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A three-dimensional in vitro model of tumor cell
intravasation†
Seema M. Ehsan,ab Katrina M. Welch-Reardon,c Marian L. Waterman,d
Christopher C. W. Hughesbce and Steven C. George‡*abef
Metastasis is the cause of over 90% of all human cancer deaths. Early steps in the metastatic process
include: the formation of new blood vessels, the initiation of epithelial–mesenchymal transition (EMT), and
the mobilization of tumor cells into the circulation. There are ongoing efforts to replicate the physiological
landscape of human tumor tissue using three-dimensional in vitro culture models; however, few systems
are able to capture the full range of authentic, complex in vivo events such as neovascularization and
intravasation. Here we introduce the Prevascularized Tumor (PVT) model to investigate early events of
solid tumor progression. PVT spheroids are composed of endothelial and tumor cells, and are embedded
in a fibrin matrix containing fibroblasts. The PVT model facilitates two mechanisms of vessel formation:
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robust sprouting angiogenesis into the matrix, and contiguous vascularization within the spheroid.
Furthermore, the PVT model enables the intravasation of tumor cells that is enhanced under low oxygen
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conditions and is also dependent on the key EMT transcription factor Slug. The PVT model provides a
significant advance in the mimicry of human tumors in vitro, and may improve investigation and targeting
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of events in the metastatic process.

Insight, innovation, integration
Advanced cell culture models have the potential to replicate physiological characteristics of cancer, and thus provide a platform for basic research and drug
development. We present a realistic, three-dimensional in vitro model of vascularized human tumor that integrates the contributions of three diﬀerent cell
types to simulate complex features of the tumor microenvironment such as a tortuous microcirculation and tumor cell intravasation. We use this model to
show that enhanced intravasation of tumor cells under hypoxia is dependent on the transcription factor Slug, a major driver of epithelial–mesenchymal
transition (EMT). This convenient and reproducible system has the potential to improve the clinical relevance of existing engineered tumor cultures, while also
providing mechanistic insights into the early stages of tumor progression and metastasis.

Introduction
Survival rates from cancer drop precipitously once a tumor
achieves the ability to metastasize. Thus, it is critical to understand
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the mechanisms that control the early cellular and molecular
events within the complex tumor microenvironment that lead to
metastasis. The tumor microenvironment involves the symbiotic
integration of mechanical, chemical, and biological cues to direct
complex processes such as neovascularization, diﬀerentiation,
and cell migration that are hallmark features of metastatic
human cancers.1 In addition to tumor cells, these processes
engage a heterogeneous population of normal host cells, including
endothelial cells (EC) and fibroblasts.2
It is well established that tumors require neovascularization
for continued tumor growth.3 Increasing metabolic demands
initiate a cascade of pro-angiogenic signals to drive the formation
of new blood vessels (angiogenesis), or the co-option of existing
blood vessels,4 which can subsequently become the conduits of
transport for metastatic cancer cells.5 Hypoxia is a primary
regulator of carcinoma metastasis through the induction of
angiogenesis and epithelial–mesenchymal transition (EMT).6,7
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Stabilization of the hypoxia-inducible factor 1 (HIF-1) transcription factor under hypoxic conditions upregulates tumor and
stromal cell secretion of pro-angiogenic growth factors such as
vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF).8 HIF-1 has also been demonstrated to
activate transcription factors such as Snail, Slug, Twist, and SIP1,
which regulate gene expression of proteins central to EMT.9–13
The intersection between tissue engineering and tumor
biology, recently coined ‘‘tumor engineering,’’14 has brought
about the creation of advanced 3D cell culture models that
perform better than current 2D models at capturing complex
aspects of in vivo processes within the tumor microenvironment,
thereby providing a more relevant platform for both basic research
and anti-cancer drug development. Indeed, it is generally accepted
that 3D cell cultures better reflect the physiologic environment
than traditional monolayer cultures, or ‘‘flat biology,’’15 and multicellular tumor spheroids are increasingly recognized as a superior
model of the structural, chemical, and functional characteristics
within the tumor microenvironment.16–18
Co-culture of tumor spheroids with endothelial cells, either
as monolayers19–23 or within 3D matrices,24–26 has provided
insight into the mechanisms of tumor angiogenesis by probing
tumor-directed EC behaviour. For example, human microvascular
EC (HMEC-1) have been shown to upregulate T-cadherin, which
promotes invasiveness and network formation, when co-cultured
as a monolayer with NA8 melanoma spheroids.27 Here, we
introduce a convenient and reproducible multicellular model
of solid human tumor and microvessels, referred to as the
Prevascularized Tumor (PVT) model, and use this system to
investigate neovascularization, intravasation, and EMT in a 3D
in vitro environment.

Results
PVT model features robust sprouting
PVT spheroids are formed through the direct co-culture of
primary human EC and human tumor cells. These multicellular
spheroids are embedded in a fibrin gel distributed with normal
human fibroblasts (Fig. 1A). After 7 days in culture, the PVT
spheroids exhibit robust sprouting angiogenesis, creating a
lumenized vessel network that extends into the surrounding
matrix (Fig. 1B). Additionally, the PVT model features a defined
and contiguous vessel network that vascularizes the spheroid
itself (Fig. 1C). The vessels localized within the spheroid are
distinct in morphology, exhibiting a shorter, more branched,
and more irregular phenotype compared to the sprouting vessels
that extend into the matrix.
EGFP-transduced EC are used to track vessel development in
PVT spheroids composed of SW620 epithelial colon cancer cells
and EC (SW620/EC spheroids). EC only spheroids serve as a
control. Within 24 hours of tissue construction, EC show signs
of early sprout-like structures (Fig. 2), which become robust,
highly branched sprouting networks over the course of 7 days.
Interestingly, the EC demonstrate significant reorganization to
the periphery of the SW620/EC spheroids by day 3, followed by
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Fig. 1 Prevascularized Tumor (PVT) spheroid model. (A) Schematic of
model shows co-culture spheroids composed of endothelial (A1) and
tumor cells (A2) embedded in a fibrin gel (A3) distributed with fibroblasts
(A4). (B) Representative fluorescent image of PVT spheroid demonstrates
robust radial sprouting of lumenized capillaries. EC are labelled with CD31
antibodies (red), and tumor cells (here, SW620) are transduced with
EGFP (green). Additionally, the PVT model features a contiguous vessel
network that vascularizes the spheroid itself. Scale bar represents 100 mm.
(C) Fluorescent images of vascular network reveal inner capillaries are
characteristically shorter, jagged, and more branched compared to radial
sprouting capillaries. Boundaries of spheroids are outlined with dashed
lines. Scale bar represents 100 mm.

infiltration of the EC back into the centralized spheroid to form
an inner network that is contiguous with the outer sprouting
vessels.
To demonstrate the adaptability of the PVT model to
other malignant and non-malignant cell types, spheroids were
constructed with EGFP transduced MDA-MB-231, A549, and
MCF10A. The model was amenable to all three additional cell
lines (Fig. 3).
Decreased oxygen increases tumor cell intravasation
In all PVT spheroids, individual tumor cells broke away from
the primary mass and migrated or invaded the surrounding
matrix (Fig. 3). In a feature unique to the SW620/EC spheroids,
however, the tumor cells exhibited localized migration within the
lumens of the sprouting vascular network (Fig. 4A). Confocal
imaging of individual capillaries demonstrated SW620 cells within
the vessel lumens (Fig. 4B).
To examine the eﬀects of oxygen tension on the intravasation of the SW620 cells, spheroids were cultured in either
20% or 5% O2. Interestingly, intravascular tumor cell migration
was significantly enhanced under lowered oxygen (5%) conditions. Intravasation was characterized by migration length
and migration area parameters, defined as the total distance
and area, respectively, travelled by all tumor cells beyond the
surface boundary of the spheroid (Fig. S1, ESI†). Specifically,
we saw an approximate doubling in both parameters at 5% O2
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Fig. 2 Development of EC only spheroids and SW620/EC spheroids over 7 days in a fibrin gel. EC only spheroids exhibit robust sprouting angiogenesis
(top panel). When combined with SW620, EC initially reorganize to periphery of the spheroids, then infiltrate to form inner network within the boundaries
of the spheroid that is contiguous with outer sprouting vessels (bottom panel). EC are transduced with EGFP (white). Dashed lines outline original
spheroid boundaries from day 1. Scale bars represent 500 mm.

Fig. 3 The adaptability of the PVT spheroid model extends to cell lines of
breast (MCF10A, MDA-MB-231), lung (A549), and colon (SW620) origin.
Intravasation events were only observed for SW620 cells. EC are labelled
with CD31 antibodies (red). MCF10A, MDA-MB-231, A549, and SW620 are
transduced with EGFP (green). Scale bars represent 100 mm.

compared to 20% O2 conditions (Fig. 4C). This eﬀect was found
to be independent of SW620 proliferation, for which there was
no significant diﬀerence between 20% and 5% conditions (data
not shown).
Tumor cell intravasation is Slug-dependent
To examine whether the oxygen-dependent phenomenon of
intravascular SW620 migration was related to EMT, we measured
expression of the transcription factor Slug, a major driver of
EMT. SW620 cells incubated at 5% O2 exhibited over a 5-fold
increase in Slug expression compared to those incubated at
20% O2 (Fig. 5A). We then used siRNA to reduce Slug expression
(confirmed with qPCR and Western blot, Fig. 5B). SW620
treated with control or Slug siRNA were then used to construct
SW620/EC spheroids, and intravasation was assessed at both
20% and 5% O2. Strikingly, intravasation of SW620 cells was
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Fig. 4 Decreased oxygen tension increases intravasation of SW620 cells.
(A) Fluorescent images of PVT spheroids cultured under 20% O2 and 5% O2
demonstrates that intravasation of SW620 is oxygen dependent. EC are
labelled with CD31 antibodies (red). SW620 cells are transduced with EGFP
(green). Scale bar represents 100 mm. (B) Confocal immunofluorescence
analysis of single vessel branch reveals localization of tumor cells within
lumens. Scale bar represents 20 mm. (C) Quantification of migration length
and migration area shows the significantly enhanced intravasation of
SW620 under conditions of low oxygen. Error bars represent standard
deviation for each condition. **p o 0.001.

strongly reduced in Slug knockdown spheroids under 5% O2
conditions (Fig. 5C), confirming a critical role for Slug in this
oxygen-regulated EMT-like response. There was no observable
diﬀerence in vessel growth or branching between PVT spheroids
that contained either siSlug or siControl transfected SW620 at a
given oxygen level (Fig. S2, ESI†).

Discussion
Cancer biologists and engineers are increasingly collaborating to
examine the fundamental physical characteristics of the tumor
microenvironment that contribute to disease progression, including mechanical forces, transport of fluid and soluble mediators,
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Fig. 5 SW620 intravasation is Slug-dependent. (A) SW620 cells incubated
at 5% O2 showed more than a 5-fold increase in Slug expression compared
to cells incubated at 20% O2. Values were normalized to GAPDH expression levels. (B) Slug knockdown eﬃciency in SW620 cells was validated by
qPCR (top) and Western blot (bottom) up to 72 hours post-transfection.
(C) Quantification of migration length and migration area at day 7 confirms the
attenuation of intravascular cell migration by siSlug compared to siControl.
Error bars represent standard deviation for each condition. *p o 0.05 and
**p o 0.001. NS: no statistically significant diﬀerence between conditions.

growth kinetics, and reaction kinetics.28 This has yielded the
development of advanced in vitro technologies to study, quantify,
and manipulate these phenomena. While there have been significant advances in ‘‘tumor engineering,’’ few models have been
able to recapitulate the complex in vivo processes of tumor
angiogenesis and intravasation – critical and early steps in tumor
growth and metastasis. We have developed a novel in vitro model
of the tumor microenvironment that captures features of both
tumor angiogenesis and intravasation simultaneously. The PVT
model can be used to create a network of vessels that surround
the tumor and that is contiguous with a network of vessels
within the tumor. Furthermore, we have used the model to
demonstrate that tumor cell intravasation can be easily visualized, depends on the tumor cell line, is enhanced at low oxygen
levels, and depends on expression of the transcription factor
Slug. Importantly, the PVT model begins to reflect the cellular
heterogeneity of native tumors, in which normal cells such as
EC and fibroblasts communicate directly with cancer cells to
influence the progression of the cancer.
Co-culture of tumor and EC into multicellular spheroids is not
a new concept. Such models have been used to investigate the
eﬀects of tumor–EC interactions on gene expression, morphogenesis, cell survival, and response to anti-cancer therapies.26,29,30
Some co-culture models have even been demonstrated to enhance
tumor growth and angiogenesis when implanted in vivo.30 Nonetheless, the tumor/EC spheroid has been underutilized as a model
to investigate mechanisms of tumor angiogenesis and intravasation, due in part to the necessity of a supporting stromal cell
population to promote robust vessel sprouting, and in particular,
lumen formation.31 The importance of fibroblasts in capillary
network formation has been extensively studied,32,33 and its inclusion in in vitro assays is important as it encourages the production
of capillaries more representative of those found in vivo.31,34
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Additionally, an appreciation for the role of fibroblasts in
cancer development is increasing. As the main cellular component of the tumor stroma, fibroblasts play a key role in defining
the rate and scale of cancer progression, and are considered to be
an intriguing target for anti-cancer therapies.35 Here, we advance
the tumor/EC spheroid model significantly by embedding them in
a fibrin matrix distributed with fibroblasts. Fibrin was used in
these studies because it is present in the tumor microenvironment,
and because it represents a physiological ECM that supports both
normal and tumor angiogenesis in vivo.36 The combination of EC
and NHLF in a fibrin matrix has also been previously shown to
support robust capillary formation in vitro.37,38 With the addition
of fibroblasts, the PVT model is able to support radially sprouting,
lumenized capillaries.
Oxygen and nutritional limitations restrict the size of avascular
tumors. Hence, the establishment of a vascular network within
the tumor mass is an important feature to replicate when modelling tumor progression towards a metastatic state. Previous
eﬀorts have demonstrated rudimentary vascularization of tumor
spheroids either via contact with endothelial cell monolayers21 or
co-incubation with diﬀerentiated embryoid bodies.39 However,
the PVT model advances these eﬀorts significantly by supporting
a branched, lumenized, and extensive EC network that not only
penetrates the spheroid mass, but also remains contiguous with
the radially sprouting vessel network. It is interesting to note
the altered morphology of the vessels that develop within the
tumor mass. These vessels are of heterogeneous diameter,
show multiple filopodia, and are generally reminiscent of
tumor vasculature seen in vivo.4
A unique and potentially valuable feature of the PVT model is its
ability to support tumor cell intravasation through lumenized
vessels. PVT spheroids cultured in lowered oxygen (5% O2) showed
significantly enhanced intravascular migration of SW620 compared
to those cultured under ambient oxygen (20% O2). The stabilization
of HIF-1 has previously been shown to induce migration and
invasion of SW620 cells during hypoxia.40 However, to our
knowledge, hypoxia-induced intravasation of tumor cells through
engineered microvasculature has never been demonstrated. This
represents a novel model of in vitro cancer cell migration in 3D.
We devised two quantitative parameters of intravasation (migration length and migration area) to describe our observations, and
in both cases, intravasation of SW620 was markedly greater at 5%
O2 compared to 20% O2. When factoring in the analysis that
the 5% O2 conditioned vessel networks are significantly less
developed than the 20% O2 networks (hence having less available space through which tumor cells may intravasate), this
diﬀerential becomes even more impressive.
The observed phenomenon of intravascular cell migration is
consistent with EMT, a key mechanistic feature of metastasis in
which primary cancer cells of epithelial origin are transformed
into migratory mesenchymal cells capable of invading the
extracellular matrix.41 Because cancer cell migration is promoted
by EMT, which in turn is highly controlled by the transcription
factor Slug in human carcinomas,42 we hypothesized that the
observed behaviour was controlled in part by oxygen-regulated
Slug expression in SW620. Slug, a member of the Snail family of
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transcription factors, is known to repress E-cadherin expression
and increase the motility of cancer cells.42,43 Cells from the
highly metastatic cell line SW620 repeatedly demonstrate a high
level of Slug expression.44,45 In a study of 8 diﬀerent colorectal
carcinoma cell lines cultured under normoxia (20% O2), SW620
maintained the highest level of Slug expression, the lowest level
of E-cadherin expression, and showed the greatest capacity for
cell migration and invasion.46
We quantified Slug expression in SW620 using qRT-PCR, and
detected an approximate 5-fold increase in cells maintained at
5% O2 compared to those maintained at 20% O2. These results
are consistent with studies that showed increased Slug expression of some carcinomas cultured under hypoxia.47 Suppression
of Slug by siRNA significantly reduced the intravasation of the
SW620, particularly under 5% O2 conditions. We conclude that
either supra-induction of Slug is required for intravasation, or
that low oxygen conditions induce a cooperating factor(s) for
Slug-dependent migration.
We additionally demonstrated the flexibility of the PVT
model for assaying multiple cancer cell types of diﬀerent origin.
Thus far, we have incorporated tumor cells of colon, lung, and
breast origin into the system. Furthermore, the significant
initial remodelling of EC within the PVT spheroids may provide
insight into the early stages of solid tumor progression that are
cancer-specific.
Our results demonstrate the utility of a new 3D tissue
engineered model that may be used to investigate cell–cell
communication patterns in the tumor microenvironment. In
particular, we have shown the unique ability to investigate
mechanisms of tumor cell intravasation, which was enhanced
at low oxygen and dependent on the expression of the transcription factor Slug. There is ample room for future investigation in
this area, such as dependence on other EMT regulators like Snail
or Twist. This flexible, simple, and reproducible experimental
platform has the potential to improve the clinical relevance of 3D
in vitro culture systems by providing a more accurate simulation
of in vivo tumor angiogenesis and metastatic processes.

Materials and methods
Cell culture
Endothelial colony forming cell-derived endothelial cells (EC)
were isolated from human umbilical cord blood as previously
described.48 Previous work in our lab has demonstrated the
ability of these cells to (i) form lumenized vessel structures when
co-cultured with normal human lung fibroblasts (NHLF) in a
fibrin matrix,49,50 (ii) anastomose with a host (e.g. mouse) circulation upon implantation,48,51 and (iii) be perfused with cell culture
media using a microfluidic platform.52 These studies have
demonstrated in vivo function including pericyte-like recruitment, retention of 70 kDa dextran, and physiological flow and
shear. EC were cultured on 1% gelatin coated tissue culture
flasks and fed with endothelial growth medium-2 (EGM-2; Lonza,
Wakersfield, MD). NHLF (Lonza) were cultured in fibroblast
growth medium-2 (FGM-2; Lonza). SW620 colon cancer cells were
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cultured in DMEM high glucose (Invitrogen, Carlsbad, CA)
supplemented with 2 mM glutamine, 100 U mL1 antibiotic–
antimycotic (Invitrogen), and 10% fetal bovine serum (FBS;
Invitrogen). A549 lung cancer cells were fed with DMEM
high glucose containing 10% FBS. MDA-MB-231 and MCF10A
breast cancer cells were fed with mammary epithelial growth
medium (MEGM; Lonza). All cells were maintained at 37 1C in
humidified air containing 5% CO2, and the medium was
changed every 48 hours. Cells were passaged at 80% confluence
with 0.025% trypsin. EC were used at passages 4–5, and NHFL
were used at passages 6–7.
EGFP transduction of cells
EC, SW620, MDA-MB-231, A549, and MCF10A cells were transduced using a lentivirus in order to express enhanced green
fluorescent protein (EGFP). To prepare the lentiviral vector,
HEK293T cells were plated at 5  105 cells per well of a 6-well
plate in DMEM without sodium pyruvate and with 10% FBS.
Cells were maintained for 24 hours at 37 1C in humidified air
containing 5% CO2. 3 mg of plasmid DNA that consisted of
1.5 mg pRRLSIN.cPPT.PGK-GFP.WPRE, 0.75 mg pMDLg/pPRE,
0.3 mg pRSV-Rev, and 0.45 mg pMD2.G (Addgene, Cambridge,
MA) was diluted with 250 mL of Opti-MEM (Invitrogen), and
incubated at room temperature for 25 minutes. 7.5 mL of
Lipofectamine 2000 (Invitrogen) was diluted with an additional
250 mL of Opti-MEM, and incubated at room temperature for
5 minutes. The two solutions were combined and added drop
wise to each well of HEK293T cells. After 24 hours, each well was
replaced with fresh medium. After 48 hours, the viral supernatant
was collected, centrifuged to remove debris, and frozen at 80 1C
for further use.
To transduce cells, 2 mL of viral titer and 6 mL of 10 mg mL1
polybrene (Millipore, Billerica, MA) was added to 8 mL culture
medium for each of the respective cell lines (as described in
Cell culture section), and was used to feed approximately 40%
confluent cells in 75 cm2 flasks. The cells were cultured overnight, after which the medium was replaced with fresh culture
medium. Transduction eﬃciency was greater than 90% for all
cells. EGFP transduction of EC was performed to visualize EC
re-organization over the course of the assay to qualitatively
inform the model; however, non-transduced EC were used for
all quantified experiments.
PVT spheroid preparation
A stock solution of methocel was prepared by dissolving 6 g of
methylcellulose in 500 mL of DMEM. EC and tumor cells were
trypsinized, and suspended in EGM-2 containing 15% methocel
(v/v). 150 mL of the cell suspension was seeded to each well of a
non-adherent round-bottom 96-well plate (Greiner, Frickenhausen,
Germany). Co-culture (PVT) spheroids were composed of a 3 : 1 EC
to tumor cell ratio. EC only spheroids were also generated to
serve as a control. All PVT and control spheroids contained a
total of 1000 cells. After incubation overnight in 37 1C, the cell
suspension solution contributed to the formation of a single
spheroid per well. The spheroids were harvested for experiments within 24 hours.
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Fibrin tissue assembly and oxygen conditioning

Small interfering RNA transfection

For each tissue construct, 8–10 spheroids were suspended in 50 mL
of bovine fibrinogen (Sigma-Aldrich, St Louis, MO) solution that
contained NHLF at a concentration of 1  106 cells per mL. To make
the fibrinogen solution, fibrinogen was dissolved in Dulbecco’s
phosphate buffered saline (DPBS, Invitrogen) to a final concentration
of 2.5 mg mL1. The fibrinogen–NHLF–spheroid solution was mixed
with 2.5 mL FBS and 1 mL thrombin (50 units per mL; Sigma-Aldrich),
and pipetted onto a 12 mm circular glass cover slip with an affixed
polydimethylsiloxane (PDMS) retaining ring. The PDMS rings have
a diameter of 8 mm and a height of 0.8 mm, for a final tissue
thickness of B1 mm. The tissues were left undisturbed for
5 minutes at room temperature, and then moved to a 37 1C
incubator for 30 minutes to completely polymerize. The tissues
were then transferred to 24-well plates (one tissue per well), and
fed with EGM-2. Assembled fibrin tissues were maintained at
20% O2 for 24 hours following polymerization. Tissues were then
assigned to one of two groups (20% or 5% O2) and kept in culture
for an additional 6 days. All conditions were maintained with 5%
CO2 and balance N2. Medium was changed every two days.

SW620 at 80% confluency were transfected with 50 nM
(Invitrogen) siRNA using Lipofectamine 2000 in Opti-MEM
(Invitrogen), incubated overnight with transfection mixture, and
recovered in EGM-2 media the following day. The non-targeting
stealth RNAi negative control high GC duplex #2 (Invitrogen) was
used as a control for sequence independent eﬀects of siRNA
delivery. Transfection eﬃciencies were determined by qPCR
and Western blot analysis. Stealth siRNAs targeting Slug were
purchased from Invitrogen and sequences were as follows:
5 0 -GGCUCAUCUGCAGACCCAUUCUGAU-3 0 (sense) and 5 0 -AUCA
GAAUGGUCUGCAGAUGAGCC-3 0 (antisense). Cells transfected
with siRNAs targeting Slug or a non-specific sequence serving
as a control, were used to make PVT spheroids, which were then
divided into two experimental groups: 20% or 5% O2 (for a total
of four conditions). For characterization of intravasation, five
spheroids from each of 9 fibrin tissues (45 spheroids total over
3 experiments) were analysed for each condition.

Immunofluorescent staining and visualization of EC

Protein was harvested at 72 hours post transfection from SW620
transfected with control or Slug siRNA. SW620 were lysed directly
from the culture dish using lysis buﬀer (20 mM Tris pH 7.9,
137 mM NaCl, 5 mM EDTA, and 1% NP-40) supplemented with
1 protease inhibitor cocktail, 1 mM PMSF, and 1 phosphatase
inhibitor. SW620 were lysed on ice with supplemented lysis
buﬀer in the culture dishes for 10 minutes. Dishes were
scrapped and the cellular contents were added to a microfuge
tube and allowed to lyse for an additional 10 minutes on ice.
Lysates were then sonicated at 15 W for 15 seconds and then
spun at 14 000 rpm for 10 minutes at 4 1C. Protein concentrations were determined using bicinchoninic acid assay (SigmaAldrich) according to manufacturer’s instructions. Samples were
mixed 3 : 1 with Laemmli 4 sample buﬀer (BioRad), boiled for
5 minutes at 95 1C, and equal amounts of protein (100 mg)
were loaded and electrophoresed in 4–20% Mini-PROTEAN TGX
polyacrylamide gels (BioRad) under denaturing and reducing
conditions. Proteins were transferred to a polyvinylidene fluoride
membrane (Millipore). Membranes were blocked for 1 hour in
TBS/0.1% Tween 20 (0.1% TBST) containing 5% non-fat dry
milk. Membranes were then incubated overnight at 4 1C in
primary rabbit monoclonal anti-Slug (1 : 750; Cell Signaling,
9585) diluted in 0.1% TBST containing 5% bovine serum
albumin (BSA). The following day, membranes were washed
with TBS/0.2% Tween 20 (0.2% TBST) before secondary antibody
was added. HRP-conjugated goat anti-rabbit secondary antibody
(1 : 5000; Abcam) was diluted in 0.1% TBST containing 5% BSA
and added to the blot for 1 hours at RT. Protein expression was
detected using Amersham ECL Western Blotting Detection
Reagent (GE Healthcare) and membranes were imaged using a
Nikon AF 50 mm f/1.4D camera (Nikon). To ensure equal loading,
membranes were stripped using restore stripping buffer (Thermo
Scientific), blocked for 1 hour in 0.1% TBST containing 5% BSA
and re-probed overnight with HRP-conjugated GAPDH (1 : 5000;
Abcam, ab9482) antibody.

To visualize the vessel networks formed by the EC, the tissues
were immunofluorescently stained with mouse anti-human CD31
antibody (Dako, Carpinteria). First, the tissues were fixed in 10%
formalin, and then blocked with a 2% bovine serum albumin
(BSA, Sigma-Aldrich) and 0.1% Tween 20 (Sigma-Aldrich) solution.
Overnight incubation with CD31 antibody diluted at 1 : 200 was
followed by overnight incubation with Alexa Fluor 555-conjugated
goat anti-mouse IgG (Invitrogen) diluted at 1 : 500. Washes with a
0.1% Tween 20 solution followed both incubation periods. Images
of the stained tissues used for vessel quantification purposes
were acquired using an inverted fluorescence microscope (Nikon
Eclipse TE300). Images to confirm lumen formation and intravascular cell migration were acquired using laser scanning confocal microscopy (Zeiss LSM 510 Meta).
Quantification of sprouting angiogenesis and intravasation
Vessel (+CD31) networks that emanate beyond the surface
boundary of the spheroid were manually selected using ImageJ
(NIH, Bethesda, MD). These images were then analysed using
AngioTool,53 software that provides automated measurements
of the Total vessel network length and the Total number of
junctions per spheroid.
Two parameters were used to quantify tumor cell intravasation, and were calculated manually using ImageJ. The
migration length was defined as the total distance travelled
by all tumor cells beyond the surface of the spheroid (dotted
lines in Fig. S1A, ESI†). The migration area was defined as the
total area of tumor cells past the surface of the spheroid (black
area in Fig. S1B, ESI†). Both parameters were calculated for
each individual spheroid, and then averaged over the entire
experimental group. For statistical analysis, five spheroids from
each of 9 fibrin tissues (45 spheroids total over 3 experiments)
were analysed for each condition.
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Quantification of Slug induction
Monolayers of SW620 were prepared in 100 mm tissue culture
treated petri dishes. Cells were fed with EGM-2, and incubated
at 37 1C in either 20% or 5% O2 conditions for 24–48 hours.
Total RNA was isolated from SW620 using TriZOL reagent
(Invitrogen) according to the manufacturer’s protocol. Isolated
RNA was then treated with RQ1 DNase (Promega) for 1 hour. 1 mg
of total RNA was used for cDNA synthesis using iScript cDNA
Synthesis Kit (BioRad). A BioRad iCycler was used to perform
qRT-PCR using SYBR Green (Molecular Probes) and HotStarTaq
DNA Polymerase (Qiagen). Average CT values were normalized to
GAPDH expression levels and all samples were measured in triplicate. Primers were synthesized by Integrated DNA Technologies and
sequences are as follows: Slug, 50 -AGATGCATATTCGGACCCAC-30
(forward) and 50 -CCTCATGTTTGTGCAGGAGA-30 (reverse), GAPDH,
5 0 -TCGACAGTCAGCCGCATCTTC-3 0 (forward) and 5 0 GCGCCC
AATACGACCAAATCC-3 0 (reverse). Three replicates were performed for each condition.
Statistical analysis
Statistical analyses were performed using one-way analysis of
variance (ANOVA) with SigmaStat (Systat Software, San Jose, CA).
Comparisons between groups were made with the Tukey test for
multiple comparisons. All data are presented as the mean 
standard deviation. Results are considered statistically significant for p o 0.05.
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