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ABSTRACT
Kerui Wu
RECIPROCAL COMMUNICATION BETWEEN CANCER CELL AND TUMOR
MICROENVIRONMENT PROMOTES BREAST CANCER METASTASIS
Dissertation under the direction of:
Kounosuke Watabe, Ph.D.
Professor
Department of Cancer Biology
Wake Forest University School of Medicine

Metastasis is the principle cause of the deaths among breast cancer
patients. Brain is one of the major sites of metastasis in breast cancer; however,
the pathological mechanism is poorly understood. One of critical steps of brain
metastasis is the breaching of the BBB and this process is considered to involve
tumor-secreted proteinases. We analyzed clinical significance of 21 matrix
metalloproteinases on brain metastasis-free survival followed by verification in
brain metastatic cell lines and found that only MMP1 is significantly correlated
with brain metastasis. We have shown that MMP1 is highly expressed in brain
metastatic cells and is capable of degrading Claudin and Occludin that are key
components of BBB. Knockdown of MMP1 in brain metastatic cells significantly
suppressed their ability of brain metastasis in vivo, while ectopic expression of
MMP1 significantly increased the brain metastatic ability of breast cancer cells.
We also found that COX2 was up-regulated in brain metastatic cells and that
COX2-induced prostaglandins promote the expression of MMP1 followed by
xiv

augmenting brain metastasis. Furthermore, we found that COX2 and
prostaglandin were able to activate astrocytes to release Chemokine CCL7 which
in turn promoted self-renewal of tumor initiating cells in the brain. Our results
suggest the COX2-MMP1/CCL7 axis as a novel therapeutic target for brain
metastasis. One the other hand, bone is the most frequently affected organ in
metastatic breast cancer. Prediction and early detection of bone metastasis is
particularly important for the management of breast cancer progression. We
checked secreted microRNA profiles in breast cancer patients and breast cancer
metastatic cells lines with distinct organ tropisms and found miR-19a is
specifically up-regulated in the serum exosome of patients with bone metastases,
as well as exosome from bone metastatic cell lines. MiR-19a in the exosome is
able to induce osteoclast activity in vitro. Knockout of miR-19a significantly
decreased the bone metastases in the MCF7BoM2 Xenograft mouse model,
obliterating the osteoclast-promoting effect of the cancer cell derived exosomes.
Overall, exosomal miR-19a is a key regulator involved in the formation of
osteolytic niche, suggesting its potential as a novel biomarker and therapeutic
target for breast cancer bone metastasis.
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CHAPTER I

GENERAL INTRODUCTION

Kerui Wu
Department of Cancer Biology, Wake Forest University School of Medicine,
Winston-Salem, NC 27157

The unpublished portions of this chapter were composed by Kerui Wu. The
published portions were from Wu, K., et al. "Non-coding RNAs in cancer brain
metastasis." Frontiers in bioscience (Scholar edition) 8 (2015): 187-202.
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I.1. BACKGROUND OF BREAST CANCER
Breast cancer, characterized by uncontrolled breast cell growth, is the
most commonly diagnosed cancer in the US, and the second most common
cancer worldwide. It accounts for around 29% of all new cancer diagnoses in
women (1), being a significant cause of cancer mortality. According to the
histological appearance of breast cancer, this malignancy can be classified into
two different types. The most common type of breast cancer is ductal carcinoma
of the breast which initiates from inside the breast's milk duct. It accounts for 65%
to 80% of malignant breast lesions (2). Ductal carcinoma in situ (DCIS) is defined
as the non-invasive stage of ductal carcinoma. If the breast cancer cells break
through the wall of the duct and spread to other parts of the breast or body, it is
called invasive (or infiltrating) ductal carcinoma (IDC). IDC can be further
classified into several different subtypes including tubular carcinoma, mucinous
carcinoma, medullary carcinoma, papillary carcinoma, and cribriform carcinoma
(3). The second most common type of mammary neoplasia is the lobular
carcinoma, which accounts for about 5% to 10% of breast cancer (4). The cancer
cells of this type start in the lobule, a gland that makes milk, and then sprawl
through the duct. For the lobular carcinoma that is localized within the lobules, it’s
named lobular carcinoma in situ (LCIS). Instead of being treated like a cancerous
disease, LCIS is a neoplastic change indicating a higher risk of developing breast
cancer. Patients carrying LCIS are 8-10 times more likely to develop invasive
cancer called invasive lobular carcinoma (ILC) (5). Despite the differences in
growth patterns and morphologies, these two types of breast cancer are
2

differentiated by the expression of E-cadherin. E-cadherin expression was seen
in most cases of ductal carcinomas, while it was barely detected in lobular
carcinomas (6). Including these two major classes, histological classification
categorizes breast carcinoma into 20 major tumor types and 18 minor subtypes
(7). However, the prognostic value of histological classification is limited. Reports
regarding the differences in the clinical behavior of these two types of breast
carcinoma showed conflicting conclusions. Typically, ILC is considered as a
favorable group in the prognosis as it has a tendency of lower grade and Ki-67
expression, positive estrogen receptor (ER) expression and lack of HER2
(human epidermal growth factor receptor 2) overexpression (8). It was also found
to be associated with older age, better differentiation and less peritumoral
vascular invasion (9). Nevertheless, ILC was found to have worse long-term
outcomes with more metastases to gastrointestinal, peritoneal and ovarian
tissues (8-10). A study checking an equal number of patients belonging to the
lobular and ductal breast carcinomas with matched control population for the
year of surgery, age, menopausal status, primary tumor size, nodal involvement,
hormone receptor status and histological grade at the same institution during the
same period was performed. However, there was no significant difference in
disease-free or overall survival, locoregional relapse or time to distant metastasis
between these two groups was found (11).
Compared to histological classification, molecular classification has been
proven for its value in prognostic and predictive applications. The molecular
classification of breast carcinomas represents the heterogeneity in gene
3

expression among intrinsic breast cancer subtypes. By microarray-based
hierarchical clustering analysis of gene expression profiling, four classes of
breast cancer with distinct molecular signatures were identified, which include
luminal, HER2-enriched, basal-like and normal-like subtypes (12). This
classification has been updated and redefined during the last 15 years. Currently,
five intrinsic molecular subtypes of breast cancer have been identified and
intensively studied, including luminal, HER2-enriched, basal-like, claudin-low and
the normal breast-like groups. The main characteristic that differentiates luminal
breast cancer from other subtypes is the expression of ER. Luminal breast
cancer can be further divided into luminal A with low Ki-67, higher progesterone
receptor (PR), negative HER2; luminal B with a high level of Ki-67, positive or
negative PR, positive or negative HER2. Luminal-like cancers tend to have a
more favorable long-term survival compared with the others subtypes (13), while
luminal A has the best prognosis as it is found to be associated with lower grade
and slower growth compared to luminal B. Her-enriched breast cancers have
abundant HER2 overexpression, as well as its associated genes such as GRB7
(12). This type of breast cancer carries a poor prognosis, being two times more
likely to invade to nearby lymph nodes compared to luminal subtype. Accordingly,
it is frequently TP53 mutated, being grade 3 or higher (13). Basal-like breast
cancer is also called TN (triple-negative) breast cancer. This type of breast
cancer is hormone-receptor negative (ER and PR negative) and HER2 negative,
characterized by high expression of cytokeratins 5/6/14 and EGFR, c-KIT,
FOXC1, as well as TP53 mutations. TN breast cancer has a high growth index
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and high-grade presentation, accompanied by the worst clinical prognosis (14).
Breast cancer patients of TN subtype tend to experience recurrence within three
years, resulting in cancer-related deaths within five years. Claudin-low breast
cancer is characterized by the lack of tight junction proteins, including claudin 3
and E-cadherin. It is also enriched with epithelial-to-mesenchymal transition
markers, immune response related genes and cancer stem cell-like properties
(15). This type of breast cancer is associated with a poor prognosis similar to TN
and HER2 breast cancers (16). The normal-like breast cancer is not well defined
yet. It was found to be enriched with the expression of genes associated with
adipose tissue and other stromal cell types, raising the suspicion of normal cell
contamination in the samples (17). However, it was also reported that the gene
expression profile of normal-like breast cancer harbors more prognostic value
than other subtypes (18). Further study is necessary to define this type of breast
cancer and evaluate its potential in disease assessment and intervention.

I.2. BREAST CANCER METASTASIS
The deaths in breast cancer patients are mainly contributed by metastatic
events instead of the primary tumor itself (19). It was reported that 10% of breast
cancer patients have already developed distant metastases at the time of
diagnosis(20), while another 20% to 30% of them will experience relapse with
distant metastatic disease eventually(21). Metastasis is a complex process by
which breast cancer cells escape from the primary site and spread to other
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regions of the body. It involves several key steps including primary tumor growth,
angiogenesis, local invasion and intravasation, survival in the circulation,
extravasation and colonization (22). Once the cancer cells establish the new
tumor in the new environment, expansion of these cells disrupt the normal
function of the organs, causing diverse symptoms depending on the types of the
affected organ, and ultimately leading to cancer-related deaths. According to
American Cancer Society, the 5-year relative survival rate of breast cancer
patients decreases from 72% to 22% once metastatic lesions are developed.
Breast cancer cells can spread to almost any part of the body, while they
preferentially go to lung, liver, brain and bones (23).
The conventional theory of cancer metastasis involves six distinct steps
(24). First, cancer cells need to acquire the invasive ability within the primary
tumor before metastasis. The major changes during the first step include
promotion of cell motility, induction of epithelial–mesenchymal transition (EMT)
and secretion of molecules modulating the environment to carve out the
metastasis trail (25-27). Following these changes, cancer cells invade into local
stroma where they later intravasate into surrounding blood vessels. These cells
entering the circulation system are called circulating tumor cells (CTCs).
Understanding the roles of CTCs in tumor progression is an area of active
investigation and one where there is a need for intensive studies to decipher the
specific biological properties of metastasis, and to improve the technical
detection sensitivities. However, it is believed that CTCs are the intermediate
stage between primary tumors and metastatic colonization when cancer cells go
6

through additional changes and gaining heterogeneity (28). These CTCs will
finally sojourn in the capillary of a foreign tissue where extravasation occurs.
Cancer cells take advantages of several different mechanisms to extravasate into
the new neighborhood. They can secrete cytokines and chemokines to mimic
leukocytes so that the endothelial cells will increase the permeability for them
(29). In addition, some cancer cells secrete enzymes to disrupt endothelial cells.
It is reported that breast cancer brain metastatic cells secrete molecules to
degrade tight junction proteins that form the seal between adjacent endothelial
cells (30). Thus, cancer cells slide into distant microenvironment through the
paracellular gap (30). Alternatively, the cancer cells grow intraluminally within the
microvessel and finally break through the wall as the tumor volume increases
(31).
Although many cancer cells successfully reach distant sites, survival in the
new microenvironment is challenging for these cells. The majority of them die,
while only those cells inheriting the heterogeneity fitting the destined new
environment or the cells capable of adaption will finally be selected to survive
(32-35). During this process, interaction with the new microenvironment plays a
key role to the final fate of the cancer cells. In the context of the ‘seed and soil’
theory (35), different cancer cells are different seeds containing distinct genetic
bases, while different organs are different soils with distinct inner environments.
Only those seeds with the appropriate properties will survive and grow in the “soil”
of distant tissues. This theory also explains the preference for metastasis
destinations of different tumors. It is known that prostate cancer often prefers
7

bone (36) while breast cancer metastasizes to lung, liver, bone, and brain (23).
On the other hand, muscle is the barren soil for seeds from tumors since tumors
rarely metastasize to muscle (37). These observations indicate the importance of
the microenvironment for the final step of metastatic cancer cells to establish
colonization at the distant organs.

I.2.a. BRAIN METASTASIS
In the United States, approximately 150,000 cases of brain metastases
occur each year (38). It is also reported that 9%-17% cancer patients develop
brain metastases (38, 39), and accounts for 20% of total cancer deaths annually.
As the technologies have advanced for early diagnosis and more systemic
treatments, the prevalence of brain metastases is ironically increasing as patients
are living longer. A variety of primary tumors from various organ sites can
develop brain metastasis through complex mechanisms that involve various
genetic factors during the multiple-step metastatic process (Figure 1). Breast,
colorectal, renal, lung and melanoma are the most common cancers that
metastasize to the brain, and patients with these primary tumors are susceptible
to brain metastasis. Table 1 summarizes the recent trend of incidence
proportions (40) and metastatic rates (41-46) of these five types of primary
tumors. Patients with brain metastasis may present with central nervous system
symptoms such as seizure, headache, nausea, and vomiting. Brain metastasis is
responsible for high morbidity and mortality. Despite the evolution and
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development of targeted systemic therapies and more sensitive diagnostic
methods, the prognosis of patients with brain metastasis remains poor. The
median survival of patients with brain metastasis is less than ten months (47),
and this is in part due to the problem of permeability of drugs through the bloodbrain barrier as well as resistant mechanisms to drugs. Therefore, the brain is a
unique sanctuary for tumor cells.
In the case of brain metastasis, while cancer cells share the universal
patterns for distant colonization (Figure 1), there are also specific factors that are
involved in the metastatic process (Figure 2). The microvasculature of the brain
parenchyma is composed of continuous endothelial cells with tight junctions to
seal the gap between cells (48). This structure, called blood–brain barrier (BBB),
differs from blood vessels in other sites of the body and the endothelium within it
is non-fenestrated (49). This structure of BBB greatly limits the entrance of
circulating tumor cells into the brain. However, cancer cells often modulate the
endothelial cells to increase the permeability for extravasation across BBB (5052), and the tight junction proteins can be liable as the targets of cancer cells
(53). It is reported that various proteases are employed by cancer cells to blaze a
way into the brain. For example, melanoma releases serine proteases to cause
the disintegration of the interendothelial junctional complexes (54). Eroded tight
junctions between endothelial cells enable the paracellular traversing of cancer
cells across BBB to the brain microenvironment.
As described above, after extravasation, lodging into the brain
microenvironment is still challenging to cancer cells. However, crosstalk between
9

cancer cells and brain cells contributes to the cancer cells survival. Glial cells
constitute up to 90 percent of the brain cells, while astrocytes are the most
abundant type of glial cells in the CNS (54). It is known that astrocytes maintain
the homeostasis of the brain microenvironment (55). It modulates the tightness of
BBB (56) as well as the neural signal transduction (57), and it also provides
nutrition to neurons (58). Astrocytes also buffer the microenvironment by taking
up excess ions and neurotransmitters and then releasing them when needed (5961). Cancer cells appear to take advantage of the nourishing and protective
properties of astrocytes to fertilize themselves (62). It was reported that cancer
cells activate astrocytes at the metastatic site to trigger positive feedback effect
so that they can adapt to the new environment and initiate colonization in the
brain (63-67). Xing et al. reported that reactive astrocytes promote breast cancer
brain metastasis by activating Notch signaling in the brain (68). Other
microenvironment factors also contribute to metastasis by transporting or upregulating pro-survival signaling. For example, hypoxia is reported to activate
Notch signaling which supports breast cancer metastasis and self-renewal of
cancer stem cells (CSCs) at the initial stage (69). However, nutrition from blood
is necessary for the proliferation of cancer cell. Cancer cells interact with pericyte
and endothelial cells through cytokines such as vascular endothelial growth
factor (VEGF), Ang2 to promote blood vessel destabilization and accelerate
aberrant angiogenesis (70, 71). In addition, microglia/TAM (tumor-associated
macrophage) is also found to interact with cancer cells. Both of patients’ tissue
samples and cell culture experiments showed differential activation of
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microglia/TAM around cancer cells (72-74). Aberrant activation of microglia/TAM
leads to secretion of cytokines supporting cancer cell growth, such as tumor
necrosis factor alpha (TNF-α), transforming growth factor β (TGF-β) (72, 74).
Therefore, a variety of host factors and tumor microenvironment contribute to the
process of metastatic colonization and these factors are also considered to be
potential therapeutic targets in the future.

I.2.b. BONE METASTASIS
Bone metastasis is a common form of malignancy found in cancer patients.
It can occur in most tumor types but is most prevalent in cancers of the breast,
prostate, lung, kidney and multiple myeloma (75). Major skeletal events have
been found in advanced breast cancer by randomized trials (76). Breast cancer
patients can develop distant metastases in different organs, while bone
involvement has the highest incidence (77). It is estimated that 85% of breast
cancer patients at advanced stage harbor bone metastases (78), making it the
leading cause of morbidity in breast cancer patients. More importantly, bone is
the first site of relapse in more than half of breast cancer patients and overall
between 65% and 75% of breast cancer patients who develop relapsed disease
experience skeleton involvement (79), indicating the emergency in studying the
role of bone metastasis and its pathological significance in systemic relapse
diseases. The general process of bone metastasis is similar to metastases to any
other sites. Cancer cells need to detach from primary tumors and invade through
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surrounding extracellular matrix (ECM) by secreting proteolytic enzymes. After
that, they traverse the wall of blood vessels and enter the circulation, where they
travel to distant organs. As one of the most widespread organs in human body,
there are more than 200 bones in the adult skeleton, which make up about 15%
of total body weight. The cancer cells that survive in the circulation have a great
chance of entering the sinusoids of the bone-marrow cavity, where they migrate
across the sinusoidal wall and finally establish bone metastases. Other than the
invasive phenotypes acquired by cancer cells through metastatic transformation
and EMT, host bone cells also secrete homing factors to recruit cancer cells.
Some chemoattractants and their receptors have been reported to play a role in
chemotaxis of cancer cells towards the bone. The most well-known chemokine
found to be involved in breast cancer bone metastasis is C-X-C motif chemokine
12 (CXCL12). CXCL12 is secreted by the bone marrow stromal cells and by
epithelial cells in many organs (80). As the receptor of CXCL12, CXCR4 is widely
expressed by breast cancer cells (81). Bone marrow stromal cells, including
osteoblast cells, were reported to secrete CXCL12 as the chemoattractant for
breast cancer metastasize to bone. Another well studied homing factor for breast
cancer bone metastasis is osteopontin (OPN). OPN is an ECM glycoprotein
mainly produced by osteoblasts (82). It was reported that OPN is able to interact
with integrin and CD44 receptors to regulate the homing and invasion of cancer
cells to bone (83). Interestingly, high OPN in the blood is associated with poor
prognosis in breast cancer patients (84, 85).
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Once the cancer cells localize themselves to the endosteal bone surface,
they interact with host bone cells and modify the microenvironment to generate a
favorable condition for tumor growth. Without the interference of cancer cells,
skeleton constantly undergoes a bone remodeling process that is estimated to
renew around 10% of bones every year (86). Involved in bone remodeling cycle,
the osteolysis responsible for bone resorption and the osteogenesis responsible
for bone formation are well regulated and balanced. In the activation phase, the
remodeling cycle is initiated by signaling in diverse pathways. For example, the
mechanical strain associated with bone damage will be sensed by osteocytes
and translated into biological signals (87), resulting in osteocyte apoptosis. The
osteocyte is known to secrete TGF-β that suppresses osteoclastogenesis. The
decreased level of osteocytes increases the osteoclastogenesis. Moreover,
changes in hormones such as estrogen and parathyroid hormone (PTH) also
contribute to the initiation of bone remodeling. In response to PTH, osteoblast
cells increase the secretion of monocyte chemoattractant protein-1 (MCP-1) and
expression of Receptor activator of nuclear factor kappa-B ligand (RANKL).
MCP-1 is able to recruit osteoclast precursor to the bone remodeling
compartment, and RANKL binds to the receptor expressed on monocytes to
promote osteoclastogenesis (88). The differentiated osteoclast cells anchor to
RGD-binding sites via integrin αvβ3 and start the bone resorption process (89).
During the bone resorption, the mineralized matrix is dissolved, and soluble
factors such as insulin-like growth factors (IGFs) and TGF-β that have been
stored in bone matrix are released. Together with osteoclasts produced coupling
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factor(s) such as sphingosine 1-phosphate and ephrin-B2, these molecules are
thought to enhance osteogenic differentiation, activate bone formation and inhibit
bone resorption (90-93). When the equal quantity of bone is formed as the bone
resorbed, the remodeling cycle will be terminated. In this way, the bone is
renewed by balanced bone resorption and formation. However, with the
involvement of cancer cells, this balance is disrupted. According to the change of
bone density, bone metastases can be classified either as osteolytic or
osteoblastic. By supporting either bone resorption or bone formation, cancer cells
create the favorable environments specific to cancer types. In general, prostate
cancers are more osteogenic while breast cancers are mostly osteolytic. In
breast cancer patients, cancer cells are found to secrete factors supporting the
osteoclastogenesis. The most well-studied factor is parathyroid-hormone related
peptide (PTHrP). Cancer cell released PTHrP increases the expression of
RANKL on osteoblast cells, which promotes the differentiation of osteoclast
precursors upon ligand-receptor binding (94). Other chemokines, such as
Interleukin 1(IL-1) and TGF-β, are found to achieve similar response on
osteoblast cells (95, 96). Other than producing factors affecting osteoblast cells,
breast cancer cells are also known to release factors that directly affect
osteoclast cells. Cytokines including IL-6, IL-8, M-CSF, MCP-1 and VEGF are
produced by cancer cells to induce osteoclastogenesis directly (97-101). By
modifying differentiation and activity of osteoclast cells, breast cancer cells create
an osteolytic environment, which promotes bone resorption and liberates the
growth factors from the bone matrix. These factors in return support the growth of
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cancer cells, which further exacerbate the cancer-induced osteoclastogenesis.
This cycle constituted by the interactions between cancer cells and bone host
cells is termed the “vicious cycle” (102). Breast cancer patients with bone
metastases are likely to develop clinical complications named as skeletal-related
events (SREs), including pathological fractures, spinal cord compression,
hypercalcemia, bone marrow infiltration and severe bone pain (79). These
complications significantly reduce the functional independence and quality of life,
decrease survival rates and increase the treatment cost (23, 103, 104). Currently,
other than the systemic therapy, breast cancer bone metastatic patients also
receive bone-targeted therapy, which includes bisphosphonates and RANKL
antibody denosumab. Application of these drugs to patients reduces SREs and
increases the quality of life. However, these drugs cause significant side effects
including hypocalcemia, osteonecrosis of the jaw, kidney problems and severe
pain (105, 106). More importantly, patients finally develop resistance to
bisphosphonates treatment (107). Since denosumab is a relatively new drug,
clinical data on breast cancer patients with bone metastases developing
resistance are scanty. However, the resistance of giant cell tumor of bone to
denosumab was also reported (108). Development of new regimens treating
bone metastasis of breast cancer, especially in extending the life of patients,
deserves intensive efforts.
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I.3. NON-CODING RNA IN CANCER METASTASES
Metastatic cancer cells harbor aberrant signaling proteins and express
dysregulated non-coding RNAs to promote mobility and survival of tumor cells.
MicroRNAs and lncRNAs are the most studied non-coding RNA to be associated
with the progression and classification of various types of malignancy. It is well
established that patients with distinct cancer types have up-regulation of certain
non-coding RNAs in circulation (109). Some of them have been proven to serve
as biomarkers for the metastatic destination. For example, miR-10b and miR-373
were shown to be the biomarkers in circulation for detecting lymph node
metastasis of breast cancer (110). Similarly, serum miR-29a is a promising novel
marker for early detection of colorectal liver metastasis (111). The discovery of
these non-coding RNAs that are up-regulated in metastatic cancers makes an
early diagnosis of metastasis event possible. The study of secretory non-coding
RNAs is still at its nascent stage; however, active investigations are ongoing in
this field because of the potential usage of these molecules as a powerful noninvasive diagnostic tool for the metastatic disease.

I.3.a. ROLE OF MICRORNA IN CANCER METASTASES
One major component of the dysregulated factors in metastatic cancer
cells is microRNA (miRNAs). MicroRNAs are a class of small and non-coding
RNAs. They are important regulatory molecules in animals and plants. The first
microRNA was discovered in 1993 by Lee, Rosalind C, et al. (112); however, it
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was not until the 21st century when researchers began to explore the relationship
P

P

between microRNAs and cancers (113). MicroRNA regulates gene expression in
multiple ways including translational repression, mRNA cleavage, and mRNA
decay initiated by microRNA-guided rapid deadenylation. Recent studies
describe how some microRNAs are important for cancer metastasis through the
regulation of cell proliferation and mobility in the circulation and distant organs.
Diverse metastatic tumors are universally reported to harbor dysregulated
endogenous expression of metastasis-related microRNAs, including brain
metastasis and bone metastasis (Table 2). For example, several microRNAs
were found to be associated with lung cancer brain metastasis. MiR-328 was
found to promote brain metastasis in non-small cell lung cancer (NSCLC)
patients (114). Even though the direct target of miR-328 in NSCLC is not clearly
defined, protein kinase C alpha (PKCα) was up-regulated upon overexpression of
miR-328. High level of PKCα is also correlated with increased migrating ability of
cancer cells, which was significantly reduced when miR-328 was suppressed
(114). Another microRNA that was also found to promote brain metastasis in the
lung cancer is miR-378 (115), which was also shown to be up-regulated in brain
metastasis patients with NSCLC. MiR-378 appears to increase the risk of brain
metastasis by promoting cell migration, invasion, and tumor angiogenesis. While
up-regulation of these miRNAs promotes metastasis, lung cancer brain
metastatic cells also down-regulate the expression of other metastasis
suppressive microRNAs. The expression of MiR-145 was found to be low in lung
cancer brain metastasis (116). MiR-145 was shown to directly target MUC1, a
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gene associated with the metastatic ability of cancer cell. Suppression of MUC1
leads to decreased level of β-catenin and cadherin 11, which correlates with
decreased cell invasive ability. Breast cancer also takes advantage of
microRNAs to promote brain metastasis. MiR-7 was recently found to be downregulated in breast cancer brain metastasis (117). Profiling analysis revealed that
cancer stem cells that are highly metastatic to brain express the significantly
lower level of miR-7, which was found to modulate the stem-like capacity of
cancer cell through KLF4 (117). Another metastasis suppressive microRNA
found to be down-regulated in brain metastasis of breast cancer is miR-509 (118).
The miR-509 targets Ras homolog gene family, member C (RhoC) and TNF-α.
Low expression of miR-509 leads to high MMP9 secretion induced by RhoC and
TNF-α, while MMP9 is a well-known proteinase involved in cancer cell migration
and extravasation (119).
MicroRNA also plays a significant role in bone metastases in multiple
cancers. Prostate and breast cancers have strong bone tropism, which is partially
contributed by the expression of receptors for the bone released chemoattractant.
One of the well-known receptors is the integrin family. In prostate cancer, miR-25
was found to be down-regulated and negatively correlated with cytoskeleton
invasion. Further study shows miR-25 directly binds to 3'-untranslated regions
(3’UTR) of αv- and α6-integrins, which are important pro-invasive components
essential for prostate cancer metastasis (120). In an androgen-independent
prostate cancer cell line PC3, miR-146a was shown to target ROCK1, a key
kinase for the activation of hyaluronan (HA)-mediated hormone-refractory
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prostate cancer transformation (121). In addition, miR-16 was found to suppress
bone metastasis in a mouse xenograft model of prostate cancer (122). MiR-143
and miR-145 were confirmed to be decreased in bone metastatic samples
compared with primary tumors. Up-regulation of these two microRNAs reduced
migration, invasion and bone metastasis (123). In breast cancer, miR-17 was
found to be up-regulated, which enhanced breast cancer cell proliferation,
migration as well as metastasis (124). On the other hand, let-7 has been
identified to suppress breast cancer bone metastasis by directly targeting
HMGA2, a chromatin remodeling protein that activates pro-invasive and prometastatic genes, such as Snail (125). Moreover, miR-335, by targeting Sox4
and Tenascin C, was shown to decrease bone metastasis of breast cancer in
vivo (126). Other than directly regulating the intrinsic tumor genes to promote cell
growth and migration, microRNAs expressed in cancer cells also modulate the
bone microenvironment to promote the colonization. For example, IL-11 has
been previously shown to enhance osteolytic bone metastasis in breast cancer.
Two microRNAs, miR-211, and miR-379, were found to be down-regulated in
bone metastatic breast cancer cells. These microRNAs have been shown to
target IL-11 by binding to its 3’UTR. Decreased miR-211 and miR-379 in breast
cancer cells increase bone metastasis by inducing osteolytic IL-11 (127). PTHrP
is another factor known to be released by cancer cells to promote bone
metastasis. In lung cancer, miR-33a, which directly targets PTHrP, was found to
be down-regulated to promote the osteoclastogenesis in the tumor
microenvironment (128).
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I.3.b. ROLE OF LNCRNA IN CANCER METASTASIS
Another type of non-coding RNA regulating the metastatic ability of cancer
cells is called long non-coding RNAs (lncRNA). LncRNAs are a large family of
diverse RNA molecules with the length of more than 200 nucleotides. LncRNAs
do not encode proteins, but they alter gene expressions (129). The effect of
lncRNAs on gene regulation is a consequence of the intervention of gene
transcription at various steps. Chromatin modification is one of the ways lncRNA
induces chromosome silencing. For example, it is known that the lncRNA Xist
recruits Polycomb Repressive Complex 2 to X chromosome where repressive
H3K27me3 modification is widely established (130). The Xist induced
heterochromatin is essential to inactivate X chromosome during early embryonic
development (130). The initiation of transcription is also controlled by lncRNA
through positive and negative controls. Evf2 (Embryonic ventral forebrain-2)
lncRNA is reported to form a complex with the transcription factor Dlx2 (DistalLess homeobox 2) to initiate the transcription of genes with Dlx2 binding sites
(131), while Alu (Arthrobacter luteus) lncRNA binds and deactivates RNAPII to
inhibit the expression of heat shock genes (132). LncRNA can also regulate gene
expression after transcription (post-transcriptional regulation). For example, NAT
lncRNA protects Zeb2 mRNA from splicing to increase the translation rate (133).
Uchl1-AS increases polysome loading onto Uchl1 mRNA to promote translation
(134). In addition, lncRNA affects mRNA splicing, transportation, and translation.
Protein translocation is also known to be associated with lncRNA expression.
The dysregulation of lncRNA in cancer cells greatly affect their metastatic ability
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and destination preference. Brain and bone metastases have been reported to
be associated with up-regulation of certain metastasis-promoting lncRNAs (Table
2), though the more comprehensive study is needed to address the remaining
biological issues related to the specific mechanisms involved. Metastasisassociated lung adenocarcinoma transcript 1 (MALAT1) has been shown to be
over-expressed in a variety of tumors including NSCLC that metastasize to the
brain (135) and bone (136). The mechanism for MALAT1 to support cancer cell
migration to the brain is associated with its ability to induce EMT, which can be
suppressed by silencing MALAT1. In non-small cell lung cancer spreading to
bone, MALAT1 was found to be highly expressed and to support the proliferation,
migration, and tumorigenesis. Despite the change in growth and migration
indexes induced by MALAT1, the mechanism of this driving force is largely
unknown. Nonetheless, the target of MALAT1 is still unrevealed, and the detailed
mechanism by which the MALAT1 modulates its target needs further study.
Another lncRNA has also been reported to perform a highly similar activity in lung
cancer. It was reported that brain metastases patients of NSCLC have high
expression of lncRNA HOTAIR (137). In vitro studies have shown that HOTAIR
indeed enhances cell migration and anchorage-independent cell growth. Similar
to MALAT1, the target and the exact role of HOTAIR is still unclear. The
relationship between MALAT1 and HOTAIR in NSCLC brain metastasis is also
unknown. It is unclear if the up-regulation of these two lncRNAs is a coincidence
or part of the synergism within an uncharted brain metastatic pathway.
Deciphering the roles of MALAT1 and HOTAIR may lead to further understanding
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of the pathology of NSCLC brain metastasis. In the context of breast cancer bone
metastasis, the receptor tyrosine kinase-like orphan receptor 1 (ROR1), which
has been found to phosphorylate HER3, recruits a protein-lncRNA complex
composed of LLGL2, NSUN6, and lncRNA MAYA. This protein-lncRNA complex
methylates Hippo/MST1 and activates YAP target genes, promoting breast
cancer bone metastasis by eliciting osteoclast differentiation genes (138). Due to
the relatively short history of studies on lncRNA, only a handful of lncRNAs have
been found to be associated with brain or bone metastases. A more systematic
approach is necessary for screening of lncRNAs involved in cancer metastasis.
LncRNA promoting or inhibiting cell migration and proliferation is of particular
importance in cancer biology. The number of lncRNAs found to play important
roles in the biology of cancer metastasis keeps growing.

I.4. TUMOR MICROENVIRONMENT AND EXTRACELLULAR VESICLES
The microRNAs and lncRNAs described above are generated by and
influence cancer cells. However, metastasis is a multi-step event involving other
cells in their tumor microenvironments. For example, cancer cells need to
overcome the obstruction posed by the extracellular matrix and require disruption
of endothelial cells for extravasation. It is also challenging for cancer cells to
survive in the circulation and establish colonies in the distant organs. To achieve
colonization in distant metastasis, cancer cells communicate with the
environmental cells so that they influence changes within cells or bring
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modulation to the microenvironment, aiming to establish a niche for tumor growth.
These communications include physical interaction, ions, cytokines, and
chemokines. More recently, non-coding RNAs, such as microRNA and lncRNA
are also found to serve as the messenger between cancer cells and
environmental cells. It is known that cells secrete extracellular vesicles including
microvesicles and exosomes to transport microRNA and lncRNA to surrounding
cells (139). Tumor-associated macrophages (TAMs) are reported to deliver miR223 to cancer cells through microvesicles (MVs) (140). Incorporation of TAMderived miR-223 through MVs was found to increase the invasiveness of breast
cancer cells (141). On the other hand, cancer cells also modulate environmental
cells through the delivery of non-coding RNAs by exosomes. Rat
adenocarcinoma cells transfer exosomal miR-494 and miR-542-3p to target
cadherin-17 in lymph node stromal cells (142). Down-regulation of cadherin-17
increases matrix metalloproteinase transcription, for a preparation of
premetastatic niche in lymph nodes (142). LncRNA was also found to embroil
cancer cells through extracellular vesicles (143). Despite the fact that more
exosomal non-coding RNAs are found to promote the malignancy of cancer cells,
the argument about the physiological role of extracellular vesicles remains
controversial. However, recent data provide some clues to address this question.
It was found that certain lncRNAs are enriched in exosomes while their
endogenous expression is low (144). Interestingly, microRNAs were found to
perform cell-independent biogenesis within cancer cell exosomes (144). The
mature microRNAs can get into surrounding cells and promote tumorigenesis;
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however, there appear to be unknown mechanisms by which microRNAs choose
between staying in the cells and being excluded into exosomes. All these
findings indicate the importance of studying extracellular vesicles involved in the
interaction of cancer cell with surrounding cells.

I.5. NON-CODING RNAS AS POTENTIAL BIOMARKERS AND THERAPEUTIC
TARGETS
The implication of non-coding RNAs for the therapeutic purpose is also
under active research. The basic strategies of taking advantage of non-coding
RNAs in therapeutics include increasing tumor suppressive non-coding RNA
expression and decreasing the oncogenic non-coding RNA level. To increase the
suppressive non-coding RNAs, microRNA mimics can be used for treating
cancer patients. MicroRNA mimics are small, chemically modified doublestranded RNAs that mimic endogenous microRNAs. The suppressive microRNA
mimics are supposed to maintain the same biological function as endogenous
microRNAs. This was proven both in vitro and in vivo as numerous researchers
successfully restrained tumor progression with microRNA mimics (145, 146).
Currently, a microRNA mimic based drug MRX34 is under phase 1 clinical trial
(NCT01829971). An alternative for delivering microRNAs other than miRNA
mimics is the adenovirus-associated vector (AAV). The advantage of AAV is
transducing target cells without integrating into the genome. Systemic delivery of
AAVs carrying miR-26a was shown to suppress hepatocellular carcinoma cell
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proliferation and induced cancer cell apoptosis (147). Compared to increasing
suppressive non-coding RNA expression, more choices are available for
inhibiting oncogenic microRNAs. MicroRNA biogenesis needs the processing of
several machinery proteins such as DICER complex (144). Drugs targeting these
proteins can theoretically suppress the miRNA production. However, the side
effect coming from the off-target effects of these drugs is a great concern.
Molecules that can directly modulate non-coding RNAs are of investigational
interest, and the one example of such molecules is called antagonistic
microRNAs (antagomiRs). These are chemically modified, cholesterolconjugated single-stranded RNA analogues complementary to microRNAs (148).
However, due to poor pharmacokinetic properties, their clinical translation is
limited. Development of this strategy led to another antisense oligonucleotide
agent called locked nucleic acid (LNA) (149). LNA has evaluated binding affinity
with improved stability supported by six modified nucleotide bases. Currently,
LNA is under phase 2 clinical trials, and it has shown promising effects on the
Hepatitis C patients. In the field of cancer brain metastasis, the oligonucleotide is
also applicable to target oncogenic molecules while modification in drug delivery
system may be needed to improve the pharmacokinetic properties of RNA drugs
due to its poor stability and the presence of BBB. In addition to the chemical
modifications mentioned in antagomiRs and LNA drugs, nanoparticles are also
used for delivery of oligonucleotide drugs. Nanorod was proven to be capable of
transporting DARPP-32 siRNA across BBB to dopaminergic neurons (150). In
addition, endogenous exosomes have also been proven to be a choice of carrier
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for RNA drugs targeting brain environment (151). Therefore, these nanocarriers
appear to be suitable for delivery of oligonucleotide-based drugs for brain
metastatic cancer therapy.

I.6. COMPUTATIONAL DETECTION OF NON-CODING RNA IN METASTASIS
Since the transcriptome analysis generates complete genome sequences
for different organisms in a rapid manner, the computational approach to
distinguish non-coding RNAs from whole genome sequence in specific
tissue/cancer cell types became challenging (152, 153). Various computational
methods were proposed to identify the non-coding RNAs in different tissues from
specific cancer types (154). In general, the detection of non-coding RNAs that
are differentially expressed in brain metastasis patients and healthy donors can
be done by using either microarray or RNA-seq. The general workflow of noncoding RNA detection for brain metastasis is given in Figure 3. To identify the
metastasis-associated non-coding RNAs, the non-coding RNA reference library
must be created with reference sequence from the NCBI and non-coding RNA
annotation files from the GENCODE. Then the raw sequencing reads are
mapped to non-coding RNA reference library using Tophat (155) and are
assembled into non-coding RNA transcripts by using Cufflinks (156). Expression
levels of these transcripts are quantified as FPKM (reads per kilobase of
transcript per million mapped reads). Then the entire sample’s transcription data
is merged by Cuffmerge. Finally, CummeRbund package is applied to detect
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non-coding RNAs that are differentially expressed in patients and healthy donors.
Du et al. (2013) summarized more detailed non-coding RNA detection process in
various cancer types (154).

I.6.a. SEQUENCE AND STRUCTURE BASED NON-CODING RNA
FUNCTIONAL ANNOTATION
Though high throughput techniques produce ample sequence and
expression information, their functional mechanism can only be understood by
deciphering their sequence and structural information. There is a general theory
that the sequence encodes the structures and such structures determine the
functions. For novel non-coding RNA sequence/structure, simple BLAST (157,
158) sequence alignment, as well as complex machine learning approaches, are
employed to annotate their functions by finding the homologous functional
class/domain/binding-sites/binding-partner. The homology and machine learning
approaches are useful in detecting the functional regions for non-coding RNAs.
However, they have a limitation on resolving non-coding RNA sequence length
and a dearth of ability to categorize their interacting partners (proteins). In the
recent years, methods were developed to find the binding partners for novel noncoding RNAs (159-164). Suresh et al., (2015) summarized non-coding RNA protein interaction prediction methods that use sequence and/or structure
information and he also proposed RPI-Pred (RNA-protein interaction predictor)
method (164) to find correct interacting transcription factor/protein. The RPI-Pred
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(164) was tested with the all non-coding RNAs from six model organisms and
was further extended to non-coding RNAs -protein interaction network
construction. One step advance, the algorithm, 'fast predictions of RNA and
protein interactions and domains at the Center for Genomic Regulation,
Barcelona, Catalonia' (catRAPID) (161), was developed to predict the possible
binding sites for given protein and non-coding RNA sequences. However, the
result of catRAPID (161) was not tested with any experimental approaches, thus
in some cases, the result was not reliable. Nevertheless, the methods still need
improvement to predict the exact binding site/domain for given non-coding RNA
sequence. Once the binding site or functional domain is identified with a specific
transcription factor, it will be mapped with a cancer-specific pathway to
understand cellular mechanism of such non-coding -protein interactions.

I.6.b. EPIGENETIC UNDERSTANDING OF NON-CODING RNA FOR
POTENTIAL BIOMARKERS
On the other hand, the correlation between epigenetic alterations (DNA
methylation and histone modification) and non-coding RNAs in various cancer
types revealed epigenetic related non-coding RNA biomarkers. Our recent
studies have also proved that the DNA methylation has significant importance for
understanding various cancer types (165-167). Li et al., (2015) performed
genome-wide DNA methylation analysis and discovered epigenetically
dysregulated non-coding RNAs in human breast cancer (168). Zack et al., (2013)
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performed an analysis of somatic copy number alterations (SCNAs) promoted
cancers, and the results improve current understanding of the development and
functional consequences of cancer-related SCNA (169). Recently, White et al.,
(2014) concluded that transcriptome data provides the foundation to understand
the role of cancer-associated non-coding RNAs and helps to improve knowledge
of transcriptome-cancer associations as well as to develop novel biomarkers
(170). Similar studies on other cancer types will be helpful to understand the
regulatory mechanisms of brain cancer associated non-coding RNAs.

I.7. FUTURE DIRECTIONS
Cancer metastasis is a multi-step process involving various components
such as extracellular matrix, collateral-vascular system, and distant
microenvironment. The roles of the factors including proteins, non-coding RNAs
and extracellular vesicles in these steps of metastasis still need extensive study.
As the first step of brain metastasis, the failure of the BBB is critical for cancer
cells entering the brain. It has been shown that cancer cells can secrete
proteolytic factors or signals to dysregulate the expression of tight junction
proteins. The identities of these factors remain unknown (171-174). Moreover,
cancer stem cells are considered as an essential factor for metastasis, and
ample evidence leads to the notion that the brain and bone microenvironment
supports stemness of cancer cells (175). However, it is not clear whether
extracellular vesicles and non-coding RNAs are involved in this step. It is also
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unknown whether non-coding RNAs are involved in cancer cellmicroenvironment interactions involved in the disruption of the blood-brain barrier
and its role in inducing cancer cell dormancy. Moreover, even though the
extracellular transfer of non-coding RNAs between cancer cells and surrounding
cells through extracellular vesicle have been observed in several types of
cancers (142, 164, 176), it is still unclear whether a similar process is involved in
brain metastasis. There are also several technical issues limiting the study of
non-coding RNAs in brain and bone metastases that need to be resolved. One of
them is the need for developing a proper animal model which can be used to
monitor cancer cell-brain microenvironment interactions. The brain and bone
microenvironment is enriched with different types of parenchymal cells such as
vascular cells, glial cells, pericytes, fibroblasts, stromal cells and neural cells. The
major limitation of in vitro models is the inability to properly track the roles of noncoding RNAs in a complicated multi-interaction network. At the same time, while
extracellular vesicles may take a major role in cancer progression and treatment,
a lack of specific markers of distinct extracellular vesicles makes the study of
non-coding RNAs in different types of extracellular vesicles ambiguous. Recent
evidence suggests that there is heterogeneous regulation of secretory noncoding RNAs and endogenous non-coding RNAs (144). Isolating extracellular
vesicles for secretory RNA profiling independent of cells is, therefore, needed.
Another challenge is the assessment of complete small non-coding RNA
transcriptomes involved in the initiation and progression of different types of
cancer. More comprehensive profiling and bioinformatics are needed for
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revealing novel non-coding RNAs and elucidating their roles in brain and bone
metastases. Profiling extracellular vesicles that are independent of cells will help
address the significance of heterogeneous regulation of secretory non-coding
RNAs. Novel techniques such as RPI-Pred (164), which predicts non-coding
RNA-protein interaction, may increase the resolution of screening and reveal the
underlying mechanism, in particular for lncRNAs, as their roles remain largely
unclear.
Translational use of non-coding RNAs is still at an infant stage, leaving
many unsolved and poorly understood concepts. However, there is great hope to
develop novel non-invasive biomarkers as more attention has been drawn into
microenvironment, extracellular vesicles and secreted non-coding RNAs from
cancer cells and stromal cells. At the same time, many promising studies have
been undertaken to target non-coding RNAs for therapeutic purposes utilizing
cutting edge technologies. Further systematic studies on non-coding RNAs with a
new in vivo model system for brain/bone metastases and development of
innovative target screening technology may lead to a discovery of novel
therapeutic drugs for patients with brain metastasis.

I.8. CONCLUSIONS
Metastasis is a complex, multi-step process where various factors play a
significant role. Although discoveries have been made on the roles of various
factors in cancer metastasis, critical factors involved in breast cancer brain and
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bone metastases are still unclear. The microenvironment is known to be tightly
associated with the metastatic colonization. Crosstalk between cancer cells and
environmental cells greatly dictate the fate of the metastasis event. However, the
exact biology of the non-coding RNAs and extracellular vesicles, which transport
content between cells, is not well studied in brain and bone metastases.
Nevertheless, non-coding RNAs are also shown to have potential as a tool for
early diagnosis and treatment of metastasis. Breast metastases continue to pose
a significant clinical challenge, and progressive understanding of these basic
concepts are required to translate potential biomarkers and existing targets to
improve the outcome of patients with metastatic disease.
The bioinformatics and systems biology approaches provide powerful
tools to investigate the functional roles of non-coding RNAs in brain cancer cell
types, by integrating genetic data to build and characterize non-coding RNA
regulatory networks, and by using non-coding RNA primary sequences and
secondary structures to discover its associations with functional proteins, such as
transcription factors and chromatin remodeling enzymes, and consequently to
reveal its regulatory mechanism. This integrative network analysis will lead to a
comprehensive understanding the function of non-coding RNA in the biological
and cellular process and their specific regulatory roles in brain cancer.
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I.9. FIGURES

Fig. 1. The metastatic process of cancer cells to the brain.
Cancer cells intravasate from its primary tumor into lymphatic and blood vessels,
circulate through the lymphatic system or the bloodstream, and finally
extravasate into the brain by disrupting the tightness of blood-brain barrier.
Secretory proteases such as MMP1 degrade tight junction proteins to open the
way for cancer cell entering the brain, where it interact with environmental cells to
support the colonization. Red color indicates up-regulated microRNAs; blue color
indicates down-regulated microRNAs. Abbreviations: CSC, cancer stem cell;
MMP, matrix metalloproteinase.
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Fig. 2. The interaction between cancer cell and brain microenvironment
cells.
Schematic of some regulatory factors mediate the crosstalk between cancer cells
and surrounding cells, including astrocyte, microglia/TAM, pericyte, and
endothelial cells. Abbreviations: PGs, prostaglandins; IL1β, Interleukin-1 beta;
MIF, macrophage migration inhibitory factor; IFNα, interferon-α; TNF, tumour
necrosis factor; MMP9, matrix metalloproteinase9; TNFα, tumor necrosis factor
alpha; TGFβ1, transforming growth factor beta 1; TAM, tumor-associated
macrophage; VEGF, vascular endothelial growth factor; Ang-2, angiopoietin-2;
BBB, blood-brain barrier.
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Fig. 3. The vicious cycle of breast cancer bone metastasis.
Breast cancer cells secrete factors such as IL-6, IL8, M-CSF, MCP-1 and VEGF
to promote the expression of RANKL from osteoblast cells. RANKL binds to
RANK receptor on the precursor of osteoclast cells, promoting the differentiation
and activity of osteoclast cells. At the same time, breast cancer cells are also
able to directly promote osteoclastogenesis by secreting monocyte homing
factors and osteoclast promoting factors. The mature osteoclast cells initiate
bone resorption, which liberates the growth factors from bone matrix. These
growth factors are absorbed by cancer cells, promoting the growth, drug
resistance and migration of cancer cells.
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Fig. 4. Flowchart for lncRNA detection from microarray and RNA-Seq data
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I.10. TABLES
Table 1. Statics of Brain Metastasis

Primary Tumor

Lung

Melanoma

Renal

Breast

Colorectal

Incidence Proportions1

19.9

6.9

6.5

5.1

1.8

Metastasis Rates2

15-30

10-40

5-10

15-30

2-12

P

P

P

1

The percentage of total brain metastasis events contributed by one type of
P

primary tumor, 2The chance of brain metastasis for one type of primary tumor
P

P
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Table 2. Non-coding RNAs in Breast Cancer Bone and Brain Metastases

Name of Noncoding RNA

Role in
Metastasis

Primary
Tumor

Metastatic
Site

miR-145

Suppress

Lung

Brain

Function

Increase
proliferation

Reference

(177)

Increase
miR‐328

Promote

Lung

Brain

migration
through

(114)

PRKCA
Promote cell
migration,
miR‐378

Promote

Lung

Brain

invasion, and

(115)

tumor
angiogenesis
upregulation
of β-catenin
miR-146a

Suppress

Melanoma

Brain

and

(178)

downregulatio
n of hnRNPC

Micro-RNA

miR-210

Promote

Melanoma

Brain

unknown

(139)

Suppress

Renal

Brain

unknown

(179)

miR-199b

Promote

Renal

Brain

unknown

(179)

miR-1258

Suppress

Breast

Brain

target HPSE

(180)

miR-7

Suppress

Breast

Brain

target KLF4

(117)

miR-509

Suppress

Breast

Brain

target RhoC

(118)

Promote

Colorectal

Brain

unknown

(181)

miR-451,
miR-126,
miR-30c,etc

miR-145,
miR-1,
miR-146a,etc
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miR-31, HS-

Suppress

Colorectal

Brain

unknown

(181)

miR-25

Suppress

Prostate

Bone

integrin-αv

(120)

miR-146a

Suppress

Prostate

Bone

ROCK1

(121)

Suppress

Prostate

Bone

unknown

(123)

miR-16

Suppress

Prostate

Bone

unknown

(122)

miR-17

Promote

Breast

Bone

unknown

(124)

let-7

Suppress

Breast

Bone

HMGA2

(125)

miR-335

Suppress

Breast

Bone

Suppress

Breast

Bone

IL-11

(127)

miR-33a

Suppress

Lung

Bone

PTHrP

(128)

MALAT1

Promote

Lung
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miRs-143,
miRs-145

miR-211 and
miR-379

Brain
Bone

Sox4,
Tenascin C

(126)

Induce EMT
Proliferation

(135, 136)

Migration
Induce cell
migration and
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II.1. ABSTRACT
Brain is one of the major sites of metastasis in breast cancer; however,
the pathological mechanism of brain metastasis is poorly understood. One of
critical rate limiting steps of brain metastasis is the breaching the blood-brain
barrier (BBB) which acts as a selective interface between the circulation and the
central nervous system, and this process is considered to involve tumor-secreted
proteinases. We analyzed clinical significance of 21 matrix metalloproteinases on
brain metastasis-free survival of breast cancer followed by verification in brain
metastatic cell lines and found that only MMP1 is significantly correlated with
brain metastasis. We have shown that MMP1 is highly expressed in brain
metastatic cells and is capable of degrading Claudin and Occludin but not Zo-1
that are key components of BBB. Knockdown of MMP1 in brain metastatic cells
significantly suppressed their ability of brain metastasis in vivo, while ectopic
expression of MMP1 significantly increased the brain metastatic ability of the
cells that are not brain metastatic. We also found that COX2 was highly upregulated in brain metastatic cells and that COX2-induced prostaglandins (PGs)
were directly able to promote the expression of MMP1 followed by augmenting
brain metastasis. Furthermore, we found that COX2 and prostaglandin were able
to activate astrocytes to release Chemokine (C-C motif) ligand 7 (CCL7) which in
turn promoted self-renewal of tumor initiating cells in the brain and that
knockdown of COX2 significantly reduced the brain metastatic ability of tumor
cells. Our results suggest the COX2-MMP1/CCL7 axis as a novel therapeutic
target for brain metastasis.
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II.2. INTRODUCTION:
Brain metastasis of breast cancer occurs in up to 30% of patients, which
causes serious effect on mobility and mortality (1). The rate of brain metastasis is
increasing with the recent advancement of chemotherapy because most
therapeutic agents are unable to reach brain and tumor cells ironically find the
organ as a sanctuary. The median survival time of patients with brain metastasis
is less than one year (1). Despite this clinical importance, the pathological
mechanism of brain metastasis is as yet poorly understood. Metastatic tumor
cells must first breach the blood-brain barrier (BBB) which acts as a selective
interface between the peripheral circulation and the central nervous system.
BBB is a unique anatomical structure that is mainly constructed by tight junctions
between the brain endothelial cells and pericytes that are embedded in the
basement membrane of the endothelial cells (2-8). The tight junction confers low
paracellular permeability and high electrical resistance, making the barrier to
function 50-100 times tighter than peripheral microvessels (9). This structure is
further strengthened by astrocytes that play a decisive role in the maintenance of
the barrier properties of the brain microcapillary endothelial cells in controlling the
flow of ions, nutrients, and cells into the brain. Rolling leukocytes are known to
cross inflamed BBB followed by entry into the CNS (3); however, whether tumor
cells use the similar mechanism to penetrate through BBB is still under
investigation (10-13).
The metalloproteinase family consists of more than 25 variants and some
of the genes are known to play critical roles in invasion, intra- and extra-vasation
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and angiogenesis in tumor metastases (14, 15). MMP1 has also been implicated
in cancer progression and metastasis (11). Despite a promising hope in
metalloproteinses as therapeutic targets, use of general inhibitors of
metalloproteinases in clinical trials did not yield effective outcome (16), indicating
that more detail and systematic analysis of the role of metalloproteinases is
necessary. Interestingly, brain ischemia is reported to stimulate the permeability
of the BBB by promoting disruption of tight junction complex via activation of
MMP2 and 9 (17-20). In a separate study, MMP3, 8 and 9 were shown to be able
to cleave Occludin, a key protein controlling the tight junction (21-23). In CNS
leukemia, MMP2 and MMP9 secreted by leukemic cells were found to promote
the disruption of the tight junction proteins including ZO-1 and Claudin-5, which
then increased paracellular permeability of leukemic cells across the BBB (10, 24,
25). In breast cancer, MMP2 has been shown to be involved in brain metastasis
although the exact role of this metalloproteinase on penetrating BBB is not clear
(26). Because each metalloproteinase has a different enzymatic activity and
substrate such as the collagenases (MMP-1, -8, and -13), the gelatinases (MMP2 and -9), the stromelysins (MMP-3, -10, and -11), and a heterogeneous group
containing matrilysin (MMP-7), metallo-elastase (MMP-12), enamelysin (MMP20), endometase (MMP-26) and epilysin (MMP-28), it is imperative to
systematically examine and clarify the roles of these metalloproteinases in the
process of BBB penetration, in order to identify specific therapeutic targets for
brain metastasis.
Even when tumor cells successfully penetrate and invade the brain, they
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must adapt themselves to totally different microenvironment from that of the
primary site. According to the recent cancer stem cell theory, metastatic cells
should possess stem-like or tumor initiating cell properties, and also are able to
generate particular niche at the distant metastatic sites (27, 28). How breast
tumor initiating cells creates or adapt specific niche for their self-renewal in the
brain is an intriguing question for therapeutic and prognostic purposes.
Astrocytes are the most abundant cell type in the brain and several lines of
evidence indicate that astrocytes are activated by tumor cells and in turn support
the growth of metastatic cells (29). Therefore, it is of paramount interest to
dissect the role of the activated astrocytes in generating the niche for metastatic
breast cancer. To address these critical questions, we examined the correlations
of the expression of all metalloproteinases with brain metastasis of breast cancer
patients and also the expression profile of these genes in brain metastatic tumor
cell lines followed by in vivo verification. We found that MMP1 plays a critical
role in BBB penetration and that COX2-mediated prostaglandin promote
proliferation of tumor initiating cells by activating tumor associated astrocytes
followed by secretion of CCL7.

II.3. EXPERIMENTAL PROCEDURES
Cells and Cell Culture - Human breast carcinoma cell lines, MDA-MB-231
was purchased from American Type Tissue Culture Collection (ATCC). 231LM,
231BrM-2a, CN34, CN34-BrM2c cell lines were kindly provided by Dr. Joan
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Massagué (Memorial Sloan-Kettering Cancer Center). Luciferase-labeled cells
were generated by infecting the lentivirus carrying the firefly luciferase gene. The
immortalized mouse brain microvascular endothelial cell (mBMEC) was a
generous gift from Dr. Isaiah J. Fidler (M.D. Anderson Cancer Center). MDA-MB231 and its variant cells were cultured in DMEM medium supplemented with 10%
FBS and antibiotics. CN34 and CN34-BrM2c cells were cultured in Medium199
supplemented with 2.5% FBS, 10 μg/ml insulin, 0.5 μg/ml hydrocortisone, 20
ng/ml EGF, 100 ng/ml cholera toxin and antibiotics. E6/E7/hTERT, immortalized
human astrocyte cells (UC-1), was a kind gift from Dr Russell Piper (University of
California-San Francisco), and they were cultured in DMEM with 10%FBS.
mBMECs were maintained at 8% CO2 at 33 °C in DMEM with 10% FBS, 2 mM
L-glutamine, 1 mM sodium pyruvate, 1% non-essential amino acids and 1%
vitamin mixture. MDA-MB-231and 231BrM-2a were authenticated by conducting
Affymetrix expression array analysis, and they were routinely tested for the
absence of mycoplasma.
Isolation of tumor initiating cell population by MACS - Tumor initiating cells
were isolated by the magnetic-activated cell sorting (MACS) system (Miltenyi
Biotec) using antibodies to CD24 (Stem cell technologies), CD44 (Biolegend) and
ESA (GeneTex). Briefly, cells were treated with trypsin and suspended in MACS
buffer (PBS with 1mM EDTA and 0.1% FBS). The cells were labeled with biotinconjugated anti-CD24 and APC-conjugated anti-CD44 at 4°C for 15 min in the
MACS buffer. Cells were then washed and further incubated with anti-biotin
micro beads, followed by sorting out the CD24high cells by using the MACS
P
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column. Next, the CD24low fraction was incubated with anti-APC micro beads,
P

P

and CD24low/CD44high was collected by passing through the MACS column. Cells
P

P

P

P

were then incubated with biotin-conjugated anti-ESA followed by incubation with
anti-biotin micro beads. Finally, CD24low/CD44high/ESAhigh cells (tumor initiating
P

P

P

P

P

P

cells) were isolated by using the MACS column. Isolated tumor initiating cell
population was confirmed by FACS.
Trans brain-endothelial assay - For the trans brain-endothelial assay, we
used a 24-well cell culture insert, microscopically transparent polyester
membrane of 6mm diameter and 3.0 μm pore size. Astrocytes cells (UC-1) were
first seeded on the underside of the transwell for 12 hours, and mBMECs were
then seeded on the top side of the membrane followed by incubating for 1 day.
Breast cancer cells labeled with GFP were then seeded into the transwell insert.
After 24 hours, GFP labeled cells that had migrated through the mBMEC and
astrocytes were counted under a fluorescent microscope.
Transendothelial electrical resistance (TEER) and permeability assays. TEER was assessed post-treatment in confluent mBMECs monolayers using an
EVOM™ Epithelial Voltammeter (World Precision Instruments, Sarasota, FL).
Briefly, Transwell-Clear inserts as described above were seeded with cancer
cells followed by indicated treatment, were washed twice with PBS and
transferred into an Endohm™-24 TEER measurement chamber.
Serum/antibiotic-free DMEM was used as the electrolyte solution at room
temperature. To calculate TEER, baseline resistance reading from a TranswellClear insert “without” cells was subtracted from the resistance reading for each
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condition with cells. For permeability assay, the same transwell chambers with
astrocytes and endothelial cells in phenol red-free DMEM were used. After the
confluent endothelial monolayers were formed, medium was replaced with
conditional medium and the wells were further incubated for 24 hours. The
chambers were then washed with PBS for three times. EB (Evans blue) -albumin
was then added to the luminal chamber to a final concentration of 0.5% in phenol
red free DMEM. After 24hr later, 100 μl of media was removed from the
abluminal chamber for measurement of absorbance at 600 nm (A 600 ). The
R

R

clearance of EB-albumin was determined by plotting the absorbance to standard
curve of EB –albumin.
Real-Time PCR and Western blotting - qRT-PCR was performed using
CFX96Touch Real-time PCR Detection System (BioRad) and the SYBR Green
qPCR Kit (Fermentas). Primers used in this study were: COX2-F:
CAAAAGCTGGGAAGCCTTCT; COX2-R: CCATCCTTGAAAAGGCGCAG;
MMP1-F: GAGCTCAACTTCCGGGTAGA; MMP1-R:
CCCAAAAGCGTGTGACAGTA; CCL7-F: CAGCCTCTGCTTAGGGATTTT;
CCL7 –R: GCACTTCTGTGTCTGCTGCT; Nanog-F:
CTCCAACATCCTGAACCTCAGC; Nanog-R: CATTGGAAGGTTCCCAGTCGG.
Western blotting was carried out using the same methods as previously
described (30). The COX2 antibody was purchased from Cell Signaling Co. The
Claudin-5 and Occludin antibodies were obtained from Abcam. The ZO-1
antibody was purchased from Invitrogen. The MMP1 antibody was purchased
from Millipore. The Nanog antibody was bought from CST.
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Immunohistochemistry - Immunohistochemical analysis was carried out for
paraffin-embedded, surgically resected specimens of breast cancer. Briefly, the
sections were de-paraffinized, rehydrated and heated at 100 °C for 20 min in
Tris-buffered saline (pH 9.0) for antigen exposure. They were treated with 3%
H 2 O 2 to block endogenous peroxidase activity, blocked by 5% BSA solution for
R

R

R

R

30 min, and then incubated with primary antibody for 16 h at 4 °C. After washing
in PBS/0.1% Tween-20, the sections were treated with horseradish peroxidaseconjugated rabbit-specific IgG (Dako Corp.). The sections were washed
extensively, and DAB substrate chromogen solution was applied followed by
counterstaining with hematoxylin. For negative control, we added IgG instead of
primary antibody during the primary antibody incubation. The expression of
MMP1 and that of COX2 were evaluated by IHC scoring as the sum of the
frequency and the intensity (0: none; 1: weak; 2: moderate; 3: strong). IHC
scores were determined by concordance among the scores of two independent
reviewers.
Immunocytochemistry - For immunocytochemistry of tight junction proteins,
brain endothelial cells were grown to confluence on glass coverslips. The
monolayers were treated with the recombinant MMP1 or 231BrM conditioned
medium for 24 hrs. Cells were washed with PBS and fixed with 3.7%
paraformaldehyde. Cells were then permealized with 0.1% Trition-X-100 in PBS
and treated with 1% BSA in PBS followed by incubating with primary antibodies
overnight at 4°C. Primary antibodies were used at the following dilutions: rabbit
anti-ZO-1 (1:50), rabbit anti-occludin (1:50), and rabbit anti-claudin-5 (1:100).
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Cells were then washed and further incubated with the appropriate secondary
Alexa 546-conjugated goat anti-rabbit antibody (1:200) for 1 hour. The cells were
fixed onto slides with DAPI and examined under fluorescent microscope. For
examining activated astrocytes, UC-1 cells were grown on coverslips and
incubated with Alexa ® 488 anti-GFAP (Glial fibrillary acidic protein, 1:100)
antibody and counterstained with DAPI (1:100) after treatment. To check the
CCL7 expression after prostaglandin treatment to astrocytes, CCL7 antibody
from RayBiotech was used as primary antibody. The secondary antibody is goat
anti-mouse IgG antibody labeled with green fluorescent Alexa Fluor® 488 dye.
Animal experiments - For experimental metastasis assay, cancer cells in
100 μl of PBS were injected into the left cardiac ventricle of the nu/nu mice (7-8
weeks). To confirm a successful injection, we immediately monitored photon flux
from whole body of the mice. The metastatic growth of tumors in the brain was
monitored and quantified by measuring luminescence at brain using Xenogen
bioimager. For GM-6001 treatment, the drug was administered intraperitoneally
in every 3 days (100 mg/kg) which was suspended in PBS with 10% DMSO. The
treatment began one day before injection of tumor cells.
Mammosphere cell culture - Tumor initiating cells were prepared by the
MACS methods as described above, and they were seeded into a 96 wells ultralow binding plate. The cells were incubated in mammosphere culture medium in
the presence or absence of conditioned medium for 6 days. The number of
spheres per field was measured under a microscope.
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ELISA - For assaying the concentration of prostaglandin, conditioned
medium from MB231 and 231BrM cells or their tumor initiating cells population
were harvested, and they were subjected to the ELISA assay using the PGE 2
R

R

(prostaglandin E 2 ) / PGF 2α (prostaglandin F 2α ) assay kit (Cayman Co).
R

R

R

R

R

R

Statistical Tests – For metastasis free survivals, Kaplan-Meier curves were
plotted using time to tumor detection as the outcome. Statistical differences in
survival across groups were assessed using the log rank test. Cox proportionalhazards regression for multivariate statistical analyses was performed using
MedCalc for Windows, version 14.1 (MedCalc Software, Ostend, Belgium). For
analyses of cytokine array result, the expression of cytokines was quantified with
IMAGE J software. For other analyses, Student’s t tests were used unless
otherwise noted. Asterisk: *, ** and *** indicate P<0.05, P<0.01 and P<0.001,
respectively. All other statistical analyses were performed using the GraphPad
Prism 5 Program (GraphPad Software, San Diego, CA).

II.4. RESULTS
Expression of MMP1 is positively correlated to brain metastasis of breast
cancer - To clarify the relevance of all metalloproteinases in brain metastasis, we
first analyzed clinical significance of 21 metalloproteinases on brain metastasisfree survival of breast cancer in the cohort of 710 breast cancer patients in the
GEO database. As shown in Fig. 1A we found that only MMP1, 9 and 16 among
all metalloproteinases are significantly correlated to brain metastasis in these
80

patients. We then examined the expression of all metalloproteinases in breast
cancer cell lines that are known to preferentially metastasize to the brain (MDAMB231BrM and CN34BrM) as well as in their parental cells, using publicly
available databases. Strikingly, among all metalloproteinases only MMP1 was
found to be significantly up-regulated in both brain-metastatic cell lines compared
to their parental cells (Fig. 1B). This result was also confirmed by qRT-PCR and
Western blot analysis using these paired cell lines as shown in Fig. 1C. To
further validate the results, we examined the expression of MMP1 in tumors that
were metastasized in the brain of breast cancer patients by
immunohistochemistry. As shown in Fig. 1D, we found that MMP1 is indeed
strongly expressed in both primary lesions and brain metastatic lesions from
breast cancer patients with brain metastasis, while primary tumors in patients
with high grade but without brain metastasis showed weak expression of this
gene. These results strongly suggest that MMP1 plays a pathological role in
brain metastasis of breast cancer.
MMP1 promotes brain metastasis by increasing permeability of BBB - To
further investigate the roles of MMP1 in brain metastasis; we first used an in vitro
model of blood-brain barrier consisting of brain endothelial cells on luminal side
and astrocytes on the abluminal side of a transwell chamber and examined the
transmigrating abilities of brain metastatic breast cancer cells. We found that
both 231BrM and CN-BrM cells are significantly more capable of penetrating the
layer of brain endothelial cells than their corresponding parental cells (Fig. 2A).
On the other hand, 231LM cell which is derived from the same MDA-MB231 cell
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and preferentially metastasizes to the lung was not capable of transmigrating
through the brain endothelial cells and astrocytes, suggesting that the
transmigrating ability of metastatic cells is correlated to the expression of MMP1.
To test this possibility, we knocked down the expression of MMP1 in 231BrM cell
and examined the transmigrating ability of the cells through brain endothelial
cells. As shown in Fig. 2B, knockdown of MMP1 significantly suppressed the
ability of transmigration. In addition, general inhibitor of metalloproteinase,
GM6001, also significantly blocked the transmigration ability of 231BrM cell.
Furthermore, we found that when the conditioned medium of brain metastatic
cells (231BrM and CN34BrM) were added into the transwell assay, the
transmigrating ability of their parental cells (MDA231 and CN34) was significantly
increased, as shown in Fig. 2C. These results strongly suggest that the secreted
MMP1 by 231BrM contributes to the ability of the metastatic cells in
transmigrating and penetrating the blood-brain barrier. Indeed, when we added
recombinant MMP1 in the transwell assay, both MD231 and CN34 showed
significantly higher ability of transmigration compared to the control without
MMP1 (Fig. 2D). We then measured the ability of metastatic cells to affect the
permeability of brain endothelial cell junction using the same transwell model. As
shown in Fig. 2E, we found that CM of 231BrM significantly decreased
transendothelial electrical resistance (TEER), whereas CM of 231BrM-shMMP1
(MMP1 knocked down cell) and CM treated with GM6001 did not affect the
permeability. Consistent with these data, an in vitro permeability assay revealed
similar results; CM of BrM significantly increased the permeability of Evans Blue
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across the monolayer of brain endothelial cells (Fig. 2F), indicating a decreased
barrier function of BBB.
Occludin, Claudin and Zo-1 are known to be the major components of tight
junction of BBB (2, 4, 5), and therefore, we examined the possibility that these
proteins are targets of MMP1. Human brain endothelial cells were cultured in
monolayer and they were treated with the conditioned medium of 231BrM cells or
recombinant MMP1 followed by assaying them for Occludin, Caludin and Zo-1 by
Western blot. As shown in Fig. 2G, when the brain endothelial cells were treated
with either conditioned medium or recombinant MMP1, the amount of both
Occludin and Caludin5 were strongly reduced while Zo-1 was not affected by
either treatment, suggesting that Occludin and Claudin5 are degraded by MMP1
secreted by 231BrM cells. To further support this notion, we performed
immunocytochemistry for the brain endothelial cells that were treated in the same
manner. We found that the expressions of Occludin and Claudin5 were strongly
reduced after the treatment of the cells with either the conditioned medium of
231BrM cells or recombinant MMP1, which strongly support the results of
Western blot (Fig. 2H). These results indicate that Occludin and Claudin5 are
the targets of MMP1 and degradation of these proteins contributes to the
increased permeability of BBB.
COX2 is overexpressed in brain metastatic cells - How MMP1 is upregulated in brain metastatic cells is an intriguing question. To address this issue,
we first examined the correlation of the expression between MMP1 and eleven
other genes that were previously defined as a brain-metastatic signature by the
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Massague’s group, using the existing cohort database which includes 47
samples of breast cancer patients with brain metastasis. We found that four
genes (PTGS2, ANGPTL4, PLOD2 and B4GALT6) were significantly correlated
to the expression of MMP1 and that COX2 (PTGS2) showed the strongest
correlation among these genes (Fig. 3A). Furthermore, when we compared the
level of COX2 expression in the primary tumor cells from the breast cancer
patients with brain metastasis and with other distant metastasis using the existing
cohort data in GEO bank, we found that COX2 is significantly overexpressed in
patients with brain metastasis and that high expression of COX2 was significantly
correlated to brain metastasis-free survival (Fig. 3B). These results suggest that
COX2 plays an active role in brain metastasis of breast cancer patients. We also
examined the expression of COX2 in clinical samples of brain metastatic lesions
and primary tumors by qRT-PCR (Fig. 3C) as well as IHC (Fig. 3D) and found
that COX2 is indeed significantly up-regulated in the brain metastatic sites. To
further confirm this result, we measured the expression of COX2 in brain
metastatic cell lines (231BrM, CN34BrM) by RT-PCR and Western blot. As
shown in Fig. 3E, the expression of COX2 in 231BrM and CN34BrM was indeed
significantly up-regulated in the brain metastatic cells compared to their parental
cells. Notably, the amount of prostaglandin E 2 and F 2α , end products of COX2, in
R

R

R

R

the culture medium of metastatic cells was also significantly increased in these
cells (Fig. 3F). To further test the functional significance of COX2, we examined
the transmigrating ability of MDA231 cells with ectopic expression of COX2 and
231BrM cells expressing shRNA to COX2, using the transwell assay system
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consisting of brain endothelial cells and astrocytes. As shown in Fig. 3G, the
ectopic expression of COX2 significantly increased the transmigrating ability of
MDA231, while knockdown of COX2 in 231BrM cells significantly decreased the
transmigrating ability. Addition of COX2 inhibitor, NS398, in this assay system
also significantly reduced the transmigrating ability of 231BrM. Furthermore,
while the transmigrating ability of MDA231 was significantly augmented by
addition of conditioned medium of 231BrM as shown in Fig. 2C, this effect was
significantly suppressed by adding NS398 in the assay system (Fig. 3H). These
results indicate that COX2 and its product, prostaglandin, plays a role in BBB
penetration of brain metastatic cells. This notion is further supported by our result
of the TEER assay and the EBA permeability assay as shown in Fig. 2 I and J.
Collectively, our results strongly suggest that both MMP1 and COX2 are critical
factors in the early stage of brain metastasis.
COX2 upregulates MMP1 expression – To further investigate the
relationship between COX2 and MMP1 in breast cancer brain metastasis, we
divided patients into four groups based on the MMP1 and COX2 expression
levels (Fig. 4A). We found that breast cancer patients with high COX2 and high
MMP1 have the greatest risk of brain metastasis. Furthermore, the result of
multivariate analysis indicates that COX2 and MMP1 have more influence on
brain metastasis compared to other organ metastases. The patient group with
high COX2 and high MMP1 showed significantly higher hazard ratio compared to
the group with high expression of only one of COX2 or MMP1, which suggests a
strong connection between COX2 and MMP1 in brain metastasis. To examine
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whether COX2 directly controls the expression of MMP1, we measured the level
of MMP1 in 231BrM cells in the presence or absence of NS398. We found that
NS398 strongly suppressed the expression of MMP1 as shown in Fig. 4B and
this effect of NS398 was reversed by addition of PGE 2 or PGF 2α (Fig. 4C),
R

R

R

R

suggesting that COX2 up-regulates MMP1 through prostaglandin. To further test
this possibility, we ectopically expressed COX2 in MDA231 and assayed the
expression of MMP1 by qRT-PCR and Western blot. As shown in Fig. 4D, the
expression of COX2 significantly up-regulated the expression of MMP1 at both
RNA and protein levels. In addition, we introduced shRNA targeting COX2 in
231BrM cells followed by assaying MMP1 expression by Western blot and qRTPCR. We found that knockdown of COX2 by continuous expression of sh-COX2
significantly suppressed the expression of MMP1 (Fig 4E). These results indicate
that COX2 is able to up-regulate MMP1 via generation of prostaglandin, which in
turn activates the expression of MMP1 in brain metastatic breast cancer cells.
Prostaglandins produced by astrocytes promote self-renewal of cancer
stem-like cells - Several lines of evidence indicate that COX2 and prostaglandin
are involved in promoting the proliferation of cancer stem-like cells and tumor
metastasis, although the exact mechanism is not yet understood (30-32). To
elucidate the role of COX2-prostagladin pathway in cancer stem-like cells in brain
microenvironment, we first isolated tumor initiating cells from MB231 and 231BrM
cells using CD24, CD44 and ESA as selection markers as described previously
(33) followed by testing their metastatic ability by the limiting dilution analysis in
nude mice. As shown in Fig. 5A, the isolated tumor initiating cells showed
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significantly stronger ability of tumorigenesis compared to the non-tumor initiating
cells. Furthermore, these tumor initiating cells prepared from 231BrM cells
expressed significantly higher levels of MMP1 and COX2 compared to the tumor
initiating cells prepared from MBA231 cells (Fig. 5 B). These cells were also
capable of producing PGE 2 and PGF 2α in the cultured medium at a significantly
R

R

R

R

higher level compared to their parental cells (Fig. 5C). Because prostaglandin is
known to be involved in neurogenesis and mobilizing astrocytes in the brain, we
tested a hypothesis that prostaglandin activates astrocytes and generates “niche”
for the growth of tumor initiating cells. As shown in Fig. 5D, when astrocytes
were treated with PGE 2 or PGF 2α , these cells indeed strongly expressed the glial
R

R

R

R

fibrillary acidic protein (GFAP) which is a marker for activated astrocytes. We
pre-treated astrocytes with PGE 2 or PGF 2α and then conditioned medium was
R

R

R

R

added to 231BrM cells followed by measuring the tumor initiating cell population
by FACS. As shown in Fig. 5E, we found that pre-treatment of astrocytes with
prostaglandins significantly augmented the ability of astrocytes cells to promote
self-renewal of tumor initiating cells. This result was further confirmed by sphere
formation assay in the similar culture system (Fig. 5F). These results strongly
suggest that prostaglandin produced by cancer cells activates astrocytes which
in turn promotes the self-renewal of tumor initiating cells, possibly through
secretory growth factor(s) or cytokine(s). To address this question, we
performed an antibody-based cytokine array analysis (RayBiotech Co) using the
conditioned medium of astrocytes that were treated with or without prostaglandin.
We found that CCL7 is the most significantly up-regulated proteins by PGE 2
R
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among 120 tested cytokines/growth factors (Fig. 5G), and we confirmed the
results by qRT-PCR, Western Blot and immunocytochemistry (Fig. 5H).
Furthermore, we found that inhibition or knockdown of CCL7 in astrocytes
significantly compromised the effect of prostaglandin to stimulate positive
feedback loop from astrocyte to tumor initiating cells (Fig. 5I, 5J). These results
indicate that CCL7 acts as the key regulator for the interaction between cancer
cell and astrocyte. Next, because CCL7 is known to promote proliferation of
breast cancer cells (34), we examined whether CCL7 augments the self-renewal
of tumor initiating cells. We found that the expression of Nanog, a key stem cell
gene, was significantly up-regulated in 231BrM cells by the CCL7 treatment, as
shown in Fig. 5K. We also treated 231BrM cells with CCL7 followed by the
FACS analysis using the tumor initiating cell markers. As shown in Fig. 5L, we
found that the population of tumor initiating cells was significantly increased by
the treatment with CCL7, which resembles the effect of Nanog overexpression.
On the other hand, knockdown of Nanog counteracted the effect of CCL7.
These results strongly suggest that astrocyte-induced CCL7 is indeed capable of
promoting self-renewal of tumor initiating cells by increasing the Nanog
expression.
COX2-MMP1 pathway promotes brain metastasis in vivo - To further
validate our result in vivo, we have used our animal models of brain metastasis.
We prepared tumor initiating cells from (i) 231BrM, (ii) 231BrM-shMMP1 which
expresses shRNA to MMP1 and (iii) 231BrM-shCOX2 which expresses shRNA to
COX2. They were implanted into nude mice by intracardiac injection followed by
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monitoring brain metastasis with IVIS Bioimager for four weeks. As shown in Fig.
6A and B, ectopic expression of shRNA to MMP1 or COX2 significantly
suppressed the growth of brain metastasis. Furthermore, periodical injection of
GM6001, a BBB permeable metalloproteinase inhibitor, into the mice that
received implant of 231BrM cells showed dramatic reduction of brain metastasis
(Fig. 6A, B). On the other hand, when MDA231 cells that ectopically expressed
the COX2 gene (MDA231-COX2) were implanted into nude mice through intracardiac injection, we found that MDA231-COX2 cells showed significantly higher
incidence of brain metastasis (Fig. 6C). These results strongly support our
notion that the COX2-MMP1 pathway indeed promotes brain metastasis of
breast cancer. Fig. 6D illustrates our current model of pathological mechanism of
brain metastasis.

II.5. DISCUSSION
The brain is protected from tumor cell invasion by BBB, and even after
successful invasion, the metastatic cells must adapt themselves in the brain
microenvironment which is utterly different from that of the primary site (34, 35).
Therefore, the failure of the BBB is considered as the first critical step of brain
metastasis. The tight junction of BBB consists of transmembrane molecules,
Occludin, Caludin and junctional adhesion proteins that are linked to the actin
cytoskeleton through cytoplasmic accessory proteins including Zo-1, Zo-2 and
Zo-3 (5, 6). Occludin and Claudin were identified particularly as critical proteins
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of BBB integrity (36-40). In this study, we have shown that MMP1 is highly
expressed in brain metastatic cells and it is capable of degrading Claudin and
Occludin but not Zo-1. Importantly, our cohort data analysis indicates that MMP1
is significantly correlated to brain metastasis-free survival of breast cancer
patients. Indeed, our results of immunohistochemistry analysis of clinical tissues
revealed that MMP1 is strongly expressed in brain metastatic lesions.
Furthermore, knockdown of MMP1 in brain metastatic cells significantly blocked
their ability of brain metastasis in vivo, and the BBB-permeable MMP inhibitor,
GM6001, significantly suppressed the brain metastasis. Therefore, MMP1 plays
a critical role in brain metastasis of breast cancer and this protein may serve as a
therapeutic target. Although general inhibitor of MMPs did not show clinical
benefit in the past clinical trials, development of more specific inhibitor to MMP1
and use of such drug for a stratified patient group may become an effective
strategy.
The roles of various metalloproteinase in tumor progression and
metastasis are well documented in various tumors. Breast cancer cells often
express high level of MMP 1, 2, 3, 9, 13 and 14 that are involved in degrading
extracellular matrix (ECM) (41). Ectopic expression of MMP3 in transgenic mice
was reported to develop mammary gland tumors, while suppression of MMP3
blocked invasive ability of breast tumor cells (42). In addition, high level of MMP2
and 3 are known to be correlated to poor prognosis of breast cancer (43). It
should be noted that Massague’s group previously identified MMP1 as lungmetastasis signature (12, 13) and showed that MMP1 and 2 promoted lung
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metastasis by facilitating the assembly of new tumor blood vessels (13). They
also proved MMP1’s role of engaging EGF-like ligands increases the risk of
breast cancer bone metastasis (45). Interestingly, MMP1 was also shown to be a
part of brain metastasis signature which consists of 17 genes, while the detailed
role involved remains unknown (44). In this report, we have shown that MMP1
indeed promote brain metastasis by increasing the permeability of gap junction of
BBB through degradation of Claudin and Occludin. Our result is consistent with
the previous observation by Liu et al. who showed that knockdown of MMP1
blocked primary growth and distant metastasis of breast cancer cells in an animal
model (27). These results suggest that MMP1 may serve as a potential
biomarker for brain metastasis of breast cancer patients. In fact, our cohort data
analysis indicates that expression of MMP1 has significant reverse correlation to
brain-metastasis free survival in breast cancer patients.
COX2 has been implicated in the pathogenesis of breast cancer
metastasis (48) and was defined as one of the signature genes of lung and brain
metastasis (44). We have found that COX2 and its product prostaglandin directly
up-regulated the expression of MMP1. Previously, the expression of the COX2
gene was reported to be regulated by MMP1 in macrophage (45), indicating that
both genes are reciprocally controlled by a potential feedback mechanism. Many
aggressive cancer cells express high level of COX2 and this gene has been
shown to affect BBB permeability (46). In addition, inflammatory conditions are
known to be related to MMPs expression and metastasis (47, 48). We have
shown that prostaglandin is indeed capable of increasing permeability of BBB
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and this is partly due to direct up-regulation of MMP1. Importantly, we have
shown that a COX2 inhibitor (NS398) effectively blocked both MMP1 expression
and BBB permeability, suggesting that a COX2 inhibitor may be used as
prophylactic for preventing brain metastasis.
Tumor microenvironment is considered to play a critical role for the growth
of metastatic tumor cells when they establish colonization in the distant
metastatic sites (35, 49). Tumor initiating cells that reach the distant organs
need to re-program stromal cells in the microenvironment to build their niche for
proliferation (35). Brain is abundant in astrocytes and we have previously
reported that astrocytes can be activated by metastatic cells to support their
growth (33). In this study, we have shown that prostaglandin can activate
astrocytes to release CCL7 which in turn promotes self-renewal of tumor initiating
cells. In this context, it is noteworthy that CCL7 (MCP3) functions as a homing
factor for myocardial mesenchymal stem cells (50). CCL7 also plays a role in
various types of cancers, and this protein was previously found to be a strong
chemotactic cytokine for multiple myeloma cells, which likely resulted from a
specific homing function of this protein (51). Jung et al. reported that CCL7
which is induced by carcinoma-associated fibroblasts significantly induced the
ability of migration of oral squamous cells (52). Similarly, CCL7 was found to be
positively correlated to invasion and metastasis and patient survival of gastric
cancer (53). More recently, Rajram et al. found that fibroblast-secreted CCL7 is
capable of promoting proliferation of breast cancer cells (54). CCL7 appears to
activate G-protein through its receptor and following MAPK pathway (55) which is
P
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known to play a critical role in maintaining stemness of embryonic stem cells (56).
Therefore, CCL7 is likely to use the similar pathway to augment the proliferation
of tumor initiating cells in the brain, suggesting that CCL7 is a potential
therapeutic target. In summary, we have shown that COX2-PGs-MMP1 axis
plays critical role in brain metastasis of breast cancer and that blocking this
pathway significantly suppresses brain metastasis (see Fig. 6D). Our results
warrant further investigation on this pathway as a novel therapeutic target for
brain metastasis possibly by developing more specific drugs to MMP1 and
stratifying the target patient population.
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II.7. FIGURES

Fig. 1. The expression of MMP1 is correlated to brain metastasis of breast
cancer.
(A) The relationship of the expression of 23 metalloproteinases and brain
metastasis-free survival was examined using a cohort data set which includes
combined four GEO database with 710 patients (GSE2034, GSE2603, GSE5327,
GSE12276). The results of only MMP1, 2, 9 and 16 are shown here. After
excluding the population without known metastasis information, 560 patients
94

were divided into two groups by using the mean expression value of each MMP
(MMP1 LOW: 281, MMP1 HIGH: 279; MMP9 LOW: 278, MMP9 HIGH: 282;
MMP16 LOW: 281, MMP16 HIGH: 279; MMP2 LOW: 277, MMP2 HIGH: 285).
(B) The expression profile of 23 metalloproteinases was examined for brainmetastatic cell lines, 231BrM and CN34BrM, and their parental cells using
existing databases (GSE2603 and GSE12237). (C) The expression of MMP1
was examined for the brain-metastatic cell lines by qRT-PCR and Western blot.
(D) Immunohistochemistry analysis for MMP1 expression was conducted for
clinical specimens of primary breast tumor with (n=11) or without (n=12) brain
metastasis as well as for tumor samples of brain metastatic lesions (n=10) of
breast cancer. Left panes show representative photos and right graph shows the
result of quantitative analysis. Scale bar = 50µm.
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Fig. 2. MMP1 promoted brain metastasis by degrading blood brain barrier.
(A) The left figure illustrates the model of trans brain-endothelial cell migration
assay. Various brain-metastatic (231BrM, CN34BrM, 4T1) and lung metastatic
(231LN) cell lines and their parental cells (231, CN34) were labeled with GFP,
and they were subjected to trans brain-endothelial cell migration assay. The
number of invaded cells was visually counted under a fluorescent microscope.
(B) The upper panel shows the results of Western blot for 231BrM cells
expressing shRNA to MMP1. The transmigrating abilities of MB231, 231BrM,
and 231BrM-shMMP1 as well as for 231BrM cells treated with 25μΜ
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metalloproteinase inhibitor, GM6001 (Millipore), were examined by the
transendothelial migration assay (lower panel). (C). MB231 and CN34 were
treated with the CM prepared from 231BrM and CN34BrM, respectively, followed
by assaying for the trans endothelial cell migration ability. (D) The effect of
1µg/ml recombinant MMP1 (Peprotech) on the trans endothelial cell migration
ability of MB231 and CN34 was measured. (E) Transendothelial electrical
resistance (TEER) was measured for brain endothelial cells that were treated
with CM of 231BrM or 231BrM-shMMP1. The effect of CM from 231BrM treated
with GM6001 was also measured. (F) Permeability of brain endothelial cells for
the same set of CM as described in (E) was measured by the EBA permeability
assay. (G) Brain endothelial cells were treated with CM of 231BrM or
recombinant MMP1 for 24h followed by Western blot analysis for Occludin,
Claudin5 and Zo-1. (H) In the control group, brain endothelial cells were treated
with serum-free medium or CM of 231, while CM of 231BrM or recombinant
MMP1 were used in the test groups for 24h, and the cells were immunostained
for Occludin, Claudin5 and ZO-1.
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Fig. 3. COX2 promotes brain metastasis by enhancing BBB permeability.
(A) Relationship of the expressions of 17 brain-metastasis signature genes and
MMP1 was examined using the same cohort database used in Fig. 1A. Out of 17
genes, only four of them showed significant relationship to MMP1. (B) The
relationship of the COX2 expression with brain-metastasis free survival of
patients was examined by Kaplan-Meier analysis using the same cohort data set
used in Fig. 1A. (C) The COX2 expression was examined for the primary tumors
(n=4) and brain metastatic lesions (n=7) by qRT-PCR. (D) The breast tumor
tissues from the patients without brain metastasis (n=12) and brain metastatic
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tumor tissue (n=10) from breast cancer patients are compared for COX2
expression by IHC. Scale bar = 50µm. (E) The expression of COX2 in the brain
metastatic cell lines and their parental cells were examined by qRT-PCR and
Western blot. (F) Secreted PGE 2 and PGF 2 α in the conditioned medium of
R

R

R

R

MDA231 and 231BrM were measured by the ELISA kit. (G) The ability of transendothelial migration of MB231, 231-COX2, 231BrM, and 231BrMshCOX2 was
examined. The effect of 3.4 µM COX2 inhibitor, NS398 (Cayman), on 231BrM
cells was also tested. (H) The effect of conditioned medium of 231BrM cell with
or without NS398 on the trans-endothelial migration ability of MB231 cell was
examined. (I) The effect of conditioned medium of 231BrM cells with or without
treatment of NS398 on brain endothelial cells was examined for the
transendothelial electrical resistance (TEER). (J) The effect of conditioned
medium of 231BrM cells with or without the treatment of NS398 on BMEC was
examined by the EBA permeability assay.
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Fig. 4. COX2 promotes the MMP1 expression in brain metastatic cells.
(A) Patients were divided into four groups: COX2 high/MMP1 high (n=175),
COX2 high/MMP1 low (n=130), COX2 low/MMP1 high (n=109), and COX2
low/MMP1 low (n=146), and brain metastasis- free survival was compared
among these four groups. Univariate and multivariate analyses were also done
for these four groups for brain lung and bone metastasis (COX2 low/MMP1 low
group was used as a control). (B) 231BrM cells were cultured in the presence or
absence of the COX2 inhibitor, NS398, for 48hrs and the expression of
MMP1was examined by Western blot. (c) 231BrM cells were cultured in the
presence of NS398 (3.4 µM) with or without PGE 2 or PGF 2 α for a rescue
R
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experiment. After 48hrs of incubation, cells were collected and the cell extracts
were subjected to Western blot analysis. (D) The expression of COX2 and MMP1
was examined for MDA231 and MDA231-COX2, by Western blot (left panel) and
qRT-PCR (right panel). (E) The expression of COX2 and MMP1 was examined
for 231BrM and 231BrM-shCOX2 which expresses shRNA to MMP1, by Western
blot (left panel) and qRT-PCR (right panel).
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Fig. 5. Astrocytes are activated by PGE 2 and promote the growth of tumor
R

R

initiating cell.
(A) Tumor initiating cells were prepared from MB-MB231 and 231BrM using
CD24, CD44 and ESA markers as described in Materials and Methods. The
ability of their tumor initiation was examined by the serial dilution assay in nude
mice. (B) The expression of MMP1 and COX2 was examined in tumor initiating
cells prepared from MB231 or 231BrM by qRT-PCR. (C) The concentration of
prostaglandin E 2 and F 2α in the conditioned medium of the same set of cells as
R

R

R

R

(B) was measured by the prostaglandin assay kit. (D) Astrocytes cells (UC-1)
were cultured in the presence or absence of 1 µM of PGE 2 or PGF 2 α for 48hrs
R
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followed by the immunocytochemical analysis for GFAP using the antibody
specific to GFAP. Representative photos of fluorescent microscope are
presented. (E) Tumor initiating cells from 231BrM were prepared and cultured
with the conditioned medium from UC-1 cells with or without treatment of PGE 2
R

R

for 24hrs. After 6 days, cells were analyzed by FACS for the population of
CD44high and ESAhigh. (F) The same set of tumor initiating cells was cultured in
P

P

P

P

the mammosphere medium with or without the conditioned medium of UC-1 (with
or without the treatment of PGE 2 or PGF 2 α). After 6 days, the numbers of
R

R

R

R

spheres were visually counted under microscope. (G) Astrocytes were treated
with PGE 2 (1μM) for 48hrs and the conditioned medium was collected. They
R

R

were subjected to the antibody-based cytokine array analysis (RayBiotech Co).
The expression of cytokines was quantified with IMAGE J software. The
comparison between cytokines was done after the normalization with control
(carried by the array). Each cytokine was compared between two study groups.
P value is calculated by unpaired t test. Only two cytokines (CCL7 and PDGFBB)
were significantly up-regulated. (H) Astrocyte cells were cultured in the presence
or absence of PGE 2 for 48hrs followed by measuring the expression of CCL7 by
R

R

qRT-PCR and Western Blot. The same tissue samples were examined for CCL7
expression by immunocytochemistry (inserted photos). (I) Knockdown of CCL7
expression by specific shRNA in astrocytes was verified by western blot. (J)
Conditioned medium was collected from three different groups. In first group
astrocytes were treated with 1μM PGE2 for 48hrs. In second group astrocytes
were treated with 1μM PGE2 and 300µM CCL7 inhibitor Bindrait (Abcam) for
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48hrs. In the third group CCL7-abolished astrocytes were treated with 1μM PGE2
for 48hrs. These conditioned medium were used to culture 231BrM cells. After 6
days, cells were analyzed by FACS for the population of CD44high and ESAhigh.
P

P

P

P

(K) 231BrM cells were cultured in the presence or absence of 20ng/ml CCL7 for
72hrs followed by examining Nanog expression by qRT-PCR and Western blot.
(L) 231BrM, 231BrMNanog cells and 231BrMshNanog cells were cultured in the
presence or absence of 20ng/ml CCL7 (Peprotech) for 72hrs followed by
analysis for tumor initiating cell population (CD24low/CD44high/ESAhigh) by FACS.
P
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Fig. 6. Knock-down of MMP1 or COX2 gene blocks brain metastasis in vivo.
(A) 231BrM, 231BrM-shCO2 and 231BrM-shMMP1 were transplanted into
female nude mice (n=10) via intra-cardiac injection. The group which received
231BrM cell was also treated with the BBB permeable metalloproteinase inhibitor,
GM6001 (100 mg/kg), which was administered to mice every 3 days for 4 weeks.
The growth of brain metastasis was monitored by measuring the luciferase
activity assayed by IVIS Bioimager. At the endpoint (Day 28), mice were
sacrificed and the luciferase signals in the brain were measured ex vivo (right
panels). (B) Upper panel represents the growth of brain metastasis of mice
treated as described in (A). The lower panel indicates the results of Kaplan-Meier
analysis for brain metastasis-free survival. (C) MDA-MB231 and MDA231-COX2
were transplanted into nude mice via intracardiac injection followed by monitoring
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metastatic growth in the brain by IVIS Bioimager. At the endpoint (Day 40), mice
were sacrificed and the luciferase signal in the brain was measured ex vivo (right
panel). (D) A proposed model for the pathological mechanism of brain metastasis.
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III.1. ABSTRACT
Metastasis is the principle cause of the deaths among breast cancer
patients. Bone is the most frequently affected organ in metastatic breast cancer.
Prediction and early detection of bone metastasis are particularly important for
the management of breast cancer progression. Recently, serum microRNA has
been found to be specifically regulated in a wide spectrum of cancers. We
examined microRNA profiles in the serum of breast cancer patients, as well as
the secreted vesicles from breast cancer metastatic cells lines with distinct organ
tropisms, and found miR-19a is specifically up-regulated in both breast cancer
patients with bone metastases and breast cancer bone colonizing cell lines.
Knockout of miR-19a significantly decreased the bone metastases in the
xenograft mouse model of breast cancer and obliterated the osteoclastogenesis
in the tumor microenvironment. Moreover, we also confirmed that miR-19a
promotes breast cancer bone colonization by inducing osteoclast differentiation
and activity through a paracrine manner, instead of modulating the intrinsic
growth and migration indexes of cancer cells. Cancer cell-derived exosomes
with miR-19a enrichment induce prominent osteoclastogenesis compared to
miR-19a depleted exosomes. Overall, we have shown that exosomal miR-19a is
a key regulator involved in the formation of osteolytic bone metastasis in breast
cancer and that this microRNA is up-regulated in the serum of breast cancer
bone metastases. Our results suggest the potential role of miR-19a as a novel
biomarker and therapeutic target for breast cancer bone metastasis.
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III.2. INTRODUCTION:
Metastasis is a common complication of malignant diseases which is the
primary cause of high mortality. In breast cancer patients, bone is the most
frequent site of metastasis. It was reported that approximately 51% patients have
bone as the first site of distant spread, followed by lung (17%), brain (16%), and
liver (6%)(1). Around 70% of breast cancer patients who experience distant
bone relapse during the course of the disease will eventually die because of that
(2, 3). Bone metastases lead to a worse prognosis in breast cancer patients, with
a 16-month median survival (4). It also causes considerable complications.
Patients with bone lesions develop skeletal-related events (SREs) such as
severe bone pain, pathological fracture, impaired mobility, hypercalcemia,
radiculopathies and infiltration of the bone marrow(5). While both osteolytic and
osteoblastic presentations are associated with bone metastases, most of the
breast cancer patients develop osteolytic lesions, which are mainly resulted from
osteoclast-mediated bone resorption rather than physical destruction by the
cancer cells (6, 7). Development of breast cancer associated osteolysis depends
on the crosstalk between cancer cells and bone stroma cells. Osteoclast cells
can be activated by breast cancer secreted soluble mediators. Among them,
PTHrP is the predominant factor. Breast cancer cells secrete PTHrP to promote
the receptor activator of nuclear factor kappa-B ligand (RANKL) production from
osteoblast cells, which has the capability to activate the osteoclast cells and
initiate the bone resorption (8, 9). Increased destruction of bone liberates the
growth factors embedded in the bone matrix, such as TGFβ, which in turn
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stimulate the growth of cancer cells (10). To prevent and relieve SREs in breast
cancer patients with bone metastases, bisphosphonate (Zoledronic Acid) or
RANKL inhibitor (Denosumab) is used to target the osteolysis pathway (4, 11).
These drugs are proven to reduce the symptoms, but not to extend the patients’
survival (12, 13) and they are associated with the side effects such as
osteonecrosis in the jaw bone (4). Thus, there is urgent need for developing early
predictive marker and preventive or curative therapies for breast cancer bone
metastasis.
Recently, circulating microRNAs have been discovered with great
potential in diagnostic, prognostic and predictive values (14-16). Due to low
stability of cell-free RNA and high level of RNase activity in plasma, these
circulating microRNAs are mainly contributed by membrane wrapped
extracellular vesicles (exosomes, microvesicles, and apoptotic bodies)(17-19)
Key roles of these vesicles in cancer progression and metastasis are confirmed,
including bone metastasis of melanoma and lung adenocarcinoma (20, 21). In
the present project, we find that miR-19a is up-regulated in breast cancer
patients with bone metastasis. Our preliminary data demonstrate that miR-19a is
an important regulator of the osteolytic change in the cancer-associated bone
microenvironment. Uptake of exosome-enriched with miR-19a promotes
osteoclast differentiation and activity. Thus, we hypothesize that mir-19a from
cancer cell promotes osteoclastogenesis in the early niche of bone metastasis to
support the growth of cancer cells. MiR-19a can be a predictive marker of breast
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cancer bone metastasis. MiR-19a mediated osteolysis pathway is a potential
therapeutic target for breast cancer bone metastasis.

III.3. EXPERIMENTAL PROCEDURES
Cells and Cell Culture - Human breast carcinoma cell lines, MDA-MB-231
and MCF7, as well as mouse monocyte/macrophage cell line RAW 264.7 were
purchased from American Type Tissue Culture Collection (ATCC, Manassas, VA,
USA). MCF7-BoM2 and 231BoM-1833, the bone-metastatic derivative of breast
cancer cell lines were kindly provided by Dr. Joan Massagué (Memorial SloanKettering Cancer Center) (22, 23). Luciferase-labeled cells were generated by
infecting with lentivirus carrying the firefly luciferase gene. MDA-MB-231, MCF7
cells and their variants, as well as RAW264.7, were cultured in DMEM medium
supplemented with 10% FBS and antibiotics. Murine bone marrow-derived
monocytes and macrophages (BMMs) were generated as previously described
(24). Briefly, bone marrow cells were harvested by flushing the femurs and tibias
of six to eight-week-old C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME,
USA) with minimum essential medium-α (α-MEM; Invitrogen, Carlsbad, CA, USA).
The cells were then washed, centrifuged and incubated in complete α-MEM
containing 10% heat-inactivated fetal bovine serum and penicillin/streptomycin
for 18 h to separate the floating and adherent cells. The floating cells were
collected and cultured in complete α-MEM supplemented with 50 ng/mL murine
recombinant Macrophage Colony Stimulating Factor (M-CSF; Peprotech, Rocky
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Hill, NJ, USA). After three days, adherent cells were used as BMMs after
washing out the non-adherent cells.
Osteoclastogenesis Assay, Tartrate-resistant Acid Phosphatase (TRAP)
Staining and OsteoLyse Assay - Murine BMMs at a density of 1×106 cells/ml or
P

P

RAW264.7 cells at a density of 1×105 cells/ml were plated in chamber slide
P

P

(Thermofisher, Waltham, MA, USA) and cultured in complete α-MEM
supplemented with 50 ng/mL murine recombinant M-CSF, 25 ng/mL murine
recombinant RANKL (Peprotech, Rocky Hill, NJ, USA) in the presence or
absence of 20 μg/ml exosomes, a concentration used previously in multiple
studies (20, 25-27). At day 4, TRAP staining was performed using a leukocyte
acid phosphatase kit (Sigma-Aldrich, St. Louis, MO, USA) according to the
manufacturer's instructions. The TRAP-positive cells containing more than four
nuclei were considered mature osteoclasts and monitored by Zeiss Axioplan 2
microscope. To determine osteoclast activity, the OsteoLyse Assay Kit (Lonza,
Basel, Switzerland) was used according to manufacturer’s instructions.
Extracellular Vesicles Purification and Tracking Analysis - Extracellular
vesicles (EVs) from cells were isolated by ultracentrifugation. Cells were grown
in EVs-depleted media for 48 h before CM were collected for EVs purification.
Apoptotic bodies (Abs), microvesicles (MVs) and exosomes were isolation by
differential centrifugation as published before (28, 29). Briefly, the CM harvested
was centrifuged at 300g for 10 minutes to remove cells. Abs were collected by
centrifugation at 2,000g for 20 minutes. The supernatant was centrifuged at
16,500g for 20 minutes to collect MVs. After that, the 0.2µm filter (Sarstedt,
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Nümbrecht, GERMANY) was applied to the supernatant to remove the particles
larger than 200 nm. Exosomes were then pelleted by ultracentrifugation at
120,000g for 70 minutes. The isolated EVs were analyzed and quantified by
nanoparticle tracking analysis (NTA) and electron microscopy with negative
staining.
Immunohistochemistry (IHC) - Immunohistochemical analysis was carried
out for paraffin-embedded, surgically resected specimens of breast cancer bone
metastases. Briefly, the sections were de-paraffinized, rehydrated and heated at
100 °C for 20 min in Tris-buffered saline (pH 9.0) for antigen exposure. They
were treated with 3% H2O2 to block endogenous peroxidase activity, blocked by
5% BSA solution for 30 min, and then incubated with primary antibody antiTRAcP (Biolegend, San Diego, CA, USA) for 16 h at 4 °C. After washing with
PBS/0.1% Tween-20, the sections were treated with horseradish peroxidaseconjugated rabbit-specific IgG (Dako Corp., Waltham, MA, USA). The sections
were washed extensively, and DAB substrate chromogen solution was applied
followed by counterstaining with hematoxylin. For negative control, we added IgG
instead of primary antibody during the primary antibody incubation. The
expression of TRAP was evaluated by IHC scoring as the sum of the frequency
and the intensity (0: none; 1: weak; 2: moderate; 3: strong). IHC scores were
determined by concordance among the scores of two independent reviewers.
Generation of CRISPR/Cas9 Constructs for miR-19a Knockout-For
knocking out miR-19a expression, we used a previously published methodology
that utilizes the clustered regularly interspaced short palindromic repeats
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(CRISPR)/Cas9 technology (30). Briefly, sgRNA (AATCTATGCAAAACTGATGG)
targeting stem-loop region of miR-19a were cloned into a Cas9-expressing
lentiviral transfer vector lentiCRISPRv2 (Addgene, Cambridge, MA) following the
recommended protocol (Addgene plasmid # 52961).
MTS assay-Viability of cell lines was quantified by using the CellTiter 96
AQueous One solution cell proliferation assay kit (Promega, Madison, WI, USA).
Cells were plated in 96-well tissue culture plates at a density of 5000 cells per
well. At the time of measurement, 20µl of CellTiter 96 Aqueous One solution
reagent was pipetted into each well of the 96-well assay plate containing the
samples in 100µl of culture medium. The plate was incubated at 37°C for 1h in a
humidified, 5% CO2 atmosphere. The absorbance at 490nm was measured and
recorded.
Wound healing migration assay-The cell migration was estimated by a
wound-healing migration assay and monitored by Olympus IX-70 microscope.
Cells were seeded in 12 well cell culture dish, and a scratch was made on the
monolayer using a sterile white tip when cells reach 100% confluence. The
distance of migration by cancer cells was measured every 24h.
Real-Time PCR and Western blotting -Total RNA was isolated by using
Direct-zol RNA MiniPrep Plus (Zymo Research Corp, Irvine, CA, USA) and
miRNeasy Mini Kit (Qiagen, Germantown, MD, USA) for mRNA and microRNA,
respectively. We used iScript Reverse Transcription Supermix (Life Science
Research, Hercules, CA, USA) and TaqMan MicroRNA Reverse Transcription kit
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(Thermo Fisher Scientific, Waltham, MA, USA) for mRNA and miRNA reverse
transcription, respectively. Quantitative PCR (qPCR) was conducted by using
TaqMan Universal Master Mix II and TaqMan microRNA assays(Thermo Fisher
Scientific, Waltham, MA, USA). U6 snRNA and RNU48 TaqMan probes were
used as endogenous controls for human and mouse cells, respectively. For
coding genes, qPCR was conducted by using by using iTaq Universal SYBR
Green Supermix (Life Science Research, Hercules, CA, USA). Primers used in
this study were: IBSP-F: GCACAGGGTATACAGGGTTAG; IBSP-R:
ACTGGTGCCGTTTATGCCTTG; Actin-F:
TGAGACCTTCAACACCCCAGCCATG, Actin-R:
CGTAGATGGGCACAGTGTGGGTG. Western blotting was carried out using the
general methods with IBSP antibody, Phospho-NF-κB p65 antibody, NF-κB p65
antibody, Phospho-Akt antibody, Akt antibody, GAPDH antibody and α-Tubulin
antibody ((Cell Signaling Technology, Danvers, MA, USA).
Animal experiments - For experimental metastasis assay, cancer cells in
100 μl of PBS were injected into the left cardiac ventricle of the nu/nu mice (6
weeks). To confirm a successful injection, we immediately monitored photon flux
from the whole body of the mice. The metastatic growth of tumors in the brain
was monitored and quantified by measuring luminescence at brain using
Xenogen bioimager.
Statistical Tests – For metastasis-free survivals, Kaplan-Meier curves
were plotted using the time to tumor detection as the outcome. Statistical
differences in survival between groups were assessed using the log-rank test.
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For other analyses, Student’s t tests were used unless otherwise noted. Asterisk:
*, ** and *** indicate P<0.05, P<0.01 and P<0.001, respectively. All other
statistical analyses were performed using the GraphPad Prism 5 Program
(GraphPad Software, San Diego, CA).

III.4. RESULTS:
To identify the circulating microRNAs that are associated with breast
cancer bone metastasis, we applied a four-layer screening system combining
bioinformatics analyses and experimental verification. Firstly, 85 breast cancer
associated circulating microRNAs were identified to be up-regulated in the serum
of 32 breast cancer patients compared to 22 healthy donors (Fig.1A and S1A).
Next, we performed Kaplan-Meier survival analyses for these 85 microRNAs and
found that ten microRNAs were positively correlated with metastases (Fig.1A and
S1B). It is known that the circulating miroRNAs are mainly contributed by
membrane protected EVs (17, 18). To select the microRNAs specifically involved
in bone metastasis, we compared the EVs derived microRNA profiles between
bone metastatic cell lines and the parental cell lines (231BoM vs. MDA-MB-231,
Fig.S1D). Among the ten microRNAs, only miR-19a was significantly upregulated in EVs derived from bone metastatic cell lines (Fig.1A). Consistent
with the previous finding, the level of microRNA was not changed upon RNase
treatment (Fig.S1C), indicating its presence in EVs instead of being directly
released (19). There are three major components of EVs, including apoptotic
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body, microvesicle, and exosome. We separated the three distinct EVs from CM
of breast cancer cells and confirmed their identities by NTA and electron
microscope (Fig.S1E). MiR-19a was found to be highly enriched in exosomes
compared to microvesicles and apoptotic bodies, and it was up-regulated in
exosomes from bone tropic cells compared to parental cells (Fig.1B). These
results indicate the increase of circulating miR-19a comes from exosomes, rather
than microvesicles and apoptotic bodies. More interestingly, we found there was
a significant higher packing ratio for miR-19a compared to miR-617 and miR-509
in cancer cells, indicating the significance of exosomal miR-19a in breast cancer.
We also verified the higher expression of miR-19a in the exosome of bone
metastatic cell lines 231BoM-1833 and MCF7BoM2 by Taqman PCR (Fig.1C).
The miR-19a expression was also confirmed to be up-regulated in the exosome
derived from the serum of breast cancer patients with bone metastases
compared to the breast cancer patients without bone metastases (Fig.1D).
MiR-19a, as a member of the OncomiR-1 family, was found to be upregulated in multiple malignancies (31-33). It was also found to be expressed in
breast cancer cells, while its role remains unclear (34, 35). To clarify the role of
miR-19a in the progression of breast cancer, we induced miR-19a expression in
MCF7 by lentivirus (Fig.S2A). However, up-regulation of miR-19a in MCF7 did
not increase the cell growth index or cell migration index (Fig.S2B and S2C). To
further validate this result, we applied the CRISPR/Cas9 technology to knockout
the miR-19a expression in 231BoM and MCF7BoM2 cells. A gRNA targeting the
stem-loop region (30) was introduced into cells together with CRISPR/Cas9
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protein. The efficiency of this gRNA was confirmed by T7E1 assay (Fig.S2D).
This system achieved the knockout in 231BoM-1833 at both endogenous level
and exosomal level (Fig.S2E) without the need for clonal selection. In
MCF7BoM2, we selected four knockout clones and mixed them to generate the
heterogeneous knockout cell line- MCF7BoM2 miR-19aKO (Fig.S2F). The
expression of miR-19a in exosomes MCF7BoM2 miR-19aKO was also
significantly decreased. Consistent with the data of miR-19a overexpression in
MCF7, knockout of miR-19a in MCF7BoM2 did not alter the cell growth or cell
migration (Fig.S2G and S2H). However, when we implanted these cells into nude
mice by intracardiac injection, loss of miR-19a significantly decreased bone
metastasis in our xenograft mouse models (Fig.2A). We also found that the
knockout of miR-19a decreased serum miR-19a (Fig.2B), as well as osteolytic
lesions in the tumor-bearing bones (Fig.2D), indicating a possible role of
exosomal miR-19a in osteoclast cells. Fig.2F indicates abundant exosomal CD63
in tumor lesion. According to these data, miR-19a does not affect breast cancer
progression endogenously. Due to the secretory nature of exosomal miR-19a, as
well as the abundant exosomal marker and osteolytic change in the bone
metastatic lesion, we hypothesize that miR-19a regulates breast cancer bone
metastasis in a paracrine manner, possibly by modulating the osteoclast activity.
Exosomes were reported to play important roles in mediating cross-talk
between cells. We showed that osteoclast cell line RAW264.7 was able to uptake
exosomes from breast cancer cells (Fig.3A). To investigate the role of exosomal
miR19a on osteoclast cells, we treated osteoclast cells with 25ng/ml RANKL plus
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exosomes derived from bone metastatic cells and parental cells. Exosomes from
MCF7BoM2 promoted osteoclast differentiation as indicated by increased TRAP
staining in an established precursor osteoclast cell line-RAW264.7 (Fig.S3A).
Compared to the MCF7 derived exosome treated group, MCF7BoM2 derived
exosome increased the number of differentiated osteoclast cells and increased
the number of nuclei in each osteoclast. It is known that differentiation of
osteoclast relies on RANKL mediated signaling pathways, of which the most wellstudied are nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB)
and AKT-related pathways. PTEN was reported as a direct target of miR-19a in
multiple diseases and was also known to suppress both NFκB and AKT
pathways. Thus, we speculated that the bone tropic breast cancer cells promote
osteoclast differentiation by transfer of miR-19a through exosome. The delivery
of miR-19a from cancer cells to osteoclast cells inhibits PTEN in recipient cells,
activating the NFκB and AKT signaling pathways. Consistent with this hypothesis,
we found miR-19a expression was higher in osteoclast cells treated with
exosomes from MCF7BoM2 compared to the ones treated with MCF7 derived
exosomes (Fig.S3B). Accordingly, PTEN expression was decreased in both RNA
and protein levels (Fig.S3B and S3C). The NFκB and AKT pathways were
activated in RAW264.7 cells treated with MCF7BoM2-derived exosomes
(Fig.S3C). Other than RAW264.7, we also examined the effect of cancer-derived
exosomes on murine bone marrow-derived monocytes and macrophages.
Compared to exosomes from parental cells, MCF7BoM2 derived exosomes had
higher potency in promoting osteolysis, indicated by Osteolyse assay which
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estimated osteolytic activity by measurement of released collagen in the medium
due to osteolysis (Fig.S3D). To further validate our hypothesis that miR-19a can
directly target PTEN in osteoclast, we conducted PTEN 3’UTR reporter assay
and found that miR-19a was able to bind to 3’UTR of PTEN since a mutation in
the binding region eliminated the suppressive effect of miR-19a on PTEN 3’UTR
reporter activity(Fig.3B). Moreover, overexpression of miR-19a in RAW264.7
decreased PTEN expression, increased NFκB and AKT activity (Fig.3C and 3D),
leading to abundant osteoclastogenesis (Fig.3E). To directly validate the role of
miR-19a in the interaction between cancer-derived exosomes and osteoclast
cells, RAW264.7 cells were incubated with exosomes isolated from MCF7BOM
scrambledKO cells and MCF7BOM miR-19aKO cells. Knockout of miR-19a in
MC7BOM decreased the amount of miR-19a transferred to osteoclast cells
(Fig.3F), increased PTEN expression and inhibited NFκB and AKT signaling
pathways (Fig. 3F and 3G). Knockout of miR-19a reversed the osteoclast
promoting effect from the exosomes in RAW264.7 as indicated by the TRAP
staining (Fig.3H). Furthermore, knockout of miR-19a decreased the osteolytic
activity in BMMS compared to scrambled knockout control (Fig.3I). This result
was verified by using exosomes from the 231BoM scrambled knockout cell line
and the 231BoM miR-19a knockout cell lines. Compared to miR-19a knockout
group, treatment of exosomes from 231BoM on RAW264.7 increased the miR19a expression, decreased PTEN expression and induced NFκB and AKT
pathways, as well as the osteoclast differentiation (Fig.S3E, S3F, and S3G). It
also induced higher osteolytic activity in the Osteolyse assay (Fig.S3H). Figure
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S3I shows that exosomes from MCF7BoM2 induced a higher level of osteoclast
differentiation from BMMs compared to the exosomes from miR-19a knockout
cells. Collectively, we showed that breast cancer bone metastatic cells delivered
miR-19a included exosomes to osteoclast cells, in which PTEN was targeted and
suppressed. Decreased PTEN induced NFκB and AKT signaling pathways,
promoting the differentiation and osteolytic ability of osteoclast cells.
Overall, our study identified exosome derived miR-19a as a mediator of
cell-cell communication between breast cancer and osteoclast cell, warranting
further investigation on exosomal miR-19a as a novel biomarker and a
therapeutic target for breast cancer bone metastasis.
III.5. Discussion:
Bone is the most frequently affected organ as the result of breast cancer
metastasis. It is reported that around 70%-85% of breast cancer patients in
advanced stages have bone lesions (36, 37). Patients with bone metastases
develop SREs and have increased mortality (38). However, bone-directed
therapy does not improve the survival of breast cancer patients with bone
metastases, indicating the need of novel biomarkers for risk estimate and early
diagnosis of breast cancer bone metastasis. MicroRNAs from circulating
exosomes can be used as biological markers for breast cancers (39). However,
the possibility of using them as biomarkers for bone metastasis in breast cancer
has yet to be investigated. Here, we examined the exosome derived microRNAs
from the serum of breast cancer patients, as well as breast cancer cell lines with
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bone tropism, and found for the first time that miR-19a has the potential to predict
the risk of breast cancer spreading to bone. MiR-19a is up-regulated in breast
cancer patients and is associated with metastatic events. The comparison of
microRNA microarray results between bone tropic breast cancer cell lines and
the parental cell lines further verified miR-19a as a biomarker closely associated
with bone metastasis. More importantly, knockout of miR-19a increased bone
metastasis-free survival in a breast cancer mouse model, decreased bone
resorption in tumor-bearing mice, demonstrating the regulatory role of miR-19a in
mediating osteolytic bone metastasis.
MiR-19a belongs to miR-17-92 cluster (oncomiR-1), which is
characterized as a set of mammalian microRNA oncogenes (40). The tumorpromoting role of miR-19a has been confirmed in multiple types of cancers (4145). It is known to directly target tumor suppressor PTEN (32, 46, 47). However,
the role of miR-19a in breast cancer is not well understood. Ouchida identified
novel direct targets of miR-19a in breast cancer by the quantitative proteomic
approach, whereas no growth suppressive effect could be found at the ectopic
expression of these targets (35). Consistent with their finding, the present study
revealed that modulation of miR-19a expression in breast cancer cell lines
doesn’t change the growth and migration indexes in vitro, despite the fact that
miR-19a expression is positively correlated with osteolytic bone metastasis in
vivo, suggesting a more integral role of miR-19a in the process of breast cancer
spreading to bone.
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In the 'vicious cycle of bone metastasis' (48), breast cancer cells are
known to interact with host cells to generate a favorable microenvironment for
cancer cell growth after they invade into bone. Previous studies revealed the
communications between cancer cells and bone microenvironment cells through
direct contact or secreted proteins (49-51). Here, for the first time, we tested if
miR-19a regulates bone metastasis through a paracrine pattern. Interestingly, we
found that the expression of miR-19a in breast cancer cells is positively
correlated with bone resorption in a breast cancer xenograft mouse model.
However, the modulation of miR-19a expression couldn’t induce an intrinsic
change of breast cancer cells in the context of cell growth or migration.
Treatment of monocyte with miR-19a enriched exosomes induced the
differentiation into mature osteoclast cells and increased the osteolytic activity.
Moreover, knockout of miR-19a in breast cancer cells eliminated the proosteoclastogenesis effect of cancer-derived exosomes. Our data suggest that
breast cancer cells secrete exosomes, which contain miR-19a, to induce an
osteolytic bone microenvironment as a niche for metastatic cell growth.
Several studies have shown the important roles of extracellular vesicles in
microenvironment modulation (20, 52, 53). Here, we demonstrate that niche
formation of bone metastasis depends on tumor exosome-derived miR-19a. By
targeting PTEN expression in osteoclast cells, miR-19a from tumor cell secreted
exosomes induces osteoclast differentiation and increases osteoclast activity
through enhanced NFκB and AKT signaling, resulting in prominent bone
resorption that favors metastatic cancer growth. More importantly, we found that
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knockout of miR19a significantly decreased the incidence of breast cancer
metastasis to bone, and the cancer cell-derived exosomes lost their ability to
induce osteoclastogenesis. Our results of the breast cancer derived-exosomes
shed new light into the understanding of how they orchestrate the 'vicious cycle
of bone metastasis', which may lead to new strategies for early detection,
prevention, and therapeutic intervention.
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Fig. 1. The circulating miR-19a is a biomarker for bone metastasis of
breast cancer.
(A) Ten microRNAs were chosen as metastatic breast cancer associated
circulating biomarkers by comparing the circulating microRNA profiling between
32 breast cancer patients and 22 health donors from GSE41922 and performing
Kaplan-Meier analyses among 211 breast cancer patients from GSE22220. Next,
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ten microRNAs were examined in microRNA microarray for EVs from MDA-MB231and its bone tropic variant 231BoM-1833 and miR-19a was found to be the
only up-regulated biomarker associated with breast cancer bone metastasis. (B)
The expression of miR-19a in apoptotic body, microvesicle, and exosome from
MCF7 as well as its bone tropic variant MCF7BoM2 was examined by Taqman
PCR. (C) The expression of miR-19a in exosomes from parental cell lines (MDAMB-2321 and MCF7) and exosomes from bone tropic cell lines (231BoM-1833
and MCF7-BoM2) was compared by Taqman PCR. (D) Expression of miR-19a
in the serum of breast cancer patients without metastases and breast cancer
patients with bone metastases was compared by Taqman PCR.
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Fig. 2. MiR-19a promotes osteolytic bone metastasis of breast cancer in
vivo.
(A) MCF7BoM2 scrambledKO and MCF7BoM2 miR-19aKO (500,000/0.1ml
phosphate buffer saline (PBS)) were transplanted into female nude mice via
intra-cardiac injection. The growth of bone metastasis was monitored by
measuring the luciferase activity assayed by IVIS Bioimager. (B) At the endpoint
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(Day 28), mice were sacrificed and the expression of exosomal miR-19a from
serum was examined by Taqman. (C) Representative figure of exosomal marker
CD63 expression in normal bone and tumor-bearing bone from mice. (D) IHC for
osteoclast marker TRAP expression in tumor-bearing bones from MCF7BoM2
scrambledKO transplanted mice and MCF7BoM2 miR-19aKO transplanted mice.
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Fig. 3. Exosomal miR-19a induce osteoclastogenesis by targeting PTEN
and activating NKkB and AKT pathways in osteoclast cells.
(A) Exosomes were labeled with GFP by ectopic expression of CD63GFP in
231BoM-1833 cells. Osteoclast cells were treated with labeled exosomes. After
24 h, cells were monitored by Zeiss Axioplan 2 microscope. (B) Luciferase
reporter assay analysis of constructs containing wild-type PTEN 3’UTR or mutant
PTEN 3’UTR transfected with miR-19a. (C) Taqman PCR of miR-19a expression
and SYBR Green PCR for PTEN expression in RAW264.7GFP and
RAW264.7miR-19a. (D) Western Blot analysis for PTEN, phospho-NFκB p65,
total NFκB p65, phospho-AKT and total AKT expression in RAW264.7GFP and
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RAW264.7miR-19a cells. Α-Tubulin was used as a control. (E) TRAP staining of
RAW264.7GFP and RAW264.7miR-19a cells. At day 4, the number of
differentiated osteoclast cells and number of nuclei in osteoclast cells were
counted. TRAP-positive cells with more than four nuclei were counted as
osteoclast cells. (F) Taqman PCR of miR-19a expression and SYBR Green PCR
for PTEN expression in RAW264.7 cells treated with exosomes from MCF7BoM2
miR-19aKO and MCF7BoM2 scrambledKO. (G) Western Blot analysis for PTEN,
phospho-NFκB p65, total NFκB p65, phospho-AKT and total AKT expression in
RAW264.7 cells treated with exosomes from MCF7BoM2 miR-19aKO and
MCF7BoM2 scrambledKO. Α-Tubulin was used as a control. (H) TRAP staining
of RAW264.7 cells treated with exosomes from MCF7BoM2 miR-19aKO and
MCF7BoM2 scrambledKO. At day 4, the number of differentiated osteoclast cells
and number of nuclei in osteoclast cells were counted. TRAP-positive cells with
more than four nuclei were counted as osteoclast cells. (I) Osteoclasts bone
resorbing activity was measured using cell culture supernatant of BMMs treated
with exosomes from MCF7BoM2 miR-19aKO and MCF7BoM2 scrambledKO by
OsteoLyse assay kit.
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Fig. S1. The circulating miR-19a is a biomarker for bone metastasis of
breast cancer.
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of 10 microRNAs that significantly associate with metastasis-free survival in
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ration of exosomal microRNA expression to cell microRNA expression was
compared between miR-19a and controls.
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MTS assay for MCF7GFP and MCF7miR-19a. (C) Wound healing assay for
MCF7GFP and MCF7miR-19a. The effect of miR-19a on cell migration was
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the stem-loop of miR-19a. The black arrow indicates the cleaved band of PCR
product by T7E1 recognizing the mismatch due to CRISPR/Cas9-gRNA induced
double strand DNA break. (E) Knockout miR-19a in 231BoM-1833 was confirmed
by Taqman. Both cell endogenous level and exosomal level of miR-19a was
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checked. (F) Knock out miR-19a in four clones of MCF7BoM2 miR-19aKO was
confirmed by Taqman. Both cell endogenous level and exosomal level of miR19a was checked. MCF7BoM2 miR-19aKO is the mixture of four knockout clones.
(G) MTS assay for MCF7BoM2 scrambledKO and MCF7BoM2 miR-19aKO. (H)
Wound healing assay for MCF7BoM2 scrambledKO and MCF7BoM2 miR19aKO. The effect of miR-19a on cell migration was assessed by recover of the
scratch.
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Fig. S3. Exosomal miR-19a induce osteoclastogenesis by targeting PTEN
and activating NKkB and AKT pathways in osteoclast cells.
(A) TRAP staining of RAW264.7 cells treated with exosomes from MCF7 and
MCF7BoM2. At day 4, the number of differentiated osteoclast cells and number
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of nuclei in osteoclast cells were counted. TRAP-positive cells with more than
four nuclei were counted as osteoclast cells. (B) Taqman PCR of miR-19a
expression and SYBR Green PCR for PTEN expression in RAW264.7 cells
treated with exosomes from MCF7 and MCF7BoM2. (C) Western Blot analysis
for PTEN, phospho-NFκB p65, total NFκB p65, phospho-AKT and total AKT
expression in RAW264.7 cells treated with exosomes from MCF7 and
MCF7BoM2. Α-Tubulin was used as a control. (D) By OsteoLyse assay kit,
osteoclasts bone resorbing activity was measured using cell culture supernatant
of BMMs treated with exosomes from MCF7 and MCF7BoM2. (E) TRAP staining
of RAW264.7 cells treated with exosomes from 231BoM miR-19aKO and
231BoM scrambledKO. At day 4, the number of differentiated osteoclast cells
and number of nuclei in osteoclast cells were counted. TRAP-positive cells with
more than four nuclei were counted as osteoclast cells. (F) Taqman PCR of miR19a expression and SYBR Green PCR for PTEN expression in RAW264.7 cells
treated with exosomes from 231BoM miR-19aKO and 231BoM scrambledKO. (G)
Western Blot analysis for PTEN, phospho-NFκB p65, total NFκB p65, phosphoAKT and total AKT expression in RAW264.7 cells treated with exosomes from
231BoM miR-19aKO and 231BoM scrambledKO. Α-Tubulin was used as a
control. (H) Osteoclasts bone resorbing activity was measured using cell culture
supernatant of BMMs treated with exosomes from 231BoM miR-19aKO and
231BoM scrambledKO by OsteoLyse assay kit. (I) TRAP staining of BMMs
treated with exosomes from MCF7BoM2 miR-19aKO and MCF7BoM2
scrambledKO. At day 4, the number of differentiated osteoclast cells and number
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of nuclei in osteoclast cells were counted. TRAP-positive cells with more than
four nuclei were counted as osteoclast cells.
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IV.1. INFLAMMATION AND BREAST CANCER
The connection between inflammation and cancer has been well
annotated. It is well accepted that chronic inflammation is a direct cause and a
favorable factor for cancer development and progression. The direct evidence of
such standpoint is the abundant presence of infiltrated immune cells inside a
solid tumor (1), which includes macrophages, T cells, monocytes, mast cells and
so on. Several types of cancers have been reported to be tightly associated with
chronic inflammation. For example, colorectal cancer has a significantly higher
incidence among patients with inflammatory bowel disease. More than 20% of
inflammatory bowel disease patients will develop colitis-associated cancer, a
highly aggressive subtype of colorectal cancer, and more than 50% of them
finally die from colitis-associated cancer (2). Anti- inflammatory drugs, such as
nonsteroidal anti-inflammatory drugs (NSAIDs) and certain natural products have
been shown to prevent colorectal cancer (3, 4), indicating the importance of
inflammation in the pathogenesis of these types of cancers. Inflammation is also
known to cause other visceral cancers. There is a well-known connection
between stomach cancer and Helicobacter pylori infection, which causes DNA
damage resulting from chronic inflammation (5). Around 78% of hepatocellular
carcinoma (HCC) was attributable to hepatitis B virus (HBV) or hepatitis C virus
(HCV) infections (6). HBV and HCV infections modulate cellular immunity and
metabolism, leading to chronic inflammation in the liver microenvironment, which
will gradually progress to liver fibrosis, cirrhosis, and HCC over time (7).
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Chronic inflammation and its associated mediators play important roles in
different steps of cancer progression. During carcinogenesis, inflammatory cells
release reactive oxygen species (ROS) and reactive nitrogen species (RNS),
which will cause DNA damage in host cells, leading to mutations essential for
carcinogenesis (8). Inflammation associated immune cells and cancer cells are
also capable of releasing various chemokines, which in turn supports the further
recruitment of tumor-supportive immune cells and the growth of cancer cells (9).
These chemokines are also known to promote angiogenesis and tumor migration,
leading to increased chance of cancer spreading to other organs (9).
One of the most important mediators involved in cancer-associated
inflammation is cyclooxygenase-2 (COX2). COX2 is a member of
myeloperoxidase that is known to catalyze the biosynthesis of prostaglandins,
which play key roles in inflammation, pain, and fever (10). Its expression was
found to be up-regulated in multiple types of cancers including colorectal cancer,
breast cancer, skin cancer, pancreatic cancer and lung cancer (11-16). Aberrant
expression of COX2 in cancer produces prostaglandins, which promotes cancer
progression by regulating cell growth, migration, angiogenesis, immune response
and inhibiting apoptosis (17).
In breast cancer, COX2 was found to be up-regulated and corresponding
to poor prognosis (18, 19). More importantly, short-term pre-operative celecoxib
treatment, a COX2 selective inhibitor, showed an anti-tumor response in primary
breast tumors (20) in a phase II clinical trial. In the case of metastasis, COX2
was found to increase the breast cancer invasion (12, 19). Up-regulation of
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COX2 was found to be associated with EMT and invasiveness in human breast
cancer cells, partly through COX-2-related intracellular generation of reactive
oxygen species (21). COX2 also promotes bone metastasis of breast cancer by
PGE 2 dependent recruitment of regulatory T cells (22). At the same time, COX2
R

R

was also found be to an important regulator for breast cancer spreading to the
brain (23). However, its exact role was not addressed. In the presenting study,
we have shown that COX2 is highly expressed in brain tumors from breast
cancer patients compared to primary tumors without brain metastases.
Consistent with this finding, the brain tropic cell lines, 231BrM and CN34BrM,
express a higher level of COX2 in both mRNA level and protein level compared
to their parental cell lines. More importantly, overexpression of COX2 in parental
231 cells increased their trans-BBB migration ability in vitro, induced more brain
metastases in vivo, while knockdown of COX2 in 231BrM decreased their transBBB migration ability in vitro and brain metastases in vivo.
While addressing the role of COX2 in regulating breast cancer
metastasizing to the brain, we found MMP1 was positively correlated with COX2
expression in patients with brain metastases. MMP1 expression was confirmed
to be up-regulated in brain tumors from breast cancer patients as well as brain
tropic cell lines, 231BrM and CN34BrM. Surprisingly, up-regulation and
knockdown of MMP1 reproduced results of modulation of COX2 expression in
vitro and in vivo, indicating the tight connection between COX2 and MMP1 in
breast cancer brain metastasis. To clarify this connection, we modulated the
expression of COX2 and found COX2 positively regulated expression of MMP1.
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MMP1 is one member of matrix metalloproteinase family. Its function is
involved in the breakdown of extracellular matrix, which is an important process
during tissue remodeling (24). MMP1 was also reported to be involved in cancer
invasiveness. Increased MMP1 expression was found in multiple types of
cancers, including colorectal cancer, bladder cancer, gastric cancer, and so on
(25-27). MMP1 was also found to be a predictive marker for breast cancer (28). It
was reported to activate PAR1 receptor to promote breast cancer tumorigenesis
and invasion (29). In the case of breast cancer brain metastasis, the expression
of MMP1 was positively correlated with brain colonization events, while the
underlying mechanism was not well annotated (30). Here, we have shown that
MMP1 supports cancer cell entering brain by targeting the tight junction proteins
Occludin and Claudin 5. Tight junction proteins are important components
sealing the gap between endothelial cells of BBB. With compromised integrity of
BBB resulting from increased MMP1, the permeability of BBB to breast cancer
cells is increased. Thus, breast cancer cells acquire brain metastatic potential
though COX2-MMP1 signaling pathway.

IV.2. INTERACTION BETWEEN BREAST CANCER CELLS AND BRAIN
MICROENVIRONMENT CELLS
Brain microenvironment is composed of a variety of host cells including
endothelial cells, pericytes, astrocytes, microglial cells and neuron cells. Cancer
cells spreading to the brain are reported to lodge in a perivascular niche before
expansion into metastatic tumors (31). This perivascular niche can maintain the
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stem-like property of cancer cells (32), which is possibly due to the interaction
between cancer cells and niche cells (33). Previous studies prove that
prostaglandins play important roles in regulating astrocyte functions. According to
one of these studies, prostaglandins, in particular, PGE 2 , stimulate calciumR

R

dependent glutamate release in astrocytes (34). In this presenting study, we also
found prostaglandins released by cancer cells were able to activate astrocytes
after cancer cells entering the brain. Activated astrocytes support the stemness
of breast cancer cells by returning CCL7, a stem cell homing factor, and
activating Nanog expression in breast cancer cells. Nanog is a well-known gene
that is required for the acquisition of pluripotency (35). Its expression in cancer
has been linked to the cancer stem cell-like properties in different types of
malignancies (36). By activating Nanog expression, cancer cells acquire
increased plasticity and can develop into tumors in the distant organ.
Overall, our study elucidates the role of the COX2-MMP1 pathway in
breast cancer spreading to the brain. COX2 induced prostaglandins up-regulate
MMP1 expression, which targets the tight junction proteins of BBB to increase
the permeability of breast cancer cells into brain microenvironment. After
entering the brain microenvironment, breast cancer cells released prostaglandins
activate astrocytes, increasing the secretion of CCL7 from astrocyte. CCL7, in
turn, stimulates the stemness of breast cancer cells by activating Nanog
expression. This study proves the importance of COX2-MMP1 pathway regarding
breast cancer brain metastasis, emphasizing the rationality of using COX2MMP1 as a predictive marker and a novel target of breast cancer brain
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metastasis. At the same time, this study warrants further investigation addressing
how prostaglandins regulate the expression of MMP1 and CCL7. Prostaglandins
are known to perform their functions through different types of receptors. As the
most important member of prostaglandins involved in cancer, PGE 2 has four
R

R

types of EP receptors (EP1, EP2, EP3, and EP4) (37). Clarifying the specific
pathways by which PGE 2 increases MMP1 expression in cancer cells and CCL7
R

R

expression in astrocyte is of particular interest due to the lack of selective
inhibitor of MMP1. Targeting PGE2 pathways can be a potential substitution of
MMP1 inhibition in the case of breast cancer brain metastasis.

IV.3. INTERACTION BETWEEN BREAST CANCER CELLS AND BONE
MICROENVIRONMENT CELLS
Breast cancer cells are known to interact with host cells to prepare a
favorable microenvironment for cancer cell growth after they invade to bone.
During this process, the compartments of bone remodeling are dysregulated,
leading to pathological changes in cancer affected bones. This model is referred
to as the 'vicious cycle of bone metastasis' (38). The most well-studied host cells
interacting with bone are osteoblast cells and osteoclast cells. Accordingly, due
to the functional change of these two types of cells in the presence of breast
cancer, bone lesions can be classified into either osteolytic or osteoblastic (38).
In osteolytic bone metastasis, the colonization of cancer cells leads to an overall
bone loss. Conversely, cancer invasion leading to excess bone deposition is
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considered osteoblastic. In general, the majority of breast cancers cause
osteolytic bone metastases
Among them, different subtypes of breast cancers differ in organotropism
to spread to the bone (39, 40). The luminal subtype of breast cancer has the
highest incidence of bone metastasis at 70-80% according to different studies.
The Her2 subtype has a slightly lower incidence of bone metastasis at 60-70%.
However, the receptor-negative breast cancer, which is considered as the most
aggressive subtype, has the lowest rate of bone metastasis-40-50% of them with
distant metastases have been reported with bone invasion. Currently, the
available regimens for breast cancer patients with bone metastases include
bisphosphonates and denosumab. Bisphosphonates are a group cytotoxic drugs
that have high affinity to calcium. As the largest store of calcium in the human
body, bone attracts and accumulates bisphosphonates to a high concentration
that they are ingested by osteoclast cells, leading to the cell death (41). On the
other hand, denosumab, as a human monoclonal antibody of RANKL, inhibits
osteoclast cells by directly binding to RANKL and blocking the RANKL-RANK
interaction, which is a key signaling pathway for osteoclast differentiation and
activity (42). Both bisphosphonates and denosumab can decrease the risk and
delay the onset of SRE in breast cancer patients (43). However, this effect is
limited. It was reported bisphosphonates reduced the SRE risk by 15%, while
denosumab outcompeted bisphosphonates in the incidence of SREs with a risk
ratio of 0.78, which means a 33% of reduced the SRE risk (44). More importantly,
even though SRE was relieved by bone-targeted therapies, these drugs have no
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improvement in the incidence of bone metastasis and the overall survival of
patients (44-46). The limitation of current therapeutic options for bone metastasis
of breast cancer indicates alternative targets in breast cancer motivating
osteoclast cells. In this presenting study, we found miR-19a derived from the
breast cancer bone metastatic cell can be transferred into osteoclast precursors
through exosome. Once lodged in the osteoclast cells, miR-19a directly targets
the 3’UTR of PTEN, decreasing the expression of PTEN. PTEN is an important
regulator of osteoclast differentiation and activity by targeting Akt pathway (47,
48). At the same time, PTEN also suppresses NFκB (49), which is another
important regulator in osteoclastogenesis. In our work, we found both Akt and
NFκB were activated in pre-osteoclast cells due to decreased PTEN expression
once exosomal miR-19a was incorporated. The hyperactivities of Akt and NFκB
induced osteoclast differentiation and bone resorption. This result suggests the
important role of exosomal miR-19a in the vicious cycle of breast cancer bone
metastasis, uncovering a novel pathway of breast cancer induced osteolytic bone
metastasis.

IV.4. EXOSOMAL MIR-19A AS A BIOMARKER OF BREAST CANCER BONE
METASTASIS
Exosomes have been reported to be quantitatively and functionally
associated with cancer initiation and progression. They are a population of
membranous vesicles released upon fusion of the multivesicular body with the
plasma membrane, ranging from 30 to 150 nm in size (50). The components
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inside the exosomes include functional mRNAs, small RNAs, proteins, dsDNA
and lipids (51-53). Exosome releasing, binding, and transportation of exosomal
components have been shown with significant impact on malignant diseases (54).
Recently, exosomes in bio-fluid were found to be a promising biomarker for
detection and prognosis of cancers as they carry specific contents corresponding
to different types of cancers (55). While mRNAs, proteins, and dsDNAs derived
exosomes in blood or urine have the potential to serve as indicators of cancers
(52, 56, 57), plenty of studies revealed dysregulated microRNAs in blood
exosomes from cancer patients (58-64). In breast cancer, several microRNAs
were found to be up-regulated in the blood. MiR-1246 and miR-21 were detected
at significantly higher levels in the exosomes from plasma from breast cancer
patients (58). In another study, circulating miR-21, miR-106a and miR-155 were
found to be significantly up-regulated in breast cancer patients (65). Other than
distinguishing cancer patients from the healthy population, exosomal microRNAs
can also be used as a marker to estimate the progression of breast cancer.
Breast cancer patients with metastatic disease had increased miR-10b, miR-34a,
and miR-155 in the serum compared to early stage patients (66). However, it has
not been addressed if exosomal microRNAs can be used as a biomarker to
predict and diagnose bone metastasis of breast cancer. By checking microRNA
expression in serum exosome from breast cancer patients with bone metastases,
as well as in secreted exosome from breast cancer cell lines with bone tropism,
we found miR-19a was positively correlated with bone metastasis. Breast cancer
cells secrete miR-19a enriched exosomes, which can be engulfed by osteoclast
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precursor cells, promoting the differentiation and activity of osteoclast cells. Our
data suggest that tumor-derived exosomes prepare a favorable
microenvironment at the early metastatic niche by inducing osteoclastogenesis
and mediate bone tropic pattern of metastasis. More importantly, exosomal miR19a has the potential to be a serum biomarker for estimating the risk and
prognosis of bone metastasis among breast cancer patients. Our work also
warrants further study of exosomal miR-19a as a therapeutic target for
prevention and treatment of bone metastasis.

168

IV.5. REFERENCES:
1.

R. M. Bremnes, K. Al-Shibli, T. Donnem, R. Sirera, S. Al-Saad, S.

Andersen, H. Stenvold, C. Camps and L. T. Busund: The role of tumor-infiltrating
immune cells and chronic inflammation at the tumor site on cancer development,
progression, and prognosis: emphasis on non-small cell lung cancer. J Thorac
Oncol, 6(4), 824-33 (2011) doi:10.1097/JTO.0b013e3182037b76
2.

N. B. Janakiram and C. V. Rao: The role of inflammation in colon cancer.

Adv Exp Med Biol, 816, 25-52 (2014) doi:10.1007/978-3-0348-0837-8_2
3.

C. M. Ulrich, J. Bigler and J. D. Potter: Non-steroidal anti-inflammatory

drugs for cancer prevention: promise, perils and pharmacogenetics. Nat Rev
Cancer, 6(2), 130-40 (2006) doi:10.1038/nrc1801
4.

L. A. Garcia-Rodriguez and C. Huerta-Alvarez: Reduced risk of colorectal

cancer among long-term users of aspirin and nonaspirin nonsteroidal
antiinflammatory drugs. Epidemiology, 12(1), 88-93 (2001)
5.

P. B. Ernst and B. D. Gold: The disease spectrum of Helicobacter pylori:

the immunopathogenesis of gastroduodenal ulcer and gastric cancer. Annu Rev
Microbiol, 54, 615-40 (2000) doi:10.1146/annurev.micro.54.1.615
6.

J. F. Perz, G. L. Armstrong, L. A. Farrington, Y. J. Hutin and B. P. Bell:

The contributions of hepatitis B virus and hepatitis C virus infections to cirrhosis
and primary liver cancer worldwide. J Hepatol, 45(4), 529-38 (2006)
doi:10.1016/j.jhep.2006.05.013
7.

B. Bartosch: Hepatitis B and C viruses and hepatocellular carcinoma.

Viruses, 2(8), 1504-9 (2010) doi:10.3390/v2081504

169

8.

H. Ohshima, M. Tatemichi and T. Sawa: Chemical basis of inflammation-

induced carcinogenesis. Arch Biochem Biophys, 417(1), 3-11 (2003)
9.

L. M. Coussens and Z. Werb: Inflammation and cancer. Nature, 420(6917),

860-7 (2002) doi:10.1038/nature01322
10.

J. R. Vane: Inhibition of prostaglandin synthesis as a mechanism of action

for aspirin-like drugs. Nat New Biol, 231(25), 232-5 (1971)
11.

A. T. Chan, S. Ogino and C. S. Fuchs: Aspirin and the risk of colorectal

cancer in relation to the expression of COX-2. N Engl J Med, 356(21), 2131-42
(2007) doi:10.1056/NEJMoa067208
12.

B. Singh, J. A. Berry, A. Shoher, V. Ramakrishnan and A. Lucci: COX-2

overexpression increases motility and invasion of breast cancer cells. Int J Oncol,
26(5), 1393-9 (2005)
13.

K. Krysan, F. H. Merchant, L. Zhu, M. Dohadwala, J. Luo, Y. Lin, N.

Heuze-Vourc'h, M. Pold, D. Seligson, D. Chia, L. Goodglick, H. Wang, R. Strieter,
S. Sharma and S. Dubinett: COX-2-dependent stabilization of survivin in nonsmall cell lung cancer. FASEB J, 18(1), 206-8 (2004) doi:10.1096/fj.03-0369fje
14.

A. Ristimaki, A. Sivula, J. Lundin, M. Lundin, T. Salminen, C. Haglund, H.

Joensuu and J. Isola: Prognostic significance of elevated cyclooxygenase-2
expression in breast cancer. Cancer Res, 62(3), 632-5 (2002)
15.

Y. Higashi, T. Kanekura and T. Kanzaki: Enhanced expression of

cyclooxygenase (COX)-2 in human skin epidermal cancer cells: evidence for
growth suppression by inhibiting COX-2 expression. Int J Cancer, 86(5), 667-71
(2000)

170

16.

X. Z. Ding, W. G. Tong and T. E. Adrian: Blockade of cyclooxygenase-2

inhibits proliferation and induces apoptosis in human pancreatic cancer cells.
Anticancer Res, 20(4), 2625-31 (2000)
17.

C. Sobolewski, C. Cerella, M. Dicato, L. Ghibelli and M. Diederich: The

role of cyclooxygenase-2 in cell proliferation and cell death in human
malignancies. Int J Cell Biol, 2010, 215158 (2010) doi:10.1155/2010/215158
18.

D. Jana, D. K. Sarkar, S. Ganguly, S. Saha, G. Sa, A. K. Manna, A.

Banerjee and S. Mandal: Role of Cyclooxygenase 2 (COX-2) in Prognosis of
Breast Cancer. Indian J Surg Oncol, 5(1), 59-65 (2014) doi:10.1007/s13193-0140290-y
19.

A. Nassar, A. Radhakrishnan, I. A. Cabrero, G. Cotsonis and C. Cohen:

COX-2 expression in invasive breast cancer: correlation with prognostic
parameters and outcome. Appl Immunohistochem Mol Morphol, 15(3), 255-9
(2007) doi:10.1097/01.pai.0000213130.63417.b3
20.

R. D. Brandao, J. Veeck, K. K. Van de Vijver, P. Lindsey, B. de Vries, C. H.

van Elssen, M. J. Blok, K. Keymeulen, T. Ayoubi, H. J. Smeets, V. C. TjanHeijnen and P. S. Hupperets: A randomised controlled phase II trial of preoperative celecoxib treatment reveals anti-tumour transcriptional response in
primary breast cancer. Breast Cancer Res, 15(2), R29 (2013)
doi:10.1186/bcr3409
21.

C. Bocca, M. Ievolella, R. Autelli, M. Motta, L. Mosso, B. Torchio, F. Bozzo,

S. Cannito, C. Paternostro, S. Colombatto, M. Parola and A. Miglietta:
Expression of Cox-2 in human breast cancer cells as a critical determinant of

171

epithelial-to-mesenchymal transition and invasiveness. Expert Opin Ther Targets,
18(2), 121-35 (2014) doi:10.1517/14728222.2014.860447
22.

J. Karavitis and M. Zhang: COX2 regulation of breast cancer bone

metastasis. Oncoimmunology, 2(3), e23129 (2013) doi:10.4161/onci.23129
23.

P. D. Bos, X. H. Zhang, C. Nadal, W. Shu, R. R. Gomis, D. X. Nguyen, A.

J. Minn, M. J. van de Vijver, W. L. Gerald, J. A. Foekens and J. Massague:
Genes that mediate breast cancer metastasis to the brain. Nature, 459(7249),
1005-9 (2009) doi:10.1038/nature08021
24.

R. Ala-aho and V. M. Kahari: Collagenases in cancer. Biochimie, 87(3-4),

273-86 (2005) doi:10.1016/j.biochi.2004.12.009
25.

G. I. Murray, M. E. Duncan, P. O'Neil, W. T. Melvin and J. E. Fothergill:

Matrix metalloproteinase-1 is associated with poor prognosis in colorectal cancer.
Nat Med, 2(4), 461-2 (1996)
26.

M. Itoh, T. Murata, T. Suzuki, M. Shindoh, K. Nakajima, K. Imai and K.

Yoshida: Requirement of STAT3 activation for maximal collagenase-1 (MMP-1)
induction by epidermal growth factor and malignant characteristics in T24 bladder
cancer cells. Oncogene, 25(8), 1195-204 (2006) doi:10.1038/sj.onc.1209149
27.

T. Inoue, M. Yashiro, S. Nishimura, K. Maeda, T. Sawada, Y. Ogawa, M.

Sowa and K. H. Chung: Matrix metalloproteinase-1 expression is a prognostic
factor for patients with advanced gastric cancer. Int J Mol Med, 4(1), 73-7 (1999)
28.

I. Poola, R. L. DeWitty, J. J. Marshalleck, R. Bhatnagar, J. Abraham and L.

D. Leffall: Identification of MMP-1 as a putative breast cancer predictive marker

172

by global gene expression analysis. Nat Med, 11(5), 481-3 (2005)
doi:10.1038/nm1243
29.

A. Boire, L. Covic, A. Agarwal, S. Jacques, S. Sherifi and A. Kuliopulos:

PAR1 is a matrix metalloprotease-1 receptor that promotes invasion and
tumorigenesis of breast cancer cells. Cell, 120(3), 303-13 (2005)
doi:10.1016/j.cell.2004.12.018
30.

H. Liu, Y. Kato, S. A. Erzinger, G. M. Kiriakova, Y. Qian, D. Palmieri, P. S.

Steeg and J. E. Price: The role of MMP-1 in breast cancer growth and metastasis
to the brain in a xenograft model. BMC Cancer, 12, 583 (2012)
doi:10.1186/1471-2407-12-583
31.

Y. Kienast, L. von Baumgarten, M. Fuhrmann, W. E. Klinkert, R.

Goldbrunner, J. Herms and F. Winkler: Real-time imaging reveals the single
steps of brain metastasis formation. Nat Med, 16(1), 116-22 (2010)
doi:10.1038/nm.2072
32.

N. Charles and E. C. Holland: The perivascular niche microenvironment in

brain tumor progression. Cell Cycle, 9(15), 3012-21 (2010)
doi:10.4161/cc.9.15.12710
33.

F. Xing, A. Kobayashi, H. Okuda, M. Watabe, S. K. Pai, P. R. Pandey, S.

Hirota, A. Wilber, Y. Y. Mo, B. E. Moore, W. Liu, K. Fukuda, M. Iiizumi, S.
Sharma, Y. Liu, K. Wu, E. Peralta and K. Watabe: Reactive astrocytes promote
the metastatic growth of breast cancer stem-like cells by activating Notch
signalling in brain. EMBO Mol Med, 5(3), 384-96 (2013)
doi:10.1002/emmm.201201623

173

34.

P. Bezzi, G. Carmignoto, L. Pasti, S. Vesce, D. Rossi, B. L. Rizzini, T.

Pozzan and A. Volterra: Prostaglandins stimulate calcium-dependent glutamate
release in astrocytes. Nature, 391(6664), 281-5 (1998) doi:10.1038/34651
35.

J. Silva, J. Nichols, T. W. Theunissen, G. Guo, A. L. van Oosten, O.

Barrandon, J. Wray, S. Yamanaka, I. Chambers and A. Smith: Nanog is the
gateway to the pluripotent ground state. Cell, 138(4), 722-37 (2009)
doi:10.1016/j.cell.2009.07.039
36.

C. R. Jeter, T. Yang, J. Wang, H. P. Chao and D. G. Tang: Concise

Review: NANOG in Cancer Stem Cells and Tumor Development: An Update and
Outstanding Questions. Stem Cells, 33(8), 2381-90 (2015)
doi:10.1002/stem.2007
37.

R. M. Breyer, C. K. Bagdassarian, S. A. Myers and M. D. Breyer:

Prostanoid receptors: subtypes and signaling. Annu Rev Pharmacol Toxicol, 41,
661-90 (2001) doi:10.1146/annurev.pharmtox.41.1.661
38.

W. Kozlow and T. A. Guise: Breast cancer metastasis to bone:

mechanisms of osteolysis and implications for therapy. J Mammary Gland Biol
Neoplasia, 10(2), 169-80 (2005) doi:10.1007/s10911-005-5399-8
39.

C. D. Savci-Heijink, H. Halfwerk, G. K. Hooijer, H. M. Horlings, J.

Wesseling and M. J. van de Vijver: Retrospective analysis of metastatic
behaviour of breast cancer subtypes. Breast Cancer Res Treat, 150(3), 547-57
(2015) doi:10.1007/s10549-015-3352-0

174

40.

H. Kennecke, R. Yerushalmi, R. Woods, M. C. Cheang, D. Voduc, C. H.

Speers, T. O. Nielsen and K. Gelmon: Metastatic behavior of breast cancer
subtypes. J Clin Oncol, 28(20), 3271-7 (2010) doi:10.1200/JCO.2009.25.9820
41.

M. T. Drake, B. L. Clarke and S. Khosla: Bisphosphonates: mechanism of

action and role in clinical practice. Mayo Clin Proc, 83(9), 1032-45 (2008)
doi:10.4065/83.9.1032
42.

D. A. Hanley, J. D. Adachi, A. Bell and V. Brown: Denosumab: mechanism

of action and clinical outcomes. Int J Clin Pract, 66(12), 1139-46 (2012)
doi:10.1111/ijcp.12022
43.

G. G. Steger and R. Bartsch: Denosumab for the treatment of bone

metastases in breast cancer: evidence and opinion. Ther Adv Med Oncol, 3(5),
233-43 (2011) doi:10.1177/1758834011412656
44.

M. H. Wong, M. R. Stockler and N. Pavlakis: Bisphosphonates and other

bone agents for breast cancer. Cochrane Database Syst Rev(2), CD003474
(2012) doi:10.1002/14651858.CD003474.pub3
45.

R. Coleman, E. Woodward, J. Brown, D. Cameron, R. Bell, D. Dodwell, M.

Keane, M. Gil, C. Davies, R. Burkinshaw, S. J. Houston, R. J. Grieve, P. J.
Barrett-Lee and H. Thorpe: Safety of zoledronic acid and incidence of
osteonecrosis of the jaw (ONJ) during adjuvant therapy in a randomised phase III
trial (AZURE: BIG 01-04) for women with stage II/III breast cancer. Breast
Cancer Res Treat, 127(2), 429-38 (2011) doi:10.1007/s10549-011-1429-y
46.

L. S. Rosen, D. Gordon, M. Kaminski, A. Howell, A. Belch, J. Mackey, J.

Apffelstaedt, M. A. Hussein, R. E. Coleman, D. J. Reitsma, B. L. Chen and J. J.

175

Seaman: Long-term efficacy and safety of zoledronic acid compared with
pamidronate disodium in the treatment of skeletal complications in patients with
advanced multiple myeloma or breast carcinoma: a randomized, double-blind,
multicenter, comparative trial. Cancer, 98(8), 1735-44 (2003)
doi:10.1002/cncr.11701
47.

T. Sugatani, U. Alvarez and K. A. Hruska: PTEN regulates RANKL- and

osteopontin-stimulated signal transduction during osteoclast differentiation and
cell motility. J Biol Chem, 278(7), 5001-8 (2003) doi:10.1074/jbc.M209299200
48.

C. Zhao, W. Sun, P. Zhang, S. Ling, Y. Li, D. Zhao, J. Peng, A. Wang, Q.

Li, J. Song, C. Wang, X. Xu, Z. Xu, G. Zhong, B. Han, Y. Z. Chang and Y. Li:
miR-214 promotes osteoclastogenesis by targeting Pten/PI3k/Akt pathway. RNA
Biol, 12(3), 343-53 (2015) doi:10.1080/15476286.2015.1017205
49.

J. A. Gustin, T. Maehama, J. E. Dixon and D. B. Donner: The PTEN tumor

suppressor protein inhibits tumor necrosis factor-induced nuclear factor kappa B
activity. J Biol Chem, 276(29), 27740-4 (2001) doi:10.1074/jbc.M102559200
50.

V. Ramakrishnaiah, C. Thumann, I. Fofana, F. Habersetzer, Q. Pan, P. E.

de Ruiter, R. Willemsen, J. A. Demmers, V. Stalin Raj, G. Jenster, J.
Kwekkeboom, H. W. Tilanus, B. L. Haagmans, T. F. Baumert and L. J. van der
Laan: Exosome-mediated transmission of hepatitis C virus between human
hepatoma Huh7.5 cells. Proc Natl Acad Sci U S A, 110(32), 13109-13 (2013)
doi:10.1073/pnas.1221899110
51.

D. Xiao, J. Ohlendorf, Y. Chen, D. D. Taylor, S. N. Rai, S. Waigel, W.

Zacharias, H. Hao and K. M. McMasters: Identifying mRNA, microRNA and

176

protein profiles of melanoma exosomes. PLoS One, 7(10), e46874 (2012)
doi:10.1371/journal.pone.0046874
52.

B. K. Thakur, H. Zhang, A. Becker, I. Matei, Y. Huang, B. Costa-Silva, Y.

Zheng, A. Hoshino, H. Brazier, J. Xiang, C. Williams, R. Rodriguez-Barrueco, J.
M. Silva, W. Zhang, S. Hearn, O. Elemento, N. Paknejad, K. Manova-Todorova,
K. Welte, J. Bromberg, H. Peinado and D. Lyden: Double-stranded DNA in
exosomes: a novel biomarker in cancer detection. Cell Res, 24(6), 766-9 (2014)
doi:10.1038/cr.2014.44
53.

D. Lombardo, C. Siret and S. Beloribi-Djefaflia: Exosomal lipids impact on

tumoral cell behavior. Cell Cycle, 14(4), 461-2 (2015)
doi:10.1080/15384101.2015.1006538
54.

A. S. Azmi, B. Bao and F. H. Sarkar: Exosomes in cancer development,

metastasis, and drug resistance: a comprehensive review. Cancer Metastasis
Rev, 32(3-4), 623-42 (2013) doi:10.1007/s10555-013-9441-9
55.

M. Verma, T. K. Lam, E. Hebert and R. L. Divi: Extracellular vesicles:

potential applications in cancer diagnosis, prognosis, and epidemiology. BMC
Clin Pathol, 15, 6 (2015) doi:10.1186/s12907-015-0005-5
56.

B. Sandfeld-Paulsen, K. R. Jakobsen, R. Baek, B. H. Folkersen, T. R.

Rasmussen, P. Meldgaard, K. Varming, M. M. Jorgensen and B. S. Sorensen:
Exosomal Proteins as Diagnostic Biomarkers in Lung Cancer. J Thorac Oncol,
11(10), 1701-10 (2016) doi:10.1016/j.jtho.2016.05.034
57.

J. McKiernan, M. J. Donovan, V. O'Neill, S. Bentink, M. Noerholm, S.

Belzer, J. Skog, M. W. Kattan, A. Partin, G. Andriole, G. Brown, J. T. Wei, I. M.

177

Thompson, Jr. and P. Carroll: A Novel Urine Exosome Gene Expression Assay
to Predict High-grade Prostate Cancer at Initial Biopsy. JAMA Oncol, 2(7), 882-9
(2016) doi:10.1001/jamaoncol.2016.0097
58.

B. N. Hannafon, Y. D. Trigoso, C. L. Calloway, Y. D. Zhao, D. H. Lum, A. L.

Welm, Z. J. Zhao, K. E. Blick, W. C. Dooley and W. Q. Ding: Plasma exosome
microRNAs are indicative of breast cancer. Breast Cancer Res, 18(1), 90 (2016)
doi:10.1186/s13058-016-0753-x
59.

R. Nedaeinia, M. Manian, M. H. Jazayeri, M. Ranjbar, R. Salehi, M. Sharifi,

F. Mohaghegh, M. Goli, S. H. Jahednia, A. Avan and M. Ghayour-Mobarhan:
Circulating exosomes and exosomal microRNAs as biomarkers in
gastrointestinal cancer. Cancer Gene Ther, 24(2), 48-56 (2017)
doi:10.1038/cgt.2016.77
60.

D. D. Taylor and C. Gercel-Taylor: MicroRNA signatures of tumor-derived

exosomes as diagnostic biomarkers of ovarian cancer. Gynecol Oncol, 110(1),
13-21 (2008) doi:10.1016/j.ygyno.2008.04.033
61.

H. Ogata-Kawata, M. Izumiya, D. Kurioka, Y. Honma, Y. Yamada, K.

Furuta, T. Gunji, H. Ohta, H. Okamoto, H. Sonoda, M. Watanabe, H. Nakagama,
J. Yokota, T. Kohno and N. Tsuchiya: Circulating exosomal microRNAs as
biomarkers of colon cancer. PLoS One, 9(4), e92921 (2014)
doi:10.1371/journal.pone.0092921
62.

N. I. Hornick, J. Huan, B. Doron, N. A. Goloviznina, J. Lapidus, B. H.

Chang and P. Kurre: Serum Exosome MicroRNA as a Minimally-Invasive Early
Biomarker of AML. Sci Rep, 5, 11295 (2015) doi:10.1038/srep11295

178

63.

D. A. Armstrong, B. B. Green, J. D. Seigne, A. R. Schned and C. J. Marsit:

MicroRNA molecular profiling from matched tumor and bio-fluids in bladder
cancer. Mol Cancer, 14, 194 (2015) doi:10.1186/s12943-015-0466-2
64.

N. P. Hessvik, K. Sandvig and A. Llorente: Exosomal miRNAs as

Biomarkers for Prostate Cancer. Front Genet, 4, 36 (2013)
doi:10.3389/fgene.2013.00036
65.

F. Wang, Z. Zheng, J. Guo and X. Ding: Correlation and quantitation of

microRNA aberrant expression in tissues and sera from patients with breast
tumor. Gynecol Oncol, 119(3), 586-93 (2010) doi:10.1016/j.ygyno.2010.07.021
66.

C. Roth, B. Rack, V. Muller, W. Janni, K. Pantel and H. Schwarzenbach:

Circulating microRNAs as blood-based markers for patients with primary and
metastatic breast cancer. Breast Cancer Res, 12(6), R90 (2010)
doi:10.1186/bcr2766

179

CURRICULUM VITAE

Name: Kerui Wu

Gender: Male

Major: PhD in Cancer Biology
University: Wake Forest University School of Medicine
Duration: 10/2014- Current
Address: Medical Center Blvd, Winston Salem, NC, 27157, USA
Phone: (336)716-7123

Email:kwu@wakehealth.edu

STUDY EXPERIENCE:
Level

School

Major

Undergraduate Study:
09/2007-07/2012

Nanjing Medical University

Clinical Medicine

07/2012-08/2012

Southern Illinois University

Cellular Biology

08/2012-09/2014

University of Mississippi Medical Center

Biochemistry

10/2014-Current

Wake Forest University

Cancer Biology

Graduate Study:

RESEARCH EXPERIENCE:
10/2010-01/2011

Etiology Study of Osteoporosis Syndrome

Changzhou No. 2 Hospital
As an intern in the core laboratory of Changzhou No. 2 People’s Hospital,
I volunteered to assist on a research project focused on identifying novel
etiological factors of osteoporosis. I took part in experiments including cell culture,
tissue processing, data collection and analysis.
a. Wu, K. (2011). Etiology Research of Osteoporosis. China Foreign Medical
Treatment, 30(17):191-192.
180

06/2011-12/2011 Clinical Analysis of Risk Factors Associated with Type II
Diabetes Combined with Cerebral Infarction
No. 2 Affiliated Hospital of Nanjing Medical University
A study of evaluating the influential factors and clinical effects of treatment for
type 2 diabetes combined with cerebral infarction was conducted and published.
a. Wu, K. (2011). Clinical Analysis of 41 Patients of Type 2 Diabetes
Combined with Cerebral Infarction. Modern Chinese Doctor, 49(35):155156.
07/2012-08/2012 COX2-MMP1 pathway on breast cancer brain metastasis
Southern Illinois University School of Medicine
08/2012-09/2014 COX2-MMP1 pathway on breast cancer brain metastasis
University of Mississippi Medical Center
Dr. Watabe’s lab has been working on molecular mechanism of brain
metastasis, particularly focusing on breast cancer. Since I joined this this lab, I
closely worked with Dr. Fei Xing, Dr. Kounosuke Watabe and the other lab
members. We identified specific components of host cells in these organs and
clarified signaling networks in cancer stem cells and micro-environmental cells,
which led to discoveries of several novel therapeutic targets and small molecules
for potential clinical use. We discovered that astrocytes play an important role in
metastatic cancer stem cells in the brain by activating the Notch pathway though
cell-cell interaction. We also showed efficacy of Notch inhibitors for the treatment
of brain metastasis using preclinical models. In other studies, we showed the
roles of microRNAs in brain metastasis and their signaling pathways that may be
used for therapeutic targets. In my project, we found several inflammatory factors
correlated with breast cancer brain metastasis. After joining in Dr. Watabe’s lab, I
contributed innovative ideas, provided critical suggestions and performed key
experiments for the development and publication of our research work.
a. Xing, F., Wu, K. and Watabe, K. (2014). MicroRNAs in cancer stem cells:
new regulators of stemness. Current pharmaceutical design, 20(33),
pp.5319-5327.
b. Okuda, H., Xing, F., Pandey, P.R., Sharma, S., Watabe, M.,Pai, S.K., Mo,
Y.Y., Iiizumi, M., Hirota, S., Liu, Y., Wu, K., Pochampally, R., and Watabe,
181

K. (2013). miR-7 suppresses brain metastasis of breast cancer stem-like
cells by modulating KLF4. Cancer Research 73(4); 1434–44.
c. Xing, F., Kobayashi, A., Okuda, H., Watabe, M., Pai, S.K., Pandey, P.R.,
Hirota, S., Wilber, A., Mo, Y.Y., Moore, B.E., Liu, W., Fukuda, K., Iiizumi,
M., Sharma, S., Liu, Y., Wu, K., and Watabe, K. (2013). Reactive
astrocytes promote the metastatic growth of breast cancer stem-like cells
by activating Notch signaling in brain. EMBO. Mol. Med. 5, 384–396.

10/2014-Current Reciprocal communication between cancer cell and tumor
microenvironment promotes breast cancer metastasis
Wake Forest University School of Medicine
In the recent publication of my project, we found important inflammatory factors,
such as prostaglandins and MMPs, promote the cancer cells metastasis through
the BBB and have important roles in interaction between cancer cells and the
brain microenvironment. These factors have the potential acting as sensitive
prognosis markers and effective therapeutic targets for breast cancer brain
metastasis. At the same time, I developed a project aiming at identification of
early predictive marker of breast cancer bone metastasis. We found exosomes
and their cargoes are significantly associated with parthenogenesis of breast
cancer spreading to bone. More important, these cancer cell derived vesicles are
promising biomarker for early detection and prognosis. Other than performing my
own research work, I was actively involved in other projects of our lab. We
identified miR-509 and c-Met as important regulators in breast cancer brain
metastasis. We also found SPARC induced dormancy in prostate cancer
metastasis to bone.
a. Wu, K., Fukuda, K., Xing, F., Zhang, Y., Sharma, S., Liu, Y., Chan,
M.D., Zhou, X., Qasem, S.A., Pochampally, R., Mo, Y.Y. and Watabe,
K. (2015). Roles of the cyclooxygenase 2 matrix metalloproteinase 1
pathway in brain metastasis of breast cancer. Journal of Biological
Chemistry, 290(15), pp.9842-9854.
b. Wu, K., Sharma, S., Venkat, S., Liu, K., Zhou, X. and Watabe, K.
(2015). Non-coding RNAs in cancer brain metastasis. Frontiers in
bioscience (Scholar edition), 8, pp.187-202.
c. Xing, F., Sharma, S., Liu, Y., Mo, Y.Y., Wu, K., Zhang, Y.Y.,
Pochampally, R., Martinez, L.A., Lo, H.W. and Watabe, K. (2015). miR182

509 suppresses brain metastasis of breast cancer cells by modulating
RhoC and TNF-α. Oncogene, 34(37), pp.4890-4900.
d. Xing, F., Sharma, S., Wu, K., Chan, M. D., Lo, H. W., Carpenter, R.
L., ... & Watabe, K. (2016). Activation of the c-Met pathway mobilizes
an inflammatory network in the brain microenvironment to promote
brain metastasis of breast cancer. Cancer Research, canres-3541.
e. Sharma, S., Xing, F., Liu, Y., Wu, K., Said, N., Pochampally, R., ... &
Watabe, K. (2016). Secreted Protein Acidic and Rich in Cysteine
(SPARC) Mediates Metastatic Dormancy of Prostate Cancer in the
Bone. Journal of Biological Chemistry, jbc-M116.

WORKING EXPERIENCE:
10/2014-Current

Wake Forest University

Position: Graduate Assistant
•

Research work on breast cancer brain and bone metastasis.

08/2012-09/2014 University of Mississippi Medical Center
Position: Graduate Assistant
•

Research work on breast cancer brain metastasis.

06/2011-06/2012 No. 2 Affiliated Hospital of Nanjing Medical University
Position: Medical Intern
•

Involved in daily practice at hospital;

•

Participated in chest centesis, paracentesis, lumbar puncture and wound
stitching;

•

Participated in ward inspection competition and entered the qualifying
round.

183

09/2010-06/2011 Changzhou No. 2 People’s Hospital
Position: Medical Intern
•

Involved in both lab research and clinical practice

OTHER EXPERIENCE AND PROFESSIONAL MEMBERSHIPS:
American Association for Cancer Research (AACR)
The European Cancer Prevention Organization (ECP)

ACADEMIC AND PROFESSIONAL HONORS:
Scholarship of Nanjing Medical University, Nanjing Medical University, 2008
Medical Intern of excellence, No. 2 Affiliated Hospital of Nanjing Medical
University, 2012

184

