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Abstract

Metastatic spread to the central nervous system (CNS) is a common and devastating manifestation 

of major cancer types. Its incidence is associated with poor prognosis manifested by neurological 

deterioration leading to diminished quality of life and an extremely short median survival. CNS 

metastasis is becoming an increasingly important clinical problem. This is especially the case for 

certain types of cancers for which effective treatments of visceral disease are available. As a result 

of the present limitations in treating CNS metastases, this manifestation of tumor progression 

remains an unmet clinical need. Despite its significance, our general understanding of the 

mechanisms that regulate the brain-metastatic phenotype is currently meager. Both the analysis of 

mechanistic aspects of brain metastasis and the development of effective treatments necessitate the 

use of appropriate in vivo models that recapitulate the interaction of the tumor cells with the 

microenvironment of the brain. Here we review the available preclinical models of CNS 

metastasis and their use as tools to advance knowledge of the biology of the disease (with the aim 

of identifying relevant molecular determinants, prognostic biomarkers, and therapeutic targets) as 

well as examining effective approaches for treatment.
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1. Introduction

Metastatic dissemination to the central nervous system (CNS) is a common and devastating 

manifestation of major cancer types (i.e. lung, breast, melanoma and renal cancer). The 

incidence of CNS metastases can be as high as 80%, as is the case of malignant melanoma 

[1–3] and is invariably associated with dismal prognosis manifested by progressive 

neurological deterioration and a short median survival, often measured in weeks [4]. 

Historically, metastasis to non-CNS organs has been the primary source of morbidity and 

mortality [1]. However, as our ability to detect and treat systemic visceral metastatic disease 

improves, treatment of CNS metastases is becoming an increasingly important issue [5–7]. 
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Indeed this is already relevant for certain malignancies where therapies that are effective in 

controlling, for a time, systemic metastatic disease are currently available [8] but which 

eventually result in relapses in the CNS. These relapses are likely, at least in part, due to the 

impermeability of the blood–brain barrier (BBB) to most presently available therapeutic 

agents. In this respect, the CNS has been noted as a sanctuary site for the development of 

metastatic disease [9]. Thus, the successes obtained with a number of new drugs and 

therapies, such as trastuzumab for the treatment of erbB-2/Her2 positive breast cancer, that 

are able to control metastatic disease in sites such as the liver and lungs, allow patients to 

survive longer, such that they have a greater chance of eventually presenting with CNS 

metastases [10]. Indeed, the importance of CNS as sanctuary site is underlined by the fact 

that even when patients achieve long-term remission, half will experience CNS metastases 

as the only site of relapse [11]. For such patients, the prospects for long-term survival may 

be defined by the extent to which brain metastases can be controlled [12,13].

Despite the increasing clinical relevance of CNS metastases, therapeutic agents aimed at 

treating this manifestation of disease are limited. While techniques such as stereostatic 

radiosurgery or neurosurgery offer treatment options, their use is limited to instances where 

only one or a few small CNS metastases (<3 cm diameter) are present [2]. If these treatment 

options fail or are not applicable (e.g. extensive intracranial metastatic disease), 

chemotherapy is then utilized as the next line of therapy [14]. However, as noted above, the 

systemic use of chemotherapeutic approaches to treat cerebral metastases is severely limited 

by the blood–brain barrier (BBB). This is additionally compounded by the current poor 

understanding of the cellular, molecular and physiologic processes that mediate the brain-

metastatic phenotype. The present inability to treat CNS metastases clearly increases the 

need for developing and using preclinical models of CNS metastases to study the biology 

and treatment of such lesions [15].

The in vivo metastasis models used to study brain metastatic disease fall into two categories: 

experimental and spontaneous (Fig. 1). The application of each model depends largely on 

the question that is being investigated. This question in turn dictates the manner in which the 

tumor cells are inoculated so as to recreate the desired features of the specific process to be 

examined [10]. Here we discuss the strengths and limitations of these preclinical models and 

their potential role in advancing our understanding of the disease and the development of 

more effective treatments.

2. Experimental metastasis models of CNS metastasis

Examination of the CNS metastatic process has primarily been achieved through the use of 

the so-called experimental or ‘artificial’ models of metastasis. These models represent a 

variation of the traditional metastasis assays in which tumor cells are implanted by means of 

intravenous injection to target the lung; in this case, cells are delivered to the CNS by means 

of intracardiac (IC) or intracarotid artery (ICA) injections. The cells are delivered in this 

manner in an attempt to bypass the pulmonary vascular bed, which is the first capillary bed 

encountered when cells are delivered intravenously through tail-vein injections. While 

advantageous in a number of respects (e.g. controlled number of cells delivered that result in 

the formation of colonies of relatively uniform size and generally short time course for the 
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development of CNS metastases [16]), these models introduce several significant 

complications (Table 1). For instance, while IC injection allows circumvention of the lungs, 

it allows dissemination of tumor cells to other visceral sites by means of the arterial 

circulation. Thus, if cells are competent for growth in other tissues such as the liver or bone 

marrow, this delivery method may lead to non-CNS metastases which might then become 

the primary site of concern [10]. More precise targeting of the brain can be achieved by the 

technically challenging method of ICA injection [17] or through direct intracranial 

implantation of tumor cells. While introducing a higher level of complexity requiring 

specialized equipment (stereotactic apparatus), intracranial implantation represents the more 

direct approach to target the brain parenchyma but which unfortunately bypasses all earlier 

stages of the metastatic cascade and can thus allow growth of tumor cells within the brain 

parenchyma which otherwise might not be able to colonize this site [10,17] (Table 2).

Despite the obvious limitations that are inherent to these models, they have become useful 

tools to examine the biology of the disease and the activity of drugs/biological agents to treat 

brain metastases. The use of the experimental metastasis model has allowed the generation 

of brain metastases from human and murine cell lines from various cancer types (e.g. breast 

cancer (MDA-MB-361), melanoma (70W and A375) and others [18–21]). A number of 

variants with enhanced or preferential brain metastatic potential (variants of B16F10 mouse 

melanoma, human melanoma K-1735 as well as MDA-MB-231 human breast cancer cell 

lines) have been generated and are now used in experimental metastasis studies [10,22]. 

These models have been useful in improving our understanding of the mechanisms, 

processes and molecules that may be involved in the cascade leading to CNS metastases, at 

least with respect to post-intravasation events. In fact, most of the insights about potentially 

relevant molecular determinant of the brain-metastatic phenotype have been gained through 

the use of experimental metastasis models as well as through the development of tumor cell 

lines with enhanced brain metastatic potential (Table 1). These studies have implicated 

molecules that regulate a variety of molecular processes (e.g. invasion, angiogenesis, 

adhesion, proliferation). However, no specific pathway/mechanism has been identified as 

commonly relevant to the brain metastatic phenotype among the diverse cancer types 

examined (or even within cell lines of the same cancer type). Given the fundamental 

differences in the nature of the malignancies such as melanoma or breast cancer (e.g. site of 

primary tumor origin, and characteristic tumorigenic alterations) and the heterogeneity 

inherent to human tumors, this is not entirely surprising. Thus the involvement of a variety 

of mechanisms may be seen as an indicator of the complexity of this process. Despite this, 

relevant molecules have been identified through this type of analysis and which appear to be 

prevalently altered and significant to brain metastases in specific cancer types (e.g. STAT3 

(in melanoma) and HER2 or HBEGF (in breast cancer)). Their influential role in such cases 

implicates these molecules as targets for therapy, and indeed their usefulness in this respect 

has been assessed preclinically (and in the case of HER2 also in ongoing clinical trials) [23–

25].

As noted above, an important consideration when using brain metastatic cell lines generated 

by experimental metastasis models is that the manner in which they were generated does not 

reflect clinical aspects of the kinetics of tumor cells dissemination (i.e. single bolous dose of 
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tumor cells versus the lower and continual release of tumor cells into circulation that takes 

place in the clinical scenario). In addition, and perhaps more importantly, these models fail 

to account for the early events in the metastatic cascade and which are clearly involved in 

clinical disease (e.g. primary tumor growth, angiogenesis, apoptosis, local invasion, 

intravasation and chemotaxis) [10,26]. As such, cell lines derived through repeated cycles of 

in vivo selection in the CNS following intracardiac/intravascular inoculation might be less 

likely to reflect all of the mechanisms and the genetic/epigenetic alterations that take place 

in clinical disease and which are essential for successful CNS metastasis. This is 

underscored by the fact that, in some instances, cell lines that are able to form brain 

metastases in experimental models are unable to spread spontaneously to CNS or do so with 

limited ability [17,27].

Another important mechanistic consideration that is relevant to the use of these models is 

whether colonization of CNS is achieved by cells released from the primary tumor, or 

whether CNS metastases are the product of established visceral metastases in organs such as 

lungs or lymph nodes in what has been referred previously as “metastasis of metastases” 

[28]. If this latter step plays a significant role in the metastatic cascade, then it is likely that 

the successful spread to CNS could be influenced by pathways that are relevant to visceral 

disease and which will not be addressed when experimental metastasis assays are used or 

when brain-homing cells are developed through such models. Thus, whether the ability to 

colonize this site is mediated by brain specific mechanisms or by broad alterations that 

facilitate growth in multiple organs, including the CNS, constitutes an important question 

regarding the nature of the brain-metastatic phenotype.

It could be argued that a better understanding of alterations that result in the metastatic 

phenotype can be gained through the use of models that recapitulate all the steps involved in 

metastatic cascade (i.e. dissemination from established orthotopic primary tumors that 

results in the successful formation of a high rate of relevant metastatic lesions [29]). In this 

respect, spontaneous models of CNS metastasis could be seen as amore clinically relevant 

choice.

3. Preclinical models of spontaneous CNS metastasis

Spontaneous models of metastatic disease recapitulate the natural multi-step process of cell 

dissemination from a primary orthotopic tumor leading to the formation of distant 

metastases in relevant sites that reflect the clinical presentation of the disease [10]. While 

there are a growing number of such orthotopic spontaneous models of metastasis for various 

cancer types [44], there has been little success in generating orthotopic models of 

spontaneous CNS metastasis that would foster studies of the alterations necessary for the 

brain-metastatic phenotype, especially the early steps of metastasis. Spontaneous metastatic 

spread to the CNS from a primary tumor has been reported previously [45–47] but few if 

any of these metastases were harvested and then evaluated to determine if this phenotype 

was maintained when the cells were transplanted into new recipients. The unfortunate 

absence of models of spontaneous CNS metastasis has hampered efforts to gain a clearer 

view of the process/molecules that regulate the progression from malignant to brain-

metastatic disease, and in turn the development of effective or improved therapeutic 
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approaches for treatment of CNS metastases [8,28]. Thus far, very few reports have outlined 

the development of cell lines capable of spontaneously metastasizing to CNS from a primary 

tumor in a heritable manner [48]. One of the few that exist makes use of a variant of the 

murine B16 melanoma cell line (named G3.5), which was generated through successive 

rounds of selection of brain metastases following intravenous inoculation. This model only 

succeeded in generating leptomeningeal metastases and thus does not recapitulate the 

clinical disease which presents largely with metastases in the brain parenchyma [49]. Lower 

incidence of spontaneous brain metastases (15%) has been noted in another syngenic model 

using the murine mammary cell line 4T1 [50]. Using as similar in vivo selection protocol, 

Bos et al. [25], reported the generation of a human breast cancer cell line (CN34-BrM2) that 

is capable of metastasizing spontaneously from a primary mammary tumor in about 42% of 

mice. Other recent efforts report the generation of models of spontaneous CNS metastasis by 

human melanoma, named 131/4-5B1 and 131/4-5B2 [51] and human breast cancer cell lines 

derived from the MD-MB-231 and named 164/8-1B (Man and Kerbel, unpublished results). 

The procedure used to isolate these melanoma brain-metastatic cell lines replicates the 

selection mechanisms that often lead to brain metastases in cancer patients (i.e. control of 

systemic metastases allows sufficient time for occult single cell/micrometastases to develop 

into relevant macrometastases), and as such, these cell lines are more likely to recapitulate 

the alterations that mediate this phenotype in clinical disease (Fig. 2). This model of 

spontaneous CNS melanoma metastases has been thus far used to identify genes that may 

contribute an important role in the metastatic spread to this site. These results emphasize 

alterations in expression of a number of molecules that mediate proliferation, locomotion, 

and neural development. Among these, endothelin receptor B (EDNRB), which is 

commonly expressed in melanoma, is highlighted as a molecule that can induce higher 

incidence of CNS metastases in this cancer type (Cruz-Munoz and Kerbel, unpublished 

results). Similar models of spontaneous CNS metastases are needed for other cancer types 

for which this is a common manifestation, such as lung cancer. In addition, where 

availability permits, a direct comparison of brain-metastatic cell lines derived through 

experimental implantation (IC) or spontaneous metastasis may be warranted to examine 

whether common mechanisms exist between these two modalities (e.g. compare 

experimental (MDA-231Br) versus spontaneous metastatic (164/8-1B) cell lines, both of 

which are derived from the MDA-MB-231 parental line).

While highly relevant in terms of mechanistic studies, the use of spontaneous models of 

CNS metastasis also introduces a number of complications when used to examine the 

efficacy of novel therapeutic agents (Table 1). For instance, in the case of the melanoma 

model noted above [51], the incidence of brain metastases may only become evident after a 

long time following tumor cell inoculation and may ultimately present as parenchymal 

metastases of various sizes and locations. Additionally, because the incidence of CNS 

metastases is about 50% [25,51], the use of such models for therapeutic studies may require 

the use of larger numbers of mice than would be required with experimental models in 

which the incidence of disease is close to 100%.
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4. Preclinical models of brain metastatic disease as tools to examine novel 

therapeutic approaches

4.1. Special considerations regarding models

4.1.1. Mechanisms—Preclinical experimental and spontaneous models of brain 

metastasis play an important role in enhancing our understanding of this devastating 

manifestation of malignant progression [10]. Careful design of any study aimed at 

elucidating the mechanisms that regulate this phenotype or assessing the efficacy of new 

treatments must involve serious consideration of the advantages and disadvantages inherent 

to each model (Table 1). Given the very limited and incomplete understanding of the 

processes and molecules that regulate the brain-metastatic phenotype, the rationale for 

testing of new drugs against CNS metastases has not always been dictated by rational 

targeting of relevant molecules/pathways. In order to develop more effective treatments 

against CNS metastases, identification of molecular targets that are relevant to the brain-

metastatic phenotype would clearly be helpful. It is likely that these targets may not be 

completely brain-specific and that an overlap might exist between molecules that influence 

visceral and cerebral metastatic disease ([25,32], Cruz-Munoz and Kerbel, unpublished 

results). Nevertheless, potential therapeutic targets identified using such models require 

validation of its relevance in clinical disease so as to ensure that these alterations are not 

specific to the brain-metastatic cell lines. In some instances, molecules that are potentially 

relevant to brain-metastatic disease are identified through the use of tissue microarray or 

immunohistochemical analysis of clinical samples (for example [52–54]). Such analysis has 

implicated underexpression of tumor suppressor nm23 [55] and upregulation of a receptor 

for hyaluranic and osteopontin-CD44 [56] as influential alterations to brain-metastatic 

disease. These molecules represent viable leads that can be further examined using 

preclinical models to ascertain whether these play a significant role in the brain-metastatic 

phenotype [33] or whether such alterations are coincidental changes. For the purposes of 

using preclinical models to examine the therapeutic efficacy of inhibitors against particular 

targets, it is essential to fully characterize the preclinical model itself (i.e. cell line) in order 

to ensure that these targets are present [57].

4.1.2. Therapy—Development of effective therapeutic treatments against CNS metastases 

presents a challenging situation as it requires not only that the therapeutic agent be active 

against the tumor cell population but also posses the ability to cross the BBB [4,10,13]. The 

natural function of the BBB is to protect the brain from exposure to toxins [58]. This 

function, however, also prevents most chemotherapeutic agents currently available from 

crossing into the circulation of the brain parenchyma. The number of systemic 

chemotherapeutic agents with significant penetration of the BBB is currently very limited 

[59,60], and even when such agents are used (such as temozolomide for the treatment of 

metastatic melanoma in the brain), they offer only very limited improvement in overall 

survival [61]. Since the BBB appears to be compromised in larger intracerebral tumors, the 

lack of permeability is likely to be a more relevant concern for intracranial micrometastases 

in which the BBB is more intact and impermeable [62]. In this respect, studies have noted 

higher drug levels in intracranial tumors, especially necrotic lesions, than the neighboring 

normal brain parenchyma; however, these levels are still lower than those achieved in 
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extracranial tumors [58]. Clearly, there is a need for the development of new agents with 

enhanced ability to penetrate into the brain parenchyma. Since, in vitro models do not 

replicate the properties of the intact BBB, there is an increasing need to utilize in vivo 

models of metastatic brain disease for the development of such agents [10] and to test 

strategies to enhance the transport of therapeutic agents across the BBB in a manner that can 

achieve a significant effect on brain metastases. For instance, improved delivery of 

therapeutics into the brain has been achieved by coating drugs with nanoparticles. Such 

efforts have made use of liposomes (composed of one or more phospolipid bilayers) or 

micellar nanoparticles (amphiphilic polymers with a hydrophobic inner core) to facilitate 

increased permeability of agents such as doxorubicin, and this has resulted in improved 

survival of mice bearing intrancranial tumors [63–65]. Additional approaches have been 

developed to overcome the BBB by temporarily disrupting its integrity. In this respect, MRI-

guided ultrasound disruption of the BBB has been shown to induce a significant increase in 

the delivery of antibodies, such as trastuzumab, which due to their large molecular size are 

impeded from entering the brain when administered by systemic infusion [66]. Given the 

efficacy of trastuzumab against HER-2 positive breast cancer, such an approach could 

provide an effective means to treat CNS metastases in HER-2 positive breast cancer [67,68].

Another methodology aimed at increasing permeability of chemotherapeutic agents across 

the CNS, and which has shown promise in the preclinical setting, is inhibition of BBB efflux 

transporters such as P-glycoprotein (P-gp) [69,70]. Unfortunately, P-gp inhibitors also target 

the drug metabolizing cytochrome P4503A (CYP3A) leading to alterations in clearance of 

chemotherapeutic drugs and increased toxicity [69,71]; a limitation that will have to be 

addressed before continuing with clinical assessment of this approach, if it is used at all. 

Similar preclinical successes have been observed by inducing disruption of BBB by means 

of hypotonic solutions such as mannitol [72]. This technique will be examined in a clinical 

trial utilizing mannitol plus methotrexate and carboplatin with/without trastuzumab in the 

treatment of breast cancer CNS metastases (Clinicaltrials.gov; NCT00397501).

Unfortunately, in most pre-clinical studies, even when anti-metastatic efficacy is examined, 

treatment is initiated very soon after implantation of the tumor cell lines. In effect, this 

represents a model of adjuvant therapy against minimal (microscopic) metastatic disease and 

thus does not reflect the much more challenging situation typically seen patients enrolled in 

clinical trials (i.e. those with advanced metastatic disease with cerebral metastases large 

enough to be detected by imaging, typically of 5–10 mm in diameter) [21,33,73]. Certainly 

control of early disease is of great importance since this is likely to translate into improved 

quality of life and prolonged survival of patients with cerebral metastases [33]. 

Nevertheless, careful preclinical validation of anti-tumor efficacy for any given agent should 

require testing against established macroscopic metastases [57,73]. Such studies will likely 

prove a significant challenge and potentially lead to a high rate of failures. However, these 

preclinical setbacks are preferable to introducing untested therapies on patients in clinical 

trials, for which proof of activity against established cerebral metastases has not been 

shown; this is particularly relevant given the large number of clinical trials presently 

ongoing testing therapies for treatment of CNS metastatic disease (clinicaltrials.gov). In 

addition, preclinical examination of drug efficacy in both adjuvant and advanced metastatic 
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disease settings will lead to more informed decisions in subsequent clinical trials; allowing 

the use of the drug in the setting in which it is more likely to lead to an improved outcome.

4.2. Chemotherapeutic approaches evaluated in preclinical CNS metastasis models

Given the aforementioned issues associated with poor drug penetration into the brain 

parenchyma, it was noted early on that cerebral metastases represent a unique scenario and 

that as such preclinical models of CNS metastatic disease represent an indispensable tool for 

the initial screening of potentially effective chemotherapeutic agents [85]. In the absence of 

these models, the choice of agents aimed at treating CNS metastases may not be determined 

in the most rational or optimal manner (based on efficacy against viable and relevant targets 

in brain metastases of specific cancer types) [10].

Experimental models of CNS metastasis involving direct inoculation of tumor cells have 

been the default methodology used to examine novel therapeutic approaches. A large 

number of such studies have made use of murine and human melanoma cell lines and their 

use as tools to examine novel therapeutic approaches has been reviewed previously [10]. In 

these cases, as well as studies focusing on other cancer types, the predominant modality 

involves intracranial implantation of tumor cells. Typically, in these experiments treatment 

is initiated shortly after implantation (typically 3 days). As mentioned previously, initiating 

treatment at such early time points may in fact target mostly or entirely micrometastatic 

disease and not the more clinically relevant advanced disease.

Preclinical efficacy has been noted in experimental CNS metastasis models with therapies 

such as those using the dual EGFR and HER2 targeting inhibitor (lapatinib) [23], an histone 

deacytelase HDAC inhibitor (vorinostat) [9,75], a VEGFR-2 TKI (AZD2171) [79], and 

sagolipone (Zk-EPO, a low-molecular-weight epothilone) [74] (Table 3). The use of 

lapatinib at dosages of 30 or 100 mg per kg of body weight was associated with a significant 

decrease in the emergence of macro-metastases generated by the HER2 overexpressing cell 

line (231-BR-HER2); however, the incidence of micro-metastases remained unaffected. 

These results suggest that such an agent could be used in the adjuvant setting to prevent the 

outgrowth of large cerebral metastases, a role that seems to be implicated by clinical 

evidence [86]. Indeed, the clinical efficacy of lapatinib in the adjuvant and neo-adjuvant 

setting is currently being investigated (adjuvant lapatinib and/or trastuzumab treatment 

optimisation-ALTTO trial) [87]. Similarly, the use of vorinostat to treat triple-negative 

breast cancer pre-clinically (MDA-MB-231) was also shown to induce a significant 

reduction in the number of large metastases, but only when treatment was initiated shortly 

after tumor cell implantation (by intracardiac injection of cells), suggesting efficacy of this 

agent in the adjuvant setting but, again, little if any effect on established cerebral metastases 

[9]. On the other hand, using the highly brain- and bone-metastatic DU145/RasB1 prostate 

adenocarcinoma cell line, AZD2171 was capable of mediating a significant decrease in 

vascular volume in established large cerebral metastases which was also accompanied by 

anti-tumor activity when treating small tumors [79]. Unfortunately, in these studies, the 

overall effect of the various treatments on survival was not examined. Despite this 

limitation, these preclinical results support the rationale of ongoing clinical trials using such 

agents against CNS metastases. Certainly with respect to lapatinib, previous clinical 
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evidence seems to support the results obtained in the aforementioned preclinical studies and 

show that this drug (when used in conjunction with capecitabine) can reduce the incidence 

and delay the onset of CNS disease [88–90]. Accordingly, many phase I and II trials are 

underway to examine the efficacy of lapatinib, alone or in combination with other agents for 

the treatment of breast cancer cerebral metastases, e.g. lapatinib plus capecitabine or 

lapatinib plus temozolomide (clinicaltrials.gov identifiers: NCT00967031 and 

NCT00614978, respectively). Additional ongoing clinical trials involve the testing of 

vorinostat plus radiation therapy (NCT00838929) to treat breast cancer CNS metastases or 

vorinostat plus stereotactic radiosurgery for the treatment of brain metastases in non-small 

cell lung cancer (NCT00946673). Similarly, other studies are ongoing to examine the 

efficacy of AZD2171 in conjunction with whole brain radiation therapy (NCT00937482) for 

treatment of CNS metastases associated with various tumor types (breast, colorectal, kidney, 

lung cancers and melanoma) or the efficacy of sagolipone (ZK-EPO) for the treatment of 

breast cancer brain metastases (NCT00496379).

Overall, these agents do not target molecules known to be exclusive to the brain-metastatic 

phenotype. The identification of molecules that appear to play a more defined or dominant 

role with respect to brain-metastatic disease now presents the possibility of more viable and 

specific therapeutic targets. For instance, STAT3 activity has been noted to be higher in 

melanoma brain metastatic cells [32]. Accordingly, its inhibition by means of STAT3 

inhibitors WP1066 or WP1193 (in combination with IFN-alpha immunotherapy) was found 

to induce a significant increase in median survival of mice with intracranially implanted B16 

melanoma cells [24,91]. It should be pointed out, however, that the effectiveness of these 

agents was not attributed to STAT3 inhibition alone but also to immune-modulatory effects 

associated with blockade of this pathway. The identification of the role of STAT3 and its 

subsequent use as a therapeutic target represents a paradigm for making similar efforts with 

respect to targeting other molecules implicated in preclinical models as important 

contributors to CNS metastasis.

5. Future prospects

Treatment of brain metastases is an unmet and increasingly significant therapeutic 

challenge. Preclinical models of brain metastases are potentially valuable tools to examine 

the biology of CNS metastatic disease and to examine the efficacy of new approaches for 

treatment. A large number of clinical trials are presently underway to examine the efficacy 

of several new therapeutic strategies to treat brain metastases. However, it would be helpful 

to first conduct proof of activity studies in relevant preclinical models to examine the ability 

of any given drug to cross the BBB and induce a beneficial effect for the treatment of 

established CNS metastases before undertaking such trials. The use of preclinical models 

may also help to define the effect of any given drug in various clinical settings (e.g. adjuvant 

versus advanced metastatic disease), thus hopefully revealing the most efficacious manner in 

which to use these agents [13].

The continuing use of these models to examine the underlying molecular mechanisms that 

regulate the brain-metastatic phenotype may in turn also provide potential biomarkers which 

could help to identify patients who are at increased risk of developing CNS metastasis and 

Cruz-Muñoz and Kerbel Page 9

Semin Cancer Biol. Author manuscript; available in PMC 2015 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://clinicaltrials.gov


for which earlier and more aggressive therapies might be useful. Such markers may also 

represent novel targets for therapeutic approaches. Given both the delicate nature and the 

importance of the organ in question, identification of target molecules that are differentially 

expressed between cerebral metastases and adjacent normal brain tissue would improve our 

ability to treat metastatic disease while sparing the CNS [84]. In addition, the use of these 

preclinical models may facilitate studies of strategies to develop techniques aimed at 

increasing drug permeability across the BBB.
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Fig. 1. 
Comparison of spontaneous and experimental models of CNS metastasis and the steps 

relevant to the formation of cerebral metastases in each model.
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Fig. 2. 
Schematic representation of protocol used for isolation of highly metastatic variant 113/6-4L 

and the effect of metronomic CTX/Vbl chemotherapy in the model of advanced metastatic 

disease. (A) Parental unselected human WM239A melanoma cells were implanted 

subdermally and the primary tumors that developed were resected when they reached a size 

of approximately 400 mm3. Four to six months following resection, lungs were excised from 

mice and adapted for cell culture leading to the subsequent derivation of the 113/6-4L cell 

line. Implantation of 113/6-4L cells resulted in high metastatic load in lungs in 6 weeks 

post-primary tumor resection. (B) In the 113/6-4L spontaneous metastatic model, the 

combination of CTX and Vbl resulted in significant control ov visceral metastatic disease 

and increased survival from 99.5 to 180 days post-primary tumor resection. (C) Twenty 

percent of mice that survived long-term cyclophosphamide and vinblastine therapy in the 

113/6-4L model of advanced metastatic disease showed the presence of brain metastases. 

From these metastases, 131/4-5B1 and 131/4-5B2 cell lines were then isolated. Adapted 

from Cruz-Munoz et al. [51].
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Table 1

Advantages and disadvantages associated with the preclinical models of brain-metastatic disease.

Experimental Spontaneous

Advantages • Defined time course

• Controlled number of cells delivered

• Short time for evidence of metastatic disease

• Cell lines available for various tumor types 
(syngenic and xenograft)

• Metastatic disease can be targeted to CNS only

• Defined time course

• Metastatic spread follows natural route/
mechanics

• All steps in metastatic cascade play a relevant 
role

• Minimal number of passages used to isolate 
brain-metastatic cell lines

• Ease of tumor implantation

• Closely resembles clinical disease (spread and 
manifestation)

Disadvantages • Technically demanding delivery (e.g. intracardiac)

• Blind inoculation, may lead to high failure rate and 
high animal mortality

• Metastases often present in visceral organs (e.g. 
intracardic inoculation)

• Artificial route of delivery

• Examination limited to post-extravasation steps

• Neurotropic cell lines isolated through multiple 
passages to enhance brain-metastatic ability

• Longer time needed for metastatic disease to 
become evident

• Lower incidence of brain-metastatic disease

• Limited number of models (syngenic and 
xenograft)

• Metastatic disease not confined to CNS 
(visceral metastases present)
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Table 2

Genes relevant to brain metastasis identified through the use of experimental models of brain.

Molecule Model Observation Ref

Melanotransferrin SK-Mel 28 melanoma Blocking melanotransferrin with mAb L235 reduces 
development of brain metastases

[30]

TCF4 H2030 and PC9 lung 
adenocarcinoma

Downregulation resulted in decreased brain metastatic 
activity

[31]

Cox2, HBEGF, ST6GALNAC5 MDA-MB231 breast cancer Increased incidence [25]

Stat3 A375 melanoma Increased incidence; upregulation of MMP2, VEGF 
and FGF2

[32]

HER2 MDA-MB231 breast cancer Increase size of brain metastases [33]

P75 70W melanoma Upregulated in brain metastatic variant [34]

TIMP-1 FSL/10 fibrosarcoma Overexpression decreased brain metastases [35]

MMP2 ENU1564 adenocarcinoma MMP inhibition decreased brain metastases [36]

BCL-XL MDA-MB435 melanoma Increased incidence of brain metastases [37]

Plasmin B16F10 melanoma Increased invasion [38]

Alpha 3beta1 EBC-1 brain NSCLC Decreased brain metastases if blocked [39]

Molecules involved in energy 
pathways

BCM2 breast cancer Enhanced mitochondrial respiratory chain pathways; 
reduced susceptibility to oxidative damage

[40]

Tgf-beta2 B16 melanoma Increased incidence of metastatic lesions in brain 
parenchyma

[41]

MMP2 MDA-MB-231 Increased incidence to multiple organs including brain [42]

VEGF MDA-231 Br Treatment with VEGF RTKI decreases tumor burden 
in brain

[43]

Vascular endothelial growth factor (VEGF), matrix metalloproteinase 2 (MMP2), tissue inhibitor of metalloproteinase 1 (TIMP1), cyclooxygenase 
2 (COX2), heparin-binding EGF-like growth factor (HBEGF), transcription factor 4 (TCF4), fibroblast growth factor 2 (FGF2), transforming 
growth factor beta 2 (TGF-beta2).
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Table 3

Examples of preclinical models of CNS metastasis used to examine the efficacy of chemotherapeutic 

approaches. ACNU, (1-4-amino-2-methyl-5-pyrimidinyl)-methyl-3-(2-chloroethyl)-3-nitrosourea 

hydrochloride; CCNU, 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea; CTX, cyclophosphamide; MTX, 

methotrexate.

Model Agent Effect Ref.

MDA-MB-435 melanoma and patient-derived Lu7187 
and Lu7466 NSCLC intracranial implant

Sagopilone (ZK-EPO) Significant inhibition of 
intracranial tumors

[74]

MDA-MB-231 breast cancer intracranial implant Vorinostat + irradiation Combination with radiation 
resulted in increased median 
survival

[75]

MDA-MB231 (231-Br) breast cancer intracardiac 
injection

Angiopep-2 paclitaxel conjugate 
(ANG1005)

Improved delivery into 
intracranial tumors

[76]

EMT6 breast cancer intracranial implant BCNU in combination with 
biodegradable polymers

Significant prolongation of 
survival

[77]

B16 melanoma intracranial implant Poly(ADP-ribose)glycohydrolase 
inhibitor GPI16552 + temozolomide

Reduced intracaranial tumor 
growth and prolonged survival

[78]

DU145/RasB1 prostate adenocarcinoma intracardiac 
injection

VEGFR2 RTKI (AZD2171) Decreased brain metastases 
vascular bed

[79]

E0771breast cancer intracranial implant Interleukin-2 secreting fibroblasts Significant prolongation of 
survival

[80]

MDA-MB231 (231-Br) breast cancer intracardiac 
injection

vorinostat Prevents formation of brain 
metastases

[9]

Various tumor types intracranial implant Campothecin analogues Inhibit growth of melanoma and 
NSCLC

[81]

MCF-7/HER2-18 breast cancer intracranial implant Herceptin Intracerebral microinfusion of 
Herceptin increases median 
survival

[82]

Walker 256 carcinosarcoma intracardiac injection and 
intracranial implant

ACNU, CCNU, CTX, MTX ACNU, CCNU and CTX 
increases median survival in 
intracranial implant, all increase 
median survival in intracardiac 
model

[83]

B16 melanoma intracranial implant IFN-alpha immunotherapy + STAT-3 
inhibitor (WP1193)

Significant increase in median 
survival by combination

[24]

MDA-MB-231-BR (231-BR-HER2) intracardiac lapatinib Decrease in number of large 
cerebral metastases

[23]

MDA-MB-468 and Nt2.5luc breast cancer intracranial Clostridium perfringens enterotoxin Increased median survival [84]
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