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In brain metastasis, cancer cells remain in close contact with the existing
vasculature and can use vessels as migratory paths—a process known

as vessel co-option. However, the mechanisms regulating this form of
migration are poorly understood. Here we use ex vivo brain slices and an
organotypicinvitro model for vessel co-option to show that cancer cell
invasion along brain vasculature is driven by the difference in stiffness
between vessels and the brain parenchyma. Imaging analysis indicated that
cells move along the basal surface of vessels by adhering to the basement
membrane extracellular matrix. We further show that vessel co-optionis
enhanced by both the stiffness of brain vasculature, which reinforces focal
adhesions through a talin-dependent mechanism, and the softness of the
surrounding environment that permits cellular movement. Our work reveals
amechanosensing mechanism that guides cell migration in response to
the tissue’s intrinsic mechanical heterogeneity, with implications in cancer
invasion and metastasis.

The ability of cancer cells to migrate and disseminate within tissues is
one of the hallmarks of metastasis and is associated with a poor prog-
nosis. Although metastatic cell migration in tissues can be random
and isotropic, it is often directionally guided by topology' and fol-
lows areas of bundled or aligned extracellular matrix (ECM) fibres®™
or pre-existing structures such as nerves®’, muscle fibres”® or blood
vessels’ %, In the brain, metastatic cells from melanoma, breast or
lung cancer often remain in close contact with the vasculature after
extravasation. Instead of detaching from vessels and invading the brain
parenchyma, metastatic cells use blood vessels as paths for migration
co-opting the existing brain vasculature'®'**¥, While previous stud-
ies have shown that the attachment and spreading of metastatic cells

along the basal side of blood vesselsis necessary for their survivaland
proliferationin the brain'®, the mechanisms driving cancer cell migra-
tion along the vasculature remain poorly understood.

Ithas previously been shown that metastatic cells canadhere to the
vascular basement membrane ECM through focal adhesions' and that
the adhesive and mechanical properties of the ECM are critical regula-
tors of cell migration®. Specific ECM components and matrix rigid-
ity affect integrin engagement, influencing adhesion and migration
phenotypes®®?. Compared with other organs, the brainis mechanically
soft, and the parenchymal ECM primarily consists of glycosamino-
glycans (such as hyaluronic acid (HA)) and proteoglycans®. The con-
centration of the classically more adhesive, fibrous ECM proteins
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(such as collagens or fibronectin) is low and mainly present at the
basement membrane of blood vessels®. Despite theimportance of the
adhesive and mechanical properties of the extracellular environmentin
cell migration, whether the unique mechanical properties of the brain
drive metastatic invasion along the vasculature remains unresolved.

Here, we show that not only metastatic cells but adherent cells
in general invade brain tissue by migrating along vessels. Combining
mouse brain slices and an engineered microvasculature device, we
show that cells spread along the vascular basement membrane ECM
and migrate using focal adhesions. Our data reveal that the extent of
invasion not only is influenced by the difference in ECM composition
between the vasculature and the brain parenchyma but is regulated
by the relatively higher stiffness of the vasculature. This differen-
tial stiffness promotes brain invasion via vessel co-option through a
talin-dependent mechanism.

Results

Adherent cellsinvade brain tissue via vascular migration
Because all metastatic cells start their journey into the brainin contact
with the vasculature just after extravasation, it is difficult to deter-
minerelative propensity of cells to invade along vessels versus directly
through braintissue inan unbiased fashion. To address this, we seeded
metastatic melanoma 1205Lu cells directly on top of 300-pum-thick
mousebrainslices. Thissetup allows cells toinitiate migration along any
aspect of the tissue (Fig. 1a), facilitating the study of vessel co-option
independently of extravasation. After 24 hof ex vivo culture, ~-30-70%
ofthe cells had adhered to the outer surface of the vasculature, while
the rest remained in the bulk of the tissue (Extended Data Fig. 1a-c).
The cells attached at these different locations within the tissue exhib-
ited distinct cell shapes. Melanoma cells in the bulk remained round,
whereas cells on vessels displayed a more elongated morphology,
characterized by a significantly lower circularity (Fig. 1b,c). The cells
inthebulkalso appearedtobeless motile compared with those able to
migrate along the vasculature (Supplementary Video 1). To assess the
invasion depth of melanoma cells into the brain slice after 4 and 24 h,
we defined areference at the top of the slice with confocal imaging and
measured the depth of each cellinto the slice (Extended Data Fig. 1d).
The distributions of invasion depths showed that cells moving along
vessels were able to penetrate much deeperinto theslice, invading brain
tissue more efficiently than cells moving through the bulk (Fig. 1b,d
and Extended DataFig. 1e,f).

To test whether this pattern of cell spreading and invasion along
the vasculature was unique to metastatic melanoma cells, we tested
ten other cell lines. First, we tested cancerous cell lines with differ-
ent origins and metastatic potentials including melanoma cell lines
(WMB983B, A375P and A375M2), breast cancer cell lines (MCF7 and
MDA-MB-231) and an osteosarcoma cell line (U20S) (Fig. 1e). We
also examined non-cancerous neonatal human dermal fibroblasts
(nHDF), breast epithelial cells (MCF10A) and brain pericytes (human
brain vascular pericytes, HBVPC) (Fig. 1f). Remarkably, for all these
adherent cell types, the cells in the bulk were significantly rounder
than on vessels (Fig. 1g-i), and they were able to migrate significantly
deeperinto thebrain slice when following the vasculature (Fig.1j-1and
Extended Data Fig. 2a-f). Further, mouse-derived cells also showed
similar trends (Extended Data Fig. 2g,h). Thus, vessel co-option is not
arare property of human metastatic cancer cells but rather acom-
mon capability amongst adherent cells. Only primary non-adherent
immune cells (T cells) remained round, even in close proximity to
vessels, and migrated through brain tissue without adhering to them
(Extended DataFig. 2i-k).

Talin-driven migration regulates vessel co-option

Based on these findings, we next investigated the contribution of
cell-ECM adhesion to vessel co-option. Previous studies have shown
that cells move along the basement membrane ECM and can adhere

toit through focal adhesions'®". By staining for phosphorylated paxil-
lin, we observed focal adhesions primarily localized at the basement
membrane of blood vessels, with some co-localizing with melanoma
cell actin structures (Fig. 2a). The cells positioned at the brain-vessel
interface are possibly interacting with both vascular basement mem-
brane andbrain ECM, so we tested therole of each of these interfaces.
To target adhesion to HA, the main component of brain parenchymal
ECM, we generated a clustered regularly interspaced short palindro-
mic repeats (CRISPR)-mediated knockout (KO) of the HA adhesion
receptor CD44 in the melanoma cell line and seeded them on brain
slices (Extended Data Fig. 3a,b). CD44 is often overexpressed in glio-
blastoma and provides a mechanism for brain cancer cells to migrate
through HA-rich environments independently of integrins* 2, In our
system, KO of CD44 did not influence cell shape (Fig. 2b). Although
the cells showed generally lower invasion depths both along vessels
or through the bulk, the KO did not significally block migration along
vessels (Fig. 2cand Extended Data Fig. 3c,d), suggesting direct adhesion
to HA is not essential for metastatic vessel co-option.

Next, we sought totargetintegrins, the primary receptors for ECM,
which hasbeena prevailing strategy to block cancer cell migration®*°.
However, cancer cells often express multiple integrins, making single
integrin targeting less effective****, Indeed, in our system, while KO
of integrin 1 reduced cell spreading along the basement membrane
(Fig.2d and Extended DataFig. 3e,f), invasioninto brain tissue by vessel
co-option was not affected (Fig. 2e and Extended Data Fig. 3g,h). Given
the redundancies of multipleintegrins, we hypothesized that targeting
focaladhesion adaptor proteins would be amore effective strategy to
reduce invasion of the cancer cells along the vasculature, since adap-
tor proteins connect integrins to the cytoskeleton regardless of the
integrin subtypes. To test this, we generated melanoma KO cell lines
for zyxin, paxillin, talin1and talin 2 and assessed their cell shapes and
invasiondepthsinbrainslices (Extended DataFigs.3i-mand4a,b,f,g).
Fortalin1and zyxin, KO cell lines were clonally derived (second clone
in Extended Data Figs. 3 and 4). Knocking out paxillin, zyxin or talin 2
had no effect on cell shape orinvasion depth (Fig. 2f,i,j,l and Extended
Data Figs. 3n—-q and 4h,i) nor did the inhibition of FAK using a small
molecule compound, FC11 (Extended Data Fig. 3r-u). In contrast,
talin 1-KO and talin 1 and talin 2 double-KO cells that adhered to the
vasculature showed reduced cell spreading (Fig. 2g-i and Extended
Data Fig. 4c) and a dramatic decrease in invasiveness into the tissue
compared with controls (Fig. 2k,| and Extended Data Fig. 4d,e,h,i).
Collectively, these results show that migration along the vasculature is
focal adhesion-dependent andis regulated by the adaptor proteintalin.

To validate these findings in vivo, we injected cells directly into
brains of immunocompromised nu/nu mice. One week later, control
tumours showed irregular boundaries, with cells clustered around and
extendinginto the vasculature at the invasive front, a pattern that was
disrupted in the KO tumours. Tumours from mice lacking both talin 1
and talin 2 exhibited instead reduced invasiveness, characterized by
significantly smoother boundaries (Fig. 3a-c, Extended DataFig.5and
Supplementary Video 2).

Basement membrane ECM alone does not support vascular
invasion

Given the role of focal adhesions in vessel co-option, we next asked
whether the vascular basement membrane ECM is sufficient to drive
metastatic elongation and invasion along vessels in the brain. To
test this hypothesis, we seeded cancer cells on decellularized brain
slices and investigated cell morphology and invasion depth 24 h later
(Fig. 4a—-d). Nuclear staining confirmed decellularization, while
laminin staining demonstrated an intact vascular basement mem-
brane (Fig. 4a). The cells preferentially adhered to the laminin-rich
basement membrane and were able to spread along it, even in the
absence of endothelial or neural cells (Fig. 4b,c). However, cellsinvaded
less in decellularized brain slices than in intact brain slices and lost
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Fig.1| Adherent cellsinvade brain tissue by migrating along the vasculature.
a, Anllustration of the experimental model. b, A brain sliceimmunostaining
oflaminin (magenta) and 1205Lu LifeAct-GFP (green) at 2 um (left) and 22 pm
(right) below the top surface. The white arrows indicate zoomed-in cells.

Scale bars, 50 pum and 20 pm (insets). The brain slice was created with BioRender.
com. ¢, Violin plots of cell shape circularities for cells adhered to vessels or the
bulk braintissue 24 h after seeding. For reference, the contour and circularity

of cellsinb, top, are shownin grey. (d) Violin plots of invasion depths for cells
adhered to vessels or the bulk brain tissue 24 h after seeding. e,f, A brain slice
immunostaining of laminin (magenta) and LifeAct-GFP (green) (maximum
projection, 24-pm-thick stack) of cancerous cell lines (WM983B, U20S, MCF7,
MDA-MB-231, A375P and A375M2) (e) and non-cancerous cell lines (nHDF,
MCF10A and HBVPC) (f). Scale bar, 20 um. g-i, Violin plots of cell shape
circularities for cells on vessels or in the bulk for WM983B, U20S, MCF7 and
MDA-MB-231(g); A375P and A375M2 (h); and nHDF, MCF10A and HBVPC (i).

j-1, Violin plots of invasion depths for cells on vessels or in the bulk for WM983B,

U20S, MCF7 and MDA-MB-231 (j); A375P and A375M2 (k); and nHDF, MCF10A and
HBVPC (I). For 1205Lu: n =463 for bulk and n = 584 for vessel from seven slices
and four experiments. For WM983B: n = 295 for bulk and n = 254 for vessel from
four slices and four experiments. For U20S: n =176 for bulk and n = 268 for vessel
from four slices and three experiments. For MCF7: n =146 for bulk and n = 223 for
vessel from six slices and three experiments. For MDA-MB-231: n =326 for bulk
and n =523 for vessel from six slices and three experiments. For A375P: n = 540 for
bulkand n =532 for vessel from eight slices and four experiments. For A375M2:
n=>500 for bulk and n =356 for vessel from six slices and four experiments.

For nHDF: n =382 for bulk and n = 651 for vessel from seven slices and four
experiments. For MCF10A: n =168 for bulk and n = 459 for vessel from five slices
and four experiments. For HBVPC: n =130 for bulk and n = 473 for vessel from
five slices and three experiments. The graphs show median + interquartile range.
The dots represent the medians per slice. For the statistical analysis, a two-

sided Mann-Whitney or a Kruskal-Wallis test followed by a post hoc Dunn’s test
(for h and k) was performed.
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Fig.2| Talin-driven migration regulates vessel co-option. a, Abrain slice
immunostaining of paxillin (grey), LifeAct-GFP (green) and nuclei (Hoechst,
blue) (maximum projection of 24- and 3-um-thick stacks (inset)). Scale bars,

10 pmand 5 pm (inset). Yellow dashed lines label the zoomed areas. The images
arerepresentative of three experiments. b-1, KO experiments. Graphs show
datafor cells adhered to the vasculature. Violin plots of cell shape circularities
for scramble control (Scr) and CD44-KO cells (Scr: n = 652 and CD44 KO: n =511
for eight slices and four experiments). ¢, The mean invasion depth per slice for
scramble control and CD44-KO cells (n = 8 for four experiments). d, Violin plots
of cell shape circularities for scramble control and integrin $1-KO cells
(Scr:n=720and ItgP1KO: n =354 for seven slices and four experiments).

e, The meaninvasion depth per slice for scramble control and integrin 1-KO cells
(n=7for four experiments). f, Violin plots of cell shape circularities for scramble
control, zyxin-KO and paxillin-KO cells (Scr: n = 593 for seven slices; Zyx KO:

n =704 for eightslices; and Pxn KO: n = 597 for eight slices (four experiments)).
g, Violin plots of cell shape circularities for scramble control and talin 1-KO cells
(Scr:n=826for sevenslices; TIn1KO: n = 725 for eight slices (four experiments)).

h, Immunostaining of laminin (magenta) and LifeAct-GFP (green) showing
scramble control, talin 2-KO and talin 1- and talin 2-KO cells (maximum
projection; scale bar, 10 um). i, Violin plots of cell shape circularities for scramble
control, talin 2-KO and talin 1- and talin 2-KO cells (Scr: n =717, TIn2 KO: n = 640
and TInl + TIn2 KO: n =544 for eight slices and four experiments). j, The mean
invasion depth per slice for scramble control, zyxin-KO and paxillin-KO cells
(n="7forScrand n=8for Zyx KO and Pxn KO for four experiments). k, The mean
invasion depth per slice for scramble control and talin 1-KO cells (n =7 for Scr

and n = 8 for TIn1KO for four experiments). 1, The mean invasion depth per slice
for scramble control, talin 2-KO and talin 1- and talin 2-KO cells (n = 8 for four
experiments). The violin plots show the median + interquartile range, and the
dotsrepresent median values per slice. n.s., not significant. For the statistical
analysis, atwo-sided Mann-Whitney or a Kruskal-Wallis test followed by a post
hoc Dunn’s test (for fand i) was performed. The meaninvasion depth graphs
show the mean + standard deviation. For the statistical analysis, a two-sided t-test
or an ordinary one-way analysis of variance test followed by a post hoc Tukey’s
test (forjand 1) was performed.

the phenotype of increased invasion along the vasculature compared
with through the bulk (Fig. 4d).

While decellularization preserved the ECM composition of the
slices, the process additionally induced substantial shrinkage of the
tissue, probably modifying its structural and mechanical properties.
To study the specific contribution of the basement membrane ECM

to both cell spreading and migration along the vasculature in amore
controlled context, we developed amicrofluidic device to model vessel
co-option. Withinamicrofluidic polydimethylsiloxane (PDMS) device,
wefilled achamber with amixture of HA and collagentypeltorepresent
brain ECM and used a needle to generate a cylindrical lumen in the
matrix (Fig. 4e)®. The lumen was seeded with human microvascular
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Fig.3 | Talin-KO tumours have smoother boundaries and lose the association
with the vasculature at the invasive front. a, Immunostaining of laminin
(magenta) and LifeAct-GFP (green) showing scramble control (Scr) and talin
1-and talin 2-KO tumours 1 week after injection. Yellow dashed lines label
zoomed areas. Scale bars, 500 pum and 10 pm (inset). b, Tumour volumes for
scramble control and talin 1- and talin 2-KO tumours (n = 4 animals). The graph
shows the median + interquartile range. For the statistical analysis, a two-sided
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Mann-Whitney test was performed. ¢, The edge roughness ratio for scramble
controland talin 1- and talin 2-KO tumours (Scr: n =22 and TIn1 + TIn2 KO:
n=21for four animals). n.s., not significant. The lighter dots represent single
plane values and the darker dots the mean value per tumour. The graph shows
the mean + standard deviation. For the statistical analysis, a two-sided ¢-test
was performed.

brain endothelial cells (HMBEC) to form an engineered micro-vessel,
and melanoma cells were embedded in the three-dimensional (3D)
bulk gel. Within 2 days, HMBECs deposited a laminin-rich ECM layer
lining the channel. During that time, some of the cancer cells started to
migrate along the vessel, allowing us to study vessel co-optionin vitro
(Fig.4f). Tovalidate this model to the observations made in brainslices,
we analysed 3D cell shapes of melanoma cells within the bulk hydrogel
or adhered to the engineered vessel. Similar to the brain slices, the
sphericity of cells moving along the vessel was significantly lower
thanthoseinthebulk (Fig.4g,h). Further, talin1and talin 2 double-KO
cells showed increased sphericities and reduced migration velocities
along the channel (Extended Data Fig. 6a-c). Together, these results
suggest that the microfluidic model captured the essential aspects of
vessel co-optioninvitro.

To evaluate if the presence of basement membrane is critical for
the elongation and migration of melanoma cells along the engineered
vessel, we leveraged three different approaches. First, we coated the
channel with basement membrane extract (BME) without seeding
endothelial cells (Fig. 4i) and found that melanoma cells spreading
along the channel were significantly rounder in the ECM coating condi-
tion compared with control endothelialized vessels (Fig. 4i,j). Second,
we confined cellsbetween the basement membrane and the bulk gel by
completely filling the central channel witha BME gel to better recapitu-
late a fully crosslinked basement membrane ECM (Fig. 4i). The spheric-
ity of melanoma cells again remained higher than in endothelialized
devices (Fig. 4j), and the cells moving along the channel showed signifi-
cantly reduced velocities (Fig. 4k). Third, to exclude the possibility of
meaningful differencesin composition between BME and endothelial
cell-deposited ECM, we seeded endothelial cellsinfected with aninduc-
ible split caspase-9 (iCasp)** to selectively remove the endothelial cells
fromthe vessel after they deposited abasement membrane (Fig. 41-0).
Following a 24 h period of basement membrane deposition by the
iCasp endothelial cells, asmall chemical inducer of dimerization (CID)
was administered toinduce caspase activation, rapidly triggering cell
apoptosis and leaving only the layer of endothelial cell-deposited
ECMin the microfluidic channel. These devices were cultured without
endothelial cells for an additional 12 h before fixation and staining.
Although laminin was still present 12 h after eliminating the endothelial
cells, the overall signal intensity was reduced compared with control
vessels (Fig. 41,m and Extended Data Fig. 6d). To account for the effect
of ECM density, we compared the sphericities of cancer cells spread
on similar ECM intensity levels. Again, we observed that cells adher-
ing the basement membrane alone were significantly rounder than
thoseinthe presence of endothelial cells (Fig. 4n,0 and Extended Data
Fig. 6e). Together, these results suggest that the presence of abasement

membrane ECMis not sufficient to recapitulate the level of cell spread-
ing or the migration along the vasculature observed in brain tissue.

Vascular stiffness promotes cell spreading and invasion

The brainis one of the softest organs, with a rigidity of a few hundred
pascals. Focaladhesions are regulated not only by the type of ECM but
also by its mechanical properties®. Indeed, talin not only is a scaffold-
ing protein important for focal adhesions but also is a mechanosen-
sor”. Above a certain stiffness threshold where cell-ECM adhesions
are submitted to high enough forces, talin unfolds, allowing for vin-
culinbindingto the newly exposed sites and triggering focal adhesion
strengthening®* %, To test if vessel co-option requires talin mechano-
sensing, we generated a vinculin-KO cell line (second clone in Extended
Data Fig. 7). Similarly to the talin1and talin 2 double-KO, invasion via
the vasculature through brain slices was significantly reduced in the
absence of vinculin (Fig. 5a and Extended Data Fig. 7).

These observations suggest that, in the brain, blood vessels could
bestiffer thanthe surrounding tissue, thereby providing a favourable
mechanical substrate for cancer cells to spread and migrate along. To
test this hypothesis, we measured the relative stiffness between the
microvasculature and the bulk brain tissue using atomic force micros-
copy (AFM). To be able to visualize and target vessels at the surface of
atissue slice, we used 20-pm-thick cryosections (Fig. 5b). Although
brain cryosections were softer than fresh tissue slices (Extended Data
Fig. 8a,b), measuring the stiffness of micro-vessels compared with a
nearby area revealed that vessels were significantly stiffer than the
tissue surrounding them (Fig. 5¢,d and Extended Data Fig. 8c).

One possibility for why vessel co-option is lost when endothelial
cells are removed is that endothelial cells themselves contribute to
the stiffness of the vasculature. To test this possibility, we decreased
endothelial cell stiffness in our in vitro model by knocking out
myosin-Ila in endothelial cells (Fig. 5e and Extended Data Fig. 8d,e).
Notably, the stiffness of the surrounding HA-collagen gel was below
350 Pa,comparable with bulk brain tissue (Extended Data Fig. 8f). While
devices seeded with control and myosin-1la-KO HMBECs maintained
similar levels of deposited ECM (Fig. 5f,g), melanoma cells showed
significantly reduced spreading along the myosin-Ila-KO micro-vessels
(Fig. 5h). To explore the potential effect of vessel stiffness in brain
slices, we employed a dextran methacrylate gel to fill the vasculature
and stiffen the vessel network before slicing (Extended Data Fig. 8g).
Toaccomplish this, mice were perfused withaliquid prepolymer mix of
dextran methacrylate and a polyethylene glycol (PEG) crosslinker that
quickly polymerized after perfusion (Fig. 5i). Animals received either
isolectinwith no gel to label vessels as a control or one of two different
gelformulations of different stiffnesses (-3and 100 kPa; Fig. 5j,k). When
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Fig.4 | The ECM composition of the basement membrane is not sufficient
todrive spreading and invasion of melanoma cells along the vasculature.

a, Decellularized slices. Brain sliceimmunostaining of laminin (magenta),
LifeAct-GFP (green) and nuclei (Hoechst, grey) (maximum projection; scale
bar,100 pm). b, The percentage of cells adhered to the basement membrane
(n=3experiments).c, Violin plots of cell shape circularities for cells adhered

to the basement membrane (vessels) or the bulk (bulk: n =191, vessel: n =743
for1lslices and three experiments). The dots represent the median values per
experiment. For the statistical analysis, a two-sided Mann-Whitney test was
performed. The graph shows the median + interquartile range. d, The mean
invasion depth for cells adhered to vessels or the bulk (n = 3 experiments). For
the statistical analysis, a two-sided paired ¢-test was performed. The graph shows
the mean + standard deviation. e, Microfluidic device. Schematic of the device
modelling in vitro vessel co-option. f, Immunostaining of laminin (grey), 1205Lu
LifeAct-GFP (green), HMBEC LifeAct-Ruby (magenta) and nuclei (Hoechst,
blue). Top: maximum projection. Bottom: XZ plane along the dashed line. Scale
bar, 20 pm. g, 1205Lu cell sphericity on the micro-vessel or in the bulk gel (bulk:
n=47,vessel: n=47 for eight devices and three experiments). h, Representative

3D cell shapes from g (sphericities indicated, S). i, Inmunostaining of laminin
(magenta), 1205Lu LifeAct-GFP (green) and HMBEC LifeAct-Ruby (yellow) in
control, BME-coating and BME-gel devices (3D views). Scale bar, 100 pm. j, The
sphericity of cellsadhered to the micro-vessel in control, BME-coating and BME-
geldevices (control: n = 46 for eight devices; BME coating: n = 61 for six devices;
BME gel: n =50 for seven devices and three experiments). k, The velocity of cells
along the micro-vessel in control or BME gel devices (control: n = 83, BME gel:
n=65foreight devices and three experiments). l,m, Inmunostaining of laminin
(grey), 1205Lu LifeAct-Ruby (magenta), HMBEC iCasp9-GFP (green) and

nuclei (Hoechst, blue) in control (1) and 5 nM CID (m) devices. Scale bar, 20 um.
n,o0, The cell sphericity (n) and laminin intensity (o) of cells spreading on control
or CID-induced endothelial cell apoptosis devices (control: n =26 for seven
devices; CID 5 nM: n = 54 for 11 devices (for four experiments)). Only cells with
substantial laminin intensity are shown for CID. The full data are in Extended
DataFig. 6. n.s., notsignificant. The lighter dots and the darker dots represent
individual cells and device medians. For the statistical analysis, a two-sided
Mann-Whitney or a Kruskal-Wallis test followed by a post hoc Dunn’s test (for j)
was performed. The graphs show the median + interquartile range.
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added for24 hexvivo culture as before (Extended Data Fig. 8j). Stiffen-
ing the vasculature did not furtherincrease the degree of spreading of
cancer cellsalong the vasculature (Fig. 51), but cellsin the stiff dextran
condition invaded brain slices significantly more than in the control
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Fig. 5| The differential stiffness of the vessel network versus surrounding
tissue promotes cell spreading and invasion. a, The mean invasion depth per
slice for scramble control (Scr) and vinculin-KO cells adhered to the vasculature
(n=5for three experiments). For the statistical analysis, a two-sided ¢-test

was performed. The graph shows the mean + standard deviation. b, Isolectin-
B4 staining of vasculature ina 20 pm cryosection. Scale bar,100 pm. c, Left:
isolectin-IB4 images showing vessel and bulk locations for AFM indentation
(yellow dots). Right: corresponding force-indentation curves. The grey dashed
lines show curve fittings. Scale bar, 20 pm. d, The Young’s modulus of vessels and
surrounding tissue (n =40 for four brains). For the statistical analysis, a two-sided
Wilcoxon test was performed. e, The Young’s modulus of scramble control and
myosin-11a-KO HMBECs (Scr: n =73, Myh9 KO: n = 60 for three experiments).

For the statistical analysis, a two-sided Mann-Whitney test was performed.

The lighter and darker dots represent each indentation and the median value
per experiment. f, Immunostaining of HMBEC LifeAct-Ruby (grey), 1205Lu
LifeAct-GFP (green) and nuclei (Hoechst, blue) in scramble control and myosin-
11a-KO micro-vessels (maximum projection; scale bar, 20 pm). g,h, The laminin
intensity (g) and cell sphericity (h) for cells spreading on scramble control or
myosin-11A-KO devices (control: n = 68 for ten devices; Myh9 KO: n =70 for

14 devices (three experiments)). For the statistical analysis, a two-sided Mann-
Whitney test was performed. The lighter and darker dots represent each cell
value and device medians. i, A schematic of the dextran perfusion experiment.
Thebrainsliceimage shows labelled dextran gel. Scale bar, 100 pm. j, The mean

Young’s modulus for each perfused dextran gel (n = 3 experiments). The graph
shows the mean + standard error of the mean. k, A brain sliceimmunostaining

of laminin (blue, inset), isolectin or dextran (magenta) and LifeAct-GFP (green)
for brains perfused with isolectin-IB4, a soft or a stiff dextran gel (maximum
projection; scale bars, 100 pm and 20 um (inset)). I, Violin plots of cell shape
circularities for cells adhered to the vasculature on control, soft or stiff dextran
(control: n=1,349 for 11 slices; soft: n = 1,278 for 11 slices; stiff: n=1,050 for 10
slices (3 experiments)). The dots represent the median circularity per slice. For
the statistical analysis, a Kruskal-Wallis test, followed by a post hoc Dunn’s test,
was performed. m, The meaninvasion depth per slice for cellsadhered to the
vasculature on control, soft or stiff dextran (control: n =11, soft: n =11, stiff: n =10
for three experiments). For the statistical analysis, an ordinary one-way analysis
of variance test, followed by a post hoc Tukey’s test, was performed. The graph
shows the mean + standard deviation. n, A schematic of the double-layer gel
assay; orthogonal view: fluorescent beads (blue, top gel; magenta, bottom gel)
and LifeAct-GFP (green). Scale bar, 20 um. o, The mean Young’s modulus of each
gel condition (n =3 experiments). The graph shows mean + standard error of the
mean. p, Violin plots of cell velocities for cells migrating between gels (soft-soft:
n =163, soft-stiff: n = 211, stiff-stiff: n = 177 for three experiments). n.s., not
significant. The dots represent the median cell velocity for each experiment. For
the statistical analysis, a Kruskal-Wallis test, followed by a post hoc Dunn’s test,
was performed. The figure graphs show the median + interquartile range unless
stated otherwise. The drawingsin cand i were created with BioRender.com.

or soft gel conditions (Fig. 5m and Extended Data Fig. 8k,I). These
results demonstrate that melanoma cells respond to the stiffness of
the vasculature, whereby a stiffer vascular network stimulates faster
invasioninto brain tissue.

One remaining question was whether migration along vessels was
determined only by vascular stiffness or also by the contrasting soft-
ness of the surrounding tissue parenchyma. To test this, we developed
a double-layered gel assay (Fig. 5n). Melanoma cells were seeded on
an alginate gel containing BME (modelling vasculature) and covered
with asecond non-adhesive alginate gel (modelling brain tissue). When
both gels were soft with a Young’s modulus mimicking brain stiffness
(Fig.50), cellsat the interface between the two gels exhibited rounded
shapes and negligible velocities (Fig. 5p). When exposed to a stiffer bot-
tomgelandasofttop gel (Fig. 50), cell velocities significantly increased
mimicking vessel co-option (Fig. 5p). Remarkably, although adhesion
to astiffer substrate enhanced migration, when combined with a stiff
top gel, migration was significantly reduced (Fig. 5p and Extended Data
Fig.8m,n). Together, these observations suggest that the differential
stiffness between the vasculature and the brain parenchyma promotes
vessel co-option.

Discussion
Therole of the vasculaturein cancer progression haslong beeninvesti-
gated. Togrow, tumours need access to the oxygen and nutrients deliv-
ered by vessels. To gain such access, they canboth trigger an angiogenic
response toinduce the formation of new blood vessels®~* or hijack the
existing vasculature*>. However, the role of vasculature as migratory
paths for cancer cells toinvade through tissues is largely unexplored.
Thanks tointravital microscopy, this phenomenon has been described
and visualized in the brainin cells from both gliomas or metastases from
breast, lung and skin cancer; although, quantitative characterization
of the process has been challenging'®'”***, Here, using brain slices
as an alternative approach, we show that not only metastatic cancer
cells but also many adherent cell types preferentially migrate along
the vasculature in the brain, suggesting that the machinery for vessel
co-optionis relatively common if not universal in adherent cells.
Specific interactions between adhesion receptors and the brain
vasculature have been shown to contribute to vessel co-option. Can-
cer cells can directly interact with brain endothelial cells through the
adhesion molecule LICAM"* or the family of GAP junction proteins
connexins®’; although, it is unclear if that interaction is initiated on

the apical rather than basolateral interface of the endothelium. Addi-
tionally, cancer cells can adhere to the basement membrane ECM via
integrins'“'*?, Carbonell et al. showed that blocking integrin p1signifi-
cantly reduced adhesion of metastatic cells to vessels'. In our model,
integrin 31-KO cells also exhibited a lower degree of spreading on
vasculature; although, the extent of invasion into the brain tissue was
unaffected, probably due tointegrin subtype redundancy. Consistent
with these findings, inhibition of integrins has not shown asignificant
clinical success in preventing cancer progression®*. Upstream of
integrins, adaptor proteins provide an alternative target for blocking
cancer migration. During metastasis, inhibiting talin in circulating
tumour cells hinders extravasation, significantly reducing the number
of metastases formed**™*, In this study, we find that inhibiting talin also
significantly reduces metastatic cell spreading and migration along
the brain vasculature.

Therole of talinin rigidity sensing led us to hypothesize that vas-
cular stiffness, in addition to ECM composition, plays a critical role
in vessel co-option (Extended Data Fig. 9). While brain stiffness had
been measured previously®, we reportastiffness differential between
the microvasculature and the surrounding tissue. Previous work has
shown that stiffening the vascular basement membrane enhances the
transmigration of circulating metastatic cells, increasing the number
of metastatic sites®>. Here, in the context of vessel co-option, we found
thatincreasing stiffness of the vasculature caused melanoma cells to
increase their speed of invasion along vessels. This is consistent with
studies of adhesion-dependent migration on flat surfaces, where stiff
substrates can promote more efficient migration®***. An open ques-
tion arising from our work is whether changes in brain vasculature
stiffness, for example, from aging or hypertension, could enhance
vessel co-option and cancer invasiveness. The role of blood flow has
been studied in the context of extravasation®**, but how changes in
blood pressure may regulate vessel co-option in the brain and other
organs remains unexplored. Despite the prevalence of brain metas-
tasis, it remains a clinical challenge with limited treatment options.
Our findings highlight the potential of targeting talin or other com-
ponents of therigidity mechanosensing pathway in metastatic cells to
attenuate vessel co-option. Beyond migration, adhesion and spread-
ing along the vasculature has been linked to the regulation of meta-
static cell survival, proliferation and dormancy™'***. Future studies
are needed to explore the role of the vascular mechanical properties
inthese processes.
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Our studies suggest that vascular stiffness and surrounding tissue
softness work together to influence invasion. One explanation is that
the surrounding matrix may confine cells, preventing their movement
along the interface. Unlike durotaxis, where cells follow gradients of
stiffness®®, we describe a distinct mode of migration where cells move
attheinterface betweenregions of different stiffnesses. By embedding
cellsbetween alginate gels, we confirmed that although adhesiontoa
stiffer substrate enhances migration, confinement by asecondary stiff
gel greatly reduces motility. Supporting this notion is work showing
that 3D nano-porous stiff environments, which still promote focal
adhesion formation, are much harder to deform and migrate through
and can confine cells by restricting their migration”°. Regardless,
these findings highlight the importance of appreciating the inherently
heterogeneous nature of native tissue microenvironments, in both
composition and mechanical properties, and that cells have evolved
numerous mechanisms to sense and navigate through that complexity.
Developing different approaches to model and perturb these spatially
heterogeneous tissue microenvironments will be critical to deepening
our understanding of how cancers disseminate through our bodies.
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Methods

Theresearchinthiswork complies with all of the relevant ethical regula-
tions. Allanimal studies were approved and performedinaccordance
with guidelines of Boston University’ Institutional Animal Care and
Use Committees (protocol no.201800528). Human blood collection
was performed under a protocol (no.18-1537) approved by the Institu-
tional Review Board at Boston University. Allhuman donors provided
informed consent, were not compensated and their demographic
information (sex, age and so on) were not recorded.

Cell culture

The1205Lu, WM983B, U20S, MCF7 (HTB-22, ATCC), MDA-MB-231 (HTB-
26,ATCC), MDA-MB-231TGL, MDA-231-BoM-1833, MDA-231-BrM2-831,
MDA-231-LM2-4175, A375P (CRL-3224, ATCC), A375M2 (CRL-3223,
ATCC), B16-F10 and EO771 cancer cell lines; NIH-3T3 mouse fibro-
blasts (CRL-1658, ATCC); and HEK-293T cells (632180, Clontech) were
culturedin Dulbecco’s modified Eagle medium (10-013-CV, Corning),
supplemented with 10% foetal bovine serum (SH30084.03, Hyclone)
and 1% penicillin-streptomycin (15140122, Gibco). 1205Lu, WM983B
and B16-F10 celllines were a gift from R.M. Alani, EO771 were a gift from
H.T. Nia, U20S cells were a gift from C.M. Waterman and the MDA cell
lines developed by J. Massagué were obtained through the Antibody
and Bioresource Core Facility at MSKCC. nHDF (CC-2509, Lonza) were
cultured in fibroblast growth medium-2 (CC-3132, Lonza) before pas-
sage 5 (p5) and in cancer cell medium between p5 and p10. MCF10A
cells (CRL-10317, ATCC) were cultured in Dulbecco’s modified Eagle
medium/F12 (11330057, Gibco) supplemented with 5% horse serum
(16050122, Gibco), 20 ng ml™ human epidermal growth factor (AF-100-
15, Peprotech), 0.5 mg ml™ hydrocortisone (H0888, Sigma), 100 ng mlI™*
cholera toxin (C8052, Sigma), 10 pg ml ™ insulin (11882, Sigma) and 1%
penicillin-streptomycin®®. HBVPC (1200, ScienCell) were cultured in
pericyte medium (1201, ScienCell) before p5andin cancer cellmedium
between p5and p9. Primary peripheral blood mononuclear cells were
obtained from whole peripheral blood from healthy donors. Primary
peripheral blood mononuclear cells wereisolated using Lymphoprep
(NC0418243, StemCellTechnologies), and CD3" T cells were enriched
using RosetteSep Human T Cell Enrichment Cocktail (15021, Stem-
CellTechnologies). CD3" T cells were activated using Immunocult
Human CD3/CD28 T Cell Activator (10971, StemCellTechnologies) with
200 U mlI™IL-2 media. Upon culturing, primary T cells were culturedin
X-Vivo 15 medium (04418Q, Lonza) supplemented with 5% human AB
serum (HP1022, Valley Biomedical), 10 mM N-acetyl -cysteine (A9165,
Sigma), 55 mM 2-mercaptoethanol (21985023, ThermoFisher) and
50-200 U mI'IL-2 (NCIBRB Preclinical Repository). The cells were used
forexperiments between 1and 2 weeks after thawing. Primary HMBECs
(ACBRI 376, CellSystems) were cultured in microvascular endothelial
cell growth medium (EGM2-MV, CC-3202, Lonza) and used before p9.
All cells were cultured at 37 °C and 5% CO, in a humidified incubator.

Brainslice culture

Brains from 7- to 17-week-old male and female FVB/NJ mice (001800,
Jackson Laboratory) were dissected in a chilled and oxygenated
N-methyl-D-glucamine (NMDG)-based solution, embedded in2% aga-
rose (BP1356, Fisher) and cutinto eight 300 pm slices using a vibratome
(Leica VT 1200; v = 0.14 mm s}, amplitude of 1 mm). To prepare the
NMDG-based slicing solution®, a solution of 93 mM NMDG (M2004,
Sigma), 2.5 mM KCI (3040-01, JB Baker), 1.2 mM NaH,PO, (3818-01, JB
Baker), 30 mM NaHCO; (S6014, Sigma), 20 mM HEPES buffer (H7006,
Sigma), 25 mM d-glucose (G8270, Sigma), 5 mM ascorbate (A7631,
Sigma), 3 mM pyruvate (P5280, Sigma), 10 mM MgCl, (2444-01,JT
Baker), 0.5 mM CaCl, (C-7902, Sigma), 93 mM HCI (1090571003, Sigma)
and1 mM kynurenicacid (K3375, Sigma) was prepared. MgCl,, CaCl,and
kynurenic acid were added last after adjusting pH with HCl to 7.3-7.4,
and the solution was sonicated for 5 min to dissolve the kynurenicacid.
The solution was prepared 1-2 days before slicing, kept at 4 °C and

bubbled for 20 min before slicing. After slicing, slices were placed on
a transwell (353090, Corning) (two slices per well) in warm neuronal
medium (BrainPhys, 5792, StemCell) supplemented with 1% penicil-
lin-streptomycin. After 15 min, the mediuminthe upper compartment
wasreplaced with1 ml of medium containing150,000-300,000 cells.
If required, 10 pl of isolectin GS-1B4 (1 mg ml™, 121412, ThermoFisher)
were added to the medium to fluorescently label endothelial cells.
Followinga2-4 hincubation, the mediuminthe upper compartment
was removed (leaving the medium only in the lower compartment).
The slices were maintained at 37 °C and 5% CO, in a humidified incu-
bator for 24 h (unless stated otherwise). For MCF10A cells, a mix of
75% brain medium and 25% MCF10A culture medium was used for the
culture of brainsslices.

Brain sliceimmunostaining

Brain slices were rinsed once with PBS and fixed in 4% paraformal-
dehyde (PFA; 15710, EMS) in PBS containing 1 mM CaCl, and 0.5 mM
MgCl, (PBS+) for 2 hat room temperature (optimal for phospho-paxillin
(p-paxillin) staining) or overnight at 4 °C. PFA was added on the upper
compartment and plates were placed on a rocker. Slices were blocked
with 10% donkey serum (D9663, Sigma) and 0.5% Triton X-100 (T8787,
Sigma) in PBS+ for 1 h. Primary and secondary antibodies were each
applied overnight at 4 °C in 10% donkey serum and 0.5% Triton X-100
in PBS+. The slices were rinsed five times over 30 min with 0.5% Triton
X-100 in PBS+ between each treatment and after secondary antibody
incubation (for p-paxillin staining, the slices were washed overnight at
4 °Caftersecondary antibody incubation). For allwashes, the sliceswere
placed onarocker. During post-secondary washes, if required, the slices
wereincubated witha1:5,000 Hoechst (H1399, ThermoFisher) solution
in 0.5% Triton X-100in PBS+for 25 min. The slices were mounted between
thin slides and square coverslips in Prolong (P36934, ThermoFisher).
Mounted slices were imaged on an upright Leica TCS SP8 confocal
microscope, using the LasX software. For eachsslice, aregion of approxi-
mately 3.8 mm x 3.8 mm and 70 pm depth was imaged and analysed.

Brain slice time-lapse microscopy

The cells were seeded on slices by adding to each well 1 ml of medium
containing 400,000 cells and 10 pl of isolectin GS-IB4 (1 mg ml~,
132450, ThermoFisher) to fluorescently label endothelial cells. Fol-
lowinga3 hincubation, the slices were washed once with PBS to remove
unattached cells and transferred upside down to a smaller transwell
(oneslice per well; 353180, Corning) adhered to aglass-bottom six-well
plate (PO6G-0-20-F, MatTek) on both lateral sides, using two layers
of double coated tape (to achieve a 360 um height; 9495LE, 3M). The
mediuminthe upper compartment was removed and 300 pl of media
containing 3 pl of Oxyfluor (OF-0005, Oxyrase) were added under-
neath each transwell. The time-lapse acquisitions were performed on
aDragonfly spinning-disk microscope (Andor) equipped with thermal
and CO, control, using the Fusion software.

Cell circularity and invasion depth analysis

Cancer cell circularity and cell invasion depths within the slice were
calculated using a custom-made MATLAB software. Between 60 and
200single cells were analysed per slice, avoiding cells overlapping with
each other in z. From the image stack maximum projection, single
cancer cellsonthesslice were identified and their xy position recorded.
Thecellshapes were binarized by defining a proper threshold and the
properties of the projected shape (including cell circularity) were
computed. As a first step to compute cancer cell depths within brain
slices, laminin intensity was averaged for each z position, using both
the cancer cell shape (local vasculature density) and in aregion approxi-
mately 150 times bigger than the cell (region vasculature density, see
Extended Data Fig. 1d). Regional vascular intensity showed a peak at
thetop of thesliceand, because of the opacity of brain tissue, decayed
whengoing deeperinto theslice. This peak was used as areference for
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celldepth measurements: O pm cell depth was defined as 6 pm above
the peaklamininintensity. For eachcell, the two-dimensional-projected
shape was also used to average the LifeAct-GFP (green fluorescent
protein) fluorescence intensity for each zposition, and the cell depths
were computed as: cellgepth = Zmax 6rp — (Zmaxr.laminin — 6 UM). Inaddition,
local laminin intensity was used to determine whether the cell was
adhered to a vessel or in the bulk tissue. If a peak of local laminin was
detected within 8 uminzfromthe GFP peak, the cancer cell was catego-
rized asadhered to a vessel.

Brainslice decellularization

Brainslices were decellularized using a protocol adapted from a previ-
ous publication®. Brains were cut (as described in ‘Brain slice culture’)
into four 700 pm slices. The slices were then transferred to a tran-
swelland subjected to three cyclesof 2 hina4%sodium deoxycholate
(D6750, Sigma) solution, a10 min washing step in PBS supplemented
with1% penicillin-streptomycin,al hincubation witha3% Triton X-100
solutionin PBS+and afinal 10 min washing step in PBS supplemented
with 1% penicillin-streptomycin. To complete the three cycles, incuba-
tions took approximately 10 h. Afterwards, the slices were incubated
overnight in 0.02 mg ml™ DNase I (10104159001, Roche) in PBS sup-
plemented with 1% penicillin-streptomycin. The following day, the
slices were washed five times in PBS supplemented with 1% penicil-
lin-streptomycin (adding PBS in the upper and lower compartments
ofthe transwell) and cultured overnightin brain medium (with medium
intheupper and lower compartments). For all decellularization steps
described, the slices were placed on an incubated rocker at 37 °C. For
each decellularized slice, the medium in the upper compartment was
replaced with 1 ml of medium containing 40,000 cells, and the cells
were cultured for 24 h. Finally, the slices were stained as described in
‘Brain sliceimmunostaining’.

Lentiviral transduction and CRISPR-KO lines

Labelled cell lines were generated using either pLenti.PGK.
LifeAct-Ruby.W (Rusty Lansford, Addgene plasmid no. 51009) or
pLenti.PGK.LifeAct-GFP.W (Rusty Lansford, Addgene plasmid no.
51010), except for T cells that were labelled with CellTracker (C7025,
Invitrogen).iCasp9-GFP HMBECs were generated using pMSCV-F-del
Casp9.IRES.GFP (David Spencer, Addgene plasmid no. 15567, cloned
in house to a lentivirus plasmid backbone). After infection, the GFP*/
Ruby* population (top 30%) was selected via flow-assisted cytometry
(FACSMelody, BD).

CRISPR-KO1205Lulines were generated using the lentiCRISPRv2
system (Feng Zhang, Addgene plasmid no. 52961) or lentiCRISPRv2 neo
(fortalin2inthe double KO, Brett Stringer Addgene plasmid no. 98292).
The guides were cloned into the lentiCRISPRv2 plasmid at the Bsmbl
site, except for the CD44 lentiCRISPRv2 plasmid that was purchased
(Genscript). The guides used for CRISPR are listed in Supplementary
Table 1. Guides for talin 1 and talin 2 were previously published®. KO
efficiency was verified though westernblot. To increase the efficiency
ofthe KO, talin1, vinculin and zyxin CRISPR lines were sorted as single
cells (FACSMelody, BD), and KO clonal cell lines were established and
verified through western blot.

Lentivirus was produced by co-transfecting HEK-293T cells with
eachindividuallentiviral plasmid and with the pvVSVG (Bob Weinberg,
Addgene plasmid no. 8454), pRSV-REV (Didier Trono, Addgene plas-
midno.12253) and pMDLg (Didier Trono, Addgene plasmid no.12251)
packaging plasmids using a calcium phosphate transfection method.
The virus-containing supernatant was collected 48 h after transfection,
concentrated using PEG-it Virus Precipitation Solution (LV825A-1, SBI),
resuspended in PBS and flash frozen at =80 °C.

Cell lysis and western blot
The cells were lysed using lysis buffer (a 50 mM Tris-HCI (Tris, T6066,
Sigma) pH 7.6, 150 mM NaCl (BP358-1, Fisher), 1% Triton X-100, 0.25%

SDS buffer (4095-02,)T Baker) and 0.5% sodium deoxycholate solution)
with 2x protease and phosphatase inhibitors (78442, ThermoFisher).
The sample was homogenized with a 22-gauge needle (305155, BD)
and spun at15,000g for 15 min at 4 °C. The protein content was quan-
tified using the Pierce BCA protein assay kit (23225, ThermoFisher).
The supernatant was then diluted with LDS loading buffer (NPO0O?7,
ThermoFisher), and 2-mercaptoethanol (M7522, Sigma) was added to
afinal 5% concentration. The samples were boiled at 100 °C for 5 min
and were frozen at -20 °C until needed.

For western blots, protein loading was normalized by protein
contentacross wells. NuPAGE Bis-Tris gels (NP0322BOX, ThermoFisher)
were run at 190 mV in MOPS (3-(N-morpholino)propanesulfonic
acid) buffer (NPO0O1, ThermoFisher), and they were blotted onto
a polyvinylidene difluoride membrane (88520, ThermoFisher) in a
NuPAGE transfer buffer (NPOO061, ThermoFisher) 1x with 10% metha-
nol (A452-4, Fisher) at 250 mA for 90 min. The blots were blocked in
Tris-buffered saline (TBST; T5912, Sigma) with 0.1% Tween (BP337,
Fisher) and 5% milk (M0841, LabScientific) for 1 h. The primary antibod-
ies were added in TBST with 5% milk overnight at 4 °C. After washing
three times with TBST at room temperature, the secondary antibodies
were added in TBST with 5% milk for 2 h at room temperature. After
washingthree times with TBST for 10 min, the membranes were devel-
oped for4 minwith SuperSignal substrate (34076, ThermoFisher) and
imaged on an iBright Imaging System (Invitrogen). For all incubation
and washing steps, the membranes were placed on a rocker. Western
blots were quantified by using Image]J. The relative protein density for
each condition was normalized by the relative density of the loading
controls and again normalized with respect to the scramble CRISPR
control condition.

Intracranial tumour injection

First, anesthetized 7-week-old female nude mice (NCRNU, Taconic
Biosciences) were immobilized in a stereotaxic apparatus. After per-
forming a small incision along the scalp, the skin was retracted, and
asmall hole was drilled into the skull to allow space for the injection
needle. Next, a 26-gauge Hamilton syringe was placed at the 1.5 mm
medial-lateral, 1.3 mm anterior-posterior and 3 mm dorsal-ventral
stereotactic coordinates and, after afew seconds, retractedtoa2.5mm
dorsal-ventral depth to create space. Then, 2 pl of 1205Lu cells at
100,000 cells per microlitre suspended in L-15 basal medium (11415-
064, Gibco) were injected at 0.25 pl min™. Three minutes after the
injection was completed, the syringe was slowly retracted, bone wax
(Kwik-Sil, WPI) was applied to the drilled hole and surgical adhesive
(Vetbond, BO0016067, 3M) was used to close the incision site. One
week after theinjections, brains were dissected after cardiac perfusion
of 4 ml of 4% PFA in PBS+ and fixed overnight at 4 °C. After washing
the brains once with PBS+, they were sliced into 300 um sections and
stained as described in previous sections. Tumours spanned through
four to seven slices. The mounted slices were imaged on an upright
Leica TCS SP8 confocal microscope. For eachsslice, aregion containing
the tumour section of 100 umin depth was imaged and analysed. The
volume was approximated for each tumour slice by multiplying the area
of amaximum projection of the tumour by the slice thickness (300 pm).
The roughness ratio was calculated in one single plane per slice as
the ratio between the length of the real boundary of the tumour and
a sharp boundary around the tumour edge (excluding the branches;
Extended Data Fig. 5).

Microfluidic device fabrication

The devices were fabricated using soft lithography as previously
described®. In short, PDMS (Sylgard184, Dow Corning) was mixed
at a standard ratio of 1:10 (w/w) of PDMS base to crosslinking rea-
gent. This mixture was poured over plastic copies of a silicon master
wafer (with positive relief structures of the device shape), degassed
in a vacuum chamber until bubbles dissipated and cured overnight
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ina 60 °C oven. This PDMS was removed from the mould and cutinto
individual devices. A2 mm biopsy punch (33-31, Integra Lifesciences)
was used to formthesites for gelinjection (gel ports) and a5 mmbiopsy
punch (33-35, Integra Lifesciences) was used to make the medium res-
ervoirs. PDMS devices were then bonded to cover glass by activation
ofthe surface via plasma treatment at 100 W for 30 s. Bonded devices
were incubated in a100 °C oven for 30 min. To surface treat devices,
they were plasmatreated at 100 W for 30 s (glass side down), filled with
0.01% poly-L-lysine (P8920, Sigma) through the gel ports for at least
4 h (ensuring that the entire gel region is wet and does not dry out by
placing devices in a parafilm-sealed 15 cm plastic dish), washed with
MiliQ water, dried and filled with 1% glutaraldehyde (16310, EMS) for
15 min. Finally, they were washed and soaked overnight in MiliQ. After
removing water from the devices, they were washed with 96% ethanol
anddried. Steel acupuncture needles (160 pm diameter, $J10.16 x 30,
Seirin) wereintroduced into each device, and devices were ultraviolet
sterilized for 15 min.

To prepare a 250 pl mix of a 3 mg ml™ collagen type I solution,
we mixed (on ice) 31 pl of diH,0, 25 pl of M199 10x (M0650, Sigma),
10 pl of a 250 mM HEPES solution, 7 pl of a NaHCO,; 1.25% solution,
171 pl of collagen-1 (4.39 mg m™; 354236, Corning) and 6 pul of NaOH
1M(SS256, Fisher; toachieve apH of 7.5). Then, 225 pl of the 3 mg mI™
collagen-I solution were mixed with 60 pl of 1% thiol-modified HA
solution (HyStem Kit, GS311, AdvancedBiomatrix) and 15 pl of 2% PEG
diacrylate solution (PEGDA, GS3006, AdvancedBiomatrix). Approxi-
mately 35 pl of the gel mix were added per device through the gel ports,
and the devices were transferred to an incubator. After 1.5 h (or after
1hif the gel contained cancer cells), EGM2-MV medium was added
on top of each device (covering gel and medium ports). After 5 h, the
needles were removed, needle guides were blocked with vacuum grease
(Dow Corning) to avoid leakage and the medium was changed to only
fill medium ports. The devices were then transferred to 10 cm plastic
dishes for easier handling and incubated on arocker at 37 °C overnight.
To maintain humidity within the devices, we added wet tissues inside
the dish (following the borders).

Microfluidic device cell seeding

For all experiments, EGM2-MV medium was used for culturing cells
in devices. To compare cell shape differences between cells in the
bulk and spreading along the vessel, 20,000 cancer cells per device
wereincorporatedinthe collagen-HA gel and incubated overnight.
The following day, the brain endothelial cells were seeded in the
channel. For all other experiments, the cancer cells were seeded on
the channel, allowed to attach on anincubated rocker for 3 hbefore
seeding endothelial cells. The seeding of cells in the channel was
performed as previously described®. First, the medium was removed
from medium reservoirs and gel ports (to avoid damaging the gel,
the medium was removed fromgel ports usinga10 pl pipette). Then,
medium containing 0.5 million HMBECs per millilitre or 50,000
cancer cells per millilitre was added to medium reservoirs (45 pl to
one reservoir and 50 pl to the other, to allow cells to flow into the
channel). The devices were seeded for approximately 2 min (devices
were flipped upside down after 1 min to seed the channel top sur-
face). To maintain vessel health, the cancer cells were seeded very
sparsely. The medium was replaced after seeding, and the devices
were incubated on a rocker at 37 °C, replacing the medium every
24 h. Culturing devices on a rocker provided an oscillatory flow
that had previously been shown to strengthen endothelial cell-cell
junctions and enhance barrier function®. The devices were fixed
after 2 daysin culture.

BME experiment

BME coating. A1:100 dilution of BME (3433-001-01, Cultrex) in PBSwas
added to the medium reservoirs. The devices were placed on arocker
at 37 °Cfor 2 hbefore seeding cancer cells.

BME gel. A total of 3 h after seeding cancer cells, the medium was
replaced with cold medium, and the devices were placed on ice for
5 min. For six devices, amixture of 450 pl of BME, 150 pl of cold medium
and 3.6 plof red fluorescent beads (F8812, ThermoFisher) was prepared
onice. After removing the medium from the reservoirs (and not from
the gel ports), 40 pl of the gel mix was added to one reservoirand 50 pl
to the other reservoir to allow the BME to flow into the channel. The
devices were left at room temperature for 5-10 min until the gel was
polymerized and then transferred to an incubator (static).

iCasp9-GFP experiment

After 24 hiin culture, the medium was replaced from devices by add-
ing either 5nM CID (635060, TakaraBio) medim or ethanol control
medium. The devices were transferred to an incubator (static) and
fixed 12 h later. For all staining steps, the devices were kept static
to prevent damaging the endothelial cell-deposited ECM in the
channel.

Myosin-KO experiment

For each experiment, HMBEC LifeAct-Ruby (p5) cells were infected
with either scramble CRISPR control or myosin-Ila CIRSPR lentivirus
6 days before seeding devices. Three days before seeding, the cells
were passed and selected with 2 pg ml™ puromycin (A1113803, Gibco).
Thecellsweredivided into three different plates: one for westernblot,
one for seeding devices and one for nano-indentation.

Sphericity calculation

The cancer cell sphericity was calculated using a custom-made MATLAB
software. LifeAct image z stacks of cells were binarized by defining a
proper threshold, and the properties of the 3D shape (including cell
sphericity) were computed.

Device time-lapse microscopy and velocity measurements
Multi-dimensional acquisitions of devices were performed on an auto-
mated inverted microscope (Nikon EclipseTi) equipped with thermal
and CO, control, using the MetaMorph software. The images were
obtained every 30 min overnight. The mean cell velocities of indi-
vidual cells moving along the micro-vessels were computed using the
TrackMate plugin in ImageJ**.

Microfluidic device staining

The devices were fixed with 4% PFA in PBS+ for 15 min at 37 °C. The
devices were then washed three times with PBS+for 5 min and blocked
with 2%bovine serum albumin (BSA; A9647, Sigma) in PBS+ for atleast
1h.The primary antibodies were incubated overnightin 2% BSAin PBS+
at4 °C and washed five times for 20 min with PBS+at roomtemperature
the following day. The secondary antibodies wereincubated for3 h at
room temperature in 2% BSA in PBS+ and then washed several times
with PBS+. If required, during one of the washing steps, the devices
wereincubated with a1:5,000 Hoechst solutionin PBS for 20 min. For
allsteps, the devices were placed onarocker. The devices were imaged
onan upright Leica TCS SP8 confocal microscope.

Antibodies
For immunostaining, the primary antibodies used were laminin rab-
bit antibody (ab11575, Abcam; 1:1,000 concentration for brain slices
and 1:500 for devices), p-paxillin rabbit antibody (2541S, Cell Signal-
ing; 1:100 concentration) and anti-GFP chicken antibody (ab13970,
Abcam; 1:500 concentration, used for the B16-F10 cells). The secondary
antibodies used were Alexa Fluor Plus 647 anti-rabbit (A32795, Ther-
moFisher; 1:500 concentration for laminin and 1:200 for p-paxillin)
and Alexa Fluor Plus 488 anti-chicken (A32931, ThermoFisher; 1:500
concentration).

Forwesternblots, the primary antibodies used were -actin rabbit
antibody (4970S, Cell Signaling; 1:5,000 concentration), CD44 mouse
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antibody (3570T, Cell Signaling; 1:1,000 concentration), recombi-
nant integrin 31 antibody (ab134179, Abcam; 1:1,000 concentration),
zyxinrabbit antibody (PA5-78236, ThermoFisher; 1:1,000 concentra-
tion), paxillin mouse antibody (AHO0492, ThermoFisher; 1:1,000
concentration), talin1mouse antibody (MCA4770GA, BioRad; 1:1,000
concentration), talin 2 mouse antibody (NBP2-50322, Novus; 1:1,000
concentration) and vinculin mouse antibody (V9131, Sigma; 1:1,000
concentration). The secondary antibodies used were anti-mouse horse-
radish peroxidase (HRP)-linked antibody (7076S, Cell Signaling; 1:1,000
concentration) and anti-rabbit HRP-linked antibody (7074S, Cell Signal-
ing;1:1,000 concentration).

Nano-indentation and AFM

Nano-indentation measurements were performed using a Piuma
nano-indenter system (Optics1l). A 52 um radius, 0.22 N m™ stiffness
probe was used for dextran gels, a 2.5 pm radius, 0.29 N m™ stiffness
probe was used for endothelial cell stiffness measurementsand a3 pm
radius, 0.023 N m stiffness probe was used for brain tissue and col-
lagen-HA gel measurements. Young’s elastic modulus was estimated
using the Hertzmodel, with a 0.5 Poisson’s ratio.

Cryosectioning of brains from 7- to 17-week-old male and female
Tg(TIE2GFP)287Sato and FVB/NJ mice (003658 and 001800, Jackson
Laboratory) brains was performed at the Koch Institute Histology
Core. The fresh brains were embedded in an optimum cutting tem-
perature embedding medium (OCT, 4585, Fisher) within a disposable
plastic base mould (18986-1, Polysciences) that was placed on top of
dry ice for ~5-10 min for the OCT to harden around the tissue, then
stored at —80 °C until cryosectioned. Before performing the stiffness
measurements, frozen 20 pm brain tissue sections were fast thawed by
immersionin PBS at room temperature for 5 min. To label the vascula-
ture, the sections were immersed in a 20 pg ml™ solution of isolectin
GS-IB4 (121411, ThermoFisher) in PBS for 20 min. The samples were
then washed once with PBS and transferred to the AFM. Indentations
were performed using an MFP3D-BIO inverted optical AFM (Asylum
Research) mounted on aNikon TE2000-Uinverted fluorescent micro-
scope. Silicon nitride cantilevers were used with a spring constant of
0.06 N m™and a borosilicate glass spherical tip with 5 um diameter
(NovascanTech). Young’s elastic modulus was estimated using the
Hertzmodel, with a 0.5 Poisson’s ratio.

The mechanical properties of alginate hydrogels were meas-
ured using aJPK NanoWizard AFM (Bruker) and a SAA-SPH-5UM can-
tilever with a spherical tip of 5 um radius and a spring constant of
0.152 N m™ (Bruker). Young’s elastic modulus was estimated using the
Hertz model, with a 0.5 Poisson’s ratio, using the JPK Data Processing
software.

Dextran methacrylate chemical synthesis

To synthesize dextran methacrylate, 2 g of dextran (molecular weight
(MW) of 86 kDa; 205195, MPBiomedicals) was dissolved in 10 ml anhy-
drous dimethyl sulfoxide (276855, Sigma) with 0.2 g of base catalyst
4-dimethylamino pyridine (522821, Sigma) and 2.5 ml glycidyl meth-
acrylate (density of 1.042 g ml™at 25 °C; 779342, Sigma). The solution
was kept constant at 45 °C and stirred for 24 h before pipetting the
dark brown reaction drop by drop into 100 ml of ice-chilled isopro-
panol to precipitate the final product. The isopropanol solution
was collected in 50 ml tubes and centrifuged at 20,000g for 5 min
at 4 °C. After centrifugation, isopropanol was discarded, and the
pellets were resuspended in MiliQ water (around 35 ml per tube) and
dialysed against 4 litres of milli-Q water at 4 °C for 3 days with three
changes daily before lyophilization. Purified methacrylate-dextran
was stored at —20 °C until use. The degree of methacrylation was
determined vianuclear magnetic resonance spectroscopy (Extended
Data Fig. 8g) and calculated as the ratio between the averaged peak
area of the protons at the double bond (5.86 ppm and 6.31 ppm)
and the peak area of the anomeric proton (5.07 ppm), yielding a 73%

functionality (73 conjugated methacrylate groups per 100 dextran
glucopyranose residues).

Dextran cardiac perfusion

Male and female FVB/NJ 7-17-week-old mice (001800, Jackson Labora-
tory) were used for this experiments. Dextran methacrylate gels were
perfused into the brain vasculature using a protocol adapted from
a previous publication®. The day before perfusion, dextran meth-
acrylate was dissolved at 100 mg mI™ in M199 1x, brought to pH 8 by
addingNaOH1M, labelled with TAMRA (tetramethylrhodamine)-thiol
(KWT1057,BioActs) and frozen at —20 °C until the following day. To label
dextran, 17.3 pl of 1 mM TAMRA were added per millilitre of dissolved
dextran (pH 8) and the mix was protected from light at room tempera-
turefor1hbeforefreezing. Right before perfusion, afour-arm PEG-thiol
2 kDacrosslinker (PSB-440, CreativePEGWorks) was dissolved in PBS+
and brought to pH 8 with small amounts of NaOH 1 M. The mice were
anesthetized with isoflurane. Using a peristaltic pump (Ismatec; at
4 mlmin™)anda23-gauge needle (367297, BD), through cardiac perfu-
sion, allmice were perfused 12 ml of NMDG buffer supplemented with
0.02 mg ml™ heparin (Celsus) and 0.4 mg ml™ verapamil (329330010,
ThermoFisher) to flush out the blood. Afterwards, control animals
were perfused 4.5 mlofa20 pg ml™ solution ofisolectin GS-1B4 (121412,
ThermoFisher) in PBS, soft dextran animals were perfused with 4.5 ml
of a2.2% dextran and 7.7% crosslinker mix and stiff dextran animals
were perfused with4.5 mlofa5.7% dextran and 20.3% crosslinker mix.
Dextran and crosslinker solutions were mixed gently to avoid bubbles
immediately before the mix was perfused. A sample of the gel mix was
transferred during perfusion to a separate dish for nano-indentation.
All solutions were filtered with a 0.2 pm filter (431224, Corning) and
degassed before perfusion (the dextran methacrylate and crosslinker
solutions were filtered separately before mixing them). After the perfu-
sion was complete, the brains were dissected and sliced as described
in‘Brainslice culture’.

Alginate double-layered gel

Sodiumalginate of average MW of 287 kDa (Protanal LF10/60, Dupont)
was irradiated with a 5 Mrad cobalt source to obtain an average MW
of 57 kDa and conjugated to the adhesion peptide GGGGRGDSP as
previously described®®. To encapsulate 1205Lu LifeAct-GFP cells
between alginate hydrogels, a first gel containing 3% alginate-RGD
(arginine-glycine-aspartic acid) and 1 mg ml™ Cultrex BME (3533-010-
02, Bio-techne) was made. Briefly, alginate-RGD, BME, red fluorescent
beads (0.2 um, F8810, Invitrogen) and culture media were mixed onice.
Aninitial slurry of 10% calcium carbonate (CaCO;, Mineral Technolo-
gies, Multifex-MM) was made by dissolving 100 mg ml™ CaCO, in water,
and the appropriate amount of solution was added to each gel prepara-
tionso that the finalamount of CaCO, was 0.2% in soft gels, 0.9% in stiff
gels for experiments in Fig. 5and 0.53% in stiff gels for experimentsin
Extended DataFig. 8. Polymerization was theninduced by addition of
freshly dissolved D-(+)-glucono-delta-lactone (GDL) (G4750, Sigma
Aldrich) at 400 mg ml™in PBS with 20 mM HEPES (15630056, Gibco),
using a 4x molar excess of the calcium concentration. The gels were
dispensed in a glass-bottom six-well plate (P06G-1.5-20-F, MatTek).
After 1h polymerization at 37 °C, 10,000 cells were added in 10 pl on
eachgeland leftto attachfor2 hat 37 °Cwith 5% CO,. Finally,asecond
gel containing 3% alginate (no RGD and no BME) was made on top of
thecells and left to polymerize for1hat37 °C. The top gels were made
with far-red fluorescent beads (0.2 pm, F8807, Invitrogen). The culture
medium was then added to the wells and changed after 1h and 4 h.
The following day, the medium was changed again, and the cells were
imaged every 20 min for 18 h at 37 °C and 5% CO, using an automated
inverted spinning-disk microscope (Nikon Eclipse Ti2) using NIS Ele-
ment software. The cells were tracked using the TrackMate plugin in
Fiji®*, and the mean cell speed was used to quantify cell movement.
Only tracks longer than 80 min were kept for analysis.
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Statistics and reproducibility

Experimental datawere analysed and processed in MATLAB and Image]
and plotted using GraphPad Prism software. No statistical method was
used to predetermine sample size. The number of experiments, sample
size and statistic tests are reported in the figure legends. To choose
the appropriate statistical test, normality tests were performed for all
datasets. No data were excluded from the analyses. The experiments
were notrandomized. Theinvestigators were not blinded to allocation
during experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available from the
corresponding author onreasonable request. Source dataare provided
with this paper.

Code availability
Codeuseinthisarticle canbe made available uponrequest to the cor-
responding author.
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Extended Data Fig.1| Characterization of cell shape and invasion depthin
exvivobrain cultures. (a) Percentage of 1205Lu cells adhered to vessels after
24h of exvivo culture (n=7 slices, 4 experiments). Graph shows mean + standard
deviation. (b) Brain slice immunostaining of laminin (magenta), lifeact-GFP
(green) and nuclei (hoechst, blue) of a1205Lu cell spreading over the outer
surface of a vessel. 3D view,11pm-thick image stack. Scale bar 10pm. (c) Left:
singleimage plane of the cell in (b), including isolectin-1B4 labelling of
endothelial cells (grey). Scale bar 10um. Right: laminin (magenta), lifeact-GFP
(green) and isolectin-IB4 (grey) fluorescence profile along the dashed yellow line.
(d) Example of cellinvasion depth quantification. Left: immunostaining of
laminin (magenta) and lifeact-GFP (green). Yellow dashed lines outline a cellin
the bulk (cell 1) and a cell spreading along a vessel (cell 2). Scale bar 50pum. Right:
region 2 (centred on the cell of interest) is used to average laminin intensity
across a 60pm stack and define the reference point for invasion depth (Opm).

Because of the opacity of brain tissue, averaged laminin intensity shows a peak at
the top of the slice and decays as imaging deeper into the tissue. The origin of
invasion depths is defined as zpeq region2 — 61m. Regionl (that follows the cell 2D
shape), is used to average both cell and laminin fluorescence. The intensity of the
GFPsignalis used to determine the cell depth within the slice, and local laminin
intensity is used to determine if a cell is in the bulk or on a vessel (if observing a
local peak of laminin intensity). (e) Violin plots of 1205Lu cell shape circularities
when adhered to vessels or to the bulk brain tissue 4 and 24h after seeding. (f)
Violin plots of 1205Lu invasion depths within the slice when adhered to vessels or
tothebulk brain tissue 4 and 24h after seeding. For e-f, n=562 for Bulk, n=621for
Vessel at 4h, n=337 for Bulk, n=706 for Vessel at 24h, from 6 slices, 3 experiments.
Graphs show median + interquartile range. Dots represent the median values for
eachslice analysed. Statistical analysis: Kruskal-Wallis test followed by a post hoc
Dunn’s test.
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Extended Data Fig. 2 | See next page for caption.
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Extended DataFig. 2 | Vessel co-option is acommon pattern of invasion
across many different cell lines. a-c, Mean invasion depth per slice for cells
adhered to vessels or to the bulk brain tissue for 1205Lu (n=7), WM983B (n=4),
U20S (n=4), MCF7 (n=6) and MDA-MB-231 (n=6) (a), A375P (n=8) and A375M2
(n=6) (b), nHDF (n=7), MCF10A (n=5) and HBVPC (n=5) cell lines (c). Full
distributions showninFig.1d, j-I. Data corresponds to at least 3 experiments.
Statistical analysis: two-sided paired T-test or an ordinary one-way ANOVA test
followed by a post hoc Tukey’s test (for b). All graphs show mean + standard

deviation. (d) Violin plots of cell shape circularities for MDA-MB-231 TGL, BrM2-

831, BoM-1833 and LM2-4175 cells adhered to the vasculature. (e) Violin plots of
bulkinvasion depths for MDA-MB-231 TGL, BrM2-831, BoM-1833 and LM2-4174
cells. (f) Violin plots of vessel invasion depths for MDA-MB-231 TGL, BrM2-831,
BoM-1833 and LM2-4175 cells. (g) Violin plots of cell shape circularities for cells
adhered to vessels or to the bulk brain tissue for B16-F10, EO77 and NIH-3T3
mouse-derived cell lines. (h) Violin plots of invasion depths for cells adhered
to vessels or to the bulk brain tissue for B16-F10, EO771 and NIH-3T3 mouse-
derived cell lines. For MDA-MB-231 TGL (parental cell line): n=394 for Bulk,
n=441for Vessel, from S slices, 3 experiments. For BrM2-831 (brain tropic):

n=652 for Bulk, n=479 for Vessel, from 6 slices, 3 experiments. For BoM-1833
(bone tropic): n=520 for Bulk, n=496 for Vessel, from 6 slices, 3 experiments.
For LM2-4175 (lung-tropic): n=564 for Bulk, n=529 for Vessel, from 6 slices, 3
experiments. For B16-F10 (melanoma): n=239 for Bulk, n=212 for Vessel, from
4slices, 3 experiments. For EO771 (breast cancer): n=269 for Bulk, n=359 for
Vessel, from 6 slices, 3 experiments. For NIH-3T3 (embryonic fibroblast):

n=165 for Bulk, n=530 for Vessel, from 6 slices, 3 experiments. (i) Brain slice
immunostaining of laminin (magenta) and T-cells labelled with CellTracker-488
(green). Left: z-plane 2pm below the top surface. Right: z-plane 50pm below
the top surface. White insert labels zoomed area. Scale bars: 100pm, 10pm
(inserts). (j) Violin plots of T-cell shape circularities when adhered to vessels

or to the bulk brain tissue. (k) Violin plots of T-cell invasion depths within the
slice when adhered to vessels or to the bulk brain tissue. For T-cells: n=380 for
Bulk, n=208 for Vessel, from 3 slices, 2 experiments. For all violin plots, dots
represent the median value for each slice analysed. Statistical analysis: two-
sided Mann-Whitney or a Kruskal-Wallis test followed by a post hoc Dunn’s test
(for d-f). Graphs show median *interquartile range.
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Extended Data Fig. 3| Depletion of CD44, integrin B1, zyxin or paxillin does
notsignificantly impair invasioninto brainslices. (a) Percentage of scramble
control and CD44 KO cells adhered to vessels after 24h of ex vivo culture
(n=8slices, 4 experiments). (b) Left: representative western blot of CD44
expression in scramble control and CD44 KO cells. Right: quantification of all
western blots (one per experiment, 4 experiments). (c) Violin plots of invasion
depths for scramble control and CD44 KO cells moving through the bulk brain
tissue (Scr: n=571, CD44 KO: n=708, 8 slices, 4 experiments). (d) Violin plots
ofinvasion depths for scramble control and CD44 KO cells moving along the
vasculature (Scr: n=652, CD44 KO: n=511, 8 slices, 4 experiments). (e) Percentage
of scramble control and integrin 31 KO cells adhered to vessels after 24h of ex
vivo culture (n=7 slices, 4 experiments). (f) Left: representative western blot

of integrin Bl expression in scramble control and integrin f1KO cells. Right:
quantification of all western blots (one per experiment, 4 experiments).

(g) Violin plots of invasion depths for scramble control and integrin f1KO cells
moving through the bulk brain tissue (Scr: n=500, Itg1KO: n=607, 7 slices,

4 experiments). (h) Violin plots of invasion depths for scramble control and
integrin 1KO cells moving along the vasculature (Scr: n=720, Itg31 KO: n=354,
7slices, 4 experiments). i-u, Adaptor proteins. The zyxin CRISPRKO cell lines
were established as clonal cell lines by single cell sorting after infection with

the CRISPR lentivirus, and two cell lines were analysed (data shown in Fig.2
corresponds to clone1). (i) Percentage of scramble control, zyxin clone-1KO and
paxillin KO cells adhered to vessels after 24h of ex vivo culture (Scr: n=7 slices,
Zyx KO c1:8slices, Pxn KO: 8 slices, 3 experiments). (j) Percentage of scramble
control and zyxin clone-2 KO cells adhered to vessels after 24h of ex vivo culture
(n=6slices, 3 experiments). (k) Left: representative western blot of zyxin
expression in scramble control and zyxin clone-1KO cells. Right: quantification
of allwesternblots (one per experiment, 4 experiments). (I) Left: representative
western blot of paxillin expression in scramble control and paxillin KO cells.
Right: quantification of all western blots (one per experiment, 4 experiments).

(m) Left: representative western blot of zyxin expression in scramble control
and zyxin clone-2 KO cells. Right: quantification of all western blots (one per
experiment, 3 experiments). (n) Violin plots of invasion depths for scramble
control, zyxin clone-1KO and paxillin KO cells moving through the bulk brain
tissue (Scr: n=467, 7 slices; Zyx KO c1: n=353, 8 slices; Pxn KO: n=660, 8 slices,

4 experiments). (0) Violin plots of invasion depths for scramble control and
zyxin clone-2 KO cells moving through the bulk brain tissue (Scr: n=288 for Scr,
Zyx KO c2:n=303, 6 slices, 3 experiments). (p) Violin plots of invasion depths
for scramble control, zyxin clone-1KO and paxillin KO cells moving along the
vasculature (Scr: n=593, 7 slices; Zyx KO c1: n=704, 8 slices; Pxn KO: n=597, 8
slices, 4 experiments). (q) Violin plots of invasion depths for scramble control
and zyxin clone-2 KO cells moving along the vasculature (Scr: n=275, Zyx KO c2:
n=481, 6 slices, 3 experiments). r-u, FAK inhibition with FC11. (r) Percentage of
cells adhered to vessels in control conditions or under 1uM FC11 after 24h of
exvivo culture (n=6 slices, 3 experiments). (s) Violin plots of cell shape
circularities for cells adhered to the vasculature in control conditions or under
1uM FC11 (Control: n=631, FC111uM: n=642, 6 slices, 3 experiments).

(t) Violin plots of invasion depths for cells moving through the bulk brain tissue
in control conditions or under 1uM FC11 (Control: n=466, FC111uM: n=289, 6
slices, 3 experiments). (u) Violin plots of invasion depths for cells moving along
the vasculature in control conditions or under 1uM FC11 (Control: n=631, FC11
1pM: n=642, 6 slices, 3 experiments). For all violin plots, dots represent the
median values per slice analysed. Statistical analysis: two-sided Mann-Whitney
or aKruskal-Wallis test followed by a post hoc Dunn’s test (for n,p). Graphs
show median tinterquartile range. For all other graphs, statistical analysis was
performed using a two-sided T-test or an ordinary one-way ANOVA test followed
by apost hoc Tukey’s test (for i). Graphs show mean + standard deviation. For
western blot quantification, protein expression was normalized to loading
control (B-actin), and to the expression on the scramble control condition.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Depletion of talin significantly impairs invasion into
brainslices. a-e, Talin 1KO. The talin 1 CRISPR KO cell lines were established as
clonal celllines by single cell sorting after infection with the CRISPR lentivirus,
and two cell lines were analysed (data shown in Fig. 2 corresponds to clone 1).
(a) Percentage of scramble control, talin1 clone-1KO and talin1clone-2 KO
cellsadhered to vessels after 24h of ex vivo culture (Scr: n=7, TIn1KO: n=8,

4 experiments). (b) Left: representative western blot of talin 1and talin 2
expression in scramble control, talin 1 clone-1KO and talin1 clone-2 KO cells.
Right: quantification of all western blots (one per experiment, 4 experiments).
(c) Violin plots of cell shape circularities for scramble control, talin1 clone-1KO
and talin1clone-2 KO cells adhered to the vasculature (Scr: n=826, 7 slices; TInl
KO c1:n=725, 8 slices; TIn1 KO c2: n=741, 8 slices; 4 experiments). (d) Violin plots
of invasion depths for scramble control, talin 1 clone-1KO and talin1 clone-2
KO cells moving through the bulk brain tissue (Scr: n=425, 7 slices; TIn1 KO c1:
n=521, 8 slices; TIn1 KO c2: n=721, 8 slices; 4 experiments). (e) Violin plots of
invasion depths for scramble control, talin1clone-1KO and talin1clone-2 KO
cells moving along the vasculature (Scr: n=826, 7 slices; TIn1KO cl: n=725, 8

slices; TIn1KO c2: n=741, 8 slices; 4 experiments). f-i, Talin1+2 KO. (f) Percentage
of scramble control, talin 2KO and talin 1and 2 KO cells adhered to vessels after
24h of exvivo culture (n=8slices, 4 experiments). (g) Left: representative western
blot of talin 1and talin 2 expression in scramble control, talin 2KO and talin 1
and 2 KO cells. Right: quantification of all western blots (one per experiment,

4 experiments). (h) Violin plots of invasion depths for scramble control, talin 2
KO and talin1and 2 KO cells moving through the bulk brain tissue (Scr: n=560,
TIn2KO: n=509, TIn1+TIn2 KO: n=515, 8 slices, 4 experiments). (i) Violin plots

of invasion depths for scramble control, talin 2 KO and talin1and 2KO cells
moving along the vasculature (Scr: n=717, TIn2 KO: n=640, TIn1+TIn2 KO: n=544,
8slices, 4 experiments). For all violin plots, dots represent the median values
perslice analysed. Statistical analysis: Kruskal-Wallis test followed by a post
hoc Dunn’s test. Graphs show median + interquartile range. For all other graphs,
statistical analysis was performed using a one-way ANOVA test followed by a
post hoc Tukey’s test. Graphs show mean + standard deviation. For western blot
quantification, protein expression was normalized to loading control (3-actin),
and to the expression on the scramble control condition.
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Control TIn1+TIn2 KO

roughness ratio = 4.97 _ roughness ratio = 1.83

boundary tumour edge lifeact-GFP
Extended Data Fig. 5| Roughness ratio calculation. (a) 1205Lu lifeact-GFP image (grey). From left to right, representative images of ascramble control and a talinl
and 2 KO tumour one week after braininjection. Overlayed, the tumour edge (green) and boundary (magenta) that were used to calculate the roughness ratio as
(boundary length)/(edge length). Scalebar 500pum.
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Extended DataFig. 6 | Modelling vessel co-option invitro. (a) Device
immunostaining of HMBEC lifeact-Ruby (magenta), 1205Lu lifeact-GFP (green)
and nuclei (hoechst, blue). From left to right, representative images of a
scramble control, atalin1KO, atalin 2KO and a talin1and 2 KO cell adhering to
the micro-vessel. Maximum projection, scale bar 20um. (b) Cell sphericity of
scramble control, talin1KO, talin2KO and talin1and 2 KO cells adhered to the
micro-vessel (Scr:n=53, 7 devices; TIn1KO: n=25, 6 devices; TIn2 KO: n=42, 6
devices; TIn1+TIn2 KO: n=29, 8 devices; 3 experiments). Lighter dots represent
each cell value and darker dots represent the median value per device. Statistical
analysis: Kruskal-Wallis test followed by a post hoc Dunn’s test. Graphs show
median tinterquartile range. (c) Cell velocity of scramble control and talin 1
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and 2 KO cells moving along the micro-vessel (Scr: n=47, 7 devices; TIn1+TIn2
KO:n=42, 8 devices; 3 experiments). Lighter dots represent each cell value and
darker dots represent the mean value per device. Statistical analysis: two-sided
T-test. Graph show mean + standard deviation. d-e, Laminin intensity (d) and cell
sphericity (e) of 1205Lu cells spreading on control devices or in devices where
the apoptosis of endothelial cells was triggered with the small molecule CID
(Control: n=26, 7 devices; CID 5nM: n=118, 18 devices; 4 experiments). Lighter
dots represent each cell value and darker dots represent the median value per
device. Statistical analysis: two-sided Mann-Whitney test. Graphs show median
+interquartile range.
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Extended Data Fig. 7 | Depletion of vinculin significantly impairs invasion
into brain slices. The vinculin CRISPRKO cell lines were established as clonal cell
lines by single cell sorting after infection with the CRISPR lentivirus, and two cell
lines were analysed (data shownin Fig. 5 corresponds to clone 2). (a) Percentage
of scramble control, vinculin clone-1KO and vinculin clone-2 KO cells adhered

to vessels after 24h of exvivo culture (n=5, 3 experiments). Statistical analysis:
one-way ANOVA test followed by a post hoc Tukey’s test. Graphs show mean +
standard deviation. (b) Left: representative western blot of vinculin expression
inscramble control, vinculin clone-1KO and vinculin clone-2 KO cells. Right:
quantification of all western blots (one per experiment, 3 experiments). (c) Violin
plots of cell shape circularities for scramble control, vinculin clone-1KO and
vinculin clone-2 KO cells adhered to the vasculature (Scr: n=411, Vcl KO c1: n=453,
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Vcl KO c2: n=474, 5slices, 3 experiments). (d) Violin plots of invasion depths
for scramble control, vinculin clone-1KO and vinculin clone-2 KO cells moving
through the bulk brain tissue (Scr: n=242, Vcl KO c1: n=385, Vcl KO c2: n=411, 5
slices, 3 experiments). (e) Violin plots of invasion depths for scramble control,
vinculin clone-1KO and vinculin clone-2 KO cells moving along the vasculature
(Scr:n=411, Vcl KO cl: n=453, Vcl KO c2: n=474, 5slices, 3 experiments). For all
violin plots, dots represent the median values per slice analysed. Statistical
analysis: Kruskal-Wallis test followed by a post hoc Dunn’s test. Graphs show
median tinterquartile range. For western blot quantification, protein expression
was normalized to loading control (B-actin), and to the expression on the
scramble control condition.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Tuning the stiffness of the vasculature by filling it with
astiffgel or by inhibiting contractility. a-b, Brain stiffness characterization.
Young’s modulus (a) and force-indentation curves (b) of fresh 700pm-thick
brainslices and 20pm-thick cryosections (Fresh: n=120, Cryo: n=120, 6 slices, 3
experiments). Statistical analysis: two-sided Mann-Whitney test. Lighter dots
represent each indentation value and darker dots represent the median value per
experiment. Graphs show median + interquartile range. (c) Force-indentation
AFM curves for vessel and bulk locations in 20pm-thick cryosections (n=40

pairs of bulk and vessel measurements from 4 brains). Graph shows median +
interquartile range. (d) Left: representative western blot of myosin-lla expression
inscramble control and myosin-Ila KO endothelial cells. Right: quantification

of all westernblots (one per experiment, 3 experiments). Graph shows mean
+standard deviation. (e) Force-indentation curves for scramble control and
myosin-11a KO endothelial cells (Scr: n=73, Myh9: n=60, 3 experiments). Graph
shows median t interquartile range. (f) Young’s modulus of the collagen-HA

gel mixture used in the microfluidic devices (n=81, 9 gels, 3 experiments).

Lighter dots represent each indentation value and darker dots represent the
median value per experiment. Graph shows median t interquartile range.

g-1, Dextran perfusions. (g) Proton NMR of dextran methacrylate, 70% degree of
functionalization (calculated based on a previously published procedure, see
methods). (h) Mean Young’s modulus of perfused dextran gels for both soft and
stiff gel formulations (n=3 perfusions). For each perfusion, a gel sample was kept
for nanoindentation. Graph shows mean + standard error of the mean. (i) Young’s

modulus of vessels in brain cryosections from perfusions in (h) measured with
AFM (Soft: n=25, Stiff: n=21, 3 brains). Statistical analysis: two-sided T-test. Graph
shows mean + standard deviation. (j) Percentage of cells adhered to vessels after
24h of ex vivo culture in control, soft and stiff dextran brain slices (Control: n=11,
Soft: n=11, Stiff: n=10, 3 experiments). Statistical analysis: one-way ANOVA test
followed by a post hoc Tukey’s test. Graphs show mean + standard deviation.

(k) Violin plots of invasion depths for cells moving through the bulk brain tissue
after 24h of exvivo culture in control, soft and stiff dextran brain slices (Control:
n=517, 11 slices; Soft: n=727, 11 slices; Stiff: n=741, 10 slices; 3 experiments).

() Violin plots of invasion depths for cells moving along the vasculature after
24h of exvivo culture in control, soft and stiff dextran brain slices (Control:
n=1349, 11 slices; Soft: n=1278, 11 slices; Stiff: n=1050, 10 slices, 3 experiments).
(m) Mean Young’s modulus of the stiff alginate gel formulationin (n) (n=3
experiments). Graph shows mean + standard error of the mean. (n) Violin plots
of cell velocities for cells migrating between alginate gels (Soft-Stiff: n=450,
Stiff-Stiff: n=428, 4 experiments). The soft gel formulation was the same
asinFig. 5. For all violin plots, dots represent the median values per slice (k,1)

or experiment (n). Statistical analysis: two-sided Mann-Whitney test or a
Kruskal-Wallis test followed by a post hoc Dunn’s test for multiple comparisons
ink,I. Graphs show median + interquartile range. For western blot quantification,
protein expression was normalized to loading control (B-actin), and to the
expression on the scramble control condition.
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Extended Data Fig. 9 | Proposed model of vessel co-option. The differential stiffness between vessels and parenchyma promotes vessel co-option though a

talin-dependent mechanism.
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rabbit (A32795, ThermoFisher; 1:500 concentration for laminin and 1:200 for p-paxillin) and Alexa Fluor Plus 488 anti-chicken
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For western blots, the primary antibodies used were beta-actin rabbit antibody (4970S, CellSignalling; 1:5000 concentration), CD44
mouse antibody (3570T, CellSignalling; 1:1000 concentration), recombinant integrin betal antibody (ab134179, Abcam; 1:1000
concentration), zyxin rabbit antibody (PA5-78236, ThermoFisher; 1:1000 concentration), paxillin mouse antibody (AHO0492,
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srsltid=AfmBOorOLLAA4GNr_ANHkD8Mcka__ U8A741XnSVLFylvzyshYrji_7JU

CD44 (3570T, CellSignalling): https://www.cellsignal.com/products/primary-antibodies/cd44-156-3c11-mouse-mab/3570?
srsltid=AfmBOogJ/WCwDoYeBl4LeNsFYI9vnoSYbiorV1X7z-Zff8tZuYhPZ70e9

integrin betal (ab134179, Abcam): https://www.abcam.com/en-us/products/primary-antibodies/integrin-beta-1-antibody-epr1040y-
ab134179

zyxin (PA5-78236, ThermoFisher): https://www.thermofisher.com/antibody/product/Zyxin-Antibody-Polyclonal/PA5-78236

paxillin mouse antibody (AHO0492, ThermoFisher): https://www.thermofisher.com/antibody/product/Paxillin-Antibody-clone-5H11-
Monoclonal/AHO0492

talinl (MCA4770GA, BioRad): https://www.bio-rad-antibodies.com/monoclonal/human-talin-1-antibody-97h6-mca4770.html?
f=purified

talin2 (NBP2-50322, Novus): https://www.novusbio.com/products/talin2-antibody-68e7_nbp2-50322

vinculin (V9131, Sigma): https://www.sigmaaldrich.com/US/en/product/sigma/v9131

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 1205Lu (gift from Rhoda Alani's lab, available from the Wistar Institute), WM983B (gift from Rhoda Alani's lab, available from
Rockland), U20S (gift from Clare Waterman's lab, available from ATCC), MCF7 (HTB-22, ATCC), MDA-MB-231 (HTB-26, ATCC),
A375P (CRL-3224, ATCC), A375M2 (CRL-3223, ATCC), HEK-293T cells (632180, Clonetech), neonatal human dermal fibroblasts
(nHDF, CC-2509, Lonza), MCF10A cells (CRL-10317, ATCC) , human brain vascular pericytes (HBVPC, 1200, ScienCell), primary
human microvascular brain endothelial cells (HMBEC, ACBRI 376, CellSystems), NIH-3T3 mouse fibroblasts (CRL-1658, ATCC),
B16-F10 (gift from Rhoda Alani's lab), EO771 (gift from Hadi Nia's lab, available from ATCC) and MDA-MB-231 derivative cell
lines (MDA-MB-231 TGL, MDA-231-BoM-1833, MDA-231-BrM2-831, MDA-231-LM2-4175, Antibody and Bioresource Core
Facility - MSKCC ) were used in this study. T-cells were isolated from primary peripheral blood mononuclear cells (PBMC)
obtained from whole peripheral blood from healthy donors at the Blood Donor Center at Boston Children’s Hospital through
a protocol approved by the Boston University Institutional Review Board (IRB).

Authentication Cell lines used were not authenticated.
Mycoplasma contamination All cell lines were tested negative for Mycoplasma.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals In this study, we used 7- to 17-week-old mice from the FVB/NJ and STOCK Tg(TIE2GFP)287Sato/J strains (Jackson Laboratory) as well
as 7-week-old nude mice (Taconic Biosciences). Animals were housed under 12 hours light/dark cycles, 68-79F temperatures and
30-70% humidity.

Wild animals The study did not involve wild animals.
Reporting on sex Both male and female mice were included in this study.

Field-collected samples  The study did not involve samples collected from the field.
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Ethics oversight All animal studies were approved and performed in accordance with guidelines of Boston University’ Institutional Animal Care and
Use Committees.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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