be. A number of therapeutic strategies are now emerging that have the 

potential to treat all cells in the metastatic cell population regardless of state of 

proliferation or ability to clinically localize them. Targeting of individual metastatic 

cell populations may be achievable by increasing cell specific delivery and/or 

specific activity of the treatment on a particular cell type. These include a number 

of molecular targeting agents that exploit functional differences in cell surface 

receptor expression, kinase activity and signalling pathways between cancer and 

non-cancer cells (106-108). In addition, targeted therapy that has the potential to 

deliver much higher doses of drug to specific cells types has significant promise 

(109-111). These types of therapies may be most advantageous as they would 

increase therapeutic ratio by increasing the amount and specificity of treatment 

delivered to cancer cells. A number of therapies that increase specific delivery 

and/or activity are now used in the clinic or being evaluated in pre-clinical models 

and clinical trials. Cancer vaccines have a number of obvious advantages, 

however notable challenges related to identification of cancer specific antigens 

and the associated danger of inducing an autoimmune reaction remain to been 

fully overcome (40, 112-114). It is easier to cease an administered treatment to 

limit toxicity than to stop the activity of the immune system once it has be 

activated. A natural systemic approach that is showing promise is that of 
oncolytic viruses (115-119). Their ability to preferentially infect and kill cancer 

cells (dependent on aberrant pathway expression) as well as self-propagate and 

spread systemically to secondary tumors after inoculation is a major advantage. 

Indeed, treatment with an oncolytic reovirus in patients (phase 1 clinical trial) with 

refractory primary or metastatic liver cancer resulted in stable disease or partial
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regression in nine of ten patients who had large tumors and were heavily pre­
treated (116). In addition, recent experimental evidence has demonstrated the 

ability of an oncolytic reovirus to target CSCs (CD44+/CD24- and Aldefluor +) as 

well as non-CSCs in an experimental mouse model of breast cancer (115). This 

ability to target a number of specific cancer cell subpopulations regardless of 

their differences will be essential for ultimately successful treatment and will likely 
require combination therapy.

1.6.4 Treatment delivery and combinations

Synthetic drug delivery systems have been developed which are now 

capable of delivering much higher drug concentrations with adjustable drug 

loading and release properties (109, 111, 120, 121). Combining advanced drug 

delivery technology with cell membrane ligand identification techniques will allow 

for much more specific and concentrated drug delivery. A recent study of the 

membrane proteome of metastatic cells found that a number of unique surface 
markers exist, including many that were previously believed to be expressed only 

internally (122). Targeting specific cell pathways, as well as rational drug 
combinations, have also shown promise to target solitary cells. Interestingly, in 

an experimental model of multiple myeloma, treatment with bortezomib induced 

dormancy in subpopulation of cells, however addition of salubrinal was able to 

eradicate this dormant cell fraction (123). Given the heterogeneous nature of the 

cancer cell population, it is likely that a number of treatment approaches in which 

ability to target specific cells with high drug concentrations of molecular targeting 

agents will be necessary in order to eradicate all cancer cells within the body.

1.6.5 1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole (CDDO-lm)

CDDO-lm is one of a number of synthetic oleanane triterpenoids that have 

multifunctional effects that are dependent on both cell type and drug 

concentration (124). This includes induction of differentiation, growth arrest and
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apoptosis in a number of cell lines, including cancer cell lines (125-128). In vivo, 

synthetic triterpenoids inhibit carcinogen induced cancers, primary tumor growth 

and subsequent spontaneous metastasis to the lungs via effect on a number of 

different molecular targets (124-128). Due to multifunction effect that the 

synethetic triterpenoid family has on a number of cancer cell lines, as well as its 

ability to be dosed orally and accumulate in the liver (129), CDDO-lm was used 
in Chapter 3 to determine its effect on experimental liver metastases.

1.7 CONCLUSION

Treatments that target primary tumors often do not effectively treat 

metastases and in some cases may actually enhance metastatic growth (32, 34, 

35, 83). Experimental evidence also suggests that treatment that successfully 

inhibits actively growing metastases does not target dormant metastatic cells (5). 

As such, treatment failure and recurrence may therefore be the result of failure to 

target all cells in the heterogeneous metastasis cell population. Recent 
advancements in cellular imaging and targeted therapies may assist in 

development of treatments capable of targeting the entire population of 

metastatic cells. However, appropriate experimental models that better mimic 

clinical disease progression should be used to develop effective treatments 

(Table 1.1). In order to target all cells within the cancer cell population much 

remains to be learned about the mechanisms controlling this heterogeneous cell 

population. This includes further elucidation of the intracellular and extracellular 

control mechanisms that regulate both solitary cell and micrometastatic 
dormancy. Indeed, the true clinical importance of these metastatic cell 

populations still remains to be determined. Does presence of these cell 
populations indeed cause poor outcome, or are they cancer that patients will die 

with, not from? Do different subpopulations exist within the dormant cell 

populations? Are surface receptors used to identify specific types of cancer 

expressed equally on all populations of cells such that they can be used for 

targeted therapy? Can treatment be used to maintain dormancy indefinitely? Is it
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possible to determine successful treatment against a population of individual 

cells distributed throughout the body? Regardless, until we have a better 

understanding of the significance and mechanisms controlling the heterogeneous 

metastatic cell populations, emphasis should be placed on treatment and 

eradication of all metastatic cells, inclusive of the clinically unobservable dormant 

cell populations.

1.8THESIS OBJECTIVE

To develop methods by which to better assess differential effects of 

treatment on the entire population of metastatic cells, inclusive of solitary 

cells, micrometastases and macroscopic metastases.

1.8.1 Specific Aims

1. To develop and validate an MRI method for quantification of the entire 

metastatic cell population, inclusive of the solitary cell population, in whole 

mouse liver.

2. To determine the effect of the synthetic triterpenoid CDDO-lm on a pair of 

metastatic cell lines in vitro and on metastasis growth in an in vivo (mouse) liver 

metastasis model.

3. To modify and use a 3D cell culture model of metastatic growth and a 

fluorescent cell cycle reporter (fucci) to longitudinally monitor metastatic cell cycle 

progression and evaluation of treatment effect on the entire population of 

metastatic cells.
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1.9 THESIS OUTLINE

The accomplishment of the preceding specific aims is described in detail 

in Chapters 2 through 4. A summary of these chapters follows.

1.9.1 Chapter 2: 3D imaging and quantification of both solitary cells and 

metastases in whole mouse liver by magnetic resonance imaging

This study describes development and application of a novel MRI 
technique capable of quantifying nearly the entire population of metastatic cells in 

the liver. Using the technique described in this chapter, solitary cells and 

metastases larger than 200 jim could be quantified. It was found that signal void 

area from MPIO labeled cells highly correlated with the number of MPIO labeled 

cells in the liver. The number of cells was found to decrease in a manner 

anticipated based on data from previous optical imaging studies with the same 

cell line. The technique was used in a subsequent study, also presented in this 

chapter, which showed that doxorubicin is capable of inhibiting liver metastasis 

growth but has no effect on the number of solitary cells in the same livers.

1.9.2 Chapter 3: The synthetic triterpenoid CDDO-imidazoiide suppresses 

experimental liver metastasis

This study describes the effect of CDDO-lm on a human colon cancer 

(HT29) and a mouse melanoma (B16F1) cells in 2D culture and in an in vivo liver 

metastasis model. It was found that treatment with CDDO-lm inhibited 

proliferation and induced apoptosis at nanomolar concentrations in vitro. CDDO- 
lm treatment was also capable of inhibiting growth of large metastases in vivo, 

however no reduction in the number of solitary cells (as quantified by the MRI 

method developed in Chapter 2) was observed.
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1.9.3 Chapter 4: Monitoring metastatic cell growth and cell cycle 

progression in 2D and 3D cell culture

Longitudinal imaging of cellular events in the entire metastatic cell 

population, particularly the solitary dormant metastatic cell population, in vivo is 

complicated by a number of technical challenges. This study describes use of a 

3D cell culture system (basement membrane matrix -  Matrigel) in order to 

longitudinally observe and assess the effect of CDDO-lm treatment on the 

metastatic cell population. It was found that a heterogeneous metastatic cell 
population, ranging from solitary cells to large metastases as often observed in 

vivo, was present in 231LN-fucci and D2.0R 3D culture. Normal and CDDO-lm 

manipulated cell cycle progression were directly monitored using a novel 

fluorescent cell cycle reporter (fucci) that leads to changes in nuclear 

fluorescence as cells progress throughout the cell cycle. CDDO-lm treatment of 

231LN-fucci cells in 2D and 3D culture led to the arrest of proliferation as 

determined by nuclear fluorescence.
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2. 3D IMAGING AND QUANTIFICATION OF BOTH SOLITARY CELLS AND 
METASTASES IN WHOLE MOUSE LIVER BY MAGNETIC RESONANCE 

IMAGING

The content of this chapter has been adapted from “3D imaging and 

quantification of both solitary cells and metastases in whole mouse liver by 

magnetic resonance imaging”., by J.L Townson, S.S. Ramadan, C. Simedrea, B. 

K. Rutt, I.C. MacDonald, P.J. Foster and A.F. Chambers. Cancer Res, 2009; 69: 

8326-31.

2.1 INTRODUCTION

Successful treatment of metastatic disease remains a significant clinical 

challenge, with treatment failure often attributed to tumor inaccessibility, 

advanced stage of the disease upon detection, poor drug delivery or drug 

resistance (1-3). However, experimental metastasis models have revealed that 

the population of metastatic cells within a secondary organ is heterogeneous and 

unlikely to respond uniformly to treatment (4-8). This situation was demonstrated 
by Naumov et al. who showed that doxorubicin was able to inhibit growth of large 

vascularized metastases but had no effect on the number or viability of solitary 

dormant cells present in the same organs or their ability to subsequently form 

metastases (5). Ultimate treatment failure in patients therefore may also be the 

result of failure to target the entire population of metastatic cells, in particular 

solitary dormant cells. However, experimental studies of solitary dormant 

metastatic cells and development of treatments to target them are complicated 

by the difficulties associated with detecting and quantifying single cells in vivo.
A number of imaging modalities have been used to study metastasis. The 

advantages and limitations of these modalities, including positron emission 

tomography (PET), single photon emission computed tomography (SPECT), 

computed tomography (CT), MR, ultrasound, bioluminescent and fluorescent 

optical imaging are well documented (9-14). To date, the majority of studies
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focusing specifically on solitary metastatic cells have relied on fluorescent optical 

imaging, due primarily to the high resolution capabilities of this modality. In fact, 

the dormant metastatic cell population has been defined by optical characteristics 

including retention of exogenous fluorescent markers that are diluted and no 

longer visible following a few cycles of replication (5, 7, 8, 15). However, while 

fluorescent optical imaging has been used most frequently and provides the most 

detailed resolution for the study of single cells in vivo, the restricted field of view 

and depth of penetration often limit attempts to quantify solitary metastatic cells 

as well as growing métastasés distributed throughout an entire organ or animal. 
In addition, this method is destructive to the tissue and samples only a small 

subset of the organ.

Advances in cellular magnetic resonance imaging (MRI) have provided a 

powerful imaging modality by which single cells can be detected and quantified 

non-invasively on a scale ranging from small tissue samples to whole animals (9, 

16-19). Heyn et al. showed that solitary cells, including cancer cells, could be 

detected in mouse brain by MRI when labelled with iron oxide particles (MPIO) 

(16, 18). Labelling MDA-MB-231BR breast cancer cells with micron-sized iron 

oxide particles (MPIO) had no effect on the growth of the cells in vitro or their 
subsequent ability to form brain métastasés in mice (18). Comparison of MR 

images and histological sections confirmed that signal voids in MR images 

corresponded with sections in the brain where fluorescent MPIO labelled cancer 

cells were present (16, 18). In addition, Shapiro et al. showed that individual 

MPIO labelled hepatocytes could be detected in liver following migration from the 
spleen (17). However, the utility of cellular MRI techniques for quantifying the 

effect of a cancer treatment on the entire metastatic cell population in whole 

organs has not yet been shown.
Here we describe an MRI method by which the majority of the metastatic 

population of B16F1 melanoma cells in mouse liver, including both solitary cells 

and growing métastasés, can be rapidly (<6 min scan/liver) quantified in intact 

livers while keeping the tissue intact for further analysis. This novel method of 

quantification was then used to determine the effect of doxorubicin on both
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solitary cells and growing metastases. It was found that doxorubicin significantly 
decreased total metastatic tumor volume but failed to reduce the number of 

solitary dormant metastatic cells in the same livers.

2.2 MATERIALS AND METHODS

2.2.1 Cell Culture and MPIO Labelling
Cell culture and MPIO labelling procedures were similar to those 

described previously (8, 16). Briefly, B16F1 murine melanoma cells were 

maintained in alpha-MEM media containing 10% FBS at 37°C and 5% CO2. For 

MPIO labelling cells were grown in a T75 tissue culture flask using media with 

FBS until 80-90% confluent. MPIO beads (312.5 pL supplied stock suspension,

0.9 pm diameter, 63% magnetite, labelled with Dragon Green; Bangs Laboratory, 

Fishers, IN) were then added to 10 ml of media with FBS/flask and incubated for 

24 hrs. The cells were washed thoroughly with serum free alpha-MEM to remove 

unincorporated MPIO beads. Cells were then centrifuged and resuspended in 

serum free alpha-MEM at the appropriate concentration for injection.

2.2.2 Experimental Metastasis Assay and Doxorubicin Treatment

Female 6-10 weeks old C57BL/6 mice (Harlan, Indianapolis, IN) were 

cared for in accordance with the Canadian Council on Animal Care, under a 

protocol approved by the University of Western Ontario Council on Animal Care. 
For experimental metastasis assays, mice were anesthetised with an i.p. injection 

of xylazine/ketamine (2.6 mg ketamine and 0.13 mg xylazine per 20 g body 

mass). Anesthetised mice received mesenteric vein injections of 100 pL of B16F1 

cells suspended in alpha-MEM to target cells directly to liver as described 

previously (8). To quantify how signal void volume varies with the number of cells 

injected, mice (3-4 per group, total n = 14) were injected with 3.75 x 104, 7.5 x 

104, 1.5 x 105 or 3.0 x 105 cells per mouse (in 100 pL) and sacrificed 10-15 min 

following cell injection. For tumor burden and treatment experiments 3 x 105
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B16F1 cells (in 100 jiL) were injected. Livers to be scanned and correlated with 

MR images were removed at day eleven. Treatment with doxorubicin 

(Pharmacia, Mississauga, ON, Canada) at 1 mg/kg, or vehicle control (0.9% 
sodium chloride), commenced 24 hours following cell injection and continued 3x 

weekly for a total of 4 treatments. Mice (n = 11 control, 1 1=  treated) were 

sacrificed 9 days following cell injection and livers were removed and fixed in 

formalin for at least 48 hours.

2.2.3 Magnetic Resonance Imaging and Image Analysis

Mice were sacrificed and livers removed immediately (10-15 min) or at 9 

(doxorubicin experiment) or 11 (histology correlation) days following cell injection. 

Formalin-fixed livers were scanned using a 3T clinical MRI. All MRI examinations 
were performed on a 3T GE CV/i whole-body clinical MR scanner as described 

previously (18). In brief, this included a custom-built gradient coil (inner diameter 

= 12 cm, maximum gradient strength = 600 mT/m, and peak slew rate = 2000 

T/m/s) and solenoidal radiofrequency (RF) coil (inner diameter =1.5 cm). Images 
were obtained using the 3D fast imaging employing steady state acquisition 

(FIESTA) pulse sequence (20). The scanned resolution was 100 * 100 * 200 

pm3 and the total acquisition time was less than 6 min per whole liver. No 

additional contrast agent (other than MPIO in cells) is used in these studies.

Tumor and liver volume analysis and 3D reconstruction of images was 

completed using VGStudio Max (Volume Graphics GmbH, Germany) or OsiriX 

imaging software (open source). This process is semi-automated as 

hyperintense areas of images were automatically thresholded and subsequent 

manual correction of misclassified regions (such as vasculature) was performed. 

Signal void area was measured using ImageJ image analysis software (NIH, 

USA). For each group of mice a pixel value threshold was established manually 

and subsequent analysis for all scans within each experiment was automatically 

calculated using the fixed pixel intensity threshold. At least 125 images per organ 

were used to calculate signal void area.
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2.2.4 Histology and Statistics

Digital images of whole formalin-fixed livers were acquired using a 7.1 

mega pixel digital camera (Canon) mounted to a tripod. These were used for 

comparison of visible surface tumors with surface rendered MRI images of 

hyperintense regions. For histological correlation, livers were paraffin-embedded, 

sectioned (4 pm) and stained with hematoxylin and eosin.

Statistical analysis of tumor volume and signal void area following 

doxorubicin treatment was performed using a t-test comparing volume and area 

(respectively) from at least 125 MR images per liver. Data are presented as the 

mean +/- SEM. A standard curve and R2 value were generated by linear 

regression and used to quantify the correlation between signal void area and the 

number of solitary cells present in the liver. All statistical analyses were 

performed using Graphpad Prism software.

2.3 RESULTS

2.3.1 MRI signal void area strongly correlates with the number of MPIO 

labelled cells in liver

To determine if MRI signal void area could be used to quantify the number 

of cells present in the liver, we assessed the correlation between signal void area 

and the number of B16F1 cells labelled with MPIO in that organ (Fig. 2.1). Known 

numbers (3 x 105 or 1.5 x 105 or 7.5 x 104 or 3.75 x 104) of B16F1 cells labelled 

with MPIO were delivered to mouse liver via mesenteric vein injection. Livers 

were removed immediately following injections, fixed in formalin and scanned by 
3T MRI as described in Materials and Methods. As seen in Fig. 2.1 B, it is readily 

apparent that both the number and area of signal voids (arrows) increases with 

the number of cells injected into the liver. The coefficient of determination (R2) 

value between signal void area and cell number over the entire range of cells 

injected from zero to 300 000 was 0.83 (p < 0.001) (Fig. 2.1 A inset). However,
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within the range between 3.75 x 104 and 1.5 x 105 cells R2 increased to 0.96 (p <
0.001) (Fig. 2.1A). A decrease of 3.75 x 104 cells (between 3.75 x 104 and 7.5 x 

104 cells), representing only 12.5% of number of cells initially injected, was found 

to be significantly different (t-test, p = 0.0019) within a population of only eight 

mice. The high degree of correlation between the number of MPIO labelled cells 

and signal void area (cell number explaining up to 96% of the variance in signal 

void area) indicates that quantification of this MR image parameter is a useful 

measure of the number of cells and ultimately quantification of the effect of 

treatment on this population of cells.
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A Number of cells vs signal void area

Number of Cells Injected
B

Figure 2.1 - Signal void area strongly correlates with the number of MPIO 

labelled B16F1 cells in the liver. A strong correlation (R2 = 0.96, p < 0.001) exists 

between the number of cells injected and the total signal void area detected in 

whole mouse livers (A). This correlation covers the range from 3.75 x 104-1.5 x 

105 cells. For the entire range between 0 to 3 x 105 cells the R2 correlation is 0.83 

(p < 0.001) (Inset). MPIO labelled B16F1 cells are apparent in MR images as 

multiple signal voids (dark spots, e.g., arrows) in a background of normal liver 

tissue that appears grey (e.g., arrow head). An increase in the number and size 

of signal voids can is apparent in the representative MR images of an increasing 

number of cells [3.75 x 104, 7.5 x 104, 1.5 x 105 and 3.0 x 105 (B)].
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2.3.2 Quantification o f B16F1 live r metastases (hyperintensity) in  MRI 

images

To assess the utility of the 6 minute whole liver 3T MRI scan for 

quantification of liver metastasis volume, unlabeled B16F1 cells were injected 

into liver via mesenteric vein. Livers were removed at day 11 following injection 

and imaged by MRI as described above. As seen in Fig. 2.2 A-B, tumor tissue in 

histological images (lower panels), from which tumor burden, area or size have 

traditionally been quantified, is readily apparent as areas of hyperintensity in 
corresponding MR images (upper panels). Tumor tissue hyperintensity from 

metastases as small as 200 |̂ m in diameter, by histology, were also visible in MR 

images (Fig. 2.1C). The appearance of tumor tissue as hyperintense regions in 

the liver is consistent with previous publications using T2 weighted images (21- 

23). Tumor hyperintensity can be used to calculate multiple tumor parameters, 

including volume, and can also be used to segment the tissue into multiple 

regions of interest that can be used to render 3D images. 3D images rendered 

using semi-automated segmentation based on tumor tissue hyperintensity 
closely resemble whole scanned liver lobes as can be seen by the surface tumor 

pattern (Fig. 2.2D).
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Figure 2.2 - MR image hyperintensity corresponds with metastatic tissue in 
histological sections. Hyperintense regions (white arrows) in MR images (A-B 
upper) correlate with regions of B16F1 metastatic tumors (black arrows) in H&E 
stained histological sections (A-B lower). B16F1 metastases as small as 200 pm 
were apparent in MR images (C upper) and corresponded with small metastases 
visible in histological sections (C lower). 2D MR images (top panel A-C), and 
which sample the entire liver, can be used to render representative 3D images in 
which tumor is apparent (pseudocolored green). 3D rendering of liver closely 
resembles the picture of the scanned liver lobe (D lower).
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2.3.3 Metastases and solitary dormant cells are apparent in the same MR 

image

To determine the feasibility of quantifying both solitary cells and growing 
metastases from the same MR images, livers injected with MPIO labelled B16F1 
cells were removed and imaged at day 9. Whole intact livers (Fig. 2.3A) were 
scanned by MRI as described above. This resulted in 2D images (Fig. 2.3B) in 
which both signal voids (arrow) from MPIO labelled B16F1 cells and 
hyperintense areas (arrowheads) from metastases could be seen in the same 
image. The 2D images were then used to render a 3D image (Fig. 2.3C) of the 
whole liver with surface tumor patterns similar to those of the intact whole liver 
(Fig. 2.3A). As the entire liver volume is scanned, MRI images can be used to 
quantify size, number and total tumor and normal tissue volume information from 
the whole liver (Fig. 2.3 inset table). All metastases in the organ can be 
assessed, in contrast to the limited number of representative sections that are 
routinely assessed with histology (Fig. 2.3D). In addition, this rapid MRI scanning 
procedure is non-destructive so tissue is preserved for further analysis following 
the scans.
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MRI

Tissue
section

‘ ¡S•  y <•YÎ fi ::
V R  Ì

Software

125-175 Sections 
from entire liver

Histoloqv Value Data MRI Value
No Total Liver Volume Yes - Fiq 2.5
No - area sample Metastasis Volume Yes - Fig 2.4
No - area sample Average Metastasis Volume Yes - Fig 2.5
Yes - per section Number o f Métastasés Yes - Fiq 2.5
No Signal Void Area Yes - Fig 2.4
No - subset only Number o f Solitary Cells* Yes
Yes Tumor Burden Yes

Figure 2.3 - Diagram showing how MR images of entire liver can be used to 
calculate multiple tumor, solitary cell and liver parameters. Whole livers (A) can 
be scanned by MR in order to generate 2D images (100 x 100 x 200 pm 
resolution) from which signal void area is calculated (B). 2D MRI sections (125- 
175 spanning entire liver) can be used to render 3D images (C) from which 
volume measurements can be made (See also supplemental video 1). A limited 
number of random or representative histological sections (D) are generally used 
to determine tumor and solitary cell data. MRI image data can be used to 
calculate multiple variables (light blue) that are restricted in analysis of 
histological sections (orange) (table insert).



51

2.3.4 Doxorubicin decreased metastatic tumor volume but not signal void 

area

To assess the ability of the MRI technique described here to quantify the 
effect of doxorubicin on both growing metastases and the solitary dormant 
metastatic cell population in whole mouse liver, 3 x 105 B16F1 cells labelled with 
MPIO were injected into the liver via the mesenteric vein. Mice were treated with 
1 mg/kg doxorubicin, or vehicle control, three times weekly (four total 
treatments). Livers were removed 9 days after cell injection, fixed and scanned 
by MRI as above. Doxorubicin treatment resulted in an obvious decrease in 
surface tumor area in whole liver images (Fig. 2.4A), 3D MR image rendering 
(Fig. 2.4C) and 2D MR image tumor area (hyperintensity) (Fig. 2.4B). Analysis of 
MR images showed that doxorubicin treatment resulted in a significant decrease 
in metastatic tumor volume (t-test, n = 11 per group, p = 0.02) (Fig. 2.4D -  left 
panel). However, doxorubicin treatment did not decrease the number of solitary 
cells in the same livers (t-test, p = 0.2), as quantified by MR signal void area at 
endpoint (Fig. 2.4D -  right panel). The mean signal void area from all livers at 
endpoint (434 +/- 29 mm2) corresponds with 6.5 x 104 +/- 5.8 x 103 cells (Fig.
2.1 A). MR images were also analyzed to determine the total number of 
metastases, liver volume, total liver and tumor volume and average metastasis 
volume for all livers (Fig. 2.5). The results of this experiment thus demonstrate 
the utility of this rapid MRI technique in simultaneously assessing the effect of 
treatment on solitary tumor cells and metastases, and shows that doxorubicin 
has a differential effect on metastases and solitary tumor cells, inhibiting 
metastatic growth but not affecting the number of solitary tumor cells in the same 
livers.



Figure 2.4 - Doxorubicin inhibited growth of metastases but did not decrease the 
number of dormant cells as measured by signal void area. Whole livers, showing 
black melanotic tumors visible at the liver surface (A) were scanned by MRI 
producing multiple 2D images (representative images, B) sampling the entire 
liver. 2D images were combined to render 3D volumetric images of the originally 
scanned livers (C). A decrease in surface tumor is visible as a decrease in black 
or green false coloring in (A) and (C) respectively. Decreased area of 
hyperintensity (tumor tissue) was apparent in 2D MRI images (B) of doxorubicin 
treated mice. Quantification of signal void area from 2D images, and metastatic 
tumor volume from 3D images, showed that doxorubicin treatment resulted in a 
significant decrease in tumor volume (t-test, n =11 per treatment group, p = 0.02) 
(D). However, doxorubicin treatment did not decrease the number of dormant 
cells in the same livers (t-test, p = 0.2) as quantified by MR signal void area at 
endpoint (D).
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Control Doxorubicin Control Doxorubicin

Total Liver + Metastasis Volume
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Average Metastasis Volume

Control Doxorubicin

Figure 2.5 -  Number of metastases (A), liver volume (B), total metastasis and 
liver volume (C) and average metastasis volume (D) as calculated from MR 
images of vehicle control and doxorubicin treated mice. A statistically significant 
decrease was observed in the average metastasis volume (t-test, n = 22, p = 
0.0034). No significant difference between treated and control value were 
observed for number of metases (A), liver volume (B) or total metastasis and liver 
volume (P > 0.05). All data were acquired from the same images used to 
generate signal void area and tumor volume.
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2.4 DISCUSSION

Here we present a novel MRI method which allows rapid quantification of 
the majority of the metastatic cell population, including both solitary cells and 
growing metastases, in a whole organ from a single scan while preserving the 
tissue for further analysis. Using this technique we showed that doxorubicin 
treatment significantly inhibited B16F1 metastatic tumor growth but had no effect 
on the number of solitary dormant metastatic cells present in the same livers. 
Several studies have shown that a larger proportion of metastatic cells may 
remain as solitary dormant cells compared with those that grow to form large 
vascularised metastases (4, 7, 8, 24-26). However, while the single cell 
population may be clinically important and at least in part responsible for delayed 
recurrences, this population of cells remains poorly understood (5, 27). The MRI 
quantification method outlined here allows for rapid assessment of drug efficacy
on a much greater proportion of the metastatic cell population, inclusive of both 
metastases and solitary dormant cells, compared with other currently available 
methods of quantification.

Multiple MRI based techniques are currently used to detect and quantify !«■
iron oxide labelled cells (19). These include detection of iron labelled 
hepatocytes, macrophages, dendritic, cancer and stem cells using T1, T2 and 
T2* weighted imaging techniques, and quantification using multiple MRI
parameters including T2, R2 and R2* (20, 28-35). It has been established
qualitatively that the number of MPIO labelled human breast cancer cells 
delivered to the brain is associated with the number MRI signal voids (18). In 
addition, it has been shown that the spatial arrangement of signal voids found in 
MR images of the brain and liver corresponded with cellular fluorescence from 
MPIO labelled cells in these tissues (17, 18). Due to signal void “blooming” (MRI 
signal void appearing much larger than the actual MPIO labelled cell) and the 
proximity of cells to one another, a single MRI signal void is not always due to a 
single cell (16, 36). This appears to be observable in Fig. 2.1 where the size and 
number of signal voids increases with cell number. However, here we show there
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is a strong correlation (R2 values of 0.83-0.96) between signal void area in MR 
images and the number of metastatic cells present in the liver, indicating that 
signal void area is proportional to numbers of single cells present. This 
correlation is especially high (R2 = 0.96) in the range between 3.75 x 104 and 1.5 
x 105 cells (12.5-50% of cells initially injected). This is important as results from 
experimental metastasis models in which solitary cell fate has been quantified 
have shown this is the range within which the number of solitary dormant 
metastatic cells would most commonly be expected to fall (5, 7, 8). Consistent 
with this, we found that total signal void area from MPIO labelled B16F1 cells at 
day 9 accounted for a much smaller (6.5 x 104 +/- 5.8 x 103), however still 
significant, proportion of the 3 x 105 cells initially injected.

Our finding that doxorubicin treatment inhibited metastasis growth but did 
not decrease the number of solitary MPIO labelled B16F1 cells (Fig. 2.4) is in 
agreement with results of a previous experiment in which mouse mammary 
carcinoma cells were quantified by fluorescent optical imaging (5). That study 
also showed that doxorubicin inhibited metastatic burden, while not affecting the 
numbers of single cells present. And while the full significance of the dormant 
metastatic cell population remains to be understood, it is likely that exclusion of 
this population of metastatic cells from analysis of treatment efficacy plays a role 
in treatment failure leading to recurrence (5, 15, 27, 37-40). A growing number of 
metastasis models have demonstrated that solitary dormant metastatic cells 
retain their capacity to proliferate, forming late growing metastases or primary 
tumors following isolation and re-injection (4, 7, 8, 16, 24-26). The quantification 
method we present here advances the study of treatment effect on metastatic 
cells as it is currently the only method we are aware of that possesses the 
capability to detect, localize and quantify the majority of the metastatic cell 
population in whole organs without destroying the tissue and while preserving a 
3D digital record. Currently, only a small proportion of the metastatic cell 
population is sampled in order to determine the effect of treatment in most 
studies. Taking into consideration the heterogeneous nature of the metastatic cell 
population it may not be possible to develop treatments capable of fully



57

eliminating metastatic disease until the effect of any compound on the entire 
population is understood. The method that we present here represents an 
opportunity to assess the effect of treatment on a significant population of 
metastatic cells that may be responsible for often significant failure rates in 
treatment of metastatic disease.
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3. THE SYNTHETIC TRITERPENOID CDDO-IMIDAZOLIDE SUPPRESSES 

EXPERIMENTAL LIVER METASTASIS

The content of this chapter has been adapted from “The synthetic triterpenoid 
CDDO-lmidazolide suppresses experimental liver metastasis”, submitted for 
review, by J. L. Townson, K. Liby, L.M. Mackenzie, C. Simedrea, P. J. Foster, I. 
C. MacDonald, M. B. Sporn and A. F. Chambers.

3.1 INTRODUCTION

Liver is a common site of metastatic disease from a number of cancers, 
including colon and melanoma, and is associated with poor survival (1-3). 
Improvements in surgical techniques and chemotherapy treatment have 
increased mean survival times, however 5 year survival rates remain low even 
after all clinically detectable métastasés are surgically removed and adjuvant 
therapy administered (4-6). Thus, new approaches to treat liver métastasés are 
needed.

The synthetic triterpenoid 1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28- 
oyljimidazole (CDDO-lm) is one of a number of synthetic oleanane triterpenoids 
that have been shown to elicit multifunctional effects dependent on both cell type 
and drug concentration (7). These effects include the potential to induce cell 
differentiation, cell cycle arrest (8) and apoptosis (independent of multidrug 
resistance status) (9, 10) in a number of difference cancer cell lines (7, 11). 
Pharmacodynamic characterization of CDDO-lm following oral dosing has 
revealed that CDDO-lm is stable in the digestive system, readily absorbed and 
pharmacologically active in a number of organs including the liver (12), 
suggesting a potential role for CDDO-lm in treatment of liver métastasés. Yet 
while synthetic triterpenoids have been shown to successfully inhibit orthotopic 
and ectopic tumors, lung metastasis and carcinogen induced tumor growth in 
multiple experimental models (8, 10, 13-16), their effect on metastatic liver 
disease is unknown.
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Although liver metastasis is often fatal, experimental models have 
revealed that metastasis is an inefficient process whereby the majority of 
metastatic cells that arrive in the liver do not form large vascularized metastases 
(17-21). Instead, many cells arriving in a secondary site will undergo apoptosis, 
and some may remain, often for extended periods of time, as solitary dormant 
cells alone or amidst proliferating metastases (17, 18, 22-29). The
heterogeneous nature of the metastatic cell population makes it unlikely that all 
cells will respond uniformly to treatment. This situation has been demonstrated in 
experimental metastasis model in which doxorubicin significantly inhibited the 
growth of large actively growing metastases, but had no effect on the number 
and viability of solitary cells or their ability to form late occurring metastases 
following treatment (30, Chapter 2). Thus, new therapies should be tested for 
their effects on both sub-populations of metastatic cells, those that are actively 
proliferating and those that are dormant, in order to better understand and use 
new treatments.

Here we assessed the effect of the synthetic triterpenoid CDDO-lm on the 
metastatic cell lines B16F1 (murine melanoma) and HT-29 (human colon 
carcinoma) in 2D culture and in experimental liver metastasis models in vivo. We 
found that CDDO-lm inhibited proliferation and induces apoptosis of HT-29 and 
B16F1 cells in culture, in a concentration dependent manner, similar to findings 
reported for other cell lines (7, 11, 14, 31-35). We used standard histology to 
assess the effect on metastatic burden, and found that CDDO-lm inhibited 
growth of metastasis from both cell lines. We also used a novel MRI technique to 
simultaneously quantify the effect of CDDO-lm on both actively proliferating 
B16F1 metastases as well as solitary, dormant cells in whole livers. This 
approach confirmed the results from standard histology, showing that CDDO-lm 
treatment significantly decreased metastatic tumor burden, size and volume, and 
further showed that treatment had no effect on the numbers of dormant cells 
present in the livers. These results suggest that CDDO-lm may have a role to 
play in the treatment of actively proliferating liver metastases from multiple tumor 
types.
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3.2 MATERIALS AND METHODS

3.2.1 Cell culture and MPIO labeling

Cell culture and MPIO labeling were performed as described previously 
(19, 24, 36). Briefly, B16F1 murine melanoma and HT-29 human colon 
carcinoma cells (both from the American Type Culture Collection, Manassas, VA) 
were maintained in alpha-minimal essential media (a-MEM) (Invitrogen, 
Burlington, Canada) containing 10% fetal bovine serum (FBS) (Sigma, 
Mississauga, Canada) at 37°C and 5% C02. B16F1 cells were labeled with 
micrometer-sized iron oxide nanoparticles (MPIO) in a T75 tissue culture flask 
using media with FBS when 70-90% confluent. MPIO beads (312.5 pi, 0.9 pm 
diameter, 63% magnetite, labeled with Dragon Green, catalog #MC05F; Bangs 
Laboratories Inc, Fishers, IN, USA) were then added to 10 ml of media with 
FBS/flask and incubated for 24 hrs, as described (26 and Chapter 2). Cells were 
washed thoroughly with serum free a-MEM then centrifuged and re-suspended in 
serum free a-MEM at the appropriate concentration for injection.

3.2.2 CDDO-/M Treatment and imaging o f 2D culture

Details regarding the synthesis of a number of synthetic triterpenoids, 
including CDDO-lm (1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-
oyljimidazole), has been published previously (13, 37, 38). CDDO-lm used in 
these experiments was provided by Dr. Michael Sporn (Dartmouth College, 
Hanover, NH). Stock vials of CDDO-lm were kept frozen in DMSO and diluted to 
the appropriate concentration in cell culture media as required. To determine the 
effect of CDDO-lm on HT-29 and B16F1 cells in 2D cell culture, cells were 
seeded in a 6 or 24 well tissue culture plates. 48 hours following seeding of cells, 
CDDO-lm in DMSO (or DMSO alone) was diluted with alpha-MEM plus 10% FBS 
to the appropriate concentration and added to each well. Images were then 
acquired from each well, using a Zeiss Axiovert 200 inverted microscope with
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incubation system, every 24-48 hours following treatment until day 9. Three 
images per well (3-4 wells per concentration) were analyzed in order to 
determine the number of cells per field of view (10x, Ph1).

3.2.3 Experimental Metastasis assay and CDDO-lm treatment in vivo

Female 6-10 weeks old C57BL/6 (for the B16F1 cells) (Harlan, 
Indianapolis, IN) or NIH III mice (for the HT-29 cells) (Charles River, Wilmington, 
MA) were cared for in accordance with the Canadian Council on Animal Care, 
under a protocol approved by the University of Western Ontario Council on 
Animal Care. For experimental liver metastasis assays, mice were anesthetised 
with an i.p. injection of xylazine/ketamine (2.6 mg ketamine and 0.13 mg xylazine 
per 20 g body mass). Anesthetised mice received mesenteric injections of 100 pL 
of B16F1 (3 x 105 cells) or 200 pL of HT-29 (2 X 106 cells) cells suspended in 
alpha-MEM to target cells directly to liver as described previously (19). Mice were 
then treated with CDDO-lm (800 mg/kg diet) mixed in a powdered diet (NIH-31 
modified mouse diet, Harlan). NIH III mice were treated with CDDO-lm 5 days a 
week while C57BL/6 mice were treated continuously for the duration of the 
experiment. Diet with CDDO-lm or vehicle control (ethanol and neobee oil) was 
replaced every 48 hours for NIH III mice and every 72 hours for C57BI/6 mice. At 
endpoint (56 days for HT-29 and 7-11 days for B16F1) mice were sacrificed, 
livers were removed and fixed in formalin for at least 48 hours prior to sectioning 
for histology or imaging by MRI.

3.2.4 Tumor burden, volume and solitary cell quantification and statistics

Metastatic tumor burden was determined by quantifying the area of tumor 
and normal tissue from at least 5 random histological hematoxylin and eosin 
(H&E) stained sections of the liver as described previously (30). Liver tumor 
volume (apparent as signal hyperintensity; i.e. white regions) and MPIO labeled 
cells/signal void area (signal hypointensity; i.e. dark regions) were also quantified
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in some experiments using a novel MRI technique we recently developed (See 
Chapter 2). Briefly, at endpoint livers were removed and fixed in 10% neutral 
buffered formalin for at least 48 hours. Intact livers were then scanned using a 
clinical 3T GE EXCITE whole body MR system with customized animal gradient 
insert coil and radiofrequency (RF) coil. Tumor volume and signal void area were 
quantified using a semi-automated procedure in which a fixed pixel intensity was 
manually defined and subsequent volume and area measurements were 
automated using VgStudio (Dresden, Germany) or Image J (NIH, Bethesda, MD) 
software respectively.

All statistics were performed with GraphPad Prism software (La Jolla, CA). 
T-tests were performed to determine if significant differences existed in observed 
means of tumor burden, tumor volume and solitary cell signal void area. All 
statistics are reported as mean value +/- standard error.

3.3 RESULTS

3.3.1 CDDO-lm inhibited growth, altered morphology and induced 

apoptosis in B16F1 and HT-29 cells in vitro

To determine the effects of CDDO-lm on B16F1 (Fig. 1A,B) and HT-29 
(Fig. 3.1C and D) cells in 2D cell culture, cells were treated with CDDO-lm or 
vehicle control as described in Materials and Methods. Dose dependent and 
multifunctional effects of CDDO-lm were observed in the response of both B16F1 
and HT-29 cells to treatment (Fig. 3.1A-D), consistent with results described 
previously in other cancer cell lines (7, 11, 14, 31-35). Longitudinal observation of 
cells following exposure to CDDO-lm revealed readily apparent changes in 
morphology as well as growth arrest at concentrations between 100-200 nM. As 
seen in Fig. 1A and C, cell morphology and growth arrest were evident by 48 
hours following CDDO-lm treatment. At higher concentrations (greater than 300- 
400 nM), CDDO-lm induced apoptosis (cell shrinkage, rounding, detachment and
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apoptotic bodies observed) in both B16F1 and HT-29 cells (Fig. 3.1A and C). Cell 
death was verified by trypan blue staining (data not shown).
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Figure 3.1 -  CDDO-lm inhibited growth and induces apoptosis in B16F1 and HT- 
29 cells in vitro. Nanomolar concentrations of CDDO-lm arrested growth or 
induced apoptosis in both B16F1 (A) and HT-29 cells (C). 200 nM CDDO-lm was 
sufficient to inhibit proliferation and alter cell morphology (arrows) while at 300- 
400 nM apoptosis was induced (A- D).
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3.3.2 CDDO-lm inhibited in vivo growth o f HT-29 iiver metastases

To determine the effect of CDDO-lm treatment on liver metastases from 
HT-29 human colon carcinoma cells, we used an experimental liver metastasis 
model. NIH III mice were first injected with 2 x 106 HT-29 cells via the mesenteric 
vein to target liver and then treated with CDDO-lm (800 mg/kg diet) or vehicle 
control commencing immediately following cell injections. Treatment was 
continued for 56 days as described in Materials and Methods. At endpoint livers 
were removed, weighed and fixed for histological analysis. CDDO-lm treatment 
resulted in a decrease in the size of metastases (white areas on liver surface) 
that were apparent in surface images of whole intact livers (Fig. 3.2A and B - 
arrows). Subsequent quantification of tumor burden from random histological 
samples (Fig. 3.2 A and B -  right panels) showed that CDDO-lm treatment 
significantly decreased metastatic burden more than 70% (t-test, p < 0.05, 
Control n = 10, 31.9 ± 9.4%, Treated n = 8, 8.5 ± 3.5%) HT-29 tumor burden (Fig. 
3.2C).



HT29 Liver Tumor Burden

Control CDDO-lm

Figure 3.2 -  CDDO-lm inhibited HT-29 liver metastasis growth in vivo. 2 x 106 
HT-29 cells were delivered to the liver via mesenteric vein injection. CDDO-lm 
treatment, or vehicle control, via diet (800 mg/kg diet) immediately following cell 
injection and continued 5 days a week until endpoint. Metastatic burden was 
determined histologically. Livers were removed at day 56, fixed, sectioned and 
stained by H&E. At least 5 liver sections per mouse were used to determine liver 
metastasis burden. CDDO-lm treatment significantly decreased (t-test, p < 0.05, 
Control n = 10, 31.9 ± 9.4%, Treated n = 8, 8.5 ± 3.5%).
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3.3.3 CDDO-lm inhibited growth o f B16F1 liver metastases but did not 

decrease the number of solitary cells

To determine the effect of CDDO-lm treatment on liver metastases from 
B16F1 mouse melanoma cells, C57BL/6 mice were injected with 3 x 105 B16F1 
cells via the mesenteric vein to target liver and treated with CDDO-lm (800 mg/kg 
diet) or vehicle control. Treatment commenced immediately following surgery and 
lasted for the duration of the experiment. At endpoint livers were removed, fixed 
and scanned using a 3T clinical MR scanner as described above. As apparent in 
images of whole livers (Fig. 3.3A and B), CDDO-lm treatment resulted in an 
observable decrease in the size of metastases apparent on the surface of the 
liver. Inhibition of metastasis growth was quantified by analysis of MR images in 
order to determine tumor burden (tumor volume/total volume). Liver tumor 
burden in CDDO-lm treated mice was found to be decreased by 50% compared 
to vehicle control treated mice (t-test, p < 0.05, control n = 10, 30.5 ± 3.9%, 
CDDO-lm treated, n = 10, 14.7 ± 3.0%) (Fig. 3.3C).

In order to assess the effect of CDDO-lm treatment on the majority of the 
metastatic cell population, including both macroscopic metastases as well as 
solitary cells, we used a recently developed MRI technique capable of quantifying 
both tumor volume and the number of MPIO labeled solitary (signal void area) in 
the same liver. 3 x 105 B16F1 cells labeled with MPIO and injected via the 
mesenteric vein. Livers were recovered at day 11 and MR images were 
subsequently acquired by a single 6 minute scan of whole livers described 
above. Images were then analyzed to determine tumor volume (image 
hyperintensity volume) and signal void area from MPIO labeled cells (image 
hypointensity) as recently described (See Chapter 2). A reduction in size of 
B16F1 metastases was once again apparent in examination of the surface of 
whole livers (Fig. 3.4A). This decrease in metastasis size was also apparent in 
2D MR images as the areas of hyperintensity, due to B16F1 metastases, were 
decreased in images of CDDO-lm treated mice (Fig. 3.4B - arrows). 3D images 
of whole intact livers, in which metastases are pseudocolored green, were
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rendered from 2D images (Fig. 3.4C). MR images of the entire liver were used in 
order to quantify total metastatic tumor volume and signal void area (i.e. number 
of MPIO labeled cells). CDDO-lm treatment resulted in a more than 60% 
reduction in tumor volume quantified from the MR images of the entire liver (t- 
test, p < 0.05, CDDO-lm treated, n =5, 1640 ± 498 mm3, control = 4577 ± 1001 
mm3) (Fig. 3.5A). Despite the significant reduction in metastatic tumor volume, no 
significant change in the number of solitary dormant cells (signal void area) was 
observed (t-test, p = 0.9, CDDO-lm treated = 770 ±105 mm2, control, n = 6, 747 
± 122 mm2) (Fig. 3.5B).
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Figure 3.3 -  CDDO-lm inhibited B16F1 liver metastasis growth in vivo. B16F1 
métastasés are apparent on the surface of whole livers as black areas (A and B). 
Métastasés on the surface (white arrows) of whole livers appear to be smaller in 
CDDO-lm treated (B) than vehicle control (A) groups. Metastasis burden was 
determined by MRI. Analysis of MR images of whole livers (100 x 100 x 200 pm) 
revealed that CDDO-lm treatment significantly reduced B16F1 liver métastasés 
burden (B) (p < 0.05, Control n = 10, 30.5 ± 3.9%, Treated, n = 10, 14.7 ± 3.0%).
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Figure 3.4 -CDDO-lm inhibited B16F1 liver metastasis growth. The reduction in 
metastasis size is readily apparent from surface image of whole livers (A), in 2D 
MR images (smaller hyperintense areas - arrows) (B) and in green 
pseudocolored tumor on the surface of rendered 3D images of whole livers (C). 
CDDO-lm inhibited B16F1 liver metastasis growth as measured by signal 
hyperintensity volume at endpoint (D) (t-test, total n = 11, p < 0.05), but did not 
affect the number of solitary dormant cells (signal void area) (t-test, p = 0.9).
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3.4 DISCUSSION

While members of the synthetic triterpenoid family have been shown to 
inhibit primary tumor growth and subsequent spontaneous lung metastasis (8, 
10, 13, 16), the effect of CDDO-lm on metastasis growth following the arrival of 
cells in the liver was unknown. Because CDDO-lm can accumulate in liver tissue, 
here we assessed the ability of this compound to inhibit liver metastasis. We 
showed that CDDO-lm arrested proliferation of and/or induced apoptosis (in a 
concentration dependent manner) in metastatic cell lines of two tumor types, 
B16F1 melanoma and HT-29 colon carcinoma. Oral treatment of mice, injected 
with cancer cells via the mesenteric vein (experimental metastasis assays), with 
CDDO-lm (800 mg/kg diet) was found to significantly inhibit liver metastasis 
growth from both cell lines in vivo by 50-70%, as detected both as surface 
metastases and by histology. We then used a novel MRI procedure, able to 
simultaneously quantify total whole-liver metastatic burden from growing 
metastases, as well as the population of non-dividing cancer cells that persist in 
the liver. This approach confirmed the results from histology that CDDO-lm 
significantly reduced metastatic burden by greater than 50%, and further showed 
that the population of solitary B16F1 cells present in the same livers was not 
reduced.

Liver is the second most common organ in which metastatic disease is 
found to occur and is significant cause of cancer related deaths (1). Even after 
initial treatment that leaves no clinically apparent metastases, recurrence and 
limited 5 year survival remain significant problems (4-6). As such, new treatment 
strategies are needed in order to more successfully treat metastatic liver disease. 
The ability to be dosed orally, to induce apoptosis or arrest growth in a variety of 
cancer cell lines, and the relatively high concentration that can accumulate in 
liver make CDDO-lm a logical candidate for study as a treatment of liver 
metastasis. Additionally, as CDDO-lm is capable of both inhibiting proliferation 
and inducing apoptosis in cancer cells (depending on concentration) it has a 
useful therapeutic property in that even at doses that are not lethal to cancer
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cells, CDDO-lm may inhibit tumor growth by causing growth arrest or 
differentiation.

The mechanisms by which synthetic triterpenoids exert their diverse 
effects remain incompletely understood (7). This complexity is amplified by the 
cellular responses that differ based on concentration (not simply increasing the 
same effect) and on cell type. Synthetic triterpenoids may have an inhibitory 
affect on the growth of tumors via a number of mechanisms that include, 
inhibition of angiogenesis (39), pro-apoptotic signaling via both intrinsic and 
extrinsic (increase DR4 and DR5 expression/decrease cFLIP activity) pathways 
(9, 15) and inhibition of HER2 tyrosine kinase activity (16). In addition to the 
ability to inhibit tumor growth, synthetic triterpenoids have been shown to have a 
cytoprotective effect on non-cancer cells in experiments in which orally 
administered treatment reduced aflatoxin induced liver metastases (40) and vinyl 
carbamate induced lung tumors (41). Thus, synthetic triterpenoids have 
multifunctional treatment potential as they reduce carcinogenesis (40), inhibit 
growth (8, 16) and induce apoptosis in cancer cells (7, 9, 11, 15). Such multi­
functional treatment strategies will likely be necessary to target the entire 
metastatic cells population.

It has been established previously that treatment with the cytotoxic 
chemotherapy doxorubicin is capable of reducing liver tumor burden and volume, 
but does not affect the number of dormant metastatic cells or their ability to 
proliferate and form late developing metastases (30 and Chapter 2). Here we 
show that CDDO-lm significantly inhibits metastatic tumor burden (HT-29 and 
B16F1) and volume (B16F1) by 50-80%, but does not decrease the number of 
solitary cells. However, as evident in the 2D culture treatment of HT-29 and 
B16F1 cells, at concentrations insufficient to induce apoptosis, cellular 
proliferation is inhibited. Thus, while the number of solitary dormant metastatic 
cells was not affected by CDDO-lm treatment, it is possible that continued 
treatment would maintain some of these cells in a dormant state. Indeed, the 
synthetic triterpenoid CDDO-Me has been shown to inhibit growth and induce 
apoptosis via Akt and mTOR (10), the later having recently been shown to



77

promote survival of dormant cells in vivo (42). It is worth noting that while the size 
of métastasés appear smaller in surface images of livers from CDDO-lm treated 
mice, a significant number of métastasés are still visible (Fig. 3.2 and 3.3), 
suggesting the slowing of growth, not the elimination of metastatic cells. Further 
studies with models of metastatic dormancy are required to more precisely 
address any effect of CDDO-lm treatment on individual solitary cells.

Here we have shown that the synthetic triterpenoid CDDO-lm significantly 
inhibits growth of métastasés, with no effect on the number of solitary cells, in 
experimental metastasis models in which cells are injected directly to target them 
to the liver. It may be that in order to further reduce the number of macroscopic 
métastasés and/or solitary dormant metastatic cells, other synthetic triterpenoids 
or combination treatment may be required. Indeed, prevention and treatment 
effects of a synthetic triterpenoids have both been found to be synergistic with 
the rexinoid LG100268 (43, 44). Our work presented here with CDDO-lm 
suggests that synthetic triterpenoids are able to inhibit liver metastasis growth 
and that they deserve further evaluation and development as a treatment for 
metastatic disease.
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4. MONITORING METASTATIC CELL GROWTH AND CELL CYCLE 

PROGRESSION IN 2D AND 3D CELL CULTURE

4.1 INTRODUCTION

Multiple metastatic models have demonstrated that metastatic cell fate in 
a secondary site is heterogeneous, with cells undergoing apoptosis, remaining as 
solitary cells or progressing to form micrometastases or large vascularized 
metastases (1-9). In some metastatic models, solitary metastatic cells are 
observed alone for extended periods of time (1-39, 10). The solitary dormant 
metastatic cell population, in addition to dormant micrometastases, are believed 
to be at least partially responsible for cancer recurrence months to years 
following initial treatment (10-14). In addition, solitary dormant metastatic cells in 
mice have been shown to maintain their ability to proliferate in 2D culture or form 
subsequent metastases in vivo following treatment that effectively inhibits growth 
of large metastases (1-3). While the mechanisms responsible for maintaining 
solitary cell dormancy are beginning to be understood, monitoring cellular events 
such as cell cycle progression and the response to treatment in this dormant cell 
population remains a significant challenge (11-13,15).

Though a significant proportion of metastatic cells die shortly after arrival 
in the secondary site, a variable but often considerable proportion of metastatic 
cells persist in that tissue as solitary dormant cells for prolonged periods of time 
(2, 4-6,10, 16-18). These prolonged periods of dormancy observed in metastatic 
cells in vivo have not been reported in 2D cell culture (2, 4, 10, 19). However, 
Barkan et al., recently demonstrated that a number of cell lines, including the 
murine mammary carcinoma cell line D2.0R and the human mammary carcinoma 
MDA-MB-231, exhibit growth dynamics similar to those observed in vivo when 
grown in a 3D basement membrane matrix cell culture system (19). This included 
the observation of extended periods of solitary cell dormancy (19). They, and 
subsequent studies, found dormancy in 3D cell culture was partially controlled by 
integrin-pi binding, downstream kinase activation and eventually changes in
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expression of a number of cyclin dependent kinases (CDK) and cyclin dependent 
kinase inhibitors (CDKI) (19, 20).

While a number of imaging modalities are capable of imaging metastatic 
cell populations longitudinally, currently only magnetic resonance imaging (MRI) 
and optical imaging are capable of detecting solitary cells in vivo (2, 6, 8, 10, 16, 
21). Further, MRI is not is not currently able to resolve subcellular events, and 
there are a number of technical challenges which limit the use of optical imaging 
for longitudinal studies of individual or small groups of cells. Thus, in order to 
monitor a defined metastatic population at the subcellular level, and within a 
microenvironment in which metastatic cell dormancy has been observed, we 
used bright field and fluorescent imaging techniques in a 3D cell culture model. In 
addition, in order to better monitor progression of the metastatic cell population, 
and assess the effect of CDDO-lm treatment on these cells, we used a newly 
developed reporter system of cell cycle progression, fluorescent ubiquination cell 
cycle indicator (fucci) (22, 23). While cell cycle progression can be assessed by 
staining cells and nuclei, these techniques are often toxic to the cells, require 
removal from the microenvironment or can be used only once (19, 20). As the 
fate of, response to treatment, and indeed phase of the cell cycle in which 
metastatic cells are arrested are not yet precisely known, longitudinal observation 
of the progression of cell cycle in both individual and groups of cells is required 
in order to more accurately address these questions.

Here we used a fluorescent cell cycle reporter system to monitor cell cycle 
progression of cells 2D and 3D cell culture. In 3D culture we show that cell area 
(from multiple bright field images) is an accurate surrogate measure of the 
number of cells and that initial cell density in 3D culture alters the subsequent 
growth dynamics and morphology of these cells. The synthetic triterpenoid 
CDDO-lm was demonstrated to have growth inhibiting effects on D2.0R and 
231LN-fucci cells. Nuclear fluorescence from 231LN-fucci cells showed that the 
CDDO-lm arrested cell cycle at multiple stages resulting in increased number 
and intensity of fluorescence, with few non-fluorescent (recently divided) cells 
present in both 2D and 3D culture.
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4.2 MATERIALS AND METHODS

4.2.1 2D and 3D cell culture

D2.0R and MDA-MB-231-luc-D3H2LN-fucci (hereafter 231LN-fucci) cells 
were grown in 2D culture in DMEM plus 10% FBS as described previously (2, 8, 
10). CDDO-lm treatment and imaging is detailed in Chapter 3 Materials and 
Methods. For 3D cell culture experiments cells were grown in Matrigel (BD 
Biosciences) in 8 well chamber slides. An initial layer of Matrigel (125 fil) was 
dispersed in each well and placed in a cell culture incubator for 30 min to solidify. 
Cells were then counted and re-suspended at the appropriate cell concentration 
indicated in individual experiments using a 50:50 ratio of Matrigel and serum free 
media (125 \i\ of each in 8 well chamber slides). The first two layers were then 
placed the incubator for 45-60 minutes prior to be topped with 150 jil of DMEM + 
10% FBS. Fresh DMEM + 10% FBS was then added every 2-3 days. Phenol red 
free media and Matrigel were used for 231LN-fucci experiments. For CDDO-lm 
treatment, all media was removed from above the Matrigel plug and 250 jiL of 
CDDO-lm diluted or DMSO (vehicle control) in DMEM + 10% FBS was added at 
twice the final indicated concentration (i.e. 250 \iL Matrigel/cells + 250 jiL media 
+ CDDO-lm).

4.2.2 MDA-MB-231 LN-fucci cells

A lymphotrophic cell line, MDA-MB-231-luc-D3H2LN (hereafter 231LN), 
was purchased from Caliper Life Sciences (Hopkinton, MA). To facilitate 
detection of cell-cycle dynamics in breast cancer cells in vitro and in vivo, a two- 
plasmid fluorescent reporter system called fluorescent ubiquitination cell cycle 
indicator (fucci) (a kind gift from Atsushi Miyawaki) were serially transfected into 
231 LN cells. As described by Sakaue-Sawano and colleagues (23), expression 
of the mK02-hCdt1 causes the nuclei of cells in Gi/S phase of the cell cycle to 
fluoresce red, whereas expression of the mAG-hGem causes nuclei of cells in
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S/G2/M phase to fluoresce green. In early S phase, cell nuclei fluoresce yellow. 
With respect to construction of the 231LN-fucci cell line, the procedure is outlined 
as follows. Briefly, 2pg mK02-hCdt1in a pcDNA-3.1-neo backbone was 
nucleofected into cells using the Nucleofector device as specified by 
manufacturer (Lonza, Burlington ON, Canada). Cells were grown in complete 
media containing geneticin (500pg/ml) (GIBCO, Grand Island, NY) which was 
changed every 3 days. High mK02-hCdt1 expressing clones were isolated by 
fluorescence activated cell sorting using a BD FACSVantage DiVa cell sorter 
equipped with a 633nm laser. mK02-hCdt1 expressing cells were subsequently 
nucleofected with 2pg mAG-hGem in a pcDNA-3.1 -hygro backbone. Cells were 
grown in complete media containing Hygromycin B (700pg/ml) (Invitrogen, 
Carlsbad, CA) and changed every 3 days. High mK02-hCdt1 expressing clones 
were isolated by fluorescence activated cell sorting using a 488nm laser. To 
ensure that double-nucleofected cell line contained both mK02-hCdt1 and mAG- 
hGem constructs, cultured cells were enriched for G1/S phase nuclei with 100 
pM mimosine and sorted for yellow fluorescence.

4.2.3 Imaging, analysis and statistics

Images were acquired using a Zeiss Axiovert 200 inverted microscope 
with incubator (C02, humidity and temperature control). Bright field images were 
acquired at the time points indicated in each figure (every 24-48 hours) using 
multiple objective lenses and either DIC (3D) or Ph1 (2D) as shown on individual 
images. Two z-stacks consisting of 20-40 images (50-200 pm spacing) each 
were acquired per well. Cell area was quantified by a blinded observer using 
ImageJ software (NIH, Bethesda, MD) software. Each image (70-160 per well) 
was quantified by first thresholding the image and then segmenting cells or cell 
clusters using the magic wand tool.
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4.3 RESULTS

4.3.1 Cell pixel area correlates with the number o f cells in 3D culture

Quantification of cells in 3D, including dormant cells, has most recently 
been assessed by colorimetric assays or flow cytometry (19, 20). Here we 
attempted to determine if pixel area as quantified from multiple z-stack images of 
the cells in this 3D cell culture system correlated with the number of cells in the 
well. Increasing numbers of cells were suspended in Matrigel and multiple z- 
stacks (70-80 total images) were acquired per well. As described in Materials and 
Methods, images were quantified using Image J software to determine the total 
cell pixel area. 24 hours after suspending cells in Matrigel, cells were present as 
individual isolated cells regardless of the number of cells initially seeded (from 
650 -  5000) (Fig. 4.1 B-E). The number of cells per well was found to strongly 
correlate with cell pixel area 24 hours following suspension of cells in the 3D 
growth matrix (r2 = 0.99, p < 0.001).
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Cell Number vs Image Area in Matrigel

N um ber o f Cells

Figure 4.1 -  The number of D2.0R cells initially suspended in Matrigel is highly 
correlated with the cell pixel area quantified from Matrigel wells at 24 hours. 140- 
160 images (4 z-stacks per cell density) from duplicate wells containing D2.0R 
cells (darker spots -  arrow in B) were quantified in order to determine the 
relationship between cell number and pixel area. It was found that cell number 
and total cell pixel area were highly correlated (A) (r2 = 0.99, p < 0.001).
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4.3.2 Cell density alters growth dynamics o f metastatic cells in 3D culture

In order to determine the effect the cell density on cell growth dynamics, 
cell morphology, and the length of cell dormancy within a 3D microenvironment, 
cells were seeded over a range of cell number within a constant volume of 
Matrigel. Cells were dispersed in Matrigel as individual cells so that cell-cell 
contact would not (at least initially) be responsible for altering growth dynamics of 
individual cells. It was observed that increasing the total number of cells within a 
constant volume (increasing cell density) resulted in an increased growth rate 
and also significantly altered cell morphology of D2.0R cells (Fig. 4.2). As early 
as day 3, an increase in cell area was quantified in all wells (1250, 2500 and 
5000 cells) (Fig 4.2). Interestingly, diverse populations of cells ranging from 
solitary cells to cell clusters of various sizes were readily apparent in all wells at 
day 21. Large cell cluster morphology was more spherical at lower cell numbers 
while higher cell numbers were more invasive at all time points.
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D2.0R Growth in Matrigel

Figure 4.2 -Initial cell density alters cell growth dynamics (C) and morphology (A 
and B) of D2.0R cells in Matrigel. The rate of growth of cell area increased with 
the number of cells initially suspended in Matrigel (C). Solitary and clusters of 
cells were observed were observed in all wells at all time points (A and B).
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4.3.3 Monitoring cell cycle progression in 2D and 3D culture via fucci

As the phase of the cell cycle during which a cell is treated with anti­
cancer therapy may be important, we assessed the utility of a recently developed 
fluorescent cell cycle reporter system (fucci) in order to monitor the progress of a 
metastatic cell line in 2D (Fig. 4.3) and 3D (Fig. 4.4) cell culture via changes in 
nuclear fluorescence. As seen in Fig. 4.3A, time lapse images (over 33.5 hours) 
of the same 231LN-fucci cells showed progression of cells through GO (no 
fluorescence), G1 (Red), G1/S (Orange/Yellow) and S/G2/M (Green). The 
majority of cells at time 0 (in Fig. 4.3A) are expressing red/orange, indicating 
most cells are in late G1 or early S phase of cell cycle. 33.5 hours later nuclear 
fluorescence is mixed with much greater proportion of green nuclei visible. As 
seen in Fig. 4.3C, cells in a near confluent monolayer in 2D culture express are 
in various phases of cell cycle progression. The change in nuclear fluorescence 
observed in 2D culture was also observed as cell cycle progressed over times 
was also in 3D culture (Fig. 4.4). The two cell clusters in close proximity shown in 
Fig. 4.4 were imaged every 30 minutes over a 25 hour period and further 
confirming that heterogeneity of cell cycle progression exists in 3D culture.
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Figure 4.3 -  Observing 231LN-fucci cell cycle progression via nuclear 
fluorescence in 2D cell culture. Time lapse images of the same field of view (10x, 
Ph1) shows the change in nuclear fluorescence of a population of cells over 33.5 
hours (Fig. 4.3A). Progression of a single cell (arrow in Fig. 4.3A) throughout the 
cell cycle until mitosis (Fig. 4.3B). Fluorescent images (10X) were acquired from 
a near confluent monolayer and shown in Fig. 4.3C. Fluorescent channels are 
shown split into red fluorescent nuclei due to G1 cells (C1), green fluorescent 
nuclei due to S/G2/M cells (C2), and composite fluorescent image showing all 
nuclei including orange/yellow (dual red and green expressing) cells in G1/S 
(C3).
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FIGURE 4.3
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Figure 4.4 -  Observing 231LN-fucci cell cycle progression via nuclear 
fluorescence in 3D cell culture. Two cell clusters can be seen at time 0 (upper 
left). The cell cluster indicated by the white arrow initially displays only green 
(S/G2/M) and non-labeled (GO) nuclei. Over time the nuclei within this cell cluster 
lose fluorescence (mitosis), become red (G1) and then yellow (G1/S). In contrast, 
nuclei in the second cell cluster are unlabelled and light red throughout the 
course of observation indicating cell cycle arrest (black arrow).
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4.3.4 CDDO-IM Inhibits growth o f D2.0R and 231LN-Fucci cells in 2D culture

Treatment with synthetic triterpenoids has previously been shown to inhibit 
proliferation by depleting cells in S phase while arresting cell cycle in G1/S and 
G2/M (24-26). Here we treated D2.0R and 231LN-fucci cells with the synthetic 
triterpenoid CDDO-lm in order to determine the effect of this treatment, capable 
of arresting cell cycle, on cells in 2D and 3D cell culture. As reported previously 
by us and others, CDDO-lm treatment induces both dose and cell type 
dependent effect on cells (27, Chapter 3). Here we show that CDDO-lm inhibits 
growth in both D2.0R and 231LN-fucci at 200 nM and kills cells at 400 nM (Fig. 
4.5). Further, CDDO-lm was shown to alter cell morphology of cells at 200 and 
400 nM as apparent in Fig 4.5. Analysis of nuclear fluorescence from 231LN- 
fucci cells treated with 500 nM CDDO-lm for 18 hours revealed an increase in the 
number and intensity of fluorescent nuclei (Fig. 4.6). The increase in intense red 
and green nuclei is consistent with previous publications showing cell cycle arrest 
by flow cytometry at both the G1/S and G2 (24-26). Fewer unlabelled or weakly 
labeled (corresponding to recently divided or early M phase cells) nuclei were 
apparent in the CDDO-lm treated cells (Fig. 4.6B2) than control cells (Fig. 
4.6A2).
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Figure 4.5 -  CDDO-lm inhibits proliferation and induces apoptosis in D2.0R (A) 
and LN-fucci (B) cells in 2D cell culture. As apparent in the inset images, 24 
hours following treatment, 200 nM CDDO-lm arrests growth while inducing little 
apoptosis. At 400 and 600 nM, significant apoptosis is observed (rounded cells -  
white halo).



Figure 4.6 -  CDDO-lm arrested cell cycle in 231LN-fucci cells in 2D culture. 
Cells were grown in a 12 well plates for 48 hours then treated with vehicle control 
(DMSO - column A) or 500 nM CDDO-lm (column B). 18 hours following 
treatment bright field images (A1 and B1) and dual channel (red and green) 
fluorescent images (A2 and B2) were acquired. Merged images are also shown 
(A3 and B3). Arrest of cell cycle is indicated by the increase in the number and 
intensity of fluorescent nuclei. The limited number of non-fluorescent nuclei 
indicates no recent mitosis, while intensity is indicative of arrest in late G1 (red), 
G1/S (yellow) or late G2/M (dark green).
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FIGURE 4.6

Vehicle Control 500 nM CDDO-lm
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4.3.5 CDDO-IM Inhibits growth o f MDA-MB-231 LN-Fucci cells in 3D Culture

In order to determine the effect of CDDO-lm on 231 LN-Fucci cells in 3D 
culture, cells were treated immediately or 9 days following suspension in 
Matrigel. Cells were treated with 400 nM CDDO-lm or vehicle control and imaged 
48-72 hours post treatment. Longitudinal observation of cell clusters showed that 
a cell cluster treated with CDDO-lm did not actively progress through the cell 
cycle as indicated by the lack of change in nuclear fluorescence over the 28 
hours (Fig 4.7A). However, cell nuclei were still observed to move within the cell 
cluster, with one cell migrating (as observed by red nuclear fluorescence) the 
entire length of the cell cluster, an event that was unnoticeable in bright field 
images. In contrast, nuclear fluorescence from cell clusters in control wells 
continued to change in number and intensity, indicating cell cycle progression 
(Fig. 4.7B).



Figure 4.7 - CDDO-lm arrests cell cycle of MDA-MB-231LN-fucci cells in 3D cell 
culture. MDA-MB-231LN-fucci cells were treated with 400 nM CDDO-lm (A) or 
vehicle control (B) 9 days after suspension in Matrigel to allow cells to form cell 
clusters. 72 hours following treatment bright field images and fluorescent images 
were acquired. Cell clusters were randomly chosen and followed for 28 hours, 
with images shown for treated (A) and control (B) cells. As represented in images 
of Fig 4.7A and B, cell clusters treated with CDDO-lm showed little change in 
fluorescent intensity or number of nuclei (Fig. 4.7A), whereas the number and 
intensity of fluorescent nuclei increased substantially in control clusters (Fig 4.7B) 
during the same time frame.
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4.4 DISCUSSION

Here we demonstrate that a 3D cell culture system and fluorescent cell 
cycle reporter system (fucci) can be used to longitudinally image cell cycle 
progression and response to treatment by the heterogeneous metastatic cell 
population present within each well. We show that the number of cells in 3D 
culture strongly correlates with cell pixel area quantified from z-stacks and that 
increasing initial seeding density alters subsequent proliferation and cell 
morphology. 231LN-fucci cells were used to monitor cell cycle progression of 
individual cells or clusters of cells in both 2D and 3D cell culture. Treatment with 
the synthetic triterpenoid CDDO-lm, known to arrest cell growth at nanomolar 
concentrations in vitro, was shown to change cell morphology, arrest growth and 
induce cell death in both D2.0R and 231LN-fucci cell lines. In addition, cell cycle 
arrest of 231LN-fucci cells in both G1 and G2 was observed following treatment 
in 2D and 3D culture.

Metastatic dormancy is believed to contribute to the often significant rates 
of treatment failure for metastatic disease (2, 10, 11, 28, 29). In fact, it has been 
demonstrated that treatment that successfully decreases the size of large 
proliferating metastases has no effect on the number or viability of solitary 
dormant metastatic cells (2, Chapter 2 and 3). However, imaging cell cycle 
progression and the effect of treatment on the entire population of metastatic 
cells longitudinally remains a significant technical challenge in vivo. While less 
complex than the actual human (or mouse) microenvironment in which cancer 
cells are actually targeted, 3D basement membrane matrix cell culture systems 
such as the one used here provide a more complex microenvironment than 
traditional 2D culture. It has been repeatedly demonstrated that cells grown in 
such 3D microenvironments are able to mimic morphology observed in vivo (30, 
31).

Most recently, 3D cell culture models have been used to mimic solitary 
metastatic cell dormancy observed in vivo in a number of metastatic cell lines 
including D2.0R and MDA-MB-231 (19, 20). In particular, the D2.0R cell line



103

which remains dormant for extended periods of time following mesenteric 
injection to target mouse liver (10, 19), has been shown to grow normally in 2D 
culture but remain dormant for almost two weeks in 3D culture (19, 20). 
Interestingly, while D2.0R cells grew slowly in our 3D experiments, not all cells 
were observed to exhibit the extended period of dormancy reported previously. 
This may be due to several factors including differences in the sensitivity of the 
quantification technique, variance in the composition of the growth factors and 
protein concentration in the Matrigel and number of cells used (31). Indeed, our 
results suggest that the number of cells originally suspended in the fixed Matrigel 
volume greatly influences subsequent cell morphology and proliferation, similar 
to other results published recently (20). As reported by Barkan et al., we did 
observe migration of individual cells to form small clusters prior to proliferation 
(19). Increasing density may thus increase the rate of proliferation as the size of 
cell clusters in vivo has been shown to alter the metastatic efficiency of cells 
injected in the lung (32). In addition, it has been proposed that a critical number 
of cells are required for metastatic cells to commence proliferation, analogous to 
bacterial quorum sensing (33).

Here we used a 3D culture system in which a heterogeneous population of 
metastatic cells, as is common in in vivo models of metastasis, is observed to 
exist. We were able to longitudinally imaging cell progression (including cell 
cycle) and the effect of treatment on these distinct cell populations. As the 
primary goal of anti-cancer therapies is to eradicate all cancer cells, the presence 
of this heterogeneous population is advantageous as differential treatment 
effects on these populations of cells can be observed. Combined with the 
fluorescent cell cycle system used here, it will be possible to longitudinally 
monitor the effect of treatment on cells at various stages of cell cycle 
progression. Metastatic cell dormancy has previously been defined by the 
absence of markers indicating apoptosis or proliferation, as well as retention of 
markers that are diluted and no longer visible following cell division (5, 6, 10, 16). 
In addition, cells can be stained for cell cycle markers to determine the phase of 
the cell cycle in which they currently exist. However, most cell cycle staining
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procedures kill the cell in the process and are only suitable for time point 
experiments. Thus, the 3D cell culture systems of metastasis growth we describe 
and utilize here will be useful for future longitudinal studies to elucidate the 
differential effect of treatment on the entire population of metastatic cells present 
within a confined microenvironment.
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This chapter contains concepts and parts of a previously published review 
“Dormancy of solitary metastatic cells”, by J. L. Townson and A. F. Chambers in 
Cell Cycle. 2006 Aug;5:1744-50.

5.1 THESIS SUMMARY

Within a given population of cancer cells, and metastatic cells in particular, 
it has been established that significant variance exists in expression of cell 
surface markers, the period of dormancy, treatment resistance mechanisms, the 
rate of proliferation and growth and indeed the eventual fate of each cell. 
Perhaps most clinically relevant, a differential response to treatment by cells 
within a metastatic cell population has also been found to exist (1, Chapters 2 
and 3). It is likely that this heterogeneity observed within the metastatic 
population contributes to the often significant rates of treatment failure and 
cancer recurrence (2, 3). As such, the primary goal of this thesis was to develop 
and utilize methods for imaging and quantification of the majority of the 
metastatic cell population in order to assess the effect of anti-cancer treatments 
on this heterogeneous cell population. Studies completed in order to attain this 
goal are described in Chapters 2-4.

By adapting an MR imaging technique initially used to detect the presence 
of solitary iron labelled cells in the liver and brain (4-6), quantification of solitary 
MPIO labelled cancer cells and metastases larger than 200 jum in the same 
whole liver was possible. It was found that the number of MPIO labelled B16F1 
cells injected into the liver (via mesenteric vein) was highly correlated with the 
total signal void area in MR images of the same livers. This technique was then 
used to assess the effect of doxorubicin treatment on both growing metastases 
and solitary dormant metastatic cells within the same organ. In agreement with 
previously published results using different cell lines (1), it was found that 
doxorubicin successfully inhibited the growth of large B16F1 metastases but had

5. GENERAL DISCUSSION
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no effect on the number of solitary dormant cells. As it was hypothesized that 
doxorubicin would have no effect on the number of solitary cells due to their cell 
cycle dormancy, the whole liver MRI quantification technique developed in 
Chapter 2 was again utilized to quantify the effect of a novel cancer treatment 
hypothesized to be able to induce apoptosis in dormant metastatic cells.

Synthetic triterpenoids, including CDDO-lm, have multifunction effects 
including inducing growth arrest and apoptosis of cancer cells in vivo (7-10). 
Further, they have been shown to inhibit formation of drug induced lung and liver 
cancer, as well as growth of primary tumors and subsequent lung métastasés in 
mice (7, 9, 11-14). In order to determine the effect of CDDO-lm on liver 
métastasés in mice, we quantified the effect of CDDO-lm treatment on HT-29 
and B16F1 cells in vitro and in experimental liver métastasés models. We 
demonstrated that the synthetic triterpenoid CDDO-lm is capable of inhibiting cell 
proliferation and inducing cell death in HT-29 and B16F1 cells in 2D culture. 
Further, it was shown that orally dosed CDDO-lm is capable of significantly (50- 
70%) inhibiting liver metastasis growth in mice. Yet despite the significant 
reduction in tumor burden and tumor volume as assessed by histology and MRI, 
CDDO-lm was found to have no effect on the number of solitary metastatic cells 
in the same livers. However, as CDDO-lm is known to inhibit proliferation at 
doses insufficient to induce apoptosis, it remains to be determined if CDDO-lm 
could have an effect on cell cycle progression of these metastatic cells in vivo.

While the MRI technique developed and used in Chapters 2 and 3 is 
capable of assessing the effect of treatment on the fate of metastatic cells, it 
reveals little regarding individual cellular information. Thus, in order to better 
understand the effect of treatment on individual cells within the metastatic cell 
population, we used 2D and 3D cell culture. As outlined in Chapter 4, a 3D cell 
culture system and fluorescent reporters of cell cycle were utilized together in 
order to develop and test a method for assessment of the effect of anti-cancer 
treatments on the whole metastatic cell population at the cellular level. We found 
that initial seeding density in Matrigel, as well as CDDO-lm treatment, influenced
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subsequent growth dynamics and cell morphology. Notably, at all densities a mix 
of solitary cells and cell clusters of various sizes were observed.

5.2 DISCUSSION

5.2.1 Metastatic cell heterogeneity

In a population of metastatic cells within the same tissue, many cells 
undergo apoptosis, some begin proliferating and others remain dormant. This is 
noteworthy if it is assumed that a tumor arises from a single cell and all 
metastatic cells are thus clonally derived. However, the reasons for the variability 
in the fate of these cells in not fully understood (2, 15-17). Furthermore, the 
choice of proliferation, apoptosis or dormancy occurs not only after initial arrest of 
the cells, but constantly as many initially dormant cells undergo apoptosis or start 
proliferating over time (18-22). It is unknown if solitary dormant metastatic cells 
are a specialized subpopulation of cells that are programmed to stay in a 
dormant state, an unspecialized subpopulation of cells that are not well suited for 
growth in the new microenvironment, or a combination of both (23). Experiments 
in which metastatic breast cancer cell lines were sorted by cancer stem cell 
markers (cells with high aldehyde dehydrogenase activity and CD44 high/CD24 
low expression) show cells and cell lines with this CSC phenotype are more 
malignant and metastatic in mouse models (24). In any case, all solitary dormant 
metastatic cells are worthy of note in that while they have likely originated from a 
primary tumor that has acquired all six hallmark of cancer capabilities described 
by Hanahan and Weinberg (25), they have either lost or are able to control some 
of these capabilities while other cells from the same source have or do not. The 
balance between ability to provide self-sufficiency in growth signals and 
insensitivity to anti-growth signals appears to be reversed in dormant cancer cells 
in secondary sites. As the majority of metastatic cells that arrive in a secondary 
site undergo apoptosis, dormancy may be an active method of evading apoptosis 
for those cells that remain dormant or subsequently begin proliferating.



112

Dormancy could be viewed as a selective advantage for cells that have not yet 
acquired the capability of growing in a specific ectopic microenvironment. Indeed, 
studies addressing the role of the microenvironment in dormancy of metastatic 
cell lines have found that interactions with the microenvironment and subsequent 
cell signalling is an important regulator of dormancy (2, 16, 17). It was noted that 
that in the 3D cell culture system used here, which is relatively homogenous 
microenvironment, a heterogeneous population of cells (based number of cell per 
cluster and invasive phenotype) existed. This allows for future studies in which to 
address differential response to treatment by a metastatic cell population.

5.2.2 Imaging metastatic cell response to treatment

Metastatic cell fate is influenced by the microenvironment, however, as the 
complexity of the microenvironment approaches that of the human host in which 
metastatic disease is treated, the difficulty assessing cellular events and the 
response to treatment increases dramatically. Even in the mouse where the 
presence of solitary dormant metastatic cells has been verified after injection of a 
number of different cell lines, it is difficult to determine if these cells are truly 
dormant or to observe them in vivo over a period of time due to destruction of 
tissue caused by growing metastases and by traditional histological analysis (1, 
20, 21). A solitary dormant metastatic cell has been defined, after the fact and by 
histology, as a cell undergoing neither proliferation nor apoptosis and therefore 
negative for Ki67 or TUNEL staining, and/or one which has retained an 
exogenously provided fluorescent or other marker that is no longer visible after a 
few cell divisions (18, 19). As this definition relies on histological assessment, it is 
an indication of the state of the cell only at that particular moment. Use of 
endogenous fluorescence has also been used to identify dormant metastatic 
cells, however once gain the expression of whole cell fluorescence alone is not 
indicative of the cells past or future cell cycle progression (26, 27). In addition, 
this definition of a solitary dormant metastatic cell as one that is neither 
proliferating nor undergoing apoptosis is accurate but does not give any
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indication of the mechanism of dormancy and therefore does not provide a basis 
for distinguishing between cells that will continue to remain dormant, undergo 
apoptosis or eventually start proliferating.

The use of MRI to quantify the effect of treatment as outlined in this thesis 
has a number of advantages. These include rapid image acquisition (6 minutes), 
sampling of the entire organ of interest, preservation of a digital images of the 
entire organ (2D and 3D), and very important in this context, the ability to quantify 
nearly the entire population of metastatic cells (solitary MPIO labelled cells and 
metastases larger than 200 pm). In addition, as demonstrated by Shapiro et a!., 
solitary iron labelled hepatocytes could be detected in vivo in mouse liver by MRI 
following migration from the spleen (5). While longitudinal imaging was not 
performed for the studies presented in this thesis, it is routine to do such in 
experimental brain metastasis models and these techniques could be modified 
for longitudinal liver imaging. As with most imaging modalities, the MR based 
technique for the quantification of solitary cells used here is not without 
limitations. While retention of the iron label by non-dividing cancer cells is 
responsible for the signal voids apparent in MR images, the possible 
accumulation of iron label in the liver (and other cells) following death of the 
originally labelled cell would lead to artificially high signal void area and an 
overestimation of the number of cells within the liver. It would thus be difficult to 
assess small changes in cell number due to treatment. However, multiple lines of 
evidence suggest this is not a significant problem in the method used here. First, 
previous publications have shown a significant loss of signal hypointensity over 
time when cells that are expected to die or begin proliferation are monitored 
longitudinally in the brain (4, 6). In addition, while injection of dead cells into the 
spleen or free iron label into the liver did result in signal hypointensity in the liver, 
the pattern and intensity of this signal loss were different and less intense than 
signal loss due to live labelled cells (5). With respect to the B16F1 cell line used 
here, a decrease in signal void area accounting for more than two thirds of the 
originally injected cells was observed at endpoint (day 9). This is similar to the 
decrease in the number of solitary B16F1 cells observed previously by optical
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quantification methods (21). As mentioned in Chapters 2 and 3, the MRI 
quantification method used here was intended to measure the effect of treatment 
on the majority of the metastatic cell populations. However, the inability of this 
MRI technique to determine the fate of a specific cell (i.e. did it die or divide?) or 
subcellular response to treatment, necessitates the use of a separate technique. 
In order to address this, optical imaging of cells in a 3D cell culture model in 
which both solitary cells and growing métastasés were observed was pursued.

Treatment of B16F1, HT-29, D2.0R and 231LN-fucci cells with 200-400 
nM CDDO-lm caused cell death, a change in morphology and growth arrest all 
within the same treatment group (i.e. same well) in 2D culture experiments. In 
vivo, such a differential effect is primarily only observed as smaller or fewer 
tumors without a complete understanding of the intrinsic differences accounting 
for the differential response to treatment from cell to cell. 3D culture models 
combined with the fluorescent nuclear cell cycle reporters used here allow for 
more detailed analysis of the cellular response to treatment. The presence of a 
heterogeneous population of cells (based on number of cells per cluster and 
differences in cell cycle status) allows for future studies examining the 
relationship between “tumor” size, cell cycle status and timing of treatment. 
Indeed, even the ability to longitudinally image cell cycle progression in 2D 
culture is interesting. As the majority of cell quantification techniques rely on 
single time point measurements of duplicate populations (i.e. hemacytometer and 
flow cytometry) or surrogates of cell viability (i.e. colorimetric assays), individual 
differences in cell cycle progression of cells within the same microenvironment 
may be obscured. Direct assessment of this will be possible using fucci 
expressing cells. While growth of the majority of 231LN-fucci cells was inhibited 
by 400 nM CDDO-lm in 3D models, 48 hours following treatment a small 
proportion of cells were still found to have divided. This is analogous to growth 
observed in vivo following treatments that inhibit the size of métastasés without 
decreasing the number of solitary cells. The ability to monitor these cells 
longitudinally, and assess cell cycle dynamics, will assist in differentiating the 
response of different cell populations to anti-cancer treatments.
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5.3.1 Use o f MRI fo r quantification o f the effect o f treatment on the 

metastatic cell population

The MRI quantification technique here has a number of advantages 
(discussed previously), however a number of questions exist particularly with 
respect to the fate of the iron label over time. In order to address this question 
more the following experiments should be performed:

• Inject stable fluorescent (or other stable cell marker) MPIO labelled 
cells into liver, remove and scan a single liver lobe by MRI in order 
to create a 3D reconstruction of location of individual signal voids. 
Thin section the same lobe for histology in order to generate an 
equivalent 3D reconstruction to determine the relationship between 
a population of signal voids and the location of cells and iron label.

• Determine the fate of iron following a cell death by injecting dying 
(but not dead) cells or by using an inducible apoptosis plasmid 
system.

• Recover MPIO labelled cells from liver at endpoint to verify cell 
viability and iron retention.

5.3.2 CDDO-lm and other novel treatment strategies

CDDO-lm is an interesting anti-cancer treatment in that it is neither a 
classic chemotherapy nor a molecular targeting agent with a single molecular 
target. Identifying the control pathways of dormancy will allow for tailored 
combinations, however synthetic triterpenoids exert a natural combinational 
therapy approach and are currently being evaluated in clinical trials for a number 
of metastatic cancers. Logical experiments stemming from the results presented 
here include:

5.3 FUTURE DIRECTIONS
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• Combination treatment with rexinoids (10).
• Use of the more potent (and currently in clinical trials) synthetic 

triterpenoid CDDO-Me in experimental metastasis models.
• Controlled oral gavage dosing to determine how metastasis growth 

inhibition is related to the dose administered.

5.3.3 Longitudinal assessment o f treatment and cell cycle progression in 

2D and 3D

The ability to longitudinally and simultaneously image (optically) a 
heterogeneous metastatic cell population, their cell cycle progression via nuclear 
fluorescence and their response to treatment allows for a number of follow up 
studies to be performed and questions to be answered including:

• Comparison of multiple drugs with different mechanism of actions.
• Comparison of the same drug at different stages of cell cycle
• Do dormant (at least temporarily) cancer cells exist in 2D culture 

just in smaller numbers?
• Does treatment sensitivity change with the number of cells in a 

cluster?
• What stage(s) of cell cycle are solitary dormant cells arrested at in 

vivo?
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Thirty eight years have passed since the “War on Cancer” was officially 
initiated in the United States. Since then significant time and financial resources 
have been dedicated to clinical and basic cancer research and treatment 
development. This research has led to exponential growth in our understanding 
of cancer risk factors and cancer cell biology. Yet while treatment success stories 
exist for some specific types of cancers, treatment of metastatic disease is often 
ineffective. This is likely in part due to the way in which treatments for cancer are 
developed. While the cancer cell population is known to be heterogeneous, anti­
cancer therapies are often developed to treat the entire population by the same 
mechanism. Here we developed and utilized tools to better understand the effect 
of treatment on the majority of the metastatic cell population. Due to the fact that 
it is a relatively under-studied and likely under-treated population of cells, specific 
attention was paid here to solitary dormant cells. However, large clinically 
apparent metastatic tumors will continue to be the primary clinical target until 
therapies that can successfully eradicate cancer cells before they reach this 
stage can be developed. It is expected that the work presented here will enable 
the screening of therapeutic strategies for their efficacy against not just a subset 
of the metastatic cell population, but the population as a whole.

5.4 CONCLUSION
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