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ABSTRACT
Metastatic spread of cancer cells from their primary site requires invasion into the
vasculature, extravasation at the distant organ site and colonization of the distant organ.
Here we studied mechanisms of attachment and invasion into endothelial monolayers by
cancer cells to identify driver molecules and signaling pathways that are crucial for the
invasive phenotype.
We found that human cancer cell invasion of an endothelial monolayer is altered by
the density at which the cancer cells are grown in tissue culture. Gene expression analysis
showed that immune response cytokines such as IL6, IL8, CXCL1, 2 & 3 are upregulated
and serve as drivers of transendothelial invasion of subconfluent MDA-MB-231 cells.
Blocking the receptors of these cytokines inhibited cancer cell migration and endothelial
invasion in vitro. Conditioned media (CM) from invasive MDA-MB-231 cells restored
the invasive phenotype to non-invasive MDA-MB-231 cell subpopulations, and CM from
non-invasive cells inhibited the invasive phenotype suggesting that the invasive
phenotype is dependent on factors released from the cells.
MDA-MB-231 cell subpopulations with different invasive phenotypes was also
studied in live zebrafish embryos. These in vivo studies corroborated the distinctly
invasive phenotype of the cancer cell subpopulations in vitro. CXCR2 blocking
antibodies inhibited MDA-MB-231 invasion and changed their homing pattern in the
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zebrafish model. Additionally, the non-invasive MDA-MB-231 showed reduced lung
colonization when injected in the tail vein of nude mice. We conclude that autocrine and
paracrine acting cytokine networks contribute to cancer cell invasion.
In an independent functional genomics approach to dissect driver pathways of
malignant progression different human and mouse cancer cell lines were transduced with
lentiviral-based genome or kinome-targeted shRNA libraries. Cancer cell subpopulations
were then selected for their loss-of-function in an endothelial invasion assay in vitro.
After several rounds of selection, the respective shRNA targeted genes were identified
from the selected cancer cell populations. Two to four distinct shRNAs targeted each
identified gene.
We conclude that cancer cell invasion of endothelial monolayers can model one of
the hallmarks of invasive cancer and can be used to identify driver pathways of malignant
progression that may translate into targets for therapy.
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CHAPTER 1: INTRODUCTION
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Tumor invasion and metastasis
Metastatic spread of cancer cells is a hallmark of malignant transformation and the major
cause of death from cancer. Cancer cells enter the circulation by invading through the
vascular endothelial barrier at the primary site. These circulating cells then evade from
the vasculature at distant sites and form expanding metastatic seeds. Endothelial cells
form the barrier between cancer cells at the primary site and the circulation at one end,
and between circulating cancer cells and the secondary site at the other end in the
metastatic process. Metastatic cells face several obstacles before their ultimate goal is
achieved and not all cancer cells in the primary tumor have the ability to overcome these
obstacles due to tumor heterogeneity. Tumor heterogeneity is caused by genomic
instability, epigenetic changes and chromosomal rearrangements (1, 2). Metastatic clones
show a higher rate of genetic instability than non-metastatic clones in the same tumor (35). Also, they use cell-autonomous as well as paracrine stimuli from the local host stroma
and recruit circulating hematopoietic cells to break through the endothelial barrier (6-9)
(10, 11). Furthermore, an epithelial to mesenchymal transition allows them to migrate
away from the primary tumor.
Epithelial to mesenchymal transition (EMT) is the process by which epithelial cells lose
their polarity and attachment to the basement membrane and acquire mesenchymal
features such as enhanced mobility and invasiveness (12, 13). A number of molecular
changes are necessary to achieve full transition between the two phenotypes. First,
transcription factors, such as slug, snail and twist, mediate the expression of
mesenchymal markers and repression of the epithelial ones (14-16). Also, surface
adhesion molecules and cytoskeletal components play a major role in the change of
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phenotype. E-cadherin is replaced with N-cadherin, zona occuldens 1 and desmoplakin
are no longer needed to maintain polarity and a higher expression of vimentin appears as
a cytoskeletal component while cytokeratins are down regulated. Furthermore, certain
microRNAs are involved in EMT regulation. For example, the miR-200 and miR-205
were shown to maintain the epithelial phenotype and the loss of miR-200 reduced Ecadherin and increased vimentin expression (17-19). EMT is known to be associated with
embryogenesis and organ development in normal conditions, yet it is a key step in cancer
progression and metastasis (20-22).
Cancer cell transendothelial migration
The metastatic spread may start when the primary cancer is still far below detection [< 3
mm in diameter (23, 24)] and is the major cause of disease recurrence, poor outcome and
death from cancer. In the absence of a malignancy, only hematopoietic cells are
"licensed" to be present in the circulation and to transverse the endothelial barrier.
Complementary to this, the detection of epithelial cells in the circulation indicates the
presence of an invasive malignancy that has initiated metastatic spread (14, 17, 25-30).
Interestingly, cancer cells may utilize similar mechanisms as infiltrating leukocytes to
invade the endothelial vasculature. For example, E-selectins on endothelial cells stall
circulating leukocytes by interacting with L-selectins on their surface. A cascade of
reactions follows that result in the loosening of the junctions between the endothelial
cells and the exit of the activated leukocytes into target tissue. Epithelial cancer cell lines
were shown to express E-selectin ligands on their surface that facilitate their invasion (17,
31-34).
Driver pathways in cancer cells (=cell autonomous mechanisms) as well as the
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contribution of stimuli provided by local stromal and recruited hematopoietic cells can
contribute to this process (=paracrine signals): Furthermore, cancer cells may express and
activate the complete machinery needed for invasion, including hematopoietic growth
factors as will be shown in the results section. Also, less invasive dormant cancer cells
may coopt tissue-infiltrating monocytes or respond to their stimuli to initiate and drive
invasion (7-11, 35). Finally, paracrine stimuli from cancer cell subpopulations can alter
the invasive phenotype even when present as a small subpopulation (36, 37).
Circulating cancer cells secrete factors that activate endothelial cells in preparation for
transendothelial migration. For example, breast cancer cells express high levels of
vascular endothelial growth factor (VEGF) which is known to increase vascular
permeability through VE-cadherin and thus disruption of junctions on endothelial cells
(38-42). VEGF was shown to enhance breast cancer cells adhesion on human brain
endothelial monolayer and increases their transendothelial migration leading to brain
metastasis (43-46). Similarly, prostate cancer utilizes cell-derived factor-1 (SDF1/CXCR4) pathways to metastasize to the bone. SDF-1 increased prostate cancer cell
adhesion to osteosarcoma and endothelial cells as well as migration (7-11, 47, 48).
Furthermore, CXCL9 from metastatic melanoma cells induces endothelial barrier
disruption in a dose dependent manner (37, 49, 50).

Cancer and Inflammation
Inflammation has been widely accepted to be an essential participant in all stages of
cancer development from initiation, to progression and metastasis. The inflammatory
response to injury or infection is a normal reaction to eliminate pathogens, yet if
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inflammation persisted and became chronic it could induce mutations, genomic
instability and eventually tumor promotion. For example, hepatitis B or C may precede
hepatocellular carcinoma and Helicobacter pylori infections are linked with gastric cancer
(2, 51-53). Also, environmental carcinogens such as asbestos lead to tumor-promoting
chronic inflammation (4, 10, 54-57). After cancer development, many immune cells exist
in the microenvironment of the tumor from innate immunity cells such as macrophages,
monocytes and natural killer cells, to adaptive immunity T and B cells to surrounding
stroma cells such as fibroblasts and endothelial cells (7-11, deVisser:2006hw, 27, 48, 5862). The crosstalk between malignant cells and immune cells involves paracrine loops of
cytokines, chemokines and growth factors. At a later stage of tumor growth, the blood
supply will not suffice leading to tumor necrosis. Although this might sound like an antitumor process, unlike programmed cells death, cell necrosis releases cytokines, growth
factors and other pro-inflammatory mediators that will attract more immune cells and
promotes neoangiogenesis (13, 63, 64).
Cytokine receptors activate the JAK-STAT pathway. STAT3 induces tumor-promoting
inflammation through enhancing proliferation, survival and metastasis of cancer (1, 15,
16, 65). STAT3 activates the expression of cytokines and growth factors which in turn
activate STAT3 in a positive feed back loop between malignant cells and other cells in
the tumor microenvironment. NFk-B is a transcription factor downstream of STAT3 that
is well known to induce the expression of multiple cytokines and proinflammatory factors
(3, 5, 18, 19, 66).
The network of paracrine signals between stromal and cancer cells through G-protein
coupled receptors (GPCRs) is well established and this crosstalk can connect cancer with
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inflammatory and immune system responses in addition to the modulation of cell growth
and survival via GPCR signaling (6, 21, 22, 67).

Cytokine expression has been

implicated in more aggressive cancer phenotypes both in clinical samples and in
mechanistic studies with cultured cells or animal models. Cytokines were found at higher
levels in metastases when compared with biopsies of primary tumors. Furthermore, high
levels of cytokines were associated with a shorter relapse-free patient survival suggesting
their impact on the aggressiveness of the particular cancer (12, 24, 68). Cancers can
overexpress CXCL1/2 (1, 14, 25, 26, 28-30, 69), IL6 (17, 32-34, 70), IL8 (7-11, 20, 49,
71) or activate CXCR2/R4 pathways due to a loss of TGF-beta signaling (23, 37, 72, 73)
and thus attract mesenchymal cells. This influx of inflammatory cells in particular
provides additional cytokine activity that enhances cancer cell survival, expansion of the
stem cell population and ultimately poor disease outcome or treatment resistance (14, 17,
27, 39, 41, 45). Furthermore, cancer cells in the circulation can be attracted into emerging
metastases by their cytokine expression gradient, and expand the lesion through selfseeding of cancer cells (31, 44, 46, 74, 75).
We have used Electric Cell-Substrate Impedance Sensing (ECIS) as an in vitro assay to
study the change in transendothelial invasion of cancer cells. For a series of experiments
aimed at elucidating mechanisms and drivers of cancer cell invasion, we reasoned that
vascular invasion by cancer cells can be mimicked in vitro using a co-culture system of
an intact monolayer of endothelial cells that is invaded by the addition of cancer cells.
The invasion of the endothelial monolayer can be monitored and quantified by Electric
Cell-Substrate Impedance Sensing (ECIS) that provides a continuous read-out of the
status of the monolayer. Much to our surprise, the propagation of a series of established
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cancer cell lines at low or high cell density induced an invasive or non-invasive
phenotype, respectively. Studies presented here elucidate the underlying mechanisms
both in vitro and in animal studies.
Furthermore, we sought to elucidate drivers of cancer cell invasion by using shRNA
libraries that target either the whole genome or focused on all the known kinases.
Conceptually, this is a pathway-targeted mutagenesis approach with the advantage that
the induced "mutation" is uniquely identifiable as an shRNA targeted gene. shRNA
library transduced breast cancer cells were allowed to attach to and invade an endothelial
cell monolayer. Cells that fail to attach were harvested, grown and reapplied in two or
three more rounds of selection. Selected cells have a phenotype induced by the
enrichment for a defined shRNA. Upon identifying the genes that were target by the
respective shRNA, we plan in future studies to target those genes or their corresponding
pathways with available drugs that may even have been approved by the FDA thus
allowing for a defined transition to clinical use.
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CHAPTER 2: METHODS
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A. Cell culture
Primary Human Umbilical Vein Endothelial Cells (HUVECs) were maintained in EGM-2 media
as recommended by supplier (Lonza, Walkersville, MD). EO771, PC3, parental MDA-MB-231
and sublines BrM, BoM and LM were grown in DMEM (GIBCO, Invitrogen) with 10% fetal
bovine serum. THP1 cells were grown in RPMI (GIBCO, Invitrogen) with 10% fetal bovine
serum. Subconfluent cells were grown at 50-70% confluency and passaged twice a week while
the confluent cells were grown at 100% confluency for five days with daily complete media
change.

B. Conditioned media collection
Prior to conditioned media collection, cells were grown in serum free DMEM overnight which
was collected and concentrated 3-4 times, with 5kD cutoff for the subconfluent and 3-10kD
cutoff for the confluent cells’ media using vivaspin columns (GE Healthcare).

C. Fast protein liquid chromatography (FPLC) and dialysis
The confluent conditioned media was fractionated on HiTrap Q HP (Sigma-Aldrich) using FPLC.
Fractions were eluted at 0.4, 0.8, 1 M NaCl. To get rid of excess salt, fractions were dialysed
using slide-A-lyzer dialysis cassette (Thermo-Scientific) with 2 kilo Dalton cutoff. The fractions
were dialyzed against 2 liters of 150 mM NaCl and 25 mM Tris buffer for six hours. Solution was
changed every 2 hours.

D. Treatment of confluent/ blocking conditioned media
The conditioned media was boiled at 95°C for 20 min, left to cool down to room temperature then
added to the cells.
20ul of immobilized trypsin on beads (thermoscientific) were added to 500ul of the concentrated
conditioned media, incubated at 37°C for two hours with shaking. The digested sample was
centrifuged at 1000rpm for 2 minutes then the supernatants were passed through 0.45um filter.
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The conditioned media was treated with heparinase I (Sigma-Aldrich) for 4 hours at 37°C then it
was boiled for 20 min at 95°C to inactivate heparinase I.
Exosomes were isolated from the conditioned media using Exoquick (System Biosciences)

according to the manufacturer’s protocol.
E. Invasion assay
Human umbilical vein endothelial cells (HUVEC) were plated in wells of the electrical cellsubstrate impedance sensor system ECIS. Wells were pretreated with 0.1% gelatin for 30 min
then washed twice with 1X PBS. 150,000 cells in well from (Applied Biophysics, NY; 8W10E)
or 30,000 cells in E-plate (Roche) were grown for 24hr until a monolayer is achieved.
Respectively, 50,000 or 15,000 cancer cells were added to the HUVECs to determine their
invasive capacity. An invading cancer cell interrupting the monolayer is indicated by the drop in
resistance that is recorded at 5 min intervals. MDA-MB-231 were treated with anti-IL6R or antiCXCR2 (R&D Systems) six hours prior to use in the invasion assay. Subconfluent cells’
conditioned media was added to the HUVEC monolayer 6 hrs prior to MDA-MB-231 cells
addition. The confluent cells’ conditioned media was added simultaneously with the cancer cells.

F. Migration assay
To monitor cell migration in real time we used a CIM-plate from Xcelligence system (Roche), a
two-chamber, transwell assay separated by a porous membrane that carries an electric cell
impedance sensing (ECIS) electrode array facing the lower chamber. Cells are added to the top
chamber and migrated cells recorded continuously. All wells had serum free DMEM. IL8 (BD
Pharminogen) and anti-CXCR2 (R&D Systems) were added to both top and bottom chambers (no
gradient). The conditioned media from the confluent/ non-invasive MDA-MB-231 cells was
added only to the lower chamber. Cells to be tested for migration were grown in serum free
DMEM overnight before the assay was performed.
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G. Wound healing assay
HUVECs were plated in wells of the electrical cell-substrate impedance sensor system (Applied
Biophysics, NY; 8W10E) for 24hr until an intact monolayer is achieved. Wells were pretreated
with 0.1% gelatin for 30 min then washed twice with 1X PBS. Pulses of high voltage were
introduced for 5 minutes to detach the cells from the electrodes. Wound healing was measured as
cells neighboring the electrode (not affected by the high voltage) fill in the gap and cover the
denuded area. HUVECs were treated with the conditioned media from the subconfluent/ invasive
cells 6 hours before wounding, while that from the confluent/ non-invasive cells was added right
before wounding.

H. Labeling MDA-MB-231
Cells were labeled with either 565nm or 655nm Qdots using Qtracker Cell Labeling kit according
to the manufacturer’s instructions (Invitrogen, CA).

I. Zebrafish injection and imaging
Zebrafish embryo were used 48 hours post fertilization. They were injected with both the
subconfluent and the confluent labeled MDA-MB-231 cells (total number of injected cells was
100-200 cells) in the yolk sac simultaneously. Tg(kdrl:GRCFP)zn1 transgenic embryos were
injected with 10-50 cells in the circulation (cardiac venous sinus) and monitored by fluorescent
microscopy 24-48hrs post injection (35, 38, 47, 48). MDA-MB-231 cells were treated with antiCXCR2 (R&D Systems) six hours prior to injection.

J. Mice injection and metastases quantification
MDA-MB-231 cells were grown either at low or high density in culture for 5 days. One hundred
thousand MDA-MB-231 cells were injected in the tail vein of nude mice. After 10-14 days, the
lung and liver (control organ) were collected and the total RNA was extracted using RNeasy Mini
Kit (Qiagen) according to the manufacturer’s instructions. cDNA was synthesized with the iScript
cDNA synthesis kit, according to the manufacturers’s protocol (Biorad Laboratories, Hercules,

	
  

11	
  

CA). qRT-PCR was performed in an iCycler iQ (BioRad) using the iQ SYBR Green Supermix
(BioRad) under the following conditions: 95ºC for 3 min followed by 40 cycles (95ºC for 20 sec,
55ºC for 30 sec and 72ºC for 40 sec). The housekeeping human gene B2M relative to mouse
ACTIN was used to quantify metastases in the lung. The qPCR cycle numbers showed clustering
that enabled us to count positive lungs for metastases. H&E stained Lung sections were also
examined by microscopy and showed metastases that correlated with the qPCR data.
hB2M
mACTIN

Forward
CTTAGCTGTTCGCGCGCTACTCT
GGCGCTTTTGACTCAGGCTTTAA

Reverse
CCATTCTCTGCTGGATGACGTGAGT
CCTCAGCCACATTTGTAGAACTTT

K. Subcutaneous xenograft in mice
MDA-MB-231 cells were grown either at low or high density in culture for 5 days. One million
of each cell population (low and high density) were injected in each side of 6 athymic nude mice.
Two perpendicular dimensions of a tumor were measured using a caliper every 5 days.

L. Cell proliferation assay
Cells were plated at 2000, 4000, 8000, 1600 cells/well on E-plates from Xcelligence system
(Roche) and monitored in real time for 60 hours at 37oC.

M. Apoptosis assay
Apoptosis of MDA-MB-231 (106 cells) was determined by Annexin V-FITC staining, according
to the manufacturer’s instructions (Trevigen, Gaithersburg, MD).

N. Flow cytometry
One million cells were incubated with either anti-CD44 FITC or anti-CD24 PE or both for 20
minutes on ice then washed with ice cold phosphate buffered saline and processed by the Flow
cytometry shared resource at Lombardi Cancer Center, Georgetown University.

O. Western blot
Subconfluent and confluent MDA-MB-231 cells were starved overnight and lysed in plate using
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NP40 lysis buffer, followed by 30 minutes incubation on ice. Lysed cells were then
centrifuged at max speed for 15 minutes and supernatants were kept for further protein
analysis. Protein concentration was measured using the Bradford protein assay (Bio-Rad).
Proteins were separated by SDS-PAGE electrophoresis on 4-20% tris-glycine gels at 120
V. Proteins from the gel were transferred to a Polyvinylidene fluoride (PDVF) membrane using
the I-blot machine (Invitrogen). The membrane was blocked with 5% milk in PBST for 1 hour
then incubated with the primary antibodies overnight at 4°. The signals were developed using
HRP-conjugated secondary antibodies. Primary antibodies used were anti- vimentin (Dako,
Carpinteria, CA), beta-catenin(BD Biosciences, San Jose, CA), Actin (Millipore, Billerica, MA),
Stat3, phospho-Stat3, NFkB, phospho-NFkB, IkBα, phospho-IkBα, ERK, phospho-ERK, P38,
phoshp-P38, Akt, Phospho-Akt (Cell Signaling, Boston, MA).

P. cDNA array
cDNA arrays were done as described previously (36, 49, 50, 76) and analyzed using
BioConductor. As a threshold a 2-fold upregulation and a p-value of p<0.01 were used.

Q. Comparative genomic hybridization
DNA was extracting from subconfluent and confluent MDA-MB-231 cells using PrepEase
Genomic DNA Isolation Kit (USB, Cleveland, OH) following the manufacterur’s protocol. The
samples were hybridized to an Agilent SurePrint G3 Human CGH 8x60K at Dr. Bassem

Haddad Laboratory, Lombardi Cancer Center, according to the maufacturer’s protocol.
R. Transduction with shRNA library
The mouse cell line EO771 and the human cell lines MDA-MB-231, and U87 were grown to 70%
confluency and infected respectively with genome-wide or kinome-targeted shRNA libraries,
according to the manufacture’s protocol (System Biosciences, Mountain View, CA).
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S. Attachment to endothelial cells
300,000 human umbilical vein endotheial cells (HUVEC) were grown for 24 hours to form a
monolayer in a 6-well plate. 200,000 cancer cells were added to the monolayer either for 30 min
(EO771) or one hour (MDA-MB-231, U87-MG). The supernatant was collected and the
monolayer was washed 3 times with media (DMEM). The supernatants and the washes were
pooled and unattached cells were counted using a Beckman Coulter cell counter (Brea, CA) then
re-plated for 2 days before the next round of endothelial attachment. Attached cells were counted
and averaged from ten fields using a light microscope. Puromycin treatment (5ug/ml) got rid of
the endothelial cells and the attached cells remained for further analysis. Note that cells infected
with the shRNA library had a puromycin selection gene.

T. Identifying the enriched shRNA
Total RNA was extracted from pooled phenotypically selected cells using RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions. cDNA was synthesized with the
SuperScript III First-Strand Synthesis System, according to the manufacturer’s protocol
(Invitrogen, CA). PCR and labeling was performed in an eppendorf

thermocycler

using

Titanium Taq (clontech, Mountain View, CA). PCR primers and program were provided by
System Biosciences. Affymetrix hybridization to GeneChip® Mouse Genome 430 2.0 or
GeneChip® Human Genome U133+2.0 were performed at the Genomics and Epigenomics
shared resource at Lombardi Cancer Center, Georgetown University per the manufacturer’s
specifications. GeneNet™ shRNA Library Data Analysis Software (System Biosciences) was
used to determine the enriched shRNA sequences. Gene candidates were selected if targeted by
two or more distinct shRNAs that were 2 or more fold increased compared to unselected cells
with shRNA library.
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U. Statistical analysis
Prism 5 (Graphpad Inc) was used for statistical analysis. ANOVA was used for multiple and ttests for paired comparisons. Statistical significance was defined as P values <0.05.
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CHAPTER 3: CANCER CELL INVASION DETERMINED BY CELL
DENSITY AND CYTOKINE-MEDIATED CROSSTALK
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Growth at different cell densities in culture impacts cancer cell invasive capacity
In a series of preliminary studies we observed that cell confluence impacted cancer cell invasion
of endothelial monolayers. To investigate how cell density may alter the invasive capacity of
cancer cells, we maintained the breast cancer cell line MDA-MB-231 either at high or low density
in tissue culture (see methods). Then, we used Electric Cell-Substrate Impedance Sensing (ECIS)
as an in vitro assay to study the change in transendothelial invasion of MDA-MB-231 across a
HUVEC monolayer (Figure 1A). The aggressive cell line, MDA-MB-231, shows a huge
reduction in invasion ability when grown at high density in tissue culture before addition to the
HUVECs (Figure 1B, C). LM, BrM and BoM are sublines of the parental cell line MDA-MB-231
that were selected in athymic nude mice to metastasize either to the lung, brain or bone,
respectively (20, 38, 40, 42, 51, 53). They also showed a similar behavior as the parental cells in
which invasion is decreased when grown at high density in culture. Unlike Colo357 cells which
invasion was not affected by cell density, PC3, a prostate cancer cell line with high metastatic
potential and THP1, human acute monocytic leukemia cell line, were less invasive after being
cultured at high cell density (Figure 1D, Figure 2). When re-plated at low density for two weeks,
the confluent/ non-invasive MDA-MB-231 population regained its invasive capacity. Also,
previously confluent MDA-MB-231 cells showed similar proliferation rate as the previously
subconfluent MDA-MB-231 cells when the same number of cells are plated and monitored in
real-time (Figure 3). Apoptosis levels were not changed amongst the confluent and subconfluent
cell populations (Figure 4).
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Figure 1. Growth at different densities impacts cancer cell invasive capacity. (A)
Cartoon of the cancer cell invasion assay of an endothelial monolayer. Electric cell
impedance sensing (ECIS) provides a real-time readout of a disruption of the
monolayer. (B) MDA-MB-231 cells kept at low density (subconfluent) or at high
density (confluent). Size bar, 0.1 mm. (C) ECIS of an endothelial monolayer without
or after addition of MDA-MB-231 cells that were kept at low density (subconfluent/
invasive) or high cell density (confluent/ non-invasive). ***, p<0.0001 invasive vs.
non-invasive. (D) Invasion of different cancer cell lines kept at low vs. high cell
density. The reading was taken 10 hours after initiation of invasion (dashed line in
panel C). BrM, BoM, LM are MDA-MB-231 sublines with different metastatic patterns
to brain, bone and lung respectively (59-61). The raw data for all cell lines are shown in
Figure 2. **, p<0.001 ***, p<0.0001; ns, not significant.
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Figure 2. The impact of cell growth at different density on cancer cell invasive
capacity. Different cancer cell lines were assayed for the invasive phenotype of an
endothelial cell monolayer as described in Figure 1. MDA-MB-231 derivative breast
cancer cell lines BrM (A), BoM (B) and LM (C) (from the Massague laboratory (5961)), PC3 prostate cancer (D), THP1 monocytic leukemia (E) and Colo357 pancreatic
cancer cells were analyzed. ***p<0.0001. ns: no statistical significance. The dashed
line indicates the ten hour time point chosen for the graph in Figure 1D.
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Figure 3. Proliferation of MDA-MB-231 cells after growth at high or low cell
density. Subconfluent (A) or confluent (B) MDA-MB-231 cells were re-plated for a
proliferation assay at 2,000, 4,000, 8,000, and 16,000 cells per well and their
proliferation followed over 60 hours using an ECIS read-out.

Figure 4. Apoptosis analysis of MDA-MB-231 cells after growth at low (A,
subconfluent) or high (B, confluent) cell density. FACS analysis data are
shown for PI and Annexin V staining.
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The upregulation of immune response cytokines contributes to the invasive
phenotype.
We performed a gene expression array on both subconfluent and confluent MDA-MB-231 cells
to identify genes and pathways that are differentially regulated and may control the switch in
invasion observed. Genes upregulated in the subconfluent/invasive MDA-MB-231 were involved
in wound healing, inflammation and immune response. Top hits were interleukins and
chemokines such as IL1, IL6, IL8, CXCL1, CXCL2, CXCL3, and growth factors such as
GMCSF and GCSF, also transcription factors such as EGR1, FOS and TCF12, others were
involved in adhesion and migration such as CD44 and TNC (Figure 5A) (Table 1).

Figure 5. Increased expression of chemokines &
A

their contribution to the invasive phenotype. (A)
Upregulated genes in invasive (subconfluent) vs. noninvasive (confluent) MDA-MB-231 cells derived from
cDNA array analysis. The overlapping gene ontology
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Supplementary Table S1: mRNA expression of upregulated genes in the subconfluent/ invasive
MDA-MB-231.
Gene Name
CXCL1
IL8
FOSB
CD44
CXCL3
CSF2
IRAK3
CXCL2
EGR1
NF1
FOS
EGR1
IL8
TCF12
TNC
KYNU
CSF3
IL6
VNN1
IL1A
TFPI

Fold increase

4.2377
3.8065
3.5222
3.435
3.3034
3.0274
2.9811
2.9427
2.8821
2.8757
2.7836
2.764
2.7089
2.6277
2.5593
2.1814
2.0976
2.0784
2.0405
2.0244
1.896

P-value

0.0001
0.0004
0.0005
0.0007
0.001
0.0015
0.0016
0.0018
0.0021
0.0022
0.0026
0.0027
0.003
0.0031
0.0034
0.0059
0.0069
0.007
0.0074
0.0077
0.0099

Table 1: mRNA expression of
upregulated genes in the subconfluent/
invasive MDA-MB-231.
Blocking cytokine receptors impairs invasion and migration of MDA-MB-231 cells in vitro
To determine if the cytokine network implicated by the expression array is one of the drivers for
MDA-MB-231 invasive behavior, we used blocking antibodies against IL6 receptor, anti-IL6R
and against CXCL1, 2, 3 and IL8 receptor, anti-CXCR2 (= IL8R). The subconfluent MDA-MB231 cells were treated with either anti-IL6R or anti-CXCR2 prior to adding them to the
endothelial cells. Invasion by blocking antibodies-treated MDA-MB-231 cells was reduced
(Figure 5B). When the endothelial cells were treated with either anti-IL6R or anti-CXCR2
simultaneously or four hours prior to MDA-MB-231 cells addition, there was no change in
invasion (Figure 6).
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Figure 6. Blocking cytokine receptors on endothelial cells had no effect on invasion by
MDA-MB-231. HUVECs were treated with blocking antibody for IL6 receptor (A) or CXCR2
(B) either simultaneously or four hours prior to the addition of MDA-MB-231 cells. CXCR2:
receptor for CXCL1, 2, 3 and IL8.

We also used a two-chamber, transwell assay to monitor MDA-MB-231 cell migration (CIMplate, Roche)(Figure 7A) in the absence or presence of IL8 or anti-CXCR2 (Figure 7B). IL8
enhanced MDA-MB-231 cell migration while blocking CXCR2 significantly reduced their
migration. The conditioned media from confluent/ non-invasive MDA-MB-231 CM(C) reduced
migration while the presence of IL8 with CM(C) reverted its effect. Migration of confluent/ noninvasive MDA-MB-231 was slower compared to their invasive counterpart. IL8 or conditioned
media from the subconfluent/ invasive MDA-MB-231 CM(S) had a slight effect on migration of
confluent/ non-invasive MDA-MB-231 (Figure 7B). Also, MDA-MB-231 sublines, LM, BoM,
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and BrM, showed increased migration rate in the presence of IL8. Colo357 migration was
reduced while PC3 migration increased in the presence of IL8 (Figure 8).

Figure 7. Spontaneous and chemokine

A
Upper
Well

Tumor cell
Membrane
Electrodes

induced MDA-MB-231 cell migration.
(A) Two-chamber, transwell assay to

Lower
Well

monitor cell migration (62). The chambers
are separated by a porous membrane that

B

carries an electric cell impedance sensing
(ECIS) electrode array facing the lower
chamber. Cells are added to the top
chamber and migrated cells recorded
continuously and in real-time by ECIS. (B)
Cell migration rates in the absence and
presence of 2% serum, IL8, anti-CXCR2
antibody or conditioned media. MDA-MB231 cells were grown either subconfluent or

confluent for 5 days before adding the same number of cells to the top chamber. CM(S):
conditioned media from the subconfluent/ invasive MDA-MB-231, CM(C): conditioned media
from the confluent/ non-invasive MDA-MB-231,*** p<0.0001, * p<0.0001.
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Figure 8. Spontaneous and IL8 induced cell migration. Cell migration rates in the
absence and presence of 2% serum or IL8. LM: MDA-MB-231 subline that
metastasizes to the lung selected in nude mice, BoM: MDA-MB-231 subline that
metastasizes to the bone selected in nude mice, BrM: MDA-MB-231 subline that
metastasizes to the brian selected in nude mice. PC3: prostate cancer cell line, Colo357:
pancreatic cancer cell line.

Conditioned media from MDA-MB-231 cells restores the invasive phenotype
To see whether invasion drivers are secreted factors from MDA-MB-231 cells, we collected
conditioned media from either subconfluent/ invasive or confluent/ non-invasive MDA-MB-231
cell cultures and tested their effect on invasion using ECIS. Conditioned media from
subconfluent/ invasive MDA-MB-231, CM(S), restored the invasive capacity of the confluent/
non-invasive MDA-MB-231 cells. On the other hand, conditioned media from the non-invasive
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cells, CM(C), blocked invasion (Figure 9). Additionally, Colo357 invasion was not affected by
CM from the confluent/ non-invasive MDA-MB-231 while PC3 and THP1 invasion was reduced
(Figure 10). THP1 cells can only invade an endothelial monolayer after it has been pretreated
with IL1b. We have tried to substitute IL1b activation of the endothelial cells with activation by
the conditioned media from the invasive MDA-MB-231 cells, yet it did not successfully provide
the necessary preparation of endothelial cells for THP1 invasion (Figure 11). IL1b present in the
CM(S) is not at sufficient concentration.
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Figure 9.

Effect of the conditioned media (CM) from MDA-MB-231 cells on

transendothelial invasion. Using the ECIS invasion assay, (A) the confluent/ non-invasive
MDA-MB-231 cells were added to an established endothelial monolayer that was pretreated
for 6 hours with conditioned media from subconfluent/ invasive MDA-MB-231 CM(S). (B)
Conditioned media from confluent/ non-invasive MDA-MB-231 CM(C) was added
simultaneously with subconfluent/ invasive MDA-MB-231 to endothelial cells. MDA231:
MDA-MB-231, ***p<0.0001.
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Figure 11. Effect of the conditioned media (CM) from
subconfluent/ invasive MDA-MB-231 cells on invasion of
THP1 cells. THP1 cells were added to HUVEC monolayer
that was treated with either IL1b or conditioned media from
subconfluent/ invasive MDA-MB-231.

CM(S): conditioned

media from the subconfluent/ invasive MDA-MB-231,
***p<0.0001.

Paracrine Function of Cytokines Released from Invasive Cells
To distinguish paracrine activity of cytokines released from cells into their supernatants
from direct interactions of cancer cells with the endothelial monolayer, we collected the
conditioned media (CM) and tested their effect in the absence of invasive cancer cells.
First, we evaluated the CM effect on the closure of an interrupted endothelial monolayer,
i.e. on in vitro wound healing. In this assay the CM from invasive MDA-MB-231 cells
delayed closure of the wounds in a dose-dependent fashion (Figure 12 A, B). This
observation matches with the disruption of an intact monolayer caused by invasive cells.
CM from the non-invasive MDA-MB-231 had no significant effect on the in vitro wound
healing (Figure 12 C).
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Figure 12. Effect of conditioned media (CM) from subconfluent/ invasive MDAMB-231 cells on in vitro “wound healing”. A confluent endothelial monolayer grown
on an ECIS plate (see Fig. 1A) was wounded by sending a high voltage burst through
the electrodes. Closure of the monolayer was observed after ~6hr in control. (A)
Treatment with CM from invasive MDA-MB-231 cells delayed closure. (B) Slopes of
the monolayer closure in the presence of different amounts of CM. **p<0.001; ns, not
significant. (C) CM from non-invasive MDA-MB-231 cells did not impact endothelial
monolayer closure relative to control conditions.
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Alterations in signaling pathways with different cell density
To examine the change in signaling pathways among MDA-MB-231 cell populations grown at
either low or high cell density, we first looked at epithelial and mesenchymal markers. Vimentin,
a mesenchymal marker, was down-regulated in the non-invasive cells, while, beta-catenin, an
epithelial marker was up-regulated. This suggests a mesenchymal- epithelial transition in MDAMB-231 cells when grown at high cell density. Also, we looked at Stat3 levels, a mediator of both
the expression and response to inflammatory cytokines. As expected from the upregulation of
cytokines, its phosphorylation was elevated in the invasive MDA-MB-231 compared to the noninvasive population. In addition, phosphorylation of NFkB, a downstream mediator of
JAK/STAT signaling, was more prominent in the invasive MDA-MB-231 (Figure 13A). There
was no change in P38 and Akt proteins or their phosphorylation levels (Figure 13B).
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The effect of chemokines on the proliferation of MDA-MB-231 cells
MDA-MB-231 cells, previously grown at either low or high density, were re-plated onto an ECIS
array to measure their proliferation in the absence or presence of IL8, IL6 and the blocking
antibodies of their receptors, IL6R and CXCR2 (also CXCL1, 2 and 3 receptor) respectively. As
could be predicted from their chemokine expression profiles, IL8 and IL6 increased the
proliferation of the confluent MDA-MB-231, which have reduced expression of these two
chemokines, while the blocking antibodies had no effect on their proliferation (Figure 14). On the
other hand, the subconfluent MDA-MB-231 had a lower proliferation rate when treated with
IL6R and CXCR2 blocking antibodies. There was no effect on proliferation when adding IL6 or
IL8 to the subconfluent MDA-MB-231 (Figure 15). This could be explained by the fact that the
subconfluent MDA-MB-231 produce enough IL6 and IL8 to reach saturation and only blocking
the receptors thus had an effect.

	
  

31	
  

A

B

***

***

**

C

Figure 14. Effect of cytokines on confluent MDA-MB-231 cell proliferation. Confluent
MDA-MB-231 cell proliferation was monitored in real time using ECIS in the presence of
IL6 (A), IL8 (B), IL6R blocking antibody (C) or CXCR2 blocking antibody (D). CXCR2:
receptor for CXCL1, 2, 3 and IL8, ***p<0.0001, **p<0.001.
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Figure 15. Effect of cytokines on subconfluent MDA-MB-231 cell proliferation.
Subconfluent MDA-MB-231 cell proliferation was monitored in real time using ECIS in the
presence of IL6 (A), IL8 (B), IL6R blocking antibody (C) or CXCR2 blocking antibody (D).
CXCR2: receptor for CXCL1, 2, 3 and IL8, *p<0.01.
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CHAPTER 4: CELL DENSITY AND CYTOKINES EFFECT ON
INVASION AND METASTASIS IN VIVO
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Low versus high confluency MDA-MB-231 cells show differential invasive behavior
in a zebrafish metastasis model
We used zebrafish embryos as a metastatic model that allowed for monitoring labeled cells as
they migrate and home to target tissue. First, we tested the ability of MDA-MB-231 cells to
migrate from the yolk sac into the circulation. We simultaneously injected in the yolk sac the
same number of labeled MDA-MB-231 cells previously grown in culture at either high or low
density (Figure 16B). Unlike the confluent/non-invasive MDA-MB-231 which seemed to stay in
the yolk sac, the subconfluent/invasive MDA-MB-231 cells have migrated out of the yolk sac and
were spotted in the vessels of the fish tail (Figure 16B, C). We have quantified the number of
zebrafish migration of either the subconfluent or confluent MDA-MB-231. The data from figure
16D support the invasive phenotype seen of those cells in vitro.
Next, to monitor the interaction between MDA-MB-231 and the endothelial vasculature, we used
the transgenic Tg(kdrl:GRCFP)zn1 zebrafish that is translucent with GFP-labeled vasculature
(Figure 17A). We injected labeled MDA-MB-231 cells into the circulation and looked for cells
that exited the blood vessels into the surrounding tissue. The subconfluent/invasive MDA-MB231 cells were more successful at extravasating the vasculature than the confluent/non-invasive
cells (Figure 17E). Also, the confluent/non-invasive MDA-MB-231 cells were seen less
frequently in the intersegmental vessels, reflecting their lower migration ability (Figure 17B, C,
D). Furthermore, subconfluent/invasive MDA-MB-231 cells were treated with anti-CXCR2 prior
to injection in Tg(kdrl:GRCFP)zn1 zebrafish. Anti-CXCR2-treated cells had a different homing
pattern than the untreated cells. The former accumulated in the caudal vein plexus and almost
exclusively exited the vasculature from that area on day one (Figure 17F). The invasion patterns
began to look similar on day two, possibly after the antibody blocking effect was diminished. The
caudal vein plexus (CVP) is analogous to the fetal hematopoietic organ in mammals, the liver. It
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is where hematopoietic stem cells give rise to differentiated lineages of blood cells later found in
the bone marrow (43, 45, 54, 56, 77, 78).
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Figure 16. Invasion of MDA-MB-231 cells in zebrafish.

(A) Four days post-

fertilization zebrafish embryo. (B to D) Subconfluent or confluent MDA-MB-231
were labeled with green or red Q-dots respectively and simultaneously injected into
the yolk sac. Cells detected in the yolk sac (B) or the tail region (C) are shown. (D)
The number of the respective invading MDA-MB-231 cell populations were counted
two days after injection. ***, p<0.0001.
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(A) Four days post-

fertilization fluorescent and phase contrast overlay image of a transgenic zebrafish tail
(transgene = flk-1:GFP). DLAV, Dorsal Longitudinal Anastomotic Vessel; IV:
Intersegmental Vessel; CVP, Caudal Vein Plexus. (B to D) Labeled subconfluent (B) or
confluent (C) or anti-CXCR2 treated (D) MDA-MB-231 cells were injected separately into
Sharif et al. Figure 5

the circulation of the zebrafish. (E) Fraction of extravasating cells two days after injection.
*p<0.05, **p<0.001 (F) Effect of anti-CXCR2 treatment on subconfluent MDA-MB-231
invasion one and two days after injection. The number of fish is indicated for each group.
*p<0.05, **p<0.001.
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Lung colonization of MDA-MB-231 cells with different invasion capacity
To further investigate the difference in metastatic capacity of MDA-MB-231 cells grown at
different cell density in tissue culture, we injected half a million cells in the tail vein of nude mice
to observe lung colonization. qPCR values for the human gene B2M relative to mouse actin were
used to detect positive lungs for MDA-MB-231 colonization (Figure 18A). Also, H&E staining
for cross sections confirmed and correlated well with the qPCR data (Figure 18B). In agreement
with the previous in vitro and in vivo data, the confluent MDA-MB-231 cells were less successful
at colonizing lungs compared to their subconfluent counterpart.

Sharif et al. Suppl Figure 7S

Figure 18. Lung colonization in athymic nude mice after tail vein injection of MDAMB-231 cells. (A) Detectable lung metastases from subconfluent or confluent MDA-MB231 cells. *p<0.05. (B) H&E stained lung sections showing micrometastases.
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Subcutaneous xenograft of MDA-MB-231 with different chemokine expression
profile
MDA-MB-231 cells grown at different cell density in culture showed a distinct chemokine
expression profile. In order to study the effect of these chemokines in the initiation and
progression of xenografts, we injected subcutaneously six athymic nude mice with either
subconfluent or confluent MDA-MB-231 and measured tumor growth over the period of 18 days.
Both MDA-MB-231 cell populations grew tumors in the first 10 days, yet, subconfluent MDAMB-231 were able to maintain growth while confluent MDA-MB-231 tumors started to disappear
(Figure 19).

Figure 19. Subcutaneous xenografts from MDA-MB231
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**p<0.001.

	
  

39	
  

in

nude

mice.

Comparative genomic hybridization
Along with the expression array analysis, we performed comparative genomic hybridization to
reveal any amplification or deletion difference between subconfluent and confluent MDA-MB231. Our results showed minor changes in the genomes of the two MDA-MB-231 populations
(Figure 20). Also, the genes that were differentially expressed were not located at the genomic
regions that had been amplified or deleted (Table 2).

Gain (right) or loss (left) in subconfluent vs confluent MDA-MB-231
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Figure 20. Comparative genome hybridization of subconfluent (green) and confluent (red)
MDA-MB-231 populations. Gain of genomic regions is illustrated to the right of the profile
while the loss is illustrated to the left. The location of the genes that showed expression
upregulation are illustrated by letters (see Table 2).
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Chr locus
GeneID
4q21
2919
4q13-q21
3576
11p13
960
4q21
2921
5q31.1
1437
12q14.3
11213
4q21
2920
5q31.1
1958
17q11.2
4763
14q24.3
2353
15q21
6938
9q33
3371
17q11.2-q12 1440
7p21
3569
6q23-q24
8876
2q14
3552
2q22.2
8942

GeneName gain/loss
CXCL1
IL8
CD44
CXCL3
CSF2
IRAK3
CXCL2
EGR1
NF1
FOS
TCF12
TNC
CSF3
IL6
VNN1
IL1A
KYNU
-

illustration in figure 20
d
c
l
f
g
m
e
h
p
n
a
k
q
j
i
a
b

Table 2: Comparative genomic hybridization results and
chromosomal location of differentially regulated genes in the
MDA-MB-231 subconfluent and confluent populations.
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CHAPTER 5: DETERMINING THE GENES THAT PLAY A ROLE IN
CANCER CELL ATTACHMENT TO THE ENDOTHELIUM
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Cancer cell attachment to the endothelium is altered by cell density in culture
Cancer cells recognize surface molecules on endothelial cells, this allows circulating
cancer cells to halt and attach as a first step in a cascade of events that will disrupt the
endothelial monolayer for cancer cells to penetrate to the other side (Figure 21A). We
performed an attachment assay where MDA-MB-231 cells were added to an established
endothelial monolayer for one hour. Attached cells were counted under the microscope
while unattached cells were collected from the supernatant and counted. In line with our
previous experiments with invasive and non-invasive MDA-MB-231 cells, attachment to
endothelial cells was higher for the invasive compared to the non-invasive cells (Figure
21B,C). Also, conditioned media from non-invasive cells that previously blocked
transendothelial invasion (Figure 9A), decreased the number of attached invasive MDAMB-231 and kept the endothelial monolayer intact (Figure 21B,C).

	
  

43	
  

A

B

Cancer cells

Endothelial monolayer

Attachment of cancer cells
Invasive cancer cells

Invasion into the endothelial monolayer

C

attached cells/ field

MDA-MB-231

invasive
non-inv.
CM(C)

***

+
-

+
-

***
+
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Figure 21. Effect of cell density and conditioned media on the attachment of MDA-MB-231
to endothelial cells. (A) A diagram illustrating the steps of transendothelial invasion starting with
attachment. (B) Endothelial cells were grown for 24 hours until a monolayer is formed. Invasive
or non-invasive MDA-MB-231 cells were added to the monolayer in the absence or presence of
conditioned media from the non-invasive MDA-MB-231 cells. (C) A quantification of the
attached MDA-MB-231 cells to endothelial cells was done after 1 hour. Ten fields were counted
for each combination. Invasive: invasive MDA-MB-231, non-inv.: non-invasive MDA-MB-231.
CM(C): conditioned media from the non-invasive MDA-MB-231, ***p<0.0001.
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Selection of cancer cells with low or high attachment capacity to endothelial cells
We used the mouse breast cancer cell line, EO771, the human breast cancer cell line,
MDA-MB-231 and glioblastoma cell line, U87-MG, that are highly invasive and can
form metastases in animal models. EO771 cells were transduced with a genome- wide
shRNA library [ cells provided by Dr. Weiner’s Laboratory; Casey Shuptrine] while
MDA-MB-231 and U87-MG were transduced with a kinome-focused shRNA library.
After forming stable integrants, cells were allowed to attach to an endothelial cell
monolayer. The unattached cells were harvested and grown in regular culture dishes.
Another round of attachment to endothelial cells was performed on the unattached cells
to enrich for those who have lost their capacity to attach to endothelial cells (Figure 22A).
After several rounds of selection, the number of unattached EO771 increased (Figure
22B). Similarly, MDA-MB-231 cells (Figure 23A) and U87-MG cells (Figure 24A) show
an enrichment of unattached cells. To test the effect of the selected phenotype- loss of
attachment- on invasion of an endothelial monolayer- we used ECIS. All selected cells
from EO771 (Figure 22C), MDA-MB-231 (Figure 23B), and U87-MG (Figure 24B) had
a reduced invasive capacity.
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Figure 22. Selection for loss of attachment to endothelial cells in EO771 infected with
genome wide-shRNA library. (A) EO771 cells, infected with a genome-wide shRNA pooled
library, were tested for attachment to an endothelial monolayer. Unattached EO771 cells, were
subjected to another round of attachment to endothelial cells to enrich for loss of attachment. (B)
Four rounds of selection were performed and the percentages of attached vs unattached cells are
shown. (C) The effect of the selected phenotype- loss of attachment- on invasion of an endothelial
monolayer using ECIS.
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Figure 24. Selection for loss of attachment to endothelial cells in U87-MG infected with
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kinome-targeted
shRNA library. U87-MG cells infected with kinome-targeted shRNA
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shRNAs were identified by hybridization to an Affymetrix cDNA array. For EO771 cells,
shRNAs that are >10-fold increased were considered a positive selection (Figure 25). Of
the 26 shRNAs in this enriched group several target the same gene. Also, in the group >2fold above the "identity line" and above the background, distinct shRNAs that target the
same genes as in the >10-fold group were detected (Table 3).
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Figure 25. A dot plot assessing shRNA expression before and after
functional selection. Cancer cells transduced with a lentiviral shRNA
library: Before selection. An aliquot of cells was allowed to attach to an
endothelial monolayer and the non-attached cells were collected from the
supernatant (after selection). The raw data from the hybridization are
shown on a log 2 scale. Each symbol is a separate shRNA. Background:
Signal <50. Identity line: + 2-fold differences are considered within the
expected error rate of the assay. Loss: These are spuriously high
hybridization signals in the non-selected cell population that are lost after
the selection. Gain: a 10-fold or higher increase in the hybridization signal
is considered a positive selection. Of the 26 shRNAs in this "gain" group
several target the same gene. Also, in the group >2-fold above the "identity
line" and above the background distinct shRNAs that target the same genes
as in the "gain" group were detected.
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Gene$name$
Platelet$activating$factor$receptor$$$
Sorting$nexin$5$$
Fbxw16$
Neurexophilin$1$$
Axin$1$
Prkar2b$
Blocked$early$in$transport$1$homolog$
Melanocortin$5$receptor$
ProstaglandinPendoperoxide$synthase$$
Emp1$
Solute$carrier$family$13$$

Fold$

shRNA$sequence$

96.83291832$
92.78292565$
90.0919187$
23.94628757$
64.36096578$
44.47790192$
8.07844496$
59.18234469$
20.6201168$
52.12714571$
25.76418986$
37.76821289$
14.05376051$
32.65984804$
9.503818804$
37.73876641$
30.36753093$
17.30182173$
5.74047422$
11.03520627$
6.262507957$
8.410024418$
6.938378853$
56.7513792$
27.9091341$

ATTGTTCGAGCAGCGTGTGGATGATGA$
TTGATTGTTCGAGCAGCGTGTGGATGA$
GTTCGAGCAGCGTGTGGATGATGATGA$
TGAGCAGCGTGTGGATGATGACACTGT$
TAATCCATGTTACCATATGGAGTGCTT$
GAATCTAGAGTTCTGACACTCCCTGAT$
ATCTAGAGTTCTGACACTCCCTGATGG$
ATGATAAGTAGTCCCTCCTTCTGCTAT$
ATCTGCTACCGTCCAGCTTCATTAACA$
GTATGAATGGTTTGTACTGTATATAGT$
CTGCTTAACACAAGTTCTGATCATTAT$
ATGTCACTGAGTGCCTTCAACATAGCT$
GAAGCAATACCAGGAGCCATCTCATGA$
GAGACATTAACTCTCGCCAGTTATTCA$
TTTCACTTTGGGAAACATGTTTGTAAG$
TAAGATCCTTCTGGGCCACAAGGCCAG$
TGGTCATTGGCTGAGGCTGCTGATGAG$
CCTTGTAGGCTCCTTGGCGGGTATTAA$
TTATCTTAATGATCTCCTGCCCTCAGA$
TTCCTAGAATTTGGAGGCCTCTTCAGA$
TCAGAAGGTCCTGTTCCTGGTCAATGA$
TCAAGGCTAGCCTGAGGCCAACCAGTG$
GAAAGGTTGGCTGGCTTTCTCAGCAGT$
GACATCCCAGGGATTGCACATCTGTAT$
TTACTCCGCACTCTCCTATTACTTTCG$

!

Table 3: shRNA enriched in EO771 cells that have lost the ability to attach to endothelial
cells.

On the other hand, we grew MDA-MB-231 harboring the kinome-targeted library to high
confluency in tissue culture, causing loss of invasive capacity (see Figure 1B), and added
them to the endothelial cell monolayer. This time the attached cells were selected, grown
in culture dishes to high confluency, then added again to endothelial cells (Figure 26).
Although the percentage of attached cells increased over the unattached ones after several
rounds of attachment, there was no enrichment of shRNAs that targeted the same gene
(Figure 26B).
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Figure 26. Selection for enhanced attachment to endothelial cells in confluent/ noninvasive MDA-MB-231 infected with kinome-targeted shRNA library. (A) confluent/ noninvasive MDA-MB-231 cells, infected with kinome-targeted shRNA library, were tested for
attachment to an endothelial monolayer. Attached MDA-MB-231 cells, were subjected to
another round of attachment to endothelial cells to enrich for enhanced attachment. (B) Four
rounds of selection were performed and the percentages of attached vs unattached cells are
shown.
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CHAPTER 6: DISCUSSION
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Inflammatory cytokines mediate an invasive behavior in cancer cells
We focus on the driver mechanisms of cancer cell vascular invasion as a significant
step in the malignant process. Furthermore, cancer cells may express and activate the
complete machinery needed for invasion, including hematopoietic growth factors as
shown here. Also, less invasive dormant cancer cells may coopt tissue-infiltrating
monocytes or respond to their stimuli to initiate and drive invasion (9-11, 58, 79-82).
Finally, paracrine stimuli from cancer cell subpopulations can alter the invasive
phenotype even when present as a small subpopulation (37, 63, 83-86).
We have shown that cell density in tissue culture can greatly affect the invasion capacity
of several cancer cell lines. Comparing two isogenic MDA-MB-231 cells populations,
grown under different cell densities, revealed the crucial role for immune response
cytokines in invasion, particularly, the cancer cell/ endothelial cell interaction. Blocking
the cytokine receptors has impeded the migration and invasion of aggressive cancer cells
in vitro and in vivo. It is fascinating that a subtle manipulation, such as cell density, can
have a great impact on cancer cell behavior. We have performed fingerprinting on the
two MDA-MB-231 populations with the distinct invasive phenotype and showed
identical results with MDA-MB-231 profile from ATCC and NIH. Furthermore,
comparative genomic hybridization, showed minor differences between the subconfluent
and the confluent MDA-MB-231 which did not predict the up regulation in the
expression of interleukins and cytokines observed (Table 4). This being said, one can
imagine the profound stimuli from the stroma that disseminated cancer cells are subjected
to before their fate is determined. Therefore, our results may provide a simple model of
how the switch between dormant versus invasive behavior under distinct conditions is
accomplished.
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In the mid nineteenth century, the link between inflammation and cancer was first
postulated by Rudolf Virchow. He noted the presence of leukocytes within tumors and
proposed that the origin of cancer could be chronic inflammation that causes cell growth
(1, 2, 52, 87). Some 150 years later, it has become accepted that inflammation is a
supporting component in many aspects of tumor development and metastasis (3-5, 10, 55,
57, 88-91). Many cytokines have been previously implicated in invasion and metastasis.
Interleukin 8 (IL8), a proinflammatory cytokine, is a key player in tumor progression,
metastasis and microenvironment. It is secreted by tumor cells as well as other
mesenchymal and immune cells. Blocking its receptors, CXCR1 and CXCR2, have
resulted in a reduction in tumor size and metastases. Metastatic outcome and poor
prognosis were correlated with high IL8 serum levels in patients (6-11, 27, 48, 59-62, 84).
Also, cytokines are vital regulators of endothelial cell activation prior to transendothelial
invasion. IL8 signaling causes cytoskeletal reorganization in endothelial cells (12, 13, 64,
92). IL1β is necessary to induce the expression of E-selectin on endothelial cells and is
used by THP1 cell to attach and invade the monolayer (15, 16, 65). In ovarian cancer, IL6
trans-signaling on HUVECs plays a role to enhance both endothelial hyper-permeability
and increase trans-endothelial migration (18, 19, 66). Down regulation of these cytokines
in confluent MDA-MB-231 coincides with reduced aggressive behavior in vitro and in
vivo, suggesting a functional and sufficient target for drug development to block invasion.
This was supported by aIL6R and aCXCR2 functional assays.
The conditioned media from invasive MDA-MB-231 cells had a similar effect on the
endothelial monolayer and induced confluent/ non-invasive MDA-MB-231 invasion.
This illustrates the crucial role for the secreted factors from the supernatant of invasive
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cells in facilitating transendothelial invasion. Moreover, wound healing assays showed a
reduced ability of endothelial cells to seal the gap when the supernatant of invasive
MDA-MB-231 was present. Apparently, the monolayer was not tight enough for a
complete closure perhaps because the cellular junctions between endothelial cells were
not easily reformed.
Despite the fact that cancer cells do not obey the rule of contact inhibition, high cell
density, as shown here, alters their expression profile and consequently their behavior. A
study has shown that miRNAs become more abundant as cells are grown to higher
density in culture resulting in the modification of their phenotype (21, 22, 67). Matrix
metalloproteinases and TIMP expression was shown to decrease with increasing cell
density (24, 68). This also supports the non-invasive behavior seen in confluent MDAMB-231 cells.
Regarding the signaling pathways, JAK-STAT3 pathway was activated in invasive
MDA-MB-231 in response to the cytokines secreted in an autocrine fashion. JAK-STAT3
signaling is implicated in cancer associated inflammation (1, 25, 26, 28-30, 69). For
example, STAT3 was shown to regulate extracellular matrix components which facilitate
migration in breast cancer cells (17, 32-34, 70). NFkB, a transcription factor down stream
of JAK-STAT3 pathway that was also activated here, is known to bind and activate
cytokine promoter. Interestingly, epithelial to mesenchymal trasition (EMT) markers
showed a more mesenchymal phenotype in invasive MDA-MB-231 cells. IL6 and IL8
have been shown to induce an EMT in cells, nurturing migratory and metastatic features
(7-11, 49, 71).
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In vivo studies show a distinct invasive capacity of MDA-MB-231 cells with distinct
cytokine expression profile
The use of transgenic zebrafish in cancer research and as a metastasis model is growing
due to its unique characteristics. Translucent embryos allow for close examination of
tumors as they grow and cancer cells as they metastasize (37, 72, 73). We have used
Tg(kdrl:GRCFP)zn1 transgenic Zebrafish as an invasion model. This model has a green

fluorescent-labeled vasculature enabling us to monitor migration of MDA-MB-231 cells
from the yolk sac into the circulation and extravasation into the neighboring tissue. The
data was collected within 2 days post-injection allowing for the capture of early cancer
cell/ endothelium interactions. Furthermore, the invasive and non-invasive MDA-MB231 cells retained their distinct phenotype for a few days before the cell density is no
longer a determining factor, making zebrafish a more adequate metastasis model than
mice since metastasis occurs and is quantifiable within 48 hours.
Anti-CXCR2 treatment of MDA-MB-231 altered their homing pattern in zebrafish. They
preferentially migrated and exited the vasculature at the caudal vein plexus. The caudal
vein plexus is analogous to the fetal hematopoietic organ in mammals, the liver. It is
where hematopoietic stem cells give rise to differentiated lineages of hematopoietic cells
later found in the bone marrow (39, 41, 45). IL8 and its receptors CXCR1 and CXCR2
are evolutionarily conserved in zebrafish and mammals and are stimulated in response to
inflammation (44, 46, 74, 75). Anti-CXCR2 treatment could have generated an affinity to
the microenvironment present in the caudal vein plexus, which is expected to have a
plethora of growth factors and cytokines.
Additionally, lung colonization was observed in athymic nude mice that were tail veininjected with either invasive or non-invasive MDA-MB-231. Both cell populations were

	
  

56	
  

able to forms micrometastasis in the lungs within 10 day, however; the invasive MDAMB-231 cells appeared to be more successful in forming micrometastasis according to
qPCR quantification data and histological analysis of lung sections. Additionally, close
examination of lung sections that were positive for micrometastases clearly showed that
MDA-MB-231 cells exited a blood vessel and initiated growth in the lung tissue rather
than just have been trapped in the lung vasculature and grown inside the blood vessel.
Although tail vein injection of cancer cells is thought to be a short cut route that only
resembles the last few steps in metastasis- exiting a blood vessel and growth initiation in
the new microenvironment- it is an informative indication of cancer cell aggressiveness.
Normal mammary cells were shown to seed in the lungs when injected in the tail vein of
mice, yet an oncogene had to be activated for them to grow into a malignant tumor (93,
94). Also, it has been shown that cytokines secreted by both cancer and stroma cells
facilitate the cross talk between the two, resulting in a hospitable environment and lung
colonization (38, 47, 48). Recently, tenascin C, which is upregulated in the invasive
MDA-MB-231 cell subpopulation, was reported to support the metastatic niche in the
lungs (76). Melanoma cells entrapped in the lung vasculature secreted high levels of IL-8
attracting neutrophils. The direct interaction between melanoma and neutrophils
promoted anchorage to the endothelium (20, 51, 53).
Screening for drivers of endothelial attachment
As an initial step, cancer cells attach to the endothelial layer and subsequently initiate
transmigration. Similar to leukocyte diapedesis, cross-talk between early attachment and
adhesion molecules will initiate a cascade of events that will induce several changes in
endothelial cells, including cytoskeletal reorganization, disruption of VE-cadherin and β-
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catenin complexes, and the disruption of the endothelial monolayer (54, 56, 77, 78).
Integrins in MDA-MB-231 cells, selectins in monocytic leukemia, THP1, and many
others have been identified as essential adhesion molecules for transendothelial migration
(58, 79-82, 95, 96). Identifying the early players in transendothelial invasion would
provide theraputic targets to block dissemination of cancer cells through blood vessel and
the subsequent evasion at a secondary site.
EO771 cells, transduced with a genome-wide shRNA library, were subjected to several
rounds of selection to generate a population harboring shRNA that induce a non-invasive
phenotype. They were allowed to attach to an endothelial monolayer and those who failed
to attach after several rounds were harvested to identify the shRNA responsible for their
phenotype. After the analysis of the selected shRNA, it showed that several of them were
targeting the same genes. This served as an internal validation that emphasizes the role of
the gene that was knocked down and its pathway in a certain phenotype, in our case
attachment and invasion. Unlike an siRNA library, a shRNA library provides stable
integrants with a constant knock down level of a gene, allowing for reproducibility and
consistency in the resulting phenotype. Also, to isolate clonal cells from the
phenotypically selected population with pooled shRNAs, we plan to use limited dilution
or flow cytometry and sequence the shRNA inserts after PCR amplification. Not only
will we identify the shRNA sequences, but also we will have isolated cell clones that can
be further used in other assays.
Platelet activating factor receptor (PAFR) was at the top of our shRNA targeted genes’
list. It is a G-protein coupled receptor with high affinity to platelet activating factor
(PAF). PAF is a phospholipid secreted by endothelial cells, polymorphonuclear
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leukocytes, monocytes and macrophages, and cancer cells. It is involved in diverse
biological activities, particularly adhesion, inflammation, wound healing and immune
responses (63, 83-86). It mediates leukocyte adhesion and activation of acute
inflammation (1, 87). It has also been implicated in melanoma metastasis to the lungs (3,
5, 88-91). Additionally, PAFR signaling activates NFkB which upregulates expression of
various cytokines and inflammatory molecules (6, 84). Animal models where PAFR was
over expressed in mice showed higher mortality when challenged with endotoxin and had
increased bronchial hyperreactivity. Also, they developed melanocytic lesions on their
skin (12, 92). On the other hand, PAFR knockout mice developed and reproduced
normally yet had a weaker anaphylactic response to an exogenous antigen(2, 14, 97).
Similarly, the response to acute lung injury by acid aspiration in knockout mice was
milder than in wild-type and much elevated in the overexpression model of PAFR (4, 17,
98). From the previous description of PAFR, it seems a very convincing candidate that
can mediate the transendothelial invasion of breast cancer cells.
In addition to the genome-wide shRNA library, we utilized a smaller, more targeted
library toward the kinome. The reasons for the initial choice of the human kinome
targeted shRNA library are: 1.Kinases are significant contributors to the control of cell
phenotypes. 2. Small molecule drug inhibitors or antibodies are available for many of the
kinases and are attractive targets for new drug development allowing for a defined
transition to clinical use or trials.
We transduced the human breast cancer cell line, MDA-MB-231 and glioblastoma cell
line, U87-MG, with the kinome-focused shRNA library since those lines are known to be
aggressive and highly invasive. They can also form metastases in animal models. We
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selected those clones that lost their ability to attach to and to invade an endothelial
monolayer due to the loss of specific kinases targeted by the respective shRNA. The
kinase pathways targeted and depleted by the respective shRNAs identified are currently
under analysis.
Understanding which pathways control the invasion of cancer cells through the
endothelial barrier will provide a critical advancement in the field. In addition to new
mechanistic insights, this can be translated into indicators of poor or good prognosis.
Most significantly, translation of the findings into a clinical trial or clinical trials with
inhibitors of the respective pathways identified is conceivable.
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CHAPTER 7: FUTURE DIRECTIONS
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Utilizing conditioned media from invasive cells to uncover the secreted factors
necessary for transendothelial invasion
THP1, monocytic leukemia cells, are proven to require the activation of endothelial cell
monolayer before they can attach and invade. This activation is achieved when
endothelial cells are treated with IL1b for at least 4 hours prior to THP1 cells addition (711, 20, 65). We have shown that even though the invasive MDA-MB-231 cells have up
regulated IL1b expression levels and its conditioned media was able to induce invasion of
the non-invasive MDA-MB-231 cells, pretreatment of the endothelial cell monolayer
with the conditioned media was not sufficient to induce attachment nor invasion of the
THP1 to endothelial cells (see Figure 11). This could be explained by not having enough
IL1b in the conditioned media and also could point towards different versions of
endothelial cell activation required for different cell types. This preliminary data can be
further used to investigate the different cytokines and interleukins affecting endothelial
cell activation and regulation of the adhesion molecules on their surface and the
machinery used by various cancer cells to attach and invade through endothelial cells
monolayer.
Although the resulting cascade of events during transendothelial invasion including VEcadherin dependent detachment, cytoskeletal reorganization, cellular ends retraction and
even apoptosis of endothelial cells, might be similar regardless of whether its leukocytes
or cancer cells extravasation, the initial steps of attachment may be specific to the cell
type and utilize unique adhesion molecules (13, 23, 64) (14-17, 27, 79, 96).

	
  

62	
  

Therapeutic targeting of the identified shRNA-targeted genes
Our selection for the attached population from the non-invasive MDA-MB-231 cells was
not fruitful for the following possible reason: (a) it might have been a small
subpopulation within the non-invasive MDA-MB-231 cells that was dictating the noninvasive behavior on the rest of the cells. (b) After the first couple of rounds of selection
for the attached cells, that non-invasive subpopulation was lost. (c) The majority of the
cells are now good at attaching to the endothelial cells and further rounds of attachment
did not apply any selection pressure on the cells. Therefore, we will utilize a different
approach where the non-invasive MDA-MB-231 cells will be allowed to attach to the
endothelial cell monolayer in the presence of supernatants from invasive cells or other
stimulators of invasion. We will identify driver pathways that induce non-invasive
(dormant) breast cancer cells to invade endothelial monolayers, evaluate their clinical
significance and assess the potential for therapeutic targeting.
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Figure

27:
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showing

the

selection method for the non-invasive
MDA-MB-231 cells. Enrichment for the cells
that do not attach to endothelial cells in the
presence of the conditioned media from the
invasive MDA-MB-231 CM(S).

We have identified a number of shRNAs targeting specific genes that challenged the
ability of highly metastatic, aggressive cancer cells to attach to the endothelial cells and
later invade into the circulation to metastasize to secondary site. This allowed us to
uncover drivers of invasion in an unbiased, systematic and effective manner that will be
attractive targets for therapy. Platelet activating factor receptor (PAFR) has been studied
for decades and many natural and synthetic antagonists were developed such as
WEB2068, Y-24180 and etizolam. (18, 19, 31, 99). We plan on using PAFR antagonists
in vivo studies of metastasis models. EO771 cells are spontaneous mammary
adenocarcinoma cells that were isolated from C57BL/6 mice. So, EO771 can be injected
in immune competent C57BL/6 mice and treated with PAFR antagonist. Furthermore,
transgenic zebrafish will be injected with either shPAFR or wild type EO771 cells to
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closely monitor the cross talk between the cancer cells and the endothelium as well as
extravasation pattern changes.
Additionally, the human kinases identified from the second clonal selection in MDAMB-231 and U87-MG, will be targeted by kinase inhibitors and small molecules. There
is an abundance of small molecule inhibitors of kinases available at the NIH
Pharmaceutical Collection at NCATS and CTEP that will allow for a rapid translation of
findings into potential therapeutics and clinical trials.
shRNAs identified in the cell populations will indicate the targeted pathways that either
enhance or inhibit invasion. The activation status of the respective pathways in breast
cancer samples will be derived from published gene expression patterns and will be
correlated with disease outcome. Results from this innovative concept can be translated
into clinical trials in a short time frame.
Alternatively, selection of clonal cell lines carrying individual shRNAs will provide an
independent approach. For the latter, at least two different clonal cell lines with separate
shRNAs would be required to validate the respective pathway as a driver.
Kinases identified as drivers of the invasive phenotype will first be analyzed using the
Kaplan Meier Plotter website [ http://kmplot.com/analysis/ ] (21, 22, 100) that provides a
very versatile and easy to use tool to correlate gene expression and outcomes in a large
series of breast cancer studies including treatments, subtypes of cancers, disease stage,
etc.
For a more indepth analysis we will use the Oncomine data base (24, 101, 102) which
allows for a more sophisticated correlation analysis of disease stage, different outcomes,
drug sensitivity, mutation status, pathway and concept analyses to name some.
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We will primarily rely on the "Discovering New Therapeutic Uses for Existing
Molecules" program of the NIH. Drugs and biologics administrated by this program have
undergone pre-clinical and sometimes Phase I testing. The published resource was
described recently in Science TM as "A comprehensive resource of clinically approved
drugs enabling repurposing and chemical genomics" (25, 26, 28-30, 35, 103). The
resource was published in 2011 as a database of small molecule drugs approved by
regulatory agencies from the USA, Canada, Europe, Japan and includes the drugs
registered for trials. More details are at:
http://www.ncats.nih.gov/research/reengineering/rescue-repurpose/therapeuticuses/directory.html
In vivo selection of tumor growth and metastasis genes in FGFBP1 knock out mice
Our lab has generated an FGFBP1 knockout C57BL/6 mouse model. This mouse is
currently being characterized in our lab. We have shown that subcutaneous allografts of
EO771 cells are unable to grow in FGFBP1-/- mice yet they form tumors within two
weeks and lung metastases within five weeks in wild type mice. FGF-binding protein 1
(FGFBP1) is a secreted protein that binds FGF1, 2, 7, 10, and 22 in a noncovalent and
reversible manner (17, 32-34, 38, 40, 42, 104-106). FGFBP1 can positively modulate
FGF activities. It is implicated in development, angiogenesis as well as tumor growth and
progression (7-11, 43, 45, 105-112). Our lab showed that expressing FGFBP1 in SW13
cells induces FGF2 release, colony formation in soft agar, and the growth of highly
vascularized tumors in athymic nude mice (7-11, 37, 105). Also, FGF increased blood
vessel growth in a chicken chorioallantoic membrane assay (37, 39, 41, 107). Vascular
leakage and hemorrhage caused early embryonic death in a FGFBP1 transgenic chicken
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model (44, 46, 108). Moreover, FGFBP1 was shown to regulate angiogenesis-dependent
tumor growth in human squamous cell carcinoma and colon adenocarcinoma cell lines
(47, 48, 113).
It seems that the presence of FGFBP1 in the stroma of wild type mice plays a crucial role
in tumor growth and metastasis, thus FGFBP1-/- mice did not develop any tumor or
metastases (Figure 28). In order to investigate which pathways are regulated by FGFBP1
to support tumor growth, we injected the genome wide shRNA library transducedEO771 cells in the FGFBP1-/- mice. After a two weeks delay from the period wild type
mice need to develop subcutsneous tumors, a tumor appeared in FGFBP1-/- mouse
(Figure 28). Furthermore, lung metastases were detected in that same FGFBP1-/- mouse.
We plan to identify the shRNAs that are responsible for overcoming the loss of FGFBP1
in the stroma by clonal isolation (serial dilution) of the tumor cells from the FGFBP1-/mouse.
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shRNA EO771
FGFBP1+/+
FGFBP1-/-

Figure 28: Tumor growth of EO771 cells in wild type
and FGFBP1-/- mice. One million cells of either the
parental EO771 cells or the genome wide shRNA library
transduced-EO771 cells were injected subcutaneously in
C57BL/6 mice of wild type or FGFBP1-/- background.
Tumors were measured every week.
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APPENDIX 1: IDENTIFYING THE BLOCKING FACTOR(S) IN THE
NON-INVASIVE MDA-MB-231 CONDITIONED MEDIA.
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Results
The conditioned media from the non-invasive MDA-MB-231 cells CM(C) showed the
ability to block the transendothelial invasion of MDA-MB-231 as well as other
aggressive cell lines (see Figure 9 A, Figure 10). Here, we tried to identify the nature of
the factor(s) responsible for this phenomenon. First, we used fast protein liquid
chromatography (FPLC) to run an aliquot of CM(C) on a Q-column that separates
components according to charge. The fraction eluted with the highest salt concentration
(1M NaCl) seems to contain the blocking factor(s) (Figure 29). This indicates high
negatively charged molecule(s).

Figure 29. Effect of fractionated CM from the non-invasive MDA-MB231 on invasion. Conditioned media from the confluent/ non-invasive MBAMB-231 was fractionated on a Q-column to separate components based on
charge. The effect of eluted fractions at 0.4, 0.8, 1M NaCl on invasion is
shown along with the original CM(C) aliquote. CM(C): conditioned media
from the confluent/ non-invasive MDA-MB-231. ***p<0.0001.
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Next, we manipulated the CM(C) with diverse treatments and tested how that modified
its blocking effect on invasion. First, boiling CM(C) seemed to enhance the blocking
effect (Fig 16A). Second, we treated the CM(C) with either trypsin, to digest any proteins
that harbor a tryptic site or heparinase I, to degrade any heparin or heparin sulfate present
(Figure 30 B,C). While trypsin did not seem to have an effect on CM(C), heparinase I
treated has demolished its blocking capacity. Finally, exosomes extracted from CM(C)
failed to block invasion (Figure 30 D). This suggests that miRNA contained in exosomes
secreted by non-invasive MDA-MB-231 cells are not responsible for the blocking effect.
The previous data points toward a glycosaminoglycan, perhaps a heparin species.
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Figure 30. Blocking the effect of the non-invasive MDA-MB-231 conditioned media.
Invasion of MDA-MB-231 cells of an endothelial monolayer using ECIS in the presence of (A)
boiled for 20min, (B) trypin treated for 4 hours, (C) heparinase I treated for 4 hours CM(C) or
(D) exosomes extracted from CM(C). CM(C): conditioned media from confluent / non-invasive
MDA-MB-231, Tryp CM(C): trysin treated. Hep. CM(C): heparinase I treated conditioned
media.

Discussion
Glycosaminoglycans are long unbranched polysaccharide made of repeating disaccharide
units. Heparin, a member of the glycosaminoglycan family, is one of the highest
negatively charged biological molecules. Here, we have tentatively identified a heparinlike glycosaminoglycan in the conditioned media of non-invasive MDA-MB-231
(CM(C)) that blocks invasion of aggressive cancer cells into an endothelial monolayer.
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The fact that CM(C) is added simultaneously with invasive cells, no pretreatment is
required, suggests that it is directly acting on surface molecules necessary for initial
attachment that will start later events that mediate invasion of endothelial cell monolayer.
Thus, miRNAs are less likely to be a candidate due to the longer time of action needed;
degradation of mRNA or hindering its translation into a protein that function as an
adhesion molecule, surface receptor or downstream effector. Boiling and trypsin
treatment have lowered the possibility that a protein is involved, unless it is small peptide
which activity is not affected by boiling neither does it have a tryptic site. Yet this
peptide has to be dependent on a glycosaminoglycan partner for activity since heparinase
I completely abolished the blocking effect of the CM(C). Boiling has shown to enhance
the blocking activity of the CM(C), this can be attributed to the “purity” of the sample. In
other words, while the blocking factor is not destroyed by high temperature, other
contaminants are.
Also, fast protein liquid chromatography indicates a high negatively charged molecule
that required up to 1 M salt to elute out of a Q-column. Among the different biologically
active molecules, glycosaminoglycans carry the highest negative charge. Not only do
glycosaminoglycans have a structural function in the extracellular matrix (ECM), but
they are also proven to contribute in relaying stimuli from the outside environment into
the cells by acting as signaling molecules themselves. Inflammatory cytokines produced
by stroma cells in the microenvironment can alter the synthesis patterns of ECM
components into bioactive fragments that induce inflammation, leukocyte attraction and
differentiation (49, 50, 114-116). Alternatively in our case, ECM fragments may act to
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conserve the integrity of the endothelial cell monolayer and block further signaling and
penetration of cancer cells.
We have also done some size exclusion studies that showed an approximate molecular
size of 5 kilo Daltons. Such a small molecule may be compared to low-molecular-weight
heparins used as anticoagulation agents and have been proven to be more efficient and
safe (less off-targets) than unfractionated heparin (a mixture of polysaccharides and
glycosaminoglycuronsulfate) (51, 53, 117). Glycosaminoglycan were also reported to
bind IL8 (54, 56, 118), which is not a surprise as ECM serves as a sink for various
soluble factors which guarantees their accessibility and action, such as heparin-FGFs (58,
95, 119). Furthermore, heparin and heparansulfates may assist invasion or block it
depending on the associated molecules, enzymes and other structures of the ECM (63,
120).
So far, we have not been very successful at purifying an aliqout of the CM(C) that is
concentrated enough to run on mass spectrometry. We plan on using hi-throughput
concentration columns, then FPLC to generate fractions that can be analyzed by mass
spectrometry profile to identify the molecules involved.
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