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SUMMARY
Attachment of circulating tumor cells to the endothelial cells (ECs) lining blood vessels is a critical step in
cancer metastatic colonization, which leads to metastatic outgrowth. Breast and prostate cancers are
common malignancies in women and men, respectively. Here, we observe that b1-integrin is required
for human prostate and breast cancer cell adhesion to ECs under shear-stress conditions in vitro and to
lung blood vessel ECs in vivo. We identify IQGAP1 and neural Wiskott-Aldrich syndrome protein
(NWASP) as regulators of b1-integrin transcription and protein expression in prostate and breast cancer
cells. IQGAP1 and NWASP depletion in cancer cells decreases adhesion to ECs in vitro and retention in
the lung vasculature and metastatic lung nodule formation in vivo. Mechanistically, NWASP and IQGAP1
act downstream of Cdc42 to increase b1-integrin expression both via extracellular signal-regulated kinase
(ERK)/focal adhesion kinase signaling at the protein level and by myocardin-related transcription factor/
serum response factor (SRF) transcriptionally. Our results identify IQGAP1 and NWASP as potential ther-
apeutic targets to reduce early metastatic dissemination.
INTRODUCTION

Cancer metastasis accounts for 90% of cancer-related deaths,

but no metastasis-preventive treatment is available to date in

clinical settings. For solid tumors such as prostate and breast

cancer, metastasis involves invasion of the primary tumor cells

into the surrounding tissue and then entry into local lymphatic

and blood vessels, also called intravasation, leading to dissem-

ination to lymph nodes and distant organs.1 Attachment of circu-

lating tumor cells (CTCs) to endothelial cells (ECs) lining blood

vessels under hemodynamic conditions2 is an important early

step in metastatic colonization, which, together with cell extrav-

asation, survival, and proliferation, leads to metastatic coloniza-

tion and outgrowth.3 Despite extensive research into the steps

from dissemination to organ-specific metastatic colonization,3,4

the mechanisms underlying this multi-step process remain

largely unknown.

A variety of cell surface adhesion proteins are implicated in the

multiple steps of metastasis, including integrins.4–6 Integrins are
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transmembrane cell surface glycoproteins that can act as recep-

tors on tumor cells or as counter receptors to other cells.7 For

example, b1-integrin is known to mediate invasion and metas-

tasis in a variety of mouse cancer models.5,8 We have previously

shown that the Rho GTPase Cdc42 contributes to metastatic

dissemination9 in prostate cancer and breast cancer cells, acting

via b1-integrin to regulate trans-endothelial migration in vitro and

prostate cancer cell attachment to lung vascular ECs in vivo,

which correlated with reduced formation of pulmonary metasta-

ses. b1-integrin is known to be involved in early metastatic colo-

nization following extravasation,5,10–13 but it is unclear whether it

is also required for tumor cell attachment to ECs in vivo and

in vitro under hemodynamic flow conditions.

Cdc42 cycles between an active GTP-bound and inactive

GDP-bound conformation.14 When bound to GTP, Cdc42 in-

teracts with a variety of effector proteins, including protein ki-

nases such as PAKs, actin polymerization inducers such as

formins and Wiskott-Aldrich syndrome protein (WASP)/neural

WASP (NWASP), and scaffold proteins such as IQGAPs.15–17
April 23, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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Several Cdc42 effectors are known to contribute to cancer

progression,18 but their roles in the attachment of tumor cells

to ECs have not been investigated. In addition, whether and

how any Cdc42 effectors alter b1-integrin expression is not

known.

Here, we investigate the molecules linking Cdc42 to b1-integ-

rin and metastasis dissemination. We demonstrate that b1-in-

tegrin mediates interaction of prostate and breast cancer cells

with ECs in vitro under hemodynamic conditions and in the

lung in vivo, a critical step for subsequent metastatic growth.

We identify NWASP and IQGAP1 as key Cdc42 targets in cancer

cells regulating b1-integrin expression via extracellular signal-

regulated kinase (ERK)/focal adhesion kinase (FAK) signaling at

the protein level, and by MRTF/serum response factor (SRF)

transcriptionally, thereby mediating firm attachment to ECs

and metastasis formation.

RESULTS

b1-integrin is required for cancer cell retention in the
lung and metastatic nodule formation
To investigate the role of b1-integrin in cancer dissemination

in vivo, we used an experimental model of lung metastasis

coupled with whole-lung imaging.9,19 We injected fluorescently

labeled b1-integrin-depleted human cancer cells intravenously

via the tail vein into mice and measured cancer cell retention

and dissemination in the lung at 6 and 24 h (Figures 1A and

S1A‒S1C). Lung ECs were stained with PE-anti-CD31 antibody

immediately before lung preparation and imaging (see STAR

Methods for details; Figure 1B). The number of b1-integrin-

depleted cancer cells retained in the lung vasculature was signif-

icantly reduced compared to control cells for both PC3 prostate

cancer (Figure 1C) and MDA-MB-231 breast cancer (Figure 1D)

cells. High-magnification 3D analysis revealed that cancer cells

in blood vessels were found as either single cells or as clusters
Figure 1. b1-integrin contributes to cancer cell retention and nodule fo

(A) Schematic of the in vivo experiments used to study cancer cell retention, m

transfected and chloromethylfluorescein diacetate (CMFDA) fluorescently labele

6 weeks after injection.

(B) CD31-PEwas injected at 6 and 24 h to visualize the lung blood vessels. Confoc

are shown. Lung vasculature enlarged view is used for quantification.

(C and D) Quantification of siRNA-control and -b1-integrin-transfected (C) prostat

in the left lung lobe. Scale bars, 1 mm. Representative left lobe tile scan with inv

labeled cancer cells (white).

(E) Representative 3D surface reconstruction of confocal z stacks of cancer cells (

30 mm.

(F) Quantification of grouped and single PC3 cells (control n = 6 mice, total 520 ce

mice, 1,120 cells; b1-integrin n = 5 mice, 688 cells).

(G) Number of cancer cell groups per lung, n = 5.

(H) Number of cancer cells per group per lung, n = 5.

(I) Representative confocal z-scans of cancer cells (CMFDA-green) in the lung va

(J) Number of cell protrusions per cancer cell per lung, n = 5.

(K) Percentage of cancer cell surface directly interacting with vasculature surfac

(L and M) Prostate (L) and breast cancer (M) cell numbers in the left lung lobe 24 h

(bottom) show CMFDA-labeled cancer cells (white). PC3 (control n = 4; b1-integ

(N) Representative MRI scans of whole lungs 6 weeks after intravenous (i.v.) in

(magenta).

(O and P) Metastatic nodule number per lung (O) and total nodule volume per lun

Data are mean ± SEM. Statistical analysis of biological replicates by two-tailed pa

M, O, and P), or one-way ANOVA with Tukey‘s multiple comparison test (K).
(Figure S1D; Video S1), similar to CTCs derived from patients

with cancers,20 in whom clustered tumor cells are more likely

to contribute to metastasis.21 Using cancer cell nucleus/volume

ratio quantification (Figures S1E and S1F), we found that 70% of

control PC3 cells were clustered, probably due to cell entrap-

ment in the pulmonary capillaries, while 80% of b1-integrin-

depleted PC3 cells were retained in the lung vasculature as sin-

gle cells (Figures 1E and 1F). Further analysis showed that the

clusters formed by b1-integrin-depleted PC3 cells were fewer

and smaller in size compared to control cells (Figures 1G and

1H). We did not observe changes in MDA-MB-231 cell clustering

(Figure 1F, right). Control cancer cells, either in clusters or as

single cells, formed multiple protrusions in different directions

within the vasculature (Figure 1I) that are associatedwith an inva-

sive and pro-metastatic phenotype.9,12,22 b1-integrin depletion

in PC3 cells drastically reduced the number of cell protrusions

(Figure 1J) and significantly reduced the cancer cell surface

area interacting with ECs (Figure 1K; Video S2). No significant

changes in MDA-MB-231 cell branching or EC interaction were

observed (Figures S1G‒S1J), possibly due to the difference in

morphology and/or role of b1-integrin in these two cancer cell

lines (Figures S1K and S1L). Of note, b1-integrin did not alter

cancer cell volume or cell shape besides cell protrusion in the

lung vasculature (Figures S1M and S1N).

We next evaluated the role of b1-integrin on cancer cell met-

astatic colonization in the lung. Based on previous results using

this in vivo model,19 disseminating cancer cells remain in the

bloodstream for 1–4 days prior to extravasation. We tested

cancer cell retention in the lung 24 h after tail injection (Fig-

ure 1A, 24 h). Significantly fewer b1-integrin-depleted cancer

cells than control cells were retained in the lungs for both

PC3 and MDA-MB-231 cells at 24 h post-injection (Figures

1L and 1M), suggesting reduced survival and/or attachment

during their intravascular transit. We therefore tested the role

of b1-integrin in experimental metastatic nodule formation in
rmation in the lung in vivo

orphology, and metastatic nodule formation in the lung vasculature. siRNA-

d cancer cells were injected into the tail vein. Lungs were isolated 6 h, 24 h, or

al tile scan images of perfused and inflatedwhole left lobe lung vasculature (red)

e PC3 (n = 6 mice) and (D) breast MDA-MD-231 (n = 5 mice) cancer cell number

erted look-up-table (LUT; top) and 320 magnification (bottom) show CMFDA-

green) in the left lung lobe vasculature (endothelial cells, red). Scale bar (white),

lls; b1-integrin n = 5 mice, total 380 cells) and MDA-MB-231 cells (control n = 5

sculature (CD31-PE-red) and cell protrusions (blue). Scale bar (white), 30 mm.

e (n = 3 mice, 58 and 43 cells).

after injection and representative left lobe tile scan (top) and320 magnification

rin n = 5 mice) and MDA-MB-231 (control n = 3 mice; b1-integrin n = 4).

jection are segmented by ITK-snap into lung (cyan) and metastatic nodules

g (P) (PC3 cells) (control n = 11 mice; b1-integrin n = 12).

ired t test (C, D, and L), two-way ANOVA (F), unpaired Mann-Whitney test (G–J,
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the PC3 cell model (Figure 1A, 6 weeks). Full lung MRI scans of

fixed isolated lungs (Figure S1O) revealed that b1-integrin-

depleted PC3 cells formed less metastatic nodules compared

to control cells (Figures 1N and 1O). The volume of nodules

formed by b1-integrin-depleted PC3 cells was also smaller

compared to the control, resulting in a 50% reduction of the

total metastatic volume per lung (Figure 1P). These results

together show that b1-integrin is required for stable attachment

and retention of prostate and breast cancer cells in vivo, corre-

lating with increased metastatic nodule formation.

b1-integrin is required for attachment of cancer cells to
ECs
The reduced pulmonary retention of b1-integrin-depleted cells

within the lung vasculature led us to hypothesize that b1-integ-

rin might be involved in cancer cell attachment to ECs. To test

this, we assessed cancer cell adhesion to human ECs under

flow in an in vitro model that mimics in vivo blood shear stress

in human capillaries (Figure 2A).2 We used primary human um-

bilical vein ECs (HUVECs)9 and the brain microvascular

hCMEC/D3 cell line as sources of ECs because breast and

prostate cancer metastasize to different organs including the

brain.23 Cancer cell membrane b1-integrin was blocked via a

monoclonal blocking antibody (mAb) that specifically recog-

nized the native cell surface b1-integrin, as determined by

flow cytometry (Figures 2B and S2A). Functional blockade

was verified in Jurkat T cells, known to adhere to ECs via b1-in-

tegrins.24 Their adhesion to brain hCMEC/D3 ECs was reduced

by 80% by b1-integrin mAb treatment compared to either iso-

type control antibody or vehicle (Figures S2B and S2C; Video

S3). b1-integrin mAb significantly reduced PC3 and MDA-MB-

231 (50%–70%) cell shear-resistant firm adhesion to both

hCMEC/D3 cells and HUVECs compared to vehicle control

(Figures 2C‒2E; PC3: Video S4; MDA-MB-231: Video S5). We

confirmed these results via small interfering RNA (siRNA)-medi-

ated b1-integrin depletion in PC3 cells (Figure S2D), which

decreased firm adhesion of cancer cells to hCMEC/D3 cells

by 60% (Figures 2F and 2G). Taken together, these data

show that firm adhesion of PC3 and MDA-MB-231 cells to

ECs under flow is b1-integrin mediated. The most character-

ized a subunit of b1-integrin is a4. The heterodimer a4b1-integ-

rin (VLA-1) is involved in the adhesion of circulating melanoma
Figure 2. b1-integrin contributes to shear-stress-resistant cancer cell

(A) Schematic of the live imaging coupled with flow-based adhesion assay mim

to ECs.

(B) Representative flow cytometry histogram of PC3 and MDA-MD-231 cells trea

anti-mouse (purple), mAb only (pink), immunoglobulin G (IgG) and secondary anti-

mAb binds to MDA-MB-231 and PC3 cells.

(C‒E) b1-integrin blocking antibody reduces adhesion of cancer cells to ECs. Can

integrin antibody or vehicle (control) for 20 min. ECmonolayers were exposed to 2

Representative images of firmly adhered CMFDA-labeled PC3 (white, top) and CM

D3 cells (bright field) used for the quantification of shear-resistant cancer cells

(1,204.4 3 1,615.9 mm). Percentage of prostate and breast cancer cells firmly ad

SEM, PC3 (n = 3) and MDA-MB-231 (brain ECs n = 5; HUVECs n=3). Statistical a

(F and G) b1-integrin-depleted prostate PC3 cells have decreased firm adhesio

transfected with either b1-integrin or control siRNA. hCMEC/D3 cell monolayers

1 dyn/cm2 for 30 s. (F) Representative images of firmly adhered CMFDA-labeled P

mean ± SEM (n = 4), two-tailed unpaired t test.
cells25 to endothelial VCAM-1 and fibronectin. MDA-MB-231

cells do not express a4 (Figure S2E, middle),26 and PC3 cells

express very low levels of a4 (Figure S2E, bottom), and it has

been reported to be insufficient for EC adhesion.23 Therefore,

other b1-integrin heterodimers such as a3b1, a5b1, or a5b1

are likely to be involved in this process.9,27,28 a5b1-integrin

binds to the extracellular matrix protein fibronectin, while

a6b1- and a3b1-integrins bind to laminin.29 Both fibronectin

and laminin were detected on the apical surface of HUVECs

(Figure S2F, top) and hCMEC/D3 ECs (Figure S2F, bottom)

grown on collagen; thus, they are very likely to contribute to

cancer cell adhesion to ECs, as observed previously,30,31 via

b1-integrin. These results indicate that b1-integrin is important

for stable binding of cancer cells to ECs, most likely through

interaction with extracellular matrix proteins present on the

apical surface of ECs.

IQGAP1 and NWASP contribute to b1-integrin
expression in cancer cells
Cdc42 increases b1-integrin expression in PC3 cells through the

transcription factor SRF,9 but the Cdc42 targets that regulate b1-

integrin downstream of Cdc42 are not known. We therefore per-

formed a siRNA screen to identify which targets downstream of

Cdc42 affect b1-integrin expression in PC3 cells (Figure 3A; key

resources table). Cdc42 and b1-integrin siRNAs were used as

positive controls. Depletion of IQGAP1, FMNL3, and NWASP

had the strongest effects, reducing total b1-integrin protein

levels by approximately 80%, 60%, and 50%, respectively

(Figures 3A and S3A‒S3E). IQGAP1 and NWASP depletion

consistently reduced b1-integrin protein levels, but the effect of

FMNL3 was not as marked. IQGAP3 silencing also slightly

reduced b1-integrin protein levels but to a much lesser extent

than IQGAP1 depletion (Figures S3F‒S3H). Furthermore, we

found that FMNL1 and FMNL3 siRNAs had opposite effects on

total b1-integrin protein expression in PC3 cells: FMNL3 deple-

tion reduced, whereas FMNL1 depletion increased, b1-integrin

expression (Figures 3A and S3A). We then assessed whether

NWASP, IQGAP1, and FMNL3 depletion reduced b1-integrin

levels specifically on the cell surface. FMNL3 depletion did not

significantly alter b1-integrin surface levels, although, interest-

ingly, FMNL1 depletion increased surface levels (Figure S3I).

By contrast, NWASP and IQGAP1 siRNA reduced active cell
adhesion to endothelial cells in vitro

icking the in vivo microvasculature shear stress to study cancer cell adhesion

ted for 20 min with mouse b1-integrin blocking antibody (mAb) and secondary

mouse (negative control, gray), or IgG only (black) showing that the b1-integrin

cer cells were fluorescently labeled, harvested, and incubated with blocking b1-

3 106 PC3 cells/mL at 0.1 dyn/cm2 for 5 min followed by 1 dyn/cm2 for 30 s. (C)

FDA-labeled MDA-MD-231 (bottom) cells to human brain endothelial hCMEC/

adhered to ECs in ten random different fields of view per channel/condition

hered to (D) human brain ECs (hCMEC/D3) and (E) HUVECs. Data are mean ±

nalysis of biological replicates by two-tailed unpaired t test.

n to hCMEC/D3 cells. PC3 cells were fluorescently labeled, harvested, and

were exposed to 2 3 106 PC3 cells/mL at 0.1 dyn/cm2 for 5 min followed by

C3 cells (white) and (G) percentage firmly adhered to hCMEC/D3 cells. Data are
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surface b1-integrin (clone 12G10) on PC3 cells as determined by

flow cytometry (Figure 3B), immunoblotting (Figures 3C and S3I),

a surface biotinylation assay (Figure 3D), and immunofluores-

cence (Figure 3E). Moreover, F-actin-rich cell protrusions con-

taining active b1-integrin were noticeably reduced in number in

IQGAP1-depleted cancer cells compared to control (Figure 3E,

arrows, top two images). Similar to PC3 cells, NWASP- and

IQGAP1-depleted MDA-MB-231 cells had reduced total b1-in-

tegrin expression (Figures 3F–3I) and active b1-integrin on the

cell surface (Figure 3J). Additionally, we found that NWASP

and IQGAP1 siRNAs in combination (Figure S3J) further reduced

b1-integrin expression in both cell lines (Figures S3K‒S3L)
compared to either target individually. We did not observe a

consistent and significant effect of NWASP and IQGAP1 down-

regulation (Figures S3M and S3N) on the expression at mem-

brane level of b1-integrin a-chain binding partners (a 1–6)

(Figures S3O and S3P).

Therefore, the Cdc42 targets IQGAP1 and NWASP together

have the strongest effect on b1-integrin expression, both total

and cell surface levels, with a similar phenotype to that of Cdc42.9

IQGAP1 and NWASP contribute to endothelial
attachment and metastatic nodule formation
Given the roles of IQGAP1 and NWASP in regulating b1-integrin

expression in prostate and breast cancer cells, we hypothesized

that NWASP and IQGAP1 would affect cancer cell attachment

to ECs. Indeed, IQGAP1 and NWASP depletion in PC3 cells (Fig-

ure S4A) reduced firm adhesion under shear stress to brain ECs

(Figure S4B). To test whether NWASP and IQGAP1 regulate can-

cer cell retention in lung blood vessels, we used the experimental

model of lung metastasis in vivo as described in Figure 1A.

IQGAP1 depletion reduced PC3 cell retention in the lung vascula-

ture 6 h post-injection (Figures 4A and S4C, top), consistent with

our in vitro observations, whereas NWASP depletion (Figure S4D)

did not affect cancer cell retention in the lung (Figure S4E), reflect-

ing the stronger effect of IQGAP1 depletion on b1-integrin levels

(Figure 3A). Similarly, reduction of IQGAP1 in MDA-MB-231 cells

(Figure S4, bottom) decreased their retention in the lung (Fig-

ure 4B). In addition, IQGAP1 depletion strongly decreased the

number of protrusions per cancer cell (Figures 4C–44E) and the

contact area of cancer cells with EC surface (Figures 4F, 4G,

andS4F) inbothPC3andMDA-MB-231cells. In contrast tob1-in-

tegrin depletion (Figure 1F), IQGAP1 depletion did not alter the
Figure 3. Cdc42 targets IQGAP1 and NWASP regulate b1-integrin expr
(A) siRNA screening of Cdc42 targets for b1-integrin protein levels by immunoblot

Cdc42 target siRNAs and analyzed for b1-integrin expression after 72 h. b1-integri

4 independent experiments), one-way ANOVA test.

(B) IQGAP1 and NWASP decrease active b1-integrin levels on the PC3 cell surfac

test. (Right) Representative flow cytometry histograms.

(C) b1-integrin, IQGAP1, and NWASP protein levels in PC3 cells transfected with

ANOVA test.

(D) Representative biotinylation assay immunoblots for (top) total and (bottom) me

(E) Immunofluorescence analysis of active b1-integrin with 12G10 (left) and nucl

indicated siRNAs. Images acquired by confocal microscopy; actin-rich protrusio

(F–I) Representative immunoblots (F and H) and quantification (G and I) of tota

(I) transfected with the indicated siRNAs. Mean ± SEM; n = 5 to 7 independent e

(J) Active b1-integrin levels at the cell surface in IQGAP1- and NWASP-depleted

representative histograms. Mean ± SEM; n = 4, one-way ANOVA.
ability of cancer cells to form clusters (Figures S4G‒S4I, PC3
cells, and S4L–S4N, MDA-MB-231 cells), implying that this

phenotype requires a stronger reduction in b1-integrin levels

than that induced by IQGAP1 depletion. IQGAP1 did not affect

cancer cell volumeor other shapeparametersbesidescell protru-

sions (Figures S4, S4J, and S4K, PC3 cells, and S4O and S4P,

MDA-MB-231cells). Thesedata suggest that IQGAP1contributes

to cancer cell:EC interaction in vitro and in vivo.

Similar to our results at 6 h after injection, IQGAP1 depletion

(Figure S4C) reduced PC3 cell number in the lung vasculature

24 h after injection (Figures 4H and 4I) andmetastatic nodule for-

mation 6 weeks after injection (Figures 4J and S4Q; Video S6).

MRI of lungs revealed that both IQGAP1 and NWASP depletion

by siRNAs strongly reduced metastatic nodules (Figure 4K)

and nodule size, resulting in smaller metastatic mass per lung

(Figure 4L). Collectively, these data show that IQGAP1 and

NWASP contribute to different stages of cancer metastasis for-

mation including cancer cell adhesion to EC, retention in the

vasculature, and metastatic nodule formation.

Existing data (https://www.proteinatlas.org) show that both

NWASP and IQGAP1 are prognostic markers and significantly

associated with an unfavorable outcome for pancreatic cancer

but a favorable one for renal cancer (RNA expression and sur-

vival analysis).32,33 IQGAP1 and NWASP gene expression are

significantly overexpressed in breast and prostate patient pri-

mary tumors compared to normal tissue34,35 and, albeit with

lower patient samples available, in metastatic tissue (breast can-

cer).34 Survival analysis data by correlation between mRNA

expression and 5-year survival32,36 confirm high gene expres-

sion of IQGAP1 in patients with prostate cancer, while NWASP

expression is mainly low (Figure 4M). In breast cancer, IQGAP1

was equally highly and lowly expressed, while NWASPwas high-

ly expressed (Figure 4N).

At the protein level, using data from prostate and breast can-

cer biopsy sections stained by immunohistochemistry32 (1-mm

tissue core samples from 216 patients), NWASP and IQGAP1

proteins were medium to highly expressed based on the staining

intensity and fraction of stained cells (Figures 4O and 4P),

although NWASP detection was dependent on the antibody

used. Kaplan-Meier plots (https://kmplot.com/analysis/)37,38 on

breast cancer patient samples (Tang 2018 dataset39) showed

that high NWASP (Figure S4R) and IQGAP1 (Figure S4S) protein

expression correlated with shorter survival. Taken together,
ession
ting. PC3 cells were transfected with either control siRNA or with the indicated

n siRNAwas used as a positive control in all experiments. Mean ± SEM (n = 3 or

e. (Left) Quantification by flow cytometry. Mean ± SEM; n = 5, one-way ANOVA

indicated siRNAs quantified from immunoblots. Mean ± SEM; n = 5, one-way

mbrane levels of b1-integrin in PC3 cells transfected with the indicated siRNAs.

ei and F-actin (merge on right: green, cyan, red) of PC3 cells transfected with

ns (white triangles). Scale bar, 50 mm.

l b1-integrin, IQGAP-1, and NWASP in PC3 cells (G) and MDA-MB-231 cells

xperiments, one-way ANOVA test.

MDA-MB-231 cells determined by flow cytometry. (Left) Quantification; (right)
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these results and analyses show that both IQGAP1 and NWASP

contribute to prostate and breast cancer progression in human

patients, correlating with our observations that they increase

metastatic nodule formation in mouse lungs.

IQGAP1 and NWASP act through FAK and SRF/MRTF to
induce b1-integrin expression
IQGAP1 and NWASP both contribute to b1-integrin expression

(Figure 3A); therefore, we tested whether they could associate

with endogenous b1-integrin,40 which is known to have a large

adhesome network.41 Endogenous b1-integrin associated with

endogenous IQGAP1 (Figures 5A and S5A), consistent with pre-

vious observations in fibroblasts,42 but NWASP was not consis-

tently detected. IQGAP1 is also reported to interact directly with

NWASP,43 and thus b1-integrin, IQGAP1, and NWASP could act

together as part of a protein complex.

The prevention of cancer cell adhesion to the endothelium of

distant organs remains an unmet clinical challenge. IQGAP1,

NWASP, and their interacting proteins might be potential phar-

macological targets to reduce this step of metastasis. We thus

focused on understanding the signaling pathways downstream

of IQGAP1 and NWASP that mediate their effects on b1-integrin

expression. IQGAP1 serves as a scaffold for focal adhesion

proteins such as FAK and paxillin (Figure S5B) in the context of

cell migration44 and metastasis.45 FAK and paxillin are signaling

links between actin cytoskeleton-related proteins and integrins.

We therefore tested the roles of these proteins on b1-integrin

expression levels. FAK is frequently upregulated in cancer: it is

prognostic marker of breast cancer, and it is highly expressed

in more than 50% of patients with prostate cancer. Treatment

of PC3 cells with the FAK inhibitor (FAKi) 454846 (AZ13256675

FAKi) rapidly reduced total and active surface levels of b1-integ-

rin (Figures 5B, S5C, and S5D). We confirmed that the FAKi

reduced FAK Tyr397 phosphorylation (Figure 5B).46 Strikingly,

the FAKi strongly reduced firm adhesion of PC3 cells to brain

ECs under shear stress (Figure 5C). By contrast, the FAKi did
Figure 4. IQGAP1 and NWASP contribute to cancer adhesion to endot

formation

(A and B) Quantification of siRNA-transfected (A) PC3 cells (control n = 4, IQGA

retained in the lung (left lobe) vasculature 6 h post-tail vein injection. Mean ± S

inverted LUT and (bottom) 320 magnification of CMFDA-labeled cells (white) in

(C) Fluorescent in situ image rendering (Imaris) of control and IQGAP1-depleted

trusions. Scale bar, 5 mm.

(D and E) Number of cell protrusions, average mean per lung, for (D) PC3 ce

IQGAP1 n = 3). Mean ± SEM, two-tailed paired t test.

(F andG) Percentage of cancer cell surface directly interacting with lung vasculatu

from n = 4 lungs; IQGAP1, 54 cells from n = 5 lungs) and (G) MDA-MB-231 cells (p

Mann-Whitney test.

(H and I) (Left) Quantification of control and IQGAP-depleted PC3 (n = 5) (H) andM

Mean ± SEM, two-tailed paired t test. (Right) Representative left lobe tile scans

(J) Schematic of the experimental metastasis study and representative images of

lung (cyan) and nodules (magenta). IQGAP1- (left) and (right) NWASP-depleted P

(K and L) Quantification of (K) PC3 cell metastatic nodules per lung and (L) total n

NWASP-1 n = 6, NWASP-2 n = 6 mice), one-way ANOVA with Tukey’s multiple c

(M and N) Prostate (M, 494 patients) and breast (N, 1,075 patients) cancer IQGAP1

low and high expression.

(O and P) Representative images of (O) prostate and (P) breast cancer patient t

chemistry (IHC).

(M)–(P) are from https://www.proteinatlas.org/pathology.32
not significantly reduce b1-integrin expression in MDAMB231

cells or their firm adhesion to brain ECs under shear stress

(Figures S5E‒S5G), consistent with results shown in vivo.47 In

PC3, paxillin downregulation did not reduce b1-integrin expres-

sion (Figures S5H and S5I). These results indicate that FAK is a

likely candidate for mediating early effects of IQGAP1 on b1-in-

tegrin. Both IQGAP1 and FAK associate with ERK1/2 mitogen-

activated protein kinase pathway components; in particular,

IQGAP1 binds to ERK1/2 and modulates its activity.44,48–50

Treatment of PC3 cells with U0126 (MEKi), a selective inhibitor

of ERK1/2 activation,51 rapidly reduced total b1-integrin levels

(Figure 5D), similar to the FAKi. MEKi also reduced FAK Tyr397

phosphorylation (Figure 5E). This suggests that downstream of

IQGAP1, FAK and ERK1/2 could act together to induce rapid

downregulation of b1-integrin. Indeed, IQGAP1 depletion in

PC3 cells decreased FAK Tyr397 phosphorylation (Figure 5F)

as observed in other cell types.44,52

In addition to this acute effect on b1-integrin expression, b1-

integrin is known to be regulated more long term at the transcrip-

tional level. For example, we have previously shown that Cdc42

increases b1-integrin expression through the transcription factor

SRF.9 Here, we confirm that SRF siRNA depletion decreases b1-

integrin protein expression in PC3 cells (Figure 5G).53 IQGAP1

and NWASP depletion reduced b1-integrin mRNA levels (Figures

5H and S5J), indicating that IQGAP1 and NWASP could mediate

the effect of Cdc42 on b1-integrin transcription. Interestingly,

NWASP and IQGAP1 depletion reduced SRF protein expression

(Figure S5K), implying that their effect on b1-integrinmRNA regu-

lation is due in part to a reduction in SRF.

SRF interacts with the G-actin-regulated myocardin-related

transcription factors (MRTFs) to regulate transcription of genes

involved in cytoskeletal dynamics, adhesion, andmetastasis.54–56

We therefore tested whether MRTFs altered b1-integrin expres-

sion. Two different MRTFis, CCG-142357,58 (MRTFi-1) and CCG-

20397159 (MRTFi-2), reduced total b1-integrin protein levels

in PC3 cells (Figures 5I and 5J). MRTF-i-2 also reduced active
helial cells, retention in the lung vasculature, and metastatic nodule

P1 n = 5 mice) and (B) MDA-MB-231 cells (control n = 3, IQGAP1 n = 5 mice)

EM, two-tailed paired t test. (Top) Representative left lung lobe tile scan with

the lung.

PC3 cells (cyan) in the lung vasculature (red). Arrows indicate PC3 cell pro-

lls (control n = 4, IQGAP1 n = 6) and (E) MDA-MB-231 cells (control n = 3,

re surface for siRNA-transfected (F) PC3 cells (pooled samples: control, 56 cells

ooled samples: control, 42 cells from n = 3 lungs; IQGAP1, 25 cells n = 3 lungs).

DA-MB-231 (n = 3) (I) cell numbers in left lung lobes 24 h after tail-vein injection.

320 magnification with CMFDA-labeled cells (white).

whole-lung MRI scans 6 weeks after tail-vein injection segmented by ITK-snap:

C3 cell nodules are shown.

odule volume per lung (mm3) (control n = 5, IQGAP1-1 n = 6, IQGAP1-2 n = 7,

omparison test. Data are mean ± SEM.

and NWASPmRNA expression analyzed by TCGA transcriptomic classified in

issue samples stained for NWASP and/or IQGAP1 proteins by immunohisto-
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b1-integrinat thecell surface (Figure5K). TheMRTFishadnoeffect

on IQGAP1 expression but, interestingly, reduced NWASP levels

(Figure S5L), suggesting a positive feedback loop whereby

NWASP acts via the MRTF-SRF complex to induce b1-integrin

expression andMRTFs thenactivateNWASPexpression.60 Taken

together, these results indicate that NWASP and IQGAP1 act

downstream of Cdc42 to stimulate both ERK and FAK signaling,

leading to a rapid increase in b1-integrin protein levels, and also

induce b1-integrin transcription via MRTF/SRF (Figure 5L).

DISCUSSION

Cancer metastasis is responsible for most patient deaths, yet we

still have limitedmechanistic understanding of the process of can-

cer progression to metastasis. Here, we focused on critical steps

of cancer metastasis formation: cancer cell adhesion to vascular

ECs and cancer cell retention and survival leading to metastasis

growth. We show that NWASP and IQGAP1, two Rho GTPase

Cdc42 effectors, control these processes in both breast and pros-

tate cancer cells, suggesting IQGAP1 and NWASP as potential

therapeutic targets to reduce early metastatic dissemination.

Circulating cancer cell dissemination requires close contact be-

tween cancer cells and microvascular and/or capillary ECs3,23,61

under hemodynamic shear stress62,63mediated by cell surface re-

ceptors such as integrins.5 Here, we show that b1-integrin is

important for cancer cell retention in lungcapillaries, both in breast

and prostate cancer cells, providing additional insight into how

b1-integrin contributes to metastasis formation in a model of

experimental metastasis. Because b1-integrin affects the steps

of the metastatic cascade before intravasation and adhesion,

the spontaneousmetastasismodel is not valid to study these early

stages ofmetastasis formation. The use of an experimental model

of metastasis is the only way to ensure that the intravascular

phase of metastasis is studied.5 Furthermore, in this model, it is

unlikely that the metastases observed are predominantly due to

effects on clustering due to mechanical entrapment, as we

showed that b1-integrin and IQGAP1 depletion decreased the

intravascular retention of cancer cells (early step of metastasis)
Figure 5. IQGAP1 and NWASP regulate b1-integrin via both ERK/FAK

(A) b1-integrin and IQGAP1 immunoprecipitates (and IgG control) from PC3 cells

(B and C) PC3 cells were treated with either vehicle or FAK inhibitor (FAKi) 454

expression (left) and p-FAK (Tyr397) (right). Mean ± SEM; n = 3 independent exper

or FAKi (3 mM)-treated PC3 cell shear-stress-resistant adhesion to human brain E

30min. hCMEC/D3monolayers were exposed to 23 106 PC3 cells/mL at 0.1 dyn

10 technical replicates each, two-tailed unpaired t test. (Bottom) Graphical repre

(D and E) PC3 cells were treated with either vehicle or MEKi U0126 at the time in

mitogen-activated protein kinase) levels (right). Mean ± SEM; n = 4 independent

Mean ± SEM; n = 3 independent experiments, two-tailed unpaired t test.

(F) Representative immunoblot from total lysates of PC3 cells transfected with eith

are all from the same immunoblot.

(G) Quantification of b1-integrin expression in PC3 cells transfected with either c

ANOVA test.

(H) PC3 cells were transfected with either control siRNA or with the indicated siR

qPCR. Mean ± SEM; n = 6.

(I‒K) PC3 cells were treatedwith vehicle,MRTFi-1 (CCG-1423), orMRTFi-2 (CCG-

mean ± SEM (n = 4). (K) (Left) Quantification of active b1-integrin by flow cytometr

3).

(G–K) One-way ANOVA.

(L) Graphical summary of IQGAP1 and NWASP regulation of b1-integrin to medi
independently from the cluster number or composition (Figures 1

and 4). Interestingly, b1-integrin plays a crucial role in the firm

adhesion of breast and prostate cancer cells to brain ECs in a mi-

crofluidic model, an early step ofmetastasis formation that can be

targeted for patient treatment. Some clinical trials with b1-integrin

inhibitors have been promising in stabilizing cancers in pa-

tients,64,65 but so far none have been approved for clinical use

in cancer. Recent clinical trials with new inhibitors targeting b1-in-

tegrins and other integrins have started, and it will be interesting to

know if these reduce or stabilize disease progression.66 Previous

b1-integrin clinical trials partially failed in patients with cancer due

to either acquired resistance or compensatory effects that need

further investigation.66 Therefore, alternative therapeutic targets

are required. To address this need, we identified the Cdc42 effec-

tors IQGAP1 and NWASP as the major links between Cdc42,

b1-integrin, and metastasis using a siRNA screening approach.

It is interesting that, of the three IQGAPs, only IQGAP1 has a

reproducible effect on b1-integrin expression. This could reflect

the relative expression levels of the three IQGAP1 proteins in

PC3 prostate cancer cells: IQGAP3 protein was expressed as de-

tected by immunoblotting, but we could not find a suitable anti-

body to detect IQGAP2 specifically. It is possible that total

IQGAP3 levels are much lower than IQGAP1. Much less is known

about IQGAP2 and IQGAP3 than IQGAP1, but it is interesting that

IQGAP1 and IQGAP3 act similarly in cancer cells in promoting

migration, invasion, and proliferation, whereas IQGAP2 is a tumor

suppressor in a variety of cancer types.44 In addition to IQGAP1

andNWASP, depletion of theCdc42 target FMNL3 reduces b1-in-

tegrinmRNAand protein expression, although it did not affect sur-

face levels. One possible explanation is that FMNL3 acts only via

MRTF/SRF-mediated transcriptional regulation of b1-integrin

and not through the rapidly actingFAK/ERKpathway.On theother

hand, FMNL1 depletion increased b1-integrin mRNA, protein

expression, and surface levels. It would therefore be interesting

to compare the effects of FMNL1 and FMNL3 on cancer cell

attachment to ECs in the future. Notably, in our original siRNA

screen of Rho GTPases for PC3 cell attachment to ECs in vitro,

RhoQ depletion enhanced PC3 adhesion.9 FMNL3 is widely
signaling and SRF/MRTF-induced transcription

were immunoblotted for IQGAP1 and b1-integrin.

8 for 30 min at the indicated concentrations. (B) Quantification of b1-integrin

iments, one-way ANOVA test. (C) (Top) Quantification in percentage of vehicle-

Cs (hCMEC/D3). PC3 cells were fluorescently labeled and treated with FAKi for

/cm2 for 5 min followed by 1 dyn/cm2 for 30 s. Data are mean ± SEM (n = 3) with

sentation of firm adhesion of PC3 cells to hCMEC/D3.

dicated. (D) Quantification of b1-integrin expression and p-ERK 1/2 (p-P44/42

experiments, one-way ANOVA test. (E) Quantification of p-FAK (Tyr397) levels.

er control or IQGAP1 siRNAs and probed for IQGAP1 and p-FAK (Tyr397); lanes

ontrol or SRF siRNAs. Mean ± SEM; n = 3 independent experiments, one-way

NAs. Quantification of relative b1-integrin mRNA levels was done by real-time

203971) at 20 mM.Quantification of total (I) MRTF-A and (J) b1-integrin. Data are

y. (Right) Representative flow cytometry histograms. Data are mean ± SEM (n =

ate cancer cell attachment to ECs, dissemination, and metastasis formation.
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expressed, and its expression has been reported to be upregu-

lated in nasopharyngeal carcinoma (NPC) and to contribute to

epithelial-mesenchymal transition in NPC-derived cell lines.67 On

the other hand, FMNL1 is normally most highly expressed in he-

matopoietic cells but is upregulated in a range of epithelial can-

cers.68 Interestingly, FMNL1 depletion in MDA-MB-231 cells

strongly reduced cell migration,69 and thus it would be interesting

to explore whether this effect involves upregulated b1-integrin

expression. FMNL2 and FMNL3 stimulate lamellipodial protrusion

and migration in melanoma cells and fibroblasts,70 and FMNL3 is

also required for filopodial assembly in osteosarcoma cells.71

Whether the effect of FMNL3 depletion in reducing b1-integrin

contributes toeither of these responses remains tobeestablished,

but integrins including b1-integrin are located at the tips of filopo-

dia, and b1-integrin is located at filopodium-like protrusions in ex-

travasated cancer cells in the lung in vivo.72

IQGAP1 and NWASP silencing decrease b1-integrin integrin

expression; however, NWASP consistently has a weaker effect in

reducing b1-integrin than IQGAP1, which could explain why it

does not decrease cancer cell retention in the lung. Nevertheless,

NWASP significantly reduces cancer firm adhesion to ECs and

metastasis formation and growth, which is likely to be through an

additionalmechanism, for example, via itseffectsonmatrix remod-

eling and invadopodia.73,74 IQGAP1 not only reduces cancer cell

adhesion, retention, andmetastasis formationbut alsosignificantly

reduces interaction with the vasculature in vivo, suggesting that it

could be an important player in an early step of cancer metastasis

formation,when thecancercellsare still in thebloodcirculationand

can thus be targeted to prevent metastatic progression.

Our observation that IQGAP1 depletion decreases FAK phos-

phorylation may explain the downstream b1-integrin reduction.

Consistent with this model, a small-molecule FAKi reduces can-

cer cell adhesion to human brain ECs under flow in vitro. FAK is

frequently upregulated in human cancers, contributes to cancer

progression in animal models, and is considered a good target

for cancer treatment.48,75 Indeed, several combination clinical

trials with FAKis are ongoing.75 FAKis therefore represent a

promising pharmacological tool to prevent cancer cell adhesion

to the endothelium during metastatic dissemination.

In summary, we have delineated a pathway linking Cdc42, via

its targets IQGAP1 and NWASP, to b1-integrin-mediated can-

cer cell attachment to ECs, retention in the lungs, and metasta-

tic nodule formation. Furthermore, we propose a mechanism

whereby these Cdc42 effectors contribute to cancer cell adhe-

sion to ECs through both acute and long-term effects on b1-in-

tegrin expression. First, they activate ERK/FAK signaling, lead-

ing to a rapid increase in b1-integrin protein levels, and second,

they increase b1-integrin transcription via the MRTF/SRF tran-

scription factor complex (model in Figure S5K). Depletion of

IQGAP1 reduces cancer cell retention in the lungs, which ulti-

mately decreases the number and size of metastatic foci in

the lungs. This implies that targeting components of this

Cdc42/IQGAP1/b1-integrin pathway could be used as a treat-

ment to reduce metastases in human patients with cancer.

Limitation of the study
Preclinical models of the early steps of breast and prostate can-

cer metastasizing to the brain and lung are limited. Because we
12 Cell Reports 43, 113989, April 23, 2024
were interested in studying the effects of NWASP/IQGAP1/b1-

integrin on early steps of the metastatic cascade, we used of

an experimental model of metastasis that allows the study of

the intravascular phase of metastasis that the spontaneous

metastasis model does not offer except with big limitations,

such as the low amount of cells, and very complex approaches

like the lung or cranial window that require a high number of an-

imals.We overcome this using human brain ECs in an in-vivo-like

microfluidic system.

IQGAP1 is known to interact with FAK and ERK, both of which

are required to maintain b1-integrin protein levels. Cdc42 in-

creases b1-integrin transcription,9 and here, we find that

IQGAP1 and NWASP also mediate a longer-term increase in

b1-integrin mRNA through the MRTF/SRF transcription factor.

It is not yet clear whether the acute decrease in b1-integrin levels

observed in FAKi- and ERKi-treated cells is directly linked to

IQGAP1 or NWASP signaling; this could be tested, for example,

by expressing IQGAP1 mutants that cannot associate with FAK

or ERK and determining whether they can no longer alter active

surface levels of b1-integrin. In addition, we have not shown

whether the reported interaction between IQGAP1 and NWASP

induced by growth factors43 underlies their contributions to b1-

integrin expression or cancer cell:EC interaction. This would

involve mapping their interaction sites and testing relevant mu-

tants in our assays. Despite these limitations, our results and

other reports clearly point to the interaction of cancer cells with

ECs as an important step for cancer cell retention at metastatic

sites such as the lung in mouse models and that targeting this

step of cancer progression in patients could help to reduce the

metastatic spread of epithelial tumors. The use of patient-

derived cancer cells grown in patient-derived xenograft in vivo

models, another human organ-specific vasculature in vitro (i.e.,

lung), and emerging technologies like single-cell -omics (tran-

scriptomic and proteomic) to investigate the role of IQGAP1

and NWASP in breast and prostate cancer metastasis formation

will allow us to further unravel their mechanism of action to find

novel target for clinical treatments.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCES AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DE-

TAILS

B Experimental design

B Mouse studies, power analysis and randomization

B Cell culture

B Cancer cell treatments: b1-integrin, FAK andMEK inhi-

bition

B Cell transfection

d METHOD DETAILS

B Cell staining and detachment



Article
ll

OPEN ACCESS
B Ex vivo whole lung imaging and confocal microscopy

analysis

B Experimental lung metastasis assay and MRI scans

B Flow-based adhesion assay

B Surface biotinylation assay

B Immunoprecipitation and immunoblotting

B Flow cytometry

B Real-time qPCR

B Immunostaining

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

celrep.2024.113989.

ACKNOWLEDGMENTS

We thank Magali Soyer for the ImageJ macro border, Paul Kinchesh for devel-

oping MRI scans, Stuart Gilchrist for developing the robot carriage system,

and Ana LGomes and Sean Smart for theMRI scans.We thankMagali William-

son, Mirella Georgouli, Eva Crosas Molist, Caterina Giacomini, Raquel Haga,

and Francesco Romeo for technical advice and discussions. This work was

funded by a Cancer Research UK grant (C6620/A15961) (A.J.R., C.C., R.G.,

and N.R.), the University of Bristol School of Cellular and Molecular Medicine

(A.J.R. and C.C.), a Cancer Research UK Oxford Center DPhil Prize Student-

ship (BBRTJW00) (S.L.), the European Union’s Horizon 2020 research and

innovation programme under the Marie Sk1odowska-Curie grant agreement

(no. 655817) MSCA-IF-2014 (S.T.M. and A.R.), a Cancer Research UK grant

A1731 (R.M.), and the Biotechnology and Biological Sciences Research Coun-

cil (grant no. BB/K009184/1) (I.A.R.).

AUTHOR CONTRIBUTIONS

Conceptualization, A.J.R., C.C., and N.R.; funding acquisition, A.J.R. and

R.M.; investigation, C.C., S.L., S.T.M., N.R., and R.G.; methodology, C.C.,

S.L., N.R., and S.T.M.; resources, I.A.R.; supervision, A.J.R. and R.M.; visual-

ization, C.C. and S.L.; writing – original draft, C.C. and A.J.R.; writing – review &

editing, C.C., S.L., R.M., N.R., S.T.M., and A.J.R. Specifics: C.C. designed and

performed the experiments, analyzed and interpreted the data, prepared the

figures, and wrote the original manuscript. S.L. co-designed the in vivo exper-

iments, developed in vivo methodology, and co-designed and performed

in vivo and ex vivo experiments. S.T.M., R.G., and N.R. performed and/or

analyzed the siRNA screening in Figures 3A, 3E, and S3A‒S3E. I.A.R. provided
the hCMEC/D3 cell line and reagents/microscope facility for preliminary flow-

based adhesion experiments. R.M. supervised the in vivo experiments. A.J.R.

conceived and supervised the study and co-wrote the manuscript. All the au-

thors read, reviewed, and edited the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: August 13, 2023

Revised: February 1, 2024

Accepted: March 7, 2024

REFERENCES

1. Lambert, A.W., Pattabiraman, D.R., and Weinberg, R.A. (2017). Emerging

Biological Principles of Metastasis. Cell 168, 670–691. https://doi.org/10.

1016/j.cell.2016.11.037.

2. Follain, G., Herrmann, D., Harlepp, S., Hyenne, V., Osmani, N., Warren,

S.C., Timpson, P., and Goetz, J.G. (2020). Fluids and their mechanics in
tumour transit: shaping metastasis. Nat. Rev. Cancer 20, 107–124.

https://doi.org/10.1038/s41568-019-0221-x.
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EGTA Sigma-Aldrich E3889

Sepharose Protein G Thermo Fisher Scientific 1856205

Trizol Ambion Life Technologies 1559–026

Brilliant III Ultra-Fast SYBR Green

real-time qPCR Master Mix

Agilent Technologies 600886–51

Critical commercial assays

Ibidi� m-Slides VI0.4 Ibidi� GmbH 80606–90

Immunoprecipitation Kit Dynabeads

Protein G

Novex Life Technologies 10003D

Experimental models: Cell lines

Pooled primary human umbilical

vein endothelial cells (HUVECs)

Lonza Catalog #: C2519A

PC3 gift from Magali Williamson

(King’s College London)

N/A

MDA-MB-231 ATCC HTB-26TM

hCMEC/D3 Provided by Prof Romero N/A

Jurkat T cells ATCC TIB-152TM

Experimental models: Organisms/strains

Chase SCID� CB17/Icr-Prkdcscid/IcrlcoCrl mice Charles River 236

Oligonucleotides

Cdc42 siRNA Sigma GAUUACGACCGCUGAGUUA

b1-INTEGRIN-1 siRNA Sigma GAACAGAUCUGAUGAAUGA

b1-INTEGRIN-2 siRNA Sigma CAAGAGAGCUGAAGACUAU

FMNL1-POOL siRNA Sigma GAGAAGGGGUUAAUCCGUA

GAAUUGGGCCCAGGAGUGA

GCCAAGCCAUUGAGGCGUA

AGGCGUACCUGGACAAUAU

FMNL2-POOL siRNA Sigma GAACCUACCUCCUGACAAA

UAAGAGAACUGGAAAUUUC

UAACAGACAUGUAUAUGAG

AAUUAGGCCUGGACGAAUA

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

FMNL3-POOL siRNA Sigma GCGAGGAGGUCACGAAAUC

UAAAGCUGCUGCGGCAAUA

UGUCAGCCAUUCGAAUUAA

CAGCGUCGAUGUCAUUUGG

mDIA2-POOL siRNA Sigma CUGCACACCUAUCGUAUUU

GCACAGUACUUGCUUGACA

GUAUGCAGCUCAUCAAUGC

GUAGACAUUUGCAUAGAUC

RasGRF2-POOL siRNA Sigma CUGCACACCUAUCGUAUUU

GCACAGUACUUGCUUGACA

CAACAGAGGUGAACAUUUG

GAAGGAACACCAAACUUUA

Cdc42BPA-POOL siRNA Sigma CCAUAUAACUUGUGUAAAC

GGAAACAAAUGGUUAGAAA

GCGCAAGACUCACCAGUUU

GAAGAUAGAUUGCCUGAAG

Cdc42BPB-POOL siRNA Sigma GAAGUGGGUUGGGAUUCUA

GAAGAAUACUGAACGAAUU

GAGAAACACGGAAAUAUUA

CGAGAAGACUUUGAAAUAA

MRCKa-1- INDIVIDUAL siRNA Dharmacon GGAAACAAAUGGUUAGAAA

MRCKa-2-INDIVIDUAL siRNA Dharmacon GCGCAAGACUCACCAGUUU

MRCKb-1-INDIVIDUAL siRNA Dharmacon GAAGAAUACUGAACGAAUU

MRCKb-2-INDIVIDUAL siRNA Dharmacon CGAGAAGACUUUGAAAUAA

Par3-1 siRNA Dharmacon AAGCAUGGAUUUAGGUAUA

Par3-2 siRNA Dharmacon AAACAGCGUUGGAUGAUAG

ParD6G-2 (#2) siRNA Dharmacon UCAUAAGCCUGGGAAGUUU

ParD6G-1 (#3) siRNA Dharmacon GCAAGGCGGUUUCUAGUGC

PAK4-1 (#5) siRNA Dharmacon GGGUGAAGCUGUCAGACUU

PAK4-2 (#7) siRNA Dharmacon CCAUGAAGAUGAUUCGGGA

PKCz-1 (#10) siRNA Dharmacon GAACGAGGACCGACCUUUU

PKCz-2 (#11) siRNA Dharmacon GACCAAAUUUACGCCAUGA

PKCt-1 siRNA Dharmacon N/A

PKCt-2 siRNA siRNA Dharmacon N/A

Wave1-1 siRNA Dharmacon AAACAAGACCUCAGACAUA

Wave1-2 siRNA Dharmacon UUACACAGCUUGAUCCAAA

Wave2-1 siRNA Dharmacon UCAACAAUCUUACCCCUUA

Wave2-2 siRNA Dharmacon GCAAGUAGCUAUCCGCCAC

IQGAP1-1 (#1) siRNA Sigma GGAAAGCUCUGGCAAUUUA

IQGAP1-2 (#3) siRNA Sigma GAACGUGGCUUAUGAGUAC

IQGAP2-1 (#1) siRNA Sigma GAAGUUUGCUUAGUUGAAG

IQGAP2-2 (#2) siRNA Sigma GAACAAGUCCACUAAAUUU

IQGAP2-3 (#3) siRNA Sigma GCAAUAGGCUUAAACAAUC

IQGAP2-4 (#4) siRNA Sigma CAAAAGAGCUCAAAUCUGA

IQGAP3-1 (#2) siRNA Sigma CAAUGAGGCUCUGGACAAA

IQGAP3-2 (#3) siRNA Sigma CAAGAUGACUACAGGAUAU

NWASP-1 (#2) siRNA Sigma CAGCAGUGGUGCAGUUAUA

NWASP-2 (#3) siRNA Sigma GGUGUUGCUUGUCUUGUUA

PAXILLIN-1 siRNA Sigma UGGCUUCGCUGUCGGAUUU

PAXILLIN-2 siRNA Sigma GAACGACAAGCCUUACUGU

PAXILLIN-3 siRNA Sigma GGACGUGGCACCCUGAACA

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PAXILLIN-4 siRNA Sigma GCAGCAACCUUUCUGAACU

SRF-1 siRNA Sigma GGACUGUGCUGAAGAGUAC

SRF-2 siRNA Sigma GCACCAGUGUCUGCUAGUG

CONTROL siRNA Sigma UUCUCCGAACGUGUCACGU

Hs_GAPDH_1_SG (qPCR) QIAGEN #QT00079247 N/A

IQGAP1 FW (qPCR) IDT Integrated DNA technology GCATGCTGCTTCCAATAAGATGT

IQGAP1 RV (qPCR) IDT Integrated DNA technology AAACCGTCTGAATTTCTGGTAGGA

FW3_WASL (qPCR) SIGMA TGTGGGAACAAGAGCTATAC

RV3_WASL (qPCR) SIGMA TTCTCAGATTTCCTTTGTCG

b1-integrin FW (qPCR) IDT Integrated DNA technology AGGTGGTTTCGATGCCATCAT

b1-integrin RV (qPCR) IDT Integrated DNA technology AAGTGAAACCCGGCATCTGTG

Hs_GAPDH_1_SG (qPCR) QIAGEN #QT00079247 N/A

Software and algorithms

GraphPad Prism GraphPad https://www.graphpad.com

Zen microscopy software ZEISS https://www.zeiss.com/microscopy/

en/products/software/zeiss-zen.html

Image Pro Plus MEDIA Cybernetics https://my.mediacy.com/

Lasx Leica https://www.leica-microsystems.com/

products/microscope-software/p/

leica-las-x-ls/

Imaris Oxford Instruments https://imaris.oxinst.com/

ImageJ NIH https://imagej.nih.gov/ij/download.html

FlowJo Tree Star https://www.flowjo.com/

QuantStudioTM real-time ThermoFisher https://www.thermofisher.com/it/en/

home/global/forms/life-science/

quantstudio-6-7-flex-software.html

ITK-SNAP University of Pennsylvania http://www.itksnap.org/pmwiki/pmwiki.php
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RESOURCES AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Anne Rid-

ley (anne.ridley@bristol.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data are available in the main text or the supplementary materials. Original western blot images are in the supplemental ma-

terial. Blot and imaging data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Experimental design
The study was designed to (1) test whether b1-integrin inhibition in prostate and breast cancer cell lines could reduce their interaction

with human primary ECs, human brain ECs in vitro and in the mouse lung in vivo, to study whether cell interaction correlated with

retention in the lung and subsequent metastatic nodules formation. (2) To identify which of the known Cdc42 downstream effectors

contributes to b1-integrin expression in human cancer cells, how these effectors signal to alter b1-integrin expression in vitro, and

whether they contribute to EC interaction, lung retention and metastatic nodule formation in vivo.

Mouse studies, power analysis and randomization
Fox Chase SCID CB17/Icr-Prkdcscid/IcrlcoCrl mice (Charles River UK Ltd) were maintained under specific-pathogen-free condi-

tions and were provided with food and water ad libitum, in accordance with UK Home Office regulations (The Home Office Animals

Scientific Procedures Act, 1986). Female mice between 6 and 10 weeks of age were used for experiments. All animal work was

conducted according to UK Home Office regulations and local ethics approval at the University of Oxford under project licence

30/3413.

Sample size was calculated through power analysis of previous data.19 At least 3 biological replicates/mice were included in each

experiment to have an 80%power (1� b) to reject the null hypothesis at the 5% level of significance. Micewere randomly allocated to

different experimental groups and distributed across multiple cages with more than one group per cage. Whenever possible, inves-

tigators were blinded to allocation during outcome assessment.

Cell culture
Human PC3 prostate cancer cells were a gift from Magali Williamson (King’s College London). They were grown in RPMI supple-

mented with 10% FCS, 100 mg/mL streptomycin, and 100 U/ml penicillin. Human MDA-MB-231 breast cancer cells were grown

in DMEM supplemented with 10%FCS, 1%pyruvate, 100 mg/mL streptomycin, and 100 U/ml penicillin. PC3 andMDA-MB-231 cells

were authenticated by Eurofins-Genomics. Jurkat T cells were grown in suspension in RPMI 1640 W/GLUTAMAX I medium (Gibco-

Invitrogen, Paisley, UK) with 10% FCS, 100 mg/mL streptomycin and 100 U/ml penicillin. Pooled primary human umbilical vein endo-

thelial cells (HUVECs) were purchased from Lonza and maintained in EGM2 complete medium (Lonza) on dishes coated with

10 mg/mL fibronectin (Calbiochem, MerckMillipore) and used within 1–3 passages. The human cerebral microvascular endothelial

(hCMEC/D3) cell line75 was cultured in endothelial cell basal medium-2 (EBM2) medium (Lonza) and supplemented with the following

components (Lonza): 0.025% (v/v) rhEGF, 0.025% (v/v) VEGF, 0.025% (v/v) IGF, 0.1% (v/v) rhFGF, 0.1% (v/v) gentamycin, 0.1% (v/v)

ascorbic acid, 0.04% (v/v) hydrocortisone and 2.5% (v/v) fetal bovine serum (FBS), hereafter referred to as endothelial complete me-

dium. hCMEC/D3 cells were grown to confluence (�1 3 105 cells/cm2) on tissue culture flasks coated with collagen from calf skin

(Sigma-Aldrich). All cells were cultured at 37�C, 5% CO2.

Cancer cell treatments: b1-integrin, FAK and MEK inhibition
b1-integrin blocking monoclonal antibody (mAb) (a kind gift from Prof Nancy Hogg, Cancer Research UK London Research Institute,

London), FAK inhibitor 4548 AZ13256675 (AstraZeneca), MAP kinase U0126 (Tocris), MRTF inhibitors CCG-1423 (Selleckchem) and

CCG-203971 (Tocris) inhibitors were used to treat cancer cells at the concentrations and time-points indicated. DMSO was used as

vehicle control for all treatments.

Cell transfection
PC3 and MDA-MB-231 cells were grown to �30% confluence and transfected with siRNA oligos (50 nM) (key resources table) in

Optimem-I (Gibco) using Oligofectamine (Invitrogen) or transfected by nucleofection (Lonza) for 6 h following the manufacturer’s

instructions. Following transfection, medium was replaced with growth medium. Unless otherwise indicated, cells were used for

assays after 72 h.

METHOD DETAILS

Cell staining and detachment
Exponentially growing PC3 and MDA-MB-231 cells were stained with 12.5 mM CellTracker Green CMFDA dye (Thermo Fisher Sci-

entific) and, where indicated, with Hoechst 33342 (Invitrogen) following the manufacturer’s instructions. Cells were detached from

culture plates with non-enzymatic cell dissociation solution (Sigma-Aldrich) and used for functional assays.

Ex vivo whole lung imaging and confocal microscopy analysis
Whole lung imaging was performed as previously described.19 Briefly, PC3 andMDA-MB-231 (53 105) cells were injected IV into the

tail vein of SCID mice. After 6 and 24 h, mice were terminally anesthetized with pentobarbital (70 mg/kg, i.p.). Lungs were then

artificially ventilated through a tracheotomy. To visualize lung ECs, anti-CD31-PE antibody (50 mg/kg; 102408, BioLegend) was

injected into the vena cava followed by ligation and left to circulate for 5 min before exsanguination. Lungs were perfused with
20 Cell Reports 43, 113989, April 23, 2024
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Krebs-Ringer buffer (KRB) through the pulmonary artery and placed in a custom-made imaging chamber.19 Lungs were inflated with

0.5 mL of air prior to imaging.

Tile scans (10x) and Z-stacks (20-100x, 15–40 slices at 1- to 2-mm intervals) of whole lungs were acquired with an inverted confocal

microscope (LSM-880, Zeiss), equipped with a Plan-Apochromat 203/0.8 M27 objective. Hoechst/CMAC (excitation, 405 nm; emis-

sion, 410–513 nm), GFP/Alexa Fluor 488/CMFDA (excitation, 488 nm; emission, 490–653 nm), PE/CMRA (excitation, 543 nm; emis-

sion, 548–692 nm) scans were acquired sequentially to minimize bleed-through of emitted light. Cancer cell interaction with the lung

endotheliumwas analyzed by 3D reconstruction of cancer cells and vessel surfacewith Imaris software (versions 8.2 and 9, Bitplane).

Experimental lung metastasis assay and MRI scans
Prostate PC3 and breastMDA-MB-231 (53 105) cancer cells were detached from culture plates with non-enzymatic cell dissociation

solution (Sigma-Aldrich), passed through insulin syringe with needle gradually smaller (28G, 30G, 33G) and injected IV into SCID

mice. All the animal injected reached the end date (6 weeks) in good health and with no signs of sickness or distress. After 6 weeks,

lungs were perfused-isolated as described above. After clearance of blood, lungs were immersed in 10% neutral buffered formalin

(Sigma-Aldrich) and fixed for at least 48 h. Lungs were embedded in 4% agarose andmetastatic lung nodules were assessed byMRI

scanning as previously described.19MRI Imageswere segmented and the volume ofmetastatic nodules was quantified by ITK-SNAP

software (version 3.6.0).77

Flow-based adhesion assay
A flow-based adhesion assay with time-lapse live imaging78,79 was used, HUVECs or hCMEC/D3 cells were grown to confluence in

Ibidi m-Slides VI0.4 (Ibidi GmbH, Martinstreid, Germany) and washes with complete medium performed before the flow adhesion

assay. The m-Slide was positioned on the stage of an inverted time-lapse Nikon Eclipse TE2000-E microscope (Nikon Plan Fluor

103/0.30 Ph1 DL objective) equipped with a Hamamatsu ORCA-ER digital camera or a Leica DMi8 microscope (HC PL

FLUOTAR 10x/0.32 and 10x0.3 NA PH1) with a Hamamatsu Flash 4 V2 digital camera both with an environmentally controlled cham-

ber (37�C, 5% CO2). CMFDA-labelled-PC3 cells (23 106 cells/ml), Jurkat T cells (1.5 3 106 cells/ml) or MDA-MB-231 cells (1 3 106

cells/ml) were flowed in ECmedium (pulled via a 5-mLHamilton glass syringe coupled to a high precision pump, Harvard) through the

m-Slide channel at 0.1 dyn/cm2 (PC3 and MDA-MB-231) or 0.5 dyn/cm2 (Jurkat) for 5 min. The flow was then increased to 1 dyn/cm2

(venular vessel wall shear stress80) for 30 s to remove cells that were not firmly attached to the EC. Cell-EC interactions were recorded

in bright field and FITC channels (excitation, 495 nm; emission, 521 nm) at 12 frames/min (Nikon) or at 4 frames/sec (Leica).81 The

Videos were manually analyzed counting firmly adhered cells on fluorescence images using ImageJ software. Firm cancer cell adhe-

sion was quantified from images of 10 different fields of view (1204.43 1615.9 mm; area = 1.95 mm2) along the m-Slide channel at the

end of the assay, per technical replicate.

Surface biotinylation assay
Cancer cells were washed three times in ice-cold PBS and surface-labelled at 4�C with 0.3 mg/mL NHS-LC-biotin (Thermo Sci-

entific) in PBS for 30 min. Labeled cells were washed four times in ice-cold PBS, and excess biotin was removed by incubation

with RPMI containing 10% FCS for 20 min at 4�C. After three PBS washes, cells were lysed in 50 mM Tris pH 8, 150 mM NaCl,

5 mM EDTA, 1% NP-40, 25 mM NaF, 2 mM Na3VO4, phosphatase inhibitor cocktail (Calbiochem) and protease inhibitor cocktail

(Roche). Lysates were sonicated, clarified by centrifugation at 16,000g for 10 min and incubated with streptavidin-agarose

beads (Thermo Scientific) for 2 h at 4�C. Beads were washed four times with lysis buffer, and the proteins were eluted with

NuPAGE LDS Sample Buffer (Invitrogen) containing 5% b-mercaptoethanol (Sigma-Aldrich). Samples were analyzed by

immunoblotting.

Immunoprecipitation and immunoblotting
Cancer cells were lysed in IP lysis buffer (1% Triton X-100, 20 mM Tris pH 8, 130 mM NaCl, 1 mM DTT, supplemented with protease

inhibitor cocktail complete (Roche) and PhosphoStop (Roche)). After clarifying the samples, lysates were incubated (4�C, 3 h) with

magnetic Dynabeads or agarose beads previously incubated with the antibody (4�C, 1 h) (Life Technologies). The immunoprecipi-

tates were washed with IP lysis buffer, and the proteins were eluted with NuPAGE LDS Sample Buffer (Invitrogen) containing 5%

b-mercaptoethanol (Sigma-Aldrich).

Lysateswere resolved in 8%SDS-polyacrylamide gels and transferred to nitrocellulose or PVDF (0.45 mm, Immobilon) membranes.

Membranes were blocked using 5% (w/v) dried milk powder dissolved in Tris-buffered saline with 0.1% Tween 20 (TBS-T) and incu-

bated with primary antibodies (key resources table) for 16–18 h at 4�C. Membranes were washed 3 times with TBS-T and incubated

for 1 h at room temperature with appropriated HRP-labelled secondary antibodies (GE Healthcare). Enhanced chemiluminescence

(ECL, GE Healthcare) was used for detection with films (Fujifilm). Bands were quantified using ImageJ 1.50i.

Flow cytometry
Cancer cells were detached with non-enzymatic dissociation buffer (Merck Millipore), washed once with FACS buffer (PBS without

Ca2+ and Mg2+, 1% BSA, 2 mM EDTA, 0.1% (w/v) NaN3) and after FcR blocking, incubated for 1 h with primary antibody (key re-

sources table). Cells were washed twice with FACS buffer (300g, 4�C, 5 min) then incubated with FITC-conjugated goat anti-mouse
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secondary antibody (Life Technologies) for 1 h at 4�C in the dark. Cells were washed twice and immediately analyzed on a BD FACS

CANTO II or Acea NovoCyte flow cytometer and results analyzed using FlowJo software (Tree Star, version 7.6.5).

Real-time qPCR
RNA was isolated with TRIzol Reagent (Invitrogen) following the manufacturer’s protocol. qPCR was carried out using Brilliant III Ultra-

Fast SYBRGreenQRT-PCRMasterMix (Agilent Technologies). Each condition was carried out in technical triplicate. GAPDHwas used

as a reference gene (internal control) (key resources table). Assays were carried out using the Viia7 Real-Time system (Thermo Fisher

Scientific) following the manufacturer’s instructions for amplification cycles. The raw data were analyzed using QuantStudio real-time

software. Quantification of the amplified product was determined by comparing the number of amplification cycles (Ct) after which the

fluorescent signal crossed a threshold level. The following formulawas applied toquantify the results: 2-DDCT= [(Ct gene of interest – Ct

internal control) sample A – (Ct gene of interest – Ct internal control) sample B)], 2�DDCt (delta-delta Ct) method and normalized against

GAPDH, used as internal control.

Immunostaining
Cells were fixed for 10 min with 4% paraformaldehyde (Sigma-Aldrich), washed 3 times, permeabilized with 0.2% Triton X-100 in

PBS at 4�C for 5 min (this was omitted for membrane protein quantification) and then incubated with blocking solution (3% bovine

serum albumin (BSA) and 0.05% Tween 20) for 30 min. Primary antibodies (key resources table) in blocking solution were incubated

for 16–18 h at 4�C, followed by the secondary antibodies (Goat Alexa Fluor 488 or 546 IgG) combined with DAPI and phalloidin for 1 h

in the dark. Cells were washed andmounted for imaging. Pictures were acquiredwith a LSM510 inverted confocalmicroscope (Zeiss)

using a 63x (1.4 NA) objective with Zen software (Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism v.7.0 (GraphPad Software). Data were analyzed using an unpaired t test (2-tailed

with paired or unpaired adjustment, two groups), Mann Whitney test or 1-way ANOVA with test indicated in the figure legend for

each panel (more than two groups).
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Supplemental figures 

Fig. S1. β1‐integrin contributes to cancer cell retention and nodule formation in the lung.  
(A‐C) β1‐integrin expression in cancer cells. PC3 (prostate) and MD‐MB‐231 (breast) cancer 
cells were transfected with either control‐ or β1 integrin siRNA and analyzed after 72 h. (A) 
β1‐integrin siRNA decreases β1‐integrin protein expression determined by western blotting. 
(B)  β1‐integrin  siRNA decreases  surface  levels of active  β1‐integrin  (for 12G10 and B3B11 
antibody clones), determined by flow cytometry with representative histograms, and (C) by 
biotinylation assay.  (A to C n=5, 5).  (D) Rendering  (Imaris software) of confocal z‐stacks of 
single (cyan) and grouped (white) cancer cells in the lung vasculature (CD31PE‐red); Scale bar, 
50 μm. (E) Confocal z‐stack rendering of single and grouped cancer cell nuclei (Hoechst 33342‐
blue). Scale bars: main panels, 30 μm; enlarged inserts, 10 μm. (F) Cancer cell nuclei versus 
cell volume quantification for PC3 cells. Cancer cell volume (average vol/nuclei for PC3 cells = 
14825.26 µm3 (range = 5206‐31200), for MDA‐MB‐231 cells= 8495.667 µm3 (range = 5337‐
11850). (G) Number of MDA‐MB‐231 cancer cell groups per lung (n=5, 5 mouse left lungs) and 
(H) Number of MDA‐MB‐231 cancer cells per group per lung (n=5, 5 mice). (I) Number of cell 
protrusions per MDA‐MB‐231 cancer cell per lung (n=5, 5 mice) and (J) Percentage of MDA‐
MB‐231 cancer cell surface directly interacting with vasculature surface (n=5, 5 mice; 65 and 
67 cells). (K) Confocal z‐stack Imaris rendering of MDA‐MB‐231 cancer cells (cyan) in the lung 
vasculature (CD31‐PE, red); Scale bar, 10 μm. (L) Confocal z‐stack Imaris rendering of CMFDA‐
green PC3 cells grouped (TOP) or single (MIDDLE) and MDA‐MB‐231 cells (BOTTOM)  in the 
lung vasculature (CD31‐PE, red), showing in the portion of cancer cell interacting (blue) with 
the vasculature inner surface, and cross‐sections of cancer cell/vasculature interaction (TOP 
and MIDDLE right). Scale bars: 30 μm, enlargement (TOP) 25 μm, enlargement (MIDDLE) and 
cross‐sections, 10 μm. (M) Quantification of single cancer cell shape in the lung vasculature 
using confocal z‐stacks at high magnification (x63, x100): PC3 cells (n=6, 6 mice; 152 and 266 
single cells), MDA‐MB‐231 cells (n=5, 5 mice; 303 and 227 single cells). (N) Quantification of 
single cancer cell volume in the lung vasculature using confocal z‐stacks (x20); PC3 cells (n=6, 
6 mice; 173 and 236 single cells), MDA‐MB‐231 cells (n=5, 5 mice; 295 and 224 single cells). 
(O) Representative images of perfused and fixed lungs isolated 6 weeks after tail vein injection 
with control‐ or β1‐integrin‐depleted PC3 cells. Data are mean ± s.e.m. Statistical analysis of 
biological replicates by two‐tailed paired t‐test (A to C), unpaired Mann‐Whitney test (G to I), 
One‐way ANOVA with Tukey`s multiple comparison test (J, O). 
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Fig. S2. β1‐integrin contributes to shear‐stress resistant cancer cell adhesion to endothelial 
cells in vitro. 
(A) Flow cytometry gating strategy. (B and C) β1‐integrin blocking antibody reduces Jurkat T 
cell  firm adhesion to hCMEC/D3 cells.  Jurkat T cells were  fluorescently  labelled,  incubated 
with blocking β1‐integrin antibody, vehicle (control) or IgG for 20 min. hCMEC/D3 monolayers 
were exposed to 1.5x106 Jurkat T cells/ml at 0.5 dyn/cm2 for 5 min followed by 1 dyn/cm2 for 
30 sec. (B) Representative  images of firmly adherent Jurkat T cells treated with β1‐integrin 
blocking antibody versus control and (C) quantification (n=3), ANOVA. (D) β1‐integrin siRNA 
nucleofection efficiency determined by western blotting in PC3 cells used for adhesion flow 
assay. (E) Representative flow cytometry histograms for CD49d (α4 integrin, α‐chain of VLA‐
4)  expression  in  PC3,  MDA‐MB‐231  and  Jurkat  T  cells.  (F)  Representative  confocal 
fluorescence  images  of  human  ECs  cultured  on  collagen  (nuclei,  DAPI‐blue  and  F‐actin, 
phalloidin‐red),  HUVEC  (TOP)  and  hCMEC/D3  cells  (BOTTOM),  showing  secretion  of 
extracellular matrix components, fibronectin (green) and laminin (green). Scale bar, 50 μm. 
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Fig. S3. Cdc42 targets IQGAP1 and NWASP contribute to cancer adhesion retention and 
metastatic nodule formation in vivo.  
(A to E) Representative  immunoblots of PC3 cells transfected with the  indicated siRNAs to 
quantify  for  β1‐integrin protein  levels.  (F  to H) Time  course of PC3  cells  transfected with 
IQGAP1,  IQGAP3  or  control  siRNAs.  (F) Representative  immunoblot,  (G) Quantification  of 
IQGAP3  and  (H) Quantification  of  total  β1‐integrin.  (I)  Representative  biotinylation  assay 
immunoblots  for  (top)  total  and  (bottom)  membrane  levels  of  β1‐integrin  in  PC3  cells 
transfected with the  indicated siRNAs. (J to L). PC3 cells transfected with a combination of 
NWASP and  IQGAP1 siRNAs.  (J) Quantification of  IQGAP‐1 and NWASP expression and  (K) 
total  active  β1‐integrin  from western  blots.  (L)  Active  β1‐integrin  expression  at  the  cell 
surface;  (left)  quantification  and  (right)  representative  flow  cytometry  histograms. 
Representative  immunoblots  of  (M)  PC3  and  (N) MDAMB231  cells  transfected with  the 
indicated  siRNAs probed  for NWASP  and  IQGAP1 expression used  to quantify  β1‐integrin 
alpha  chains  partners.  Quantification  of  α1/CD49a,  α2/CD49b  α3/CD49c,  α4/CD49d, 
α5/CD49e,  α6/CD49f membrane expression by FACS  in  (O) PC3 and  (P) MDAMB231 cells. 
Mean ± s.e.m.; n=3 or 4, one‐way ANOVA.  
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Fig.  S4.  IQGAP1  and  NWASP  contribute  to  cancer  cell  adhesion  to  endothelial  cells, 
retention in the vasculature and metastatic nodule formation.  

(A) A Representative  immunoblot of  lysates  from PC3 prostate cancer cells transfected by 
nucleofection with the indicated siRNAs, analyzed after 72 h. (B) Quantification in percentage 
of IQGAP1‐ and NWASP‐depleted PC3 cell shear‐stress resistant adhesion to human brain ECs 
(hCMEC/D3). PC3  cells were  fluorescently  labelled, harvested  and  transfected with either 
IQGAP1, NWASP or control siRNA. hCMEC/D3 monolayers were exposed to 2x106 PC3 cells/ml 
at 0.1 dyn/cm2 for 5 min followed by 1 dyn/cm2 for 30 sec. Data are mean ±s.e.m. (n=3), One‐
way ANOVA.  (C) Quantification  and  representative  immunoblots of  IQGAP1 expression  in 
lysates  of  PC3  (n=5)  and MDA‐MB‐231  (n=3)  cells  transfected with  control  or  IQGAP1‐1 
siRNAs,  analyzed  after  72  h.  Two‐tailed  unpaired  t‐test.  (D)  Immunoblots  of  NWASP 
expression in PC3 cells transfected with control or NWASP‐2 siRNAs, analyzed after 72 h. n=3; 
bands shown are from the same blot. (E) Number of siRNA‐transfected PC3 cells disseminated 
in the mouse lung (left lobe) vasculature. n=3, two‐tailed unpaired t‐test. (F) Confocal z‐stack 
rendering  of  CMFDA‐labelled  PC3  cells  (green)  in  the  lung  vasculature  (CD31‐PE,  red), 
interacting with ECs (blue). Scale bars, 30 μm. (G‐Q) PC3 transfected with IQGAP1‐1 siRNA. 
(G) Quantification  of  grouped  in  cluster  and  single  PC3  cells  in  the  left  lung  vasculature, 
control, n=384 cells from 4 mice; IQGAP1, n=684 cells, 6 mice. (H) Number of groups per lung 
and (I) number of cells per group, mean per lung (control n=4, IQGAP1 n=5). (J) Volume and 
(K) shape of PC3 cells retained in the lung vasculature (control n=4 lungs, 108 cells, IQGAP1 
n=5 lungs, 277 cells). (L) Quantification of grouped and single MDA‐MB‐231 cells in the lung 
vasculature. (M) Number of groups per lung and (N) number of cells per group, mean per lung 
(control  n=4,  IQGAP1  n=5).  (O)  Volume  and  (P)  shape  of MDA‐MB‐231  cells  in  the  lung 
vasculature (control n=4  lungs, 108 cells,  IQGAP1 n=5  lungs, 277 cells).  (Q) Representative 
pictures of isolated, perfused and fixed lungs prior to embedding for MRI scan. (R)  IQGAP1 
and NWASP protein expression‐based Kaplan‐Meier survival analysis plots  from  the public 
database  dataset  (www.kmplot.com).  Survival  over  time  (150 months,  12.5  years)  of  the 
patients  with  high  (red),  and  low  (black)  protein  expression  (n=65),  HR  represent  the 
magnitude of the difference between the two curves in the Kaplan–Meier plot, logrank test 
between the distribution over time of the high and low protein expression patient groups was 
used  and  is  expressed  in  p‐value,  where  p<0.05  is  considered  significant.  Graphs  (B‐P), 
mean ± s.e.m. 
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Fig.  S5.  IQGAP1  and  NWASP  regulate  β1‐integrin  via  both  FAK/ERK  signaling  and 
transcription by SRF/MRTF.  

(A)  MDA‐MB‐231  cell  lysates  were  immunoprecipitated  with  the  indicated  antibodies 
followed  by  immunoblotting  for  IQGAP1  and  β1‐integrin.  (B)  PC3  cell  lysates  were 
immunoprecipitated with the indicated antibodies followed by immunoblotting for IQGAP1 
and paxillin. (C) Flow cytometry gating strategy. (D) Representative flow cytometry histogram 
of active β1‐integrin levels on PC3 cells treated with vehicle or 3 µM FAKi (AZ13256675) for 
30 min. MDAMB231 cells were treated with either vehicle or FAK inhibitor (FAKi) 4548 for 30 
min at the  indicated concentrations. (E) Quantification of β1‐integrin expression and (F) p‐
FAK  (Tyr397). Mean  ±  s.e.m.;  n=3  independent  experiments,  one‐way  ANOVA  test.  (G) 
Quantification  of  shear‐stress  resistant  adhesion  of  vehicle  or  FAKi  (3  µM)  treated 
MDAMB231  cells  to  human  brain  ECs  (hCMEC/D3). MDAMB231  cells were  fluorescently 
CMFDA‐labelled and treated with FAKi for 30 min. hCMEC/D3 monolayers were exposed to 
2x106 MDAMB231 cells/ml at 0.1dyn/cm2 for 5 min followed by 1 dyn/cm2 872 for 30 sec. 
Data are mean ±s.e.m. (n=3) with 10‐15 technical each, two‐tailed unpaired t‐test. (H, I) PC3 
cells were transfected with the indicated siRNAs and analyzed 72 h later. Quantification of (H) 
β1‐integrin and (I) paxillin by immunoblotting. Data are mean ± s.e.m.  (n=3), one‐way ANOVA 
test. (J) PC3 cells were transfected with either control siRNA or with the  indicated siRNAs. 
Quantification of  relative mRNA  levels by qRT‐PCR of  IQGAP1 and NWASP. Mean ± s.e.m. 
(n=5), one‐way ANOVA. (K) Representative  immunoblots from total cell  lysates of PC3 cells 
transfected with indicated siRNAs and probed for SRF levels. (L) PC3 cells were treated with 
either vehicle, MRTF inhibitor‐1 (CCG‐1423) or MRTF inhibitor‐2 (CCG‐203971) at 20 µM for 
24 or 48 h. Quantification of total NWASP protein expression  in cell  lysates. Mean ± s.e.m. 
(n=3), one‐way ANOVA. 
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