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Abstract

Tumor integrin 1 (ITGB1) contributes to primary tumor growth and metastasis, but its specific
roles have yet been clearly elucidated. In this study, we engineered an three-dimensional
microfluidic model of the human microvasculature to recapitulate the environment wherein
extravasation takes place and assess the consequences of p1 depletion in cancer cells. Combined
with confocal imaging, these tools allowed us to decipher the detailed morphology of
transmigrating tumor cells and associated endothelial cells in vitro at high spatio-temporal
resolution not easily achieved in conventional transmigration assays. Dynamic imaging revealed
that p1-depleted cells lacked the ability to sustain protrusions into the subendothelial matrix in
contrast to control cells. Specifically, adhesion via a3p1 and a6p1 to subendothelial laminin was a
critical prerequisite for successful transmigration. p1 was required to invade past the endothelial
basement membrane, whereas its attenuation in a syngeneic tumor model resulted in reduced
metastatic colonization of the lung, an effect not observed upon depletion of other integrin alpha
and beta subunits. Collectively, our findings in this novel model of the vascularized tumor
microenvironment revealed a critical requirement for f1 in several steps of extravasation,
providing new insights into the mechanisms underlying metastasis.

Introduction

Although major advances have been made in the screening and treatment of primary tumors,
metastasis still remains the leading cause of cancer-related deaths. For a tumor cell to
metastasize successfully, it must first dissociate from the primary tumor, traverse through
tumor basement membrane (BM) and stroma, intravasate, survive in the circulation amongst
a host of immune cells and mechanical stresses, and lastly, extravasate from the
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microvasculature and form metastases in the secondary parenchyma. In particular, the latter
steps involving transendothelial migration (TEM) and survival have been described as rate-
regulating events in metastasis 1:2.

This complex series of cell-cell and cell-matrix interactions is thought to involve integrins,
the family of heterodimeric transmembrane receptors that mediate cellular interactions with
the extracellular matrix (ECM). Integrins are widely known to regulate a variety of tumor
cell functions including adhesion, migration, invasion, proliferation and survival 3. In
particular, the 1 subunit forms heterodimers with at least 18 different alpha subunits, and
has been shown to bind via its extracellular domain to a substantial number of ECM
proteins, and via its intracellular domain to recruit many signaling and cytoskeletal

proteins 4. In the context of cancer, p1 is up-regulated in highly invasive breast carcinoma
cells in vivo>®, and plays crucial roles in the context of primary tumor formation and
metastasis in breast, ovarian, pancreas and skin cancers "~21, Further in vitro studies report
that B1 strongly mediates adhesion of pancreatic and ovarian cancer cells to matrix proteins
including collagen 1, collagen 1V, fibronectin and laminin on 2D substrates 7-22, and
promotes the degradation of gelatin at the whole cell level and localizes at invadopodia 23. In
addition to its effects on adhesion, knockdown of 1 inhibits cell migration and proliferation
on numerous ECM substrates 724, Collectively, these studies suggest the importance of p1 in
mediating growth and migration in the primary tumor stroma.

The precise roles of B1 during tumor cell extravasation, however, are less explored. Although
the molecular players in extravasation (e.g. ECM molecules, endothelium) are likely similar
to those in invasion and intravasation, the mechanics and sequence of the cell-cell and cell-
matrix interactions are different. Furthermore, the roles and degree of requirement of
specific adhesion molecules may differ depending on the context of the migration event.
Thus, results obtained in these contexts may not directly translate to extravasation. In terms
of metastasis, it has been shown that inhibition of 1 significantly reduces seeding and
formation of metastatic foci after several weeks, suggesting a possible defect in a preceding
step of the metastatic cascade, such as extravasation 7:10.18.20.25.26 However, except for a
study by Stoletov et al, which demonstrated the necessity of B1 for TEM in a zebrafish
model, to our knowledge no other groups have explored in depth the role of f1 and the
associated alpha subunits in distinct steps of extravasation.2” Furthermore, it remains unclear
whether the defects lie in adhesion, tumor-endothelial interactions, ECM/BM interactions or
even post-extravasation proliferation and survival. This is often difficult to dissect due to
relatively low throughput and low spatio-temporal resolution of single cell TEM events in
most /n vivo assays.

In the present report, we utilize in vitro models of microvasculature to isolate and
recapitulate the sequential steps in the extravasation cascade. Much is currently known about
the cell adhesion molecules and proteases required by cancer cells to invade their
microenvironment, but whether these same players are required for tumor cell extravasation
are unclear. First, we find that 31 expression in human tumor cells lines is necessary for
efficient TEM in an /n vitro model of human microvasculature. High-resolution imaging
further reveals the requirement of activated 1 integrin for protrusion maintenance via
engagement with the sub endothelial ECM, which enables recruitment of F-actin to the
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protrusion tip, followed by translocation of the cell past the endothelial layer, likely via acto-
myosin contractility. Specifically, adhesion onto vascular laminin via a3p1 and a6p1
integrins is involved in this process. Additionally, after clearing the endothelial barrier, p1 is
required for invasion past the BM. Finally, we show that $1 depletion reduces extravasation
in vivo and inhibits metastatic colonization, suggesting that the cumulative defects in the
extravasation cascade due to $1 depletion ultimately impairs metastasis formation.

Materials and methods

Cell culture

GFP or RFP expressing human umbilical vein endothelial cells (HUVECS) (Angioprotemie)
were cultured in EGM-2MV medium (Lonza) and used at passage 4. Normal human lung
fibroblasts (NHLF) (Lonza) were cultured in complete FGM (Lonza) and used between
passages 4 to 8. MDA-MB-231, A-375 MA2 and 4T1 cells (parental, control and stable
knockdowns) were cultured in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin and 1% L-glutamate while SUM159 cells were cultured in Ham F12
supplemented with 5% FBS, 1% penicillin/streptomycin, 5 pg/ml insulin, 1 pg/ml
Hydrocortisone, and 20ng/ml EGF. All cells were incubated at 5% CO» at 37°C.

DNA constructs, RNA interference and transfection

To generate miR30-based shRNAs targeting human and mouse integrins, 97-bp shRNAs
were designed (Supplemental Table 1), synthesized (IDT, Coralville, lowa) and PCR
amplified to add Xhol and EcoRI sites. ShRNAs were then cloned into barcoded versions of
the MSCV-ZSG-2A-Puro-miR30 vector 28 using standard molecular biology techniques.
Packaging of retrovirus and transduction of cells was done as described previously 2°.
Efficient knockdown was then confirmed using western blotting, gPCR or flow cytometry as
described below. Western blots were performed as described previously 28 using the
indicated antibodies: for immunoblots on human cells, mouse monoclonal integrin g1 (MEM
101-A, Abcam), A3 (Cell Signaling), GAPDH (Cell Signaling) and beta-actin (Millipore).
For mouse cell lines, rabbit polyclonal anti-mouse integrin a3, anti-mouse integrin aV (BD
Pharmigen), and mouse anti-GAPDH (Millipore) were used. Quantitative PCR (qPCR) was
performed for integrin /1 as described previously 28 using the MyiQ real-time PCR
detection system (Bio-Rad). Flow cytometry was performed using the following primary
antibodies to assess integrin surface levels: biotin conjugated anti-human f1 integrin (P5D1,
Abcam), biotin-conjugated anti-mouse integrins aV, p1, 2, B3 (BD Pharmigen), or
unconjugated rat anti-mouse integrin al, a2, a4, a6, a8, B4 (BD Pharmigen). Secondary
antibodies were either Streptavidin-APC, or APC-conjugated anti-Rat 1gG.

For siRNA-mediated knockdown of a3, a6 and /4 integrins, cells were plated on six well
plates and transfected with 25 pmol of a3, a6 or /4 integrin Silencer Select sSiRNA (Thermo
Fischer) using Lipofectamine RNAiMax reagent (treated twice over 48 h) before
trypsinization and perfusion into microvascular networks. Knockdown was confirmed via
western blotting using antibodies for a3 (Thermo Scientific), a6 (Cell Signaling) and 4
(Cell Signaling). For visualization F-actin in transmigrating tumor cells, MDA-MB-231
were transduced with LifeAct mCherry (Ibidi) via standard lentiviral techniques.
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Antibodies and reagents

For functional blocking of individual alpha subunits, azide-free antibodies for ol (FB12), a2
(P1E6), a3 (P1B5), a4 (P4C2), a5 (P1D6), 4 (ASC-6), L (P4C10) and associated 1gG1 or
1gG3 controls from Millipore, and a6 (GoH3) and 1gG,, from Santa Cruz were incubated at
5ug/mL with tumor cells suspended in serum free DMEM at 0.5 million cells/mL for 30
min, prior to perfusion into microvascular devices. For neutralization of MMPs, anti-MT1-
MMP catalytic domain (LEM-2/63.1, Abcam) and anti-MMP-9 (IM09-L, Calbiochem) were
incubated at 15 pg/mL with tumor cells suspended in serum free DMEM at 0.5 million
cells/mL for 30 min prior to perfusion. The MMP array was from Raybiotech and used
according to the manufacturer’s instructions. To block laminin function, anti-laminin alpha 3
chain (P3H9-2, R&D Systems) or 1gG; at 10 pg/mL in EGM was perfused into the
microvascular devices 10 minutes prior to tumor perfusion.

Immunofluorescence and imaging analysis

Devices were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton-
X and then blocked with 10% BSA and 1% goat serum in PBS for 2 h. Samples were
incubated in primary antibodies against human CD31, vinculin at 1:100 (Sigma Aldrich),
human Tks-5 at 1:50 (Santa Cruz), human collagen IV, laminin, fibronectin, or f1 integrin
activated conformation (clone 12G10) at 1:100 (from Abcam) overnight in blocking buffer
at 4°C. After washing, devices were incubated with secondary antibody (Alexa Fluor 568
goat anti-mouse or 568 goat anti-rabbit) at 1:200, DAPI at 1:1000, and Alexa Fluor 647
phalloidin (all from Invitrogen) for 4 h.

Lungs were processed and stained as previously described 3. Briefly, lobes were cut into
smaller pieces and blocked for 1 h (10% goat serum and 0.3% Triton-X), followed by
incubation in mouse anti-CD 31 (BD Biosciences) at 1:100 overnight at 4°C. Lungs were
washed in wash buffer and incubated in secondary antibody (Alexa Fluor 568 goat anti-rat,
Invitrogen) at 1:500 overnight at 4°C.

Microfluidics-based microvascular network extravasation assay

A microfluidics-based cell culture system capable of generating perfusable microvascular
networks was used in this study, similar to that described previously 31, with some
modifications. Microfluidic device fabrication is outlined in detail elsewhere 32, The
platform features three independent hydrogel regions (1300 pm wide by 110 zm high by 0.8
cm long) separated by media channels (SI Fig. 1A). ECM hydrogels are held in place via the
surface tension generated in the presence of small trapezoidal microposts33. To form
vascular networks, HUVECs and NHLFs were suspended separately at final concentrations
of 5 x 108/mL and 4 x 10%/mL respectively, in 2.5 mg/mL fibrinogen (Sigma) and 0.25
U/mL thrombin (Sigma) solutions. Tumor cells are introduced into the microvascular
networks on day 4 of device culture, after which they were transferred to a confocal
microscope (Olympus FV1000) equipped with an environmental chamber for imaging of
extravasation events.
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Microfluidics-based vertical endothelial monolayer extravasation assay

In some experiments, a microfluidics-based endothelial monolayer was used in place of
microvascular networks to achieve visualization at greater spatial resolution of single cell
extravasation events, due to its planar configuration34. Here, a single lumen is modeled by
forming an intact monolayer on the hydrogel and micro-post surfaces (SI Fig. 1A). Briefly, a
type 1 rat-tail collagen and fibrinogen were prepared obtain a final gel concentration of 2.5
mg/mL fibrin and 0.24 mg/mL collagen | mixture and injected. HUVECs suspended at 2.5 x
108/mL in EGM-2MV were then seeded into the media regions and cultured for 48 h at
37°C and 5% CO until a confluent monolayer was formed on the gel-media interface.
Tumor cells at 0.1 million cells/mL were perfused into one media channel. Devices were
tilted at a 90-degree angle at 37°C for 30 min in a humidified chamber.

Adhesion assay

To test the degree of tumor-endothelial adhesion without the added factor of physical
trapping, rectangular PDMS micro-channels were fabricated (0.3 cm wide by 110 zm high
by 5 ¢cm long). Three inlet holes were punched (two on both ends and one in the middle).
HUVECs (2 million cells/mL) were seeded into micro-channels. At the formation of a
confluent monolayer, tumor cells at 1 million cells/mL in serum-free endothelial basal
medium (EBM) were perfused from the outer inlet port (while keeping the center port
plugged) and allowed to settle and adhere 10, 30 or 60 min. EBM is then perfused into the
middle port via a syringe pump to obtain a shear rate of 5 dynes/cm? for 15 min, after which
tumor cells are recounted.

In vivo mouse extravasation assay

One hundred microliters of cell suspension in PBS (0.5 million cells) were injected via
lateral tail vein of female NOD/SCID/gamma mice. Mice were euthanized and lungs were
collected after inflation with 4% formaldehyde, 0.3% Triton X-100 at 3, 16 and 24 h.

In vivo metastasis assay

miR-30 based shRNAs targeting each integrin subunit were designed and cloned into
uniquely barcoded versions of the MSCV-ZSG-2A-Puro-miR30 vector 28 as described
above, and then used to stably transduce 4T1 cells. Once integrin knockdown was confirmed
via FACs, individual 4T1 cell populations were mixed in equal numbers and injected into the
lateral tail veins of mice. Lungs were isolated for analysis after 17 days. A starting
population was also collected at the time the mixed cell populations were injected and was
used for normalization of subsequent samples. Luminex-based analysis of metastasis burden
was performed as described previously28. Briefly, genomic DNA was isolated from lungs
and starting cell pellets and barcodes were PCR-amplified using biotinylated primers that
bind to common regions in the vector that flank the DNA barcode. PCR product was then
quantified by the Genetic Analysis Platform at the Broad Institute (Cambridge, MA) using
Luminex technology. For this, PCR product was hybridized to uniquely dyed Xmap beads
(Luminex Corporation) that were precoupled to oligonucleotide sequences complementary
to the 21-nt barcodes contained in our vectors. Barcodes were then quantified by incubating
the beads with streptavidin-conjugated allophycocyanin (APC) and measuring the APC
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signal on each bead using the Luminex FlexMap 3D system (Luminex Corporation). The
relative amounts of each unique barcode in each lung sample were calculated from the raw
APC signals. This was preformed by normalizing the signal for each unique barcode to the
signal for the same barcode in the starting population.

Quantification of extravasation and statistics

Results

In all /n vitro experiments (unless otherwise indicated), the average TEM efficiency is the
average of the mean of 3 devices per condition and 3 independent experiments (total 9
devices). The value of each device was calculated as an average of 6 fields of view
(microvascular networks) or 10 fields of view (monolayer device). Statistical analysis was
performed with SigmaPlot using Student’s two-tailed #test when comparing two conditions,
or ANOVA with Tukey’s post-hoc analysis when applicable. Unless otherwise indicated, “n”
represents one independent experiment with at least 3 devices per condition.

Bl integrins are required for efficient transendothelial migration from in vitro
microvascular networks and in vivo mouse lung extravasation assays

To investigate the importance of integrin f1 in the extravasation, we employ a 3D
microfluidic model of human microvascular networks previously developed by our group
(Fig. 1A, SI 1A). The interconnected lumens formed via a vasculogenic-like process
recapitulate the microcirculation in which tumor cells arrest due to size restriction and/or
adhesion and extravasate, thereby exhibiting greater physiological relevance than most /in
vitro assays, in terms of geometry and barrier function. Tumor cells can be perfused into the
microvessels and extravasation events can be monitored dynamically. Importantly, the assay
allows significantly clearer real-time visualization of TEM on a single-cell level, compared
to most /n vivoand in vitro techniques. Lumens lie largely in the same plane, allowing
intravascular, partially transmigrated and fully transmigrated cells to be clearly differentiated
even at low magnifications (i.e. 10 to 20X) (Fig. 1D).

We stably expressed shRNAs targeting either control firefly luciferase (control) or integrin
B1 (FZ1KD)in human metastatic human breast cancer (MDA-MB-231, SUM-159), highly
metastatic human melanoma (A-375 MAZ2) and mouse mammary carcinoma (4T1) cell lines.
Silencing was verified via western blotting (Fig. 1B, Sl Fig. 2A), flow cytometry, and gPCR
(Fig. Sl 2B). Cells were perfused into /n vitro microvascular networks and TEM events were
tracked via live confocal microscopy (SI Movie 1). Reduction of f1 via ShRNA and blocking
antibodies in MDA-MB-231 significantly abrogated TEM in microdevices at 6 h, while
knockdown of B3 integrin had no significant effects, indicating that the observed attenuation
of TEM may be specific to 1 (Fig. 1C). In our assays, transmigration is defined as fully
clearing the endothelial barrier. The f1-4 shRNA, with an intermediate level of knockdown
(66% mRNA inhibition), exhibited an intermediate TEM rate at 6 h, suggesting a graded
response with decreasing p1 expression (Fig. SI 2C). Longer-term kinetics of transmigration
were tested in all cell lines revealing that the decrease in TEM due to 1 knockdown is likely
not cell line specific. Furthermore, TEM rates reach a plateau at ~ 12 h in both control and
PLKD conditions (Fig. 1E), indicating that the defects in transmigration are not simply due
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to a delay in the progression of extravasation. Additionally, proliferation assays reveal no
significant differences between control and SLKD cells in the span of 48 h (Fig. SI 2D), thus
the number of TEM events is likely not influenced by differences in cell proliferation
throughout the duration of the transmigration assay.

To validate our findings in an /n vivo context, MDA-MB-231 control and SLKD cells were
injected into Nod/Scid/gamma mice via the lateral tail vein. Close inspection via confocal
microscopy and 3D rendering at 60X allowed visualization of individual tumor cells near the
tissue surface (Fig. 1F, Fig. SI 3A). Tumor cells surrounded by a continuous and distinct
border of CD31 staining were scored as intravascular, while all other cells were counted as
transmigrated, even if partly surrounded by vascular staining. Both control and SLKD cells
were mainly contained within blood vessels at 3 h post injection. At 16 h there was a
significant (~5 fold) difference in the number of transmigrated control cells versus S1KD,
with the difference increasing at 24 h (Fig. 1G).

Combined, these results confirm that tumor integrin B1 is essential for TEM. However, the
role of p1 in other distinct steps of extravasation (Fig. 2A) both preceding and subsequent to
TEM remains unclear. These steps include tumor-endothelial adhesion, tumor cell protrusion
initiation and formation into the sub-endothelial matrix, interaction with the endothelial BM,
and migration through the parenchyma. Due to the challenges associated high resolution and
dynamic imaging /n7 vivo, we capitalized on the unique capabilities of our /n vitro
microvasculature assay.

Bl integrin does not mediate adhesion to endothelium but adhesion to sub-endothelial
matrix, under flow conditions

We further investigated whether B1 integrin plays a role in heterotypic endothelial-tumor
adhesion, a possible precursor to TEM. It is believed that since tumor cells that are rapidly
cleared from the circulation /n vivo, cells that quickly arrest in the vasculature and
extravasate may have a selective advantage toward establishing new colonies 2635,

To isolate the effect of adhesion, tumor cells were seeded into endothelial-lined chambers
and allowed to settle and adhere for 10, 30 or 60 min. This is followed by continuous
perfusion of media for 15 min at 5 dynes/cm?. With 30 or 60 min of settling time, more
control cells remained adherent than f1KD cells post-perfusion, with the greatest difference
being at 60 min (Fig. SI 4A). In contrast, 10 min of settling time prior to perfusion resulted
in no significant differences. Upon closer inspection, more than half of all adherent cells in
30 or 60 min control samples had gained access to the subendothelial ECM, as identified by
short (1-4 pm) tumor cell protrusions extending past the plane of the endothelium (Fig. Sl
4A-B). In contrast, the few adherent f1KD cells did not exhibit protrusions. This suggests
that p1 mediates adhesion to the underlying matrix, rather than the endothelium, thereby
providing the force necessary to resist detachment under flow. We also note that adherent
cells at the 10 min time point do not exhibit discernable protrusions, suggesting that early
tumor-endothelial adhesion exists, but is likely mediated by other adhesion molecules such
as selectins (CD62) or glycoproteins like CD443%, rather than integrins.
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In vivo, we observed similar numbers of control and B1KD cells in lungs at early time points
(3 and 16 h post-injection) and only a slight difference at 24 h (Fig. SI 4C). This lack of p1
dependence compared to /n vitro findings could be due to a tendency for physical trapping to
dominate over adherence in vivo, since narrow capillaries are not recapitulated in the in vitro
flow channel. That is, while we find that 1 can mediate adhesion under flow due to
subendothelial matrix anchorage, physical trapping of cells may be the rate-controlling
factor in retention /n vivo.

Activated B1 and actin-rich protrusion formation precede and are required for complete
transmigration

Previously, it has been suggested that tumor cells form invadopodia-type processes past the
endothelium37-38 and that abrogating these structures prevents extravasation in chick
chorioallantoic membrane assays (CAM)38. Thus, we sought to understand the role of f1 in
protrusion formation and endothelial barrier breaching. We employ an alternate “vertical
monolayer device” consisting of microchannels connected by 3D ECM hydrogels, where
tumor cells are seeded in one channel, arrest onto and extravasate across an endothelial
monolayer into a fibrin-type 1 collagen matrix 3439, In this assay, migration across and
through the monolayer and subendothelial matrix occurs in the plane of view; thus,
protrusion formation and dynamics during extravasation can be observed in high detail (Fig.
Sl 1B, SI 5A-C). Time-lapse confocal images taken over 6 h reveal that transmigrating
control cells extend numerous thin filipodial-like protrusions past a gap in the endothelial
barrier as early as 20 min post-perfusion (Fig. 2B). In contrast, B1KD cells remained largely
spherical and lacked protrusions in nearly all cells sampled (Fig. 2C). Surprisingly, while
B1KD tumor cells do not transmigrate, there is still discernable endothelial gap formation at
the site of tumor arrest, suggesting that 1 does not significantly hinder the ability for
endothelial disruption (Fig. SI 5D).

Immunostaining for the active conformation of p1 showed localized punctates at the tips of
the protrusions extending into the sub-endothelial matrix in transmigrating control cells only
(Fig. 2F), suggesting that 1 mediated protrusion formation and ECM engagement is
required for complete TEM. Dynamic tracking of tumor cell protrusions embedded in 3D
collagen 1-fibrin mixed matrices reveal that control cells quickly extend protrusions that
often persist (>30 min), and subsequently take on an elongated morphology. In contrast,
B1KD cells exhibit small, short-lived transient protrusions and typically retain a more
spherical shape (Fig. SI 6A-B). Thus, it is likely that 1 is not required for protrusion
initiation, but for protrusion stabilization via 31 mediated anchorage onto vascular BM; this
is supported by previous findings but in a 2D context23. Furthermore, live time-lapse
imaging of tumor F-actin during TEM reveals actin-rich punctates at the tips of protrusions
extending past the endothelium (Fig. 2G). At times, these actin-rich protrusions are also
diffusely marked by the focal adhesion protein vinculin (Fig. 2H), which is generally diffuse
in tumor cells embedded in 3D collagen gels (data not shown). There has recently been
growing evidence that integrins play important roles in invadopodia formation and function,
in particular a3 and B1 integrins; however, whether invadopodia form during extravasation
is unclear. Indeed immunofluorescent imaging showed Tks5 punctates specifically in
protrusions, suggesting the presence of functional and degradatory invadopodia during TEM.
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Together our results suggest that f1 mediates tumor cell protrusion stabilization by
facilitating anchorage vascular BM, followed by recruitment of actin and possibly focal
adhesion proteins, at the protruding-edge. Subsequent actomyosin-mediated contractions
then likely pull the remaining cell body past the endothelium.

Bl integrins mediate invasion across the basement membrane

Upon closer inspection of fixed images in both microvascular network and monolayer
assays, fully transmigrated cells were observed in 3 distinct “positions” relative to the
endothelium: (1) directly adjacent to the abluminal surface, (2) adjacent but elongated
perpendicular to the lumen, and (3) migrated away from the abluminal surface. At 4 h
control cells were found in all three positions while of the few (<6%) B1KD cells that had
transmigrated, almost all were exclusively confined to “position 1” (Fig. 3A). Not only were
transmigration distances significantly reduced in knockdown cells, few protrusions were
observed (Fig. 3B), consistent with their rounded and non-protrusive morphology.

Since B1KDs are unable to migrate away from the endothelium, we hypothesized that tumor
cells were unable to invade past the endothelium BM. This could be due to the inability to
attach to and/or degrade the underlying matrix proteins. During the formation of
microvasculature, endothelial cells forming the /n vitro microvessels deposit a continuous
layer of BM proteins including collagen IV, laminin and fibronectin (Fig. SI 7A) similar to
in vivo vasculature. Staining for laminin revealed tumor cells in four “states” relative to the
BM and endothelium: (1) breaching the endothelium but not the BM, (2) fully transmigrated
but intercalated between the endothelium and BM, (3) breaching the BM, and (4) completely
cleared of endothelium and BM (Fig. 3C). Devices immunostained at 2 h revealed that out of
the subpopulation of transendothelial migrating cells, both control and B1KD cells were
mostly found in state (1) where the endothelium had been breached but not the laminin layer.
Subsequently, devices fixed at 9 h showed that most transmigrating control cells were in
states (3) and (4), breaching both the endothelium and laminin (Fig. 3D). This suggests that
the formation of stable protrusions requires adhesive interactions with the underlying BM,
which is then followed by degradation and invasion past it. Conversely, nearly all
transmigrating B1KD cells remained in state (1). Similar results were found in the vertical
monolayer assay when immunostained for collagen 1V (SI Fig. 7 B-D).

Due to the inability of B1KD cells to invade past the BM, we hypothesized that MMPs are
required to digest BM proteins, and that 1KD cells may exhibit a defect in MMP activity.
We tested the effect of anti-MT1-MMP and anti-MMP-9 (two major MMPs implicated in
BM/laminin degradation) on TEM efficiency in microvascular networks at 6 h. Both anti-
MT1-MMP and anti-MMP-9 slightly reduce TEM efficiency (p=0.046 and p=0.089,
respectively) (although not comparable to knocking down 1 integrins) suggesting that
initial crossing of the EC barrier is only weakly dependent on these proteases (Fig. SI 7E).
Further immunostaining for laminin on the same devices revealed that transmigrating cells
treated with either anti-MT1-MMP anti-MMP-9 were both less likely to breach the laminin
layer upon exiting the endothelium compared to control cells at the same time point
(p=0.026 and p=0.008, respectively). Together this suggests that MT1-MMP and MMP-9 are
involved in matrix degradation once the cell has transmigrated, while playing a smaller role
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in the initial crossing of the endothelium. However, when MMP secretion levels were tested
via an MMP antibody array, no discernable differences were found between p1KD and
control ShRNA MDA-MB-231 in secreted levels of MMP-1, 2, 3, 8, 9, 10 and TIMP-1, 2,
and 4. Further testing of MMP-9 and MMP-2 levels via zymography also revealed no
differences (data not shown). Despite these results, we cannot completely rule out the
possibility of p1KD-induced defects in MMP localization and/or activation in the specific
context of TEM, since conventional conditioned medium collection techniques (cells mono-
cultured on a 2-D culture dish) do not recapitulate the specific context of TEM and MMP
localization.

Transendothelial migration is mediated by B3B1 and B6B1 integrins via interactions with
sub-endothelial laminin

Our results suggest that TEM is facilitated by the formation of activated p1 and actin-rich
protrusions, which then form stable adhesions onto the subendothelial matrix, and likely
followed by contraction at the protruding edge. Because we demonstrated that tumor cell
protrusions associate closely with the BM during the initial hours of TEM (Fig. 3C), we
hypothesized that the defects induced by 1 depletion are partly due to the inability of
protrusions to bind to specific underlying BM proteins. To determine which alpha subunits
and corresponding ECM ligands are important for TEM, we first employed function
blocking antibodies for integrins a 1, 2, 3, 4, 5, 6, v, B1 and p4 to tumor cells prior to, and
during the /n vitro microvasculature assay. Reduction of integrin(s) function was verified via
adhesion assays to collagen I, collagen IV, fibronection and laminin (SI Fig. 8A). At 6 h post
tumor cell seeding, TEM rates for most individually blocked alpha subunits (a 1, 2, 3, 4 and
5) and p4 were not significantly different, while there were slight attenuations when a6 and
av were blocked, and when av/a5 and al/a2 were co-blocked (Fig. 4A). The most striking
decrease occurred when laminin-binding integrins a3 and a6 were co-blocked (p=0.0059),
indicating that adhesion to subendothelial laminin is critical for efficient TEM. This also
suggests that sub-endothelial fibronectin and collagen-mediated adhesion through integrins
av/ a5 and al/ a2, respectively may not be a major factor in TEM. We further tested
endothelial permeability in the presence of each blocking antibody at 6 h and found that
barrier function was not impaired in this time frame (data not shown). To further confirm our
results, we silenced a3 and a6 via siRNA (Fig. 4B) and carried out longer-term (~24 h)
kinetics experiments. This also determines whether the defect in TEM is due to a delay in
extravasation. At 24 h post tumor seeding, co-silencing of a3 and a6 continues to yield a
significantly lower TEM rate compared to silencing a3 or a6 alone, suggesting that the
reduction of one laminin binding integrin may be compensated by the other (Fig. 4C).
Furthermore, silencing of p4 integrin did not result in significant changes in TEM over 24 h,
indicating that 681, and not a6p4 (which also bind to laminin), is likely at play (S Fig.
8B).

Dynamic tracking of TEM on individual tumor cells revealed that the time required to reach
a state of discernable stable protrusion formation past the endothelium was longer in a3/a6
co-knockdown cells compared to controls (SI Fig. 8C). Furthermore, blocking of
microvascular devices with anti-laminin antibodies prior to tumor cell perfusion resulted in a
significantly lower percentage of cells exhibiting protrusions at early time points of 1 and 4
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h, strongly suggesting that the ability to adhere to BM laminin is important in the specific
context of extravasation (Fig. 8D). However, while co-blocking a3 and a6 significantly
decreases TEM efficiency, it does not reach the levels associated with blocking 1.
Combined with the finding that blocking of most individual alpha subunits only yields small
or insignificant changes, it is highly likely that multiple alpha subunits function
simultaneously to facilitate TEM.

Bl integrin is required for metastatic colony formation in vivo

Our results show that loss of 1 integrins significantly impairs tumor cell extravasation by
influencing multiple processes during extravasation, which is widely believed to be a rate-
limiting step in metastatic colonization of distant organs. Therefore, we tested whether 1
knockdown impairs metastatic colonization. Since several cell types in the immune system
are known to influence metastatic colonization?®4%, we performed these experiments using
the highly metastatic mouse mammary carcinoma cell line 4T1 which is syngeneic in Balb/C
mice. These 4T1 B1KDs were confirmed to impair extravasation in our microvascular
network assay (Fig. 1E).

To test the effect of knocking down individual integrin subunits, we utilized a previously
developed a Luminex-based, multiplexed assay for metastatic colonization (Fig. 5A)28. 4T1
cells stably expressing uniquely DNA-barcoded vectors with ShRNAs targeting each integrin
subunit were individually generated and efficient knockdown of each integrin subunit was
confirmed by flow cytometry (Supplementary Table 2). These cell lines were then mixed in
equal numbers and utilized for multiplexed tail vein metastasis assays. Cell lines expressing
shRNAs that inhibit metastatic colonization will be significantly depleted in lungs of these
mice relative to control sShRNAs. Cells expressing sShRNAs targeting integrin 1 were
significantly reduced in the lungs relative to control shRNAs (Fig. 5B), indicating the loss of
1 significantly impairs metastatic colonization. In contrast, targeting other beta subunits or
individual alpha subunits did not significantly reduced in the lungs relative to control
shRNAs, suggesting that the functions of individual alpha subunits are dispensable for
metastatic colonization. This finding is consistent with the earlier results presented, showing
that blocking of individual alphas and other beta subunits does not significantly impair TEM
in in vitro microvasculature (Fig 1B, Fig. 4). Together these findings suggest that the ability
to successfully extravasate is strongly correlated with the ability to form metastasis, and that
B1 integrin is required for metastatic formation.

Discussion

Tumor cell extravasation is a key step during cancer metastasis, yet the precise mechanisms
that regulate this process remain unclear. This is partly due to the difficulty of most /in vivo
assays in isolating the effect of different perturbations on discrete steps during extravasation.
Furthermore, /n vivo models are often hindered by relatively low spatio-temporal resolution
of extravasation events and the tortuosity of /7 vivo vasculature presents challenges in
scoring extravascular and intravascular cells, rendering the analysis subjective. To address
this need, we have recently developed /n vitro microvascular platforms capable of observing
multiple steps of the extravasation cascade in high detail, where vessels largely lie in the
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same plane of view and distances between the cells and microscope objective is <300
microns. This assay also features increased physiological relevance in terms of geometry and
barrier function than most /n vitro platforms. Thus, despite the essential role that /n vivo
extravasation models play in recapitulating physiological conditions, the /in vitro assays used
in this study are more suitable for discerning the spatial organization of tumor-endothelial
cell interactions. Using our assays, we are able to pinpoint the distinct roles of tumor 1
integrin in tumor-endothelial and tumor-BM interactions during extravasation. First, f1
integrin is activated at the tip of leading protrusions penetrating the endothelium, allowing
adhesion to subendothelial ECM, in particular, BM laminin via @3B1 and a6B1 integrins.
Engagement of these integrins with their ligand allows stabilization and growth of these
protrusions, which is followed by recruitment of F-actin at the protruding edge. This then
enables the cell to translocate by pulling itself past the gap formed in the endothelium (Fig.
6).

The lack of discernable tumor cell protrusions during transmigration in B1KD cells suggests
that the extension of cytoplasmic projections is required for complete extravasation. Cells
transmigrating in our microvascular networks exhibit invadopodial-like extensions into the
sub endothelial matrix during transmigration. Furthermore, these protrusions are marked by
co-localized punctate regions of F-actin, activated 1 integrin, vinculin and Tks5 at the tips
of the protrusion. In contrast, these proteins are only weakly diffuse in the intravascular
portion of transmigrating cells, as well as in non-transmigrating cells. In support of this, it
has been shown that invadopodia formation is associated with p1 and f3 integrins 42, and
that pharmacological inhibition of invadopodia maturation (Tks5) and function (Tks4)
results in an abrogation of extravasation in CAM models and metastatic colony formation /n
vivo 38, During the initial stages of TEM (20 min to 1 h) tumor cells begin by extending
small actin rich protrusions (~1-3 um deep) into the extravascular space. Combined with the
observation that these initial protrusions do not breach but rather associate closely with the
subendothelial BM, we hypothesized that B1 integrins facilitate the engagement of these
protrusions to specific underlying BM proteins via specific alpha integrin subunits. In
support of this, /n vivo studies have shown that tumor cells extend processes past the
endothelium, contacting the basal lamina 43-45. The integrin profile of MDA-MB-231 has
previously been characterized and shown to express a variety of alpha subunits (including al
to a6 and v) %6, however whether all or only a specific subset of these are required in
extravasation is unclear. Numerous studies have demonstrated the importance of various
alpha integrins in the context of 3D invasion and contribution to metastatic
formation10.14.17.21,22.26,47 ‘However, while similar ECM components may be present in
both the primary site and extravasation microenvironments, their spatial distributions and
abundance may differ. Additionally, the necessity of engagement to specific ECM
components may also differ depending on the context of migration. Using our assays, we
find that co-knockdown of @3 and a6 integrins results in the most significant defect in TEM,
indicating that adhesion to BM laminin is required in the context of TEM, and likely
facilitates maintenance of tumor cell projections past the endothelium. In fact, it has been
found that the ability to adhere onto vascular laminin may be involved in the extravasation
step, which is suggested by the requirement of a3p1 for adhesion to exposed regions of
pulmonary vascular LN-5 and subsequent metastatic foci formation in a mouse model 26, In
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support of this, our dynamic imaging reveals co-blocking a3 and a6 integrins results in a
slower rate of protrusion formation into the subendothelial matrix. In an /7 vivo context, it
may be advantageous for tumor cells to form stable anchorage into the matrix faster, in order
to gain better chances of escaping the hostile intravascular environment. In contrast,
blocking integrin receptors avand a5 for fibronection do not yield significant results, despite
the fact that fibronectin is present on the abluminal surface of the vessels. This further
suggests that the inability to adhere to laminin cannot be fully compensated via adhesion to
other available ECMs during extravasation.

The BM scaffold is a tight covalently cross-linked mesh formed by laminin and type 1V
collagen that is bridged by nidogens on which other components are bound. It seems highly
unlikely that a cell could squeeze through pores on the order of 50 nm; however, tumor cells
constantly migrate across basement membranes*8. Thus, the process has long been thought
to require local degradation of the BM with matrix metalloproteinases (especially MT-
MMPs), which may be recruited via integrin engagement to the ECM. These proteases are
well characterized in the context of invasion, but whether the same factors are involved in
vascular BM invasion are largely unclear. Because we observe the inability of B1KDs to
migrate away from the endothelium post-transmigration, we hypothesized that p1 mediates
the localization and production of MMPs that are required to degrade the vascular BM. In
support of this hypothesis, studies show that £ is required for invadopodia formation and
matrix degradation in both 2D and 3D ECM scenarios*%9923, Indeed, immunostaining of
laminin in our devices revealed that while control cells begin to breach the laminin layer
within the first 6 to 9 h of TEM, few transmigrating B1KD cells were able to invade the
laminin layer, remaining trapped between the endothelium and BM. Furthermore, blocking
of MMP-9 and MT1-MMP pheno-copied this behavior, suggesting that localization and
activation of MMPs are involved in BM breaching.

In vivo metastasis assays show a clear role of B1 in dissemination 7:10.17.18.20.2526 (Fjg_ 5):
however, whether and how the defects lie in extravasation or even post-extravasation micro-
metastatic growth remained unclear . In this report, we demonstrate that the tumor 1
subunit is an indispensible player in the tumor cell extravasation cascade, and that its
depletion contributes to an overall decrease in formation of metastases /in vivo. Using high-
resolution /n vitro assays, we find that tumor cells first send activated p1-rich protrusions
past the endothelium, which engages with subendothelial matrix, in particular laminin, via
a3P1 and a6l integrins. This is followed by protrusion stabilization, F-actin recruitment,
translocation of the tumor cell into the parenchyma, and subsequently, f1-mediated invasion
past the vascular basement membrane.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Knockdown of B1 integrin inhibits tumor-cell transendothelial migration in in vitro
microvascular networks and in vivo extravasation assays

(A) Schematic (not to scale) of the microfluidic device for the formation of microvascular
networks. A central gel region with suspended human umbilical cord vein cells (HUVECS)
is flanked by two normal human lung fibroblast (NHLF) channels. Each gel region is
flanked by two media channels (pink). Representative fluorescence image of a single field of
view of the device at 20X (HUVEC LifeAct; green, MDA-MB 231, red, scale bar = 100
um). (B) Western blot of f1 and /3 integrin expression after suppression via ShRNA
(C=control shRNA targeting firefly luciferase). (C) Effect of 51 and 3 knockdowns and
integrin function-blocking antibodies on the TEM efficiency of MDA-MB 231 in /n vitro
microvascular networks at 6 hours (***p<0.001). (D) Representative field of views (20X) of
live microvascular networks at 12 hr after seeding of control or 51 KD MDA-MB-231 cells
(HUVEC,; red, MDA-MB 231, green). Asterisks indicate fully transmigrated cells (scale bar
=100 pm). Immunostaining for CD31 show distinctions between transmigrated and non-
transmigrated cells (scale bar = 20 um). (E) Differences in kinetics of TEM between 1 KD
and control sShRNA cells were assessed for MDA-MB-231, A375 MA2, SUM-159 and 4T1
cells lines. Fraction transmigrated in human microvascular network devices is determined at
the same field of view for time points of 0, 6, 12 and 24 hr (n=3, **p<0.01, ***p<0.001,
bars represent mean +/- SEM). (F) Immunostaining for CD31 (red) in mouse lungs 24 hours
after injection of 0.5 million MDA-MB 231 control or 1 KD cells (green). Asterisks
indicate cells scored as transmigrated (scale bars = 20 um). Cells in white dotted boxes are
zoomed in to indicate examples of intravascular and extravascular cells. (G) Percentage of
transmigrated control and 1 KD MDA-MB 231 cells in mice lungs 3hr, 16 hr and 24 hr
after tail vein injection (n=8 mice per condition at 3 hr and 24 hr, 4 mice per condition at 16

Cancer Res. Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

Page 18

hr, 100 randomly selected tumor cells analyzed per mouse) (**p<0.001, bars represent mean
+/- SEM).
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Fig 2. Activated g1 and actomyosin rich protrusion formation precede and are required for
complete transmigration

(A) Depiction of the multiple steps involved in the extravasation cascade. Circulating tumor
cells arrest due to tumor-endothelium adhesion or size restriction. This is followed by onset
of TEM, which may involve initiation of protrusions breaching an originally intact
endothelium. After complete TEM, tumor cells may invade past the vascular basement
membrane. (B) Time-lapse confocal microscopy of representative transmigrating control and
PL1-5 KD cells (single plane) over a period of 6 hours (HUVEC cell tracker; red, MDA-MB
231; green, scale bar=15 pm). Arrow indicates the formation of initial protrusions into the
subendothelial matrix in control cells. (C) Differences between control and f1-5 KD cells in
the frequency of protrusion formation in single cells during TEM at 3 hours (55 intercalated
cells over 3 devices per condition were chosen randomly and scored). Protrusion number
(that was definable at 30X magnification) was quantified via 3D reconstructions of single
transmigrating cells. (D) Immunostaining with an antibody against the activated
conformation of A1 integrin (clone 12G10, white) in microvascular networks (green) (scale
bar = 10 pm). Arrows indicate localization at protrusion tips. (E) Time-lapse imaging
depicting spatial organization of tumor F-actin (red) during TEM in microvascular network
devices. Arrows indicates areas in protrusions where F-actin appears as punctates (scale bar
=10 pm). (F-G) Immunostaining of vinculin and Tks-5 in tumor cells during mid-
transmigration past the endothelium. Arrows indicate localization of indicated proteins at the
protrusion tips (scale bars = 10 um).
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Fig 3. AL integrins mediate invasion past the basement membrane

(A) Representative cross sections of lumens in microvascular devices (scale bars = 10 um)
depicting the 3 distinct states in which a transmigrated tumor cell can be found relative to
the endothelium after 6 hours (Position 1: directly adjacent to abluminal surface, Position 2:
adjacent and elongated normal to vessel wall, Position 3: migrated away from the
endothelium) (scale bars = 10 pm). Quantification of the number of fully transmigrated
SLKD or control cells found in each “state” (50 cells analyzed per condition). (B)
Quantification of the migration distance of extravasated tumor cells away from the
endothelium. Distance is defined as the shortest length between the endothelium (at the point
where transmigration occurred) and the nearest point on the transmigrated tumor cell body.
Elongation length of the same transmigrated tumor cells is defined as the maximum length
of the cell normal (perpendicular) to the vessel wall at the point of transmigration (n=50
transmigrated cells per condition, ***p<0.001, bars represent mean +/- standard deviation).
(C) Representative immunofluorescence staining depicting the possible position of
transmigrated tumor cells relative to the sub-endothelial laminin layer (LN: white, HUVEC
LifeAct: green, MDA-MB 231: red, scale bars=10 um). State 1: breached ECs but not
laminin, State 2: fully transmigrated but no breaching of laminin, State 3: simultaneously
breaching EC and laminin layer, State 4: fully breached EC and laminin layers. (D)
Percentage of total fully transmigrated control or total $1-5 KD cells that are found in states
1 to 4 relative to the laminin layer (n=2 experiments, 4 devices per condition).
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(A) Percentage transendothelial migration in microvascular network devices at 6 hours when
tumor cells are treated with function-blocking antibodies for various @ and £ subunits (n=3
experiments, 3 devices per condition, *p<0.05, **p<0.01, ***p<0.001, bars represent mean
+/- SEM). (B) Western blot analysis of alpha 3 and alpha 6-integrin individual knockdowns
and co-knockdowns in MDA-MB-231 via siRNA. (C) Kinetics of TEM in microvascular
networks following the same regions at 0, 6, 12 and 24 hr after tumor cell seeding.
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Fig 5. Knockdown of g1 integrin in 4T1 cells inhibits metastatic colonization
(A) Schematic of our Luminex-based approach for multiplexing tail vein metastasis assays

(see Methods). 4T1 cells were stably transduced with uniquely barcoded (BC) vectors
expressing miR30-based shRNAs targeting one integrin subunit per cell population, and
knock down was confirmed by flow cytometry (see Table 1). Uniquely barcoded 4T1
integrin knockdown cell populations were then mixed in equal numbers and injected into the
tail veins of syngeneic Balb/C mice. After 17 days, Genomic DNA was isolated from the
metastasis-containing lungs, and the relative amount of each barcode (i.e. the relative
number cells expressing each shRNA) was quantified using streptavidin-conjugated APC
(Strep-APC) and the Luminex FlexMap 3D system. (B) Luminex-based quantification of the
relative metastatic burden of each 4T1 integrin knockdown cell population. Graphs show the
relative signal + S.E.M. from each shRNA relative to the signal for that ShRNA in the
starting mixed population (n=10 mice / mix analyzed in duplicate).
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Proposed molecular players in tumor transendothelial migration
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Fig 6. Proposed molecular players involved in tumor transendothelial migration

Extracellular

engagement: activation of A1 integrin facilitates protrusion maintenance past

retracted endothelium, via engagement to subendothelial ECM. Specifically, integrins a3p1

and a6p1 are

both required for adhesion to vascular basement membrane laminin.

Intracellular engagement: Slintegrin-rich extracellular adhesions maintain protrusions,
allowing focal adhesion proteins (e.g. vinculin) and F-actin to be recruited to the tips of
protrusions, resulting in transmigration via acto-myosin contraction at the protruding edge.
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