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Abstract

Metastasis of cancer cells involves multiple steps, including their dissociation from the primary 

tumor and invasion through the endothelial cell barrier to enter the circulation and finding their 

way to distant organ sites where they extravasate and establish metastatic lesions. Deficient contact 

inhibition is a hallmark of invasive cancer cells, yet surprisingly the vascular invasiveness of 

commonly studied cancer cell lines is regulated by the density at which cells are propagated in 

culture. Cells grown at high density were less effective at invading an endothelial monolayer than 

cells grown at low density. This phenotypic difference was also observed in a zebrafish model of 

vascular invasion of cancer cells after injection into the yolk sac and extravasation of cancer cells 

into tissues from the vasculature. The vascular invasive phenotypes were reversible. A kinome-

wide RNAi screen was used to identify drivers of vascular invasion by panning shRNA library 

transduced non-invasive cancer cell populations on endothelial monolayers. The selection of 

invasive subpopulations showed enrichment of shRNAs targeting the LATS1 (large tumor 

suppressor 1) kinase that inhibits the activity of the transcriptional coactivator YAP in the Hippo 

pathway. Depletion of LATS1 from non-invasive cancer cells restored the invasive phenotype. 

Complementary to this, inhibition or depletion of YAP inhibited invasion in vitro and in vivo. The 

vascular invasive phenotype was associated with a YAP-dependent up-regulation of the cytokines 

IL6, IL8, and CXCL1, 2, and 3. Antibody blockade of cytokine receptors inhibited invasion and 

confirmed that they are rate-limiting drivers that promote cancer cell vascular invasiveness and 

could provide therapeutic targets.

Introduction

One hallmark of cancer is the capacity of malignant cells to enter the circulation by 

interrupting the vascular endothelial barrier at the primary site (=invasion) and transverse the 

vasculature at a distant organ site to initiate a metastatic seed (=extravasation). Metastatic 
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seeding can start at the earliest phases of malignancies and is the major cause of later disease 

recurrence 
1, 2. Cancer cells acquire the ability to metastasize through cell-autonomous 

mechanisms or recruit tissue-infiltrating monocytes to support this process 
3-5. Also, 

subpopulations of cancer cells may alter the overall invasiveness of a tumor even when 

present as a small fraction 
6
. We sought to understand underlying mechanisms and identify 

the driver pathways of cancer cell vascular invasion. Contact inhibition ensures that 

epithelial cells will stop proliferation once they have reached confluence. In contrast, cancer 

cells continue proliferating in spite of interactions with neighboring cells, are typically 

refractory to contact inhibition and often display anchorage-independent growth in 

suspension. The gain of anchorage-independent growth, the loss of anoikis in response to 

detachment as well as the loss of contact inhibition are hallmarks of cancer cells 
7
. This also 

suggests that oncogenic alterations can uncouple contact inhibition mechanisms from cell 

growth and survival pathway signals 
8
.

Much to our surprise, we found that altering the density at which the cancer cells are 

propagated enhanced or reduced the vascular invasiveness of commonly studied, highly 

aggressive cancer cell lines. To identify possible drivers along the pathways that control this 

cell contact-dependent behavior of cancer cell, we performed an unbiased RNAi screen. In 

this screen human kinome-wide shRNA transduced, pooled cancer cells were rendered non-

invasive by growth at high density and then were selected for invasive subpopulations 

generated by knockdown biologically significant kinases. We identied the LATS1 kinase in 

the Hippo pathway as a hub that controls vascular invasiveness of cancer cells grown at 

different densities. The LATS “large tumor suppressor” gene had been identified in a 

drosophila mosaic screen and its mammalian tumor suppressive function established 

thereafter 
9, 10

. The LATS kinase cascade controls the activity of transcriptional coactivators 

YAP and the related TAZ. An ever increasing number of upstream extracellular signals have 

been identified that are integrated via YAP/TAZ transcriptional regulation during organ 

growth and in maintaining tissue homeostasis 
11-13

. The physiologic function of Hippo 

pathway activity is apparent during the earliest stages of development when pathway activity 

impacts cell fate decisions in the inner cell mass relative to the surface trophoectoderm that 

forms the placenta in mammals. The intricate crosstalk during embryonic inner mass 

development relies on signaling molecules that control cell polarity and cell-cell crosstalk 

and switches to distinct organ specific pathways that may be impacted during malignant 

transformation (reviewed in 
13-15

). Invasive cancers frequently develop after YAP-induced 

organ overgrowth suggesting a fundamental role of pathologic organ size control mechanism 

in malignancies 
16-18

. Also, YAP has been found upregulated in different types of human 

cancers, was shown to correlate with poor disease outcome and is considered an attractive 

therapeutic target 
19, 20

. YAP transcriptional activity was more recently linked to metastasis 

in melanoma, lung and breast cancer 
21-23

, was shown to be rate limiting for malignant 

progression of Kras-driven pancreatic cancer 
24

 and expression of YAP appears to be 

sufficient to overcome the loss of Kras signaling in Kras dependent cancers 
25

. Here we 

report Hippo pathway signalling mechanisms that control vascular invasiveness of cancer 

cell lines.
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Results

Cancer cell growth density impacts their vascular invasion

To identify the drivers of cancer cell vascular invasion, we used a co-culture system that 

records in real-time the disruption and invasion of an intact endothelial monolayer by cancer 

cells. The process can be monitored by electric cell impedance sensing (ECIS), which 

provides a continuous readout of the status of the endothelial monolayer (Figure 1a and 1b). 

When maintained at low cell density, triple-negative human MDA-MB-231 breast cancer 

cells that are widely used for modelling cellular invasion showed an easily discernible 

endothelial monolayer invasive phenotype (ECIS assay; Figure 1b and 1c). This was also 

observed with derivative MDA-MB-231 cell lines selected by the Massagué laboratory to 

metastasize to the brain, bone or lung 
26-28

 (Figure 1d). Surprisingly, when these cell lines 

were grown at high density for a short time, their invasiveness was significantly reduced to 

levels barely above the background (Figure 1c, d). This non-invasive phenotype was not 

caused by different rates of cell proliferation or apoptosis (Supplementary Figure S1A and 

S1B) and was reversed by switching the cells to the low-density growth condition. Cell 

density was also found to influence the invasiveness of PC3 (prostate cancer), U87-MG 

(glioblastoma), and E0771 (mouse mammary carcinoma) cells (Figure 1d). Cell density did 

not, however, influence the invasiveness of Colo357 pancreatic cancer cells, which attach to 

each other in cell culture to form 3D organoid structures at low and at high cell density. 

Thus, the in vitro invasiveness of several established and widely used cancer cell lines into 

endothelial monolayers is highly dependent on cell growth density.

To evaluate whether these distinct in vitro phenotypes would be recapitulated in vivo, we 

evaluated cancer cell trafficking in zebrafish models 
29

. Cancer cells grown at different 

densities were labelled with colored tracers, injected into transparent zebrafish embryos, and 

their subsequent trafficking into the vasculature and extravasation into target tissues were 

visualized over several days. First, we tested the ability of MDA-MB-231 cells to invade the 

circulation. Identical numbers of MDA-MB-231 cells grown at high or low densities were 

labelled with red or green dyes respectively and were simultaneously injected into zebrafish 

yolk sacs (Figure 2a and 2b). While MDA-MB-231 cells grown at low density (green) 

entered the circulation and were visible inside the tail vasculature, MDA-MB-231 cells 

grown at high density (red) rarely entered the vasculature (Figure 2c and 2d). Also, MDA-

MB-231 cells grown at either high or low density were labelled with the same colored tracer 

and injected separately into the yolk sacs of zebrafish. Similarly, MDA-MB-231 cells grown 

at low density were able to extravasate into the vasculature more readily than cells grown at 

high density (Supplementary Figure S1C). Thus, the effect of growth density on endothelial 

monolayer invasiveness of MDA-MB-231 cells was also apparent during invasion into the 

vasculature of an intact organism.

Next, extravasation and peripheral tissue invasion of MDA-MB-231 cells was monitored in 

transgenic zebrafish expressing green reef coral fluorescent protein (GRCFP) in the vascular 

endothelia under the control of a VEGFR2 promoter [Tg(kdrl:GRCFP)zn1; 
30

]. MDA-

MB-231 cells labelled with red fluorescent dye were injected directly into the circulation of 

these fish, and cells that exited the blood vessels and invaded the surrounding tissues were 
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counted (Figure 2e and 2f). The low density MDA-MB-231 cells extravasated at a 

significantly higher rate than the high density cells (Figure 2g), similar to the increased 

intravasation from the yolk sac injection shown above (see Figure 2d). Also, in a mouse 

model of experimental metastasis confluent MDA-MB-231 cells colonized the lungs 

significantly less efficiently than cells grown at low density (Supplementary Figure S1D) 

consistent with a distinct vascular invasive phenotype.

LATS1-YAP activity is a rate-limiting switch for cancer cells vascular invasion

To identify drivers that modulate vascular invasiveness in response to cell density, we carried 

out an RNAi screen with MDA-MB-231 cells transduced with a human kinome-targeted 

shRNA library (Figure 3a). Pooled cells were grown to high density to suppress their 

attachment to endothelial monolayers (Supplementary Figure S1E) and invasive phenotype 

(see Figure 1c). A subpopulation of shRNA-transduced cells that invade endothelial 

monolayers was selected by panning on endothelial monolayers. The subpopulation was 

harvested and expanded to high density growth for consecutive rounds of further selection. 

Analysis of shRNA barcodes expressed in the selected invasive subpopulation showed a 

16.6-fold to 57.3-fold enrichment of three different shRNAs targeting LATS1 (large tumor 

suppressor, homologue 1; Supplementary Table 2), a serine/threonine kinase that 

phosphorylates and represses YAP activity by preventing its nuclear translocation (Figure 

3b) 
11

. To confirm LATS1 involvement in endothelial attachment and invasion, MDA-

MB-231 cells with LATS1 knockdown were grown at low or high density. After LATS1 

depletion transendothelial invasion of high density cells was as effective as the invasive 

population that had been grown at low density. Furthermore, LATS1 depletion did not 

impact the invasive phenotype of cells grown at low density (Figure 3c, d).

YAP activity and nuclear translocation is mediated by phosphorylation at serine-127 by the 

LATS kinase 
11

 and we thus analyzed MDA-MB-231, E0771 and Colo357 cells for the 

status of YAP phosphorylation and subcellular localization during growth at different cell 

densities. As shown in Supplementary Figure S2A and S2B, the levels of pYAP(S127) were 

reduced in MDA-MB-231 and E0771 cells but not in Colo357 cells grown at low density. 

YAP cytoplasmic sequestration was also evident in MDA-MB-231 and E0771 cells, but not 

in Colo357 cells when grown at high density (Supplementary Figure S2C). Corresponding to 

decreased phosphorylation and increased nuclear localization of YAP in low density MDA-

MB-231 cells, we found that the YAP target genes CTGF and CYR61 were upregulated 

compared to cells grown at high density (Supplementary Figure S2D). To further examine 

the cell density-dependent response of YAP, MDA-MB-231 cells, grown at low or high 

density, were dissociated to a single cell suspension and cultured at high or low cell density, 

respectively. YAP localization and phosphorylation status were monitored over time as 

indicators of altered Hippo pathway activity. The high density cells retained some YAP 

cytoplasmic localization and phosphorylation until the 48 hour time point after switching to 

low density. Vice versa, the low density cells lost YAP nuclear localization and gained YAP 

phosphorylation when plated at high density around the 24 hour time point (Supplementary 

Figure S3).
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To further evaluate the contribution of YAP activity to endothelial invasion, we treated 

MDA-MB-231 and E0771 cells with verteporfin (VP), a recently identified small-molecule 

inhibitor of YAP activity 
31

 and found that it inhibited CTGF and CYR61 expression 

(Supplementary Figure S2E and S2F). Also, endothelial invasion and transwell migration of 

low density MDA-MB-231 and E0771 cells were inhibited by VP in a dose-dependent 

fashion (Figure 3e to 3i). Furthermore, YAP knockdown in MDA-MB-231 and E0771 cells 

reduced invasion and migration when cells were grown at low density (Supplementary 

Figure 4A to D). These data link YAP activity to endothelial invasiveness of cancer cells in 

vitro in response to altered cell density.

To assess the role of YAP for vascular invasion in vivo, low-density MDA-MB-231 cells 

were treated with VP before injection into the zebrafish circulation. Vehicle-treated MDA-

MB-231 cells extravasated more efficiently than the VP-treated cells (Figure 4a and 4d). 

Similarly, YAP knockdown in E0771 cells significantly reduced the extravasation of these 

cells from the zebrafish vasculature (Figure 4b, 4c and 4e). Finally, E0771 cells carrying 

control or YAP shRNAs were injected into the tail veins of nude mice to follow the ability of 

these cells to colonize the lungs. Histological examination of lungs (Figure 4f) and 

quantitative PCR analysis for the puromycin resistance gene (present in cells carrying the 

shRNAs) showed that YAP knockdown significantly reduced the ability of E0771 cells to 

colonize the lungs (Figure 4g). Liver tissues served as a negative control and will capture 

potential signals from cancer cells in the circulation.

Lung metastases of E0771 control cells (Figure 4f) displayed a wide range of sizes with the 

smallest consisting of single cell layers with less than 20 cells surrounding an associated 

blood vessel. When staining for YAP we noted that in these small metastases almost all 

cancer cells displayed nuclear location of the YAP protein, whereas larger metastases 

contained a significantly lower portion of cells with nuclear YAP (~50% of cells; Figure 5a 

and 5b). On the other hand, the percentage of cancer cells staining positive for PCNA (= 

proliferating cell nuclear antigen; ~60%) was indistinguishable between small and large 

metastases or between cells located closer to and more distant from a blood vessel (Figure 

5c and 5d). Also, staining of serial sections revealed no correlation between PCNA 

expression and nuclear YAP. Thus, the nuclear localization of YAP in small metastases was 

not caused by a higher cell proliferation rate but appears to indicate the more invasive 

phenotype of cancer cells after their initial extravasation that required the disruption of the 

local endothelial barrier. This finding also shows the dissociation between proliferative and 

invasive signaling.

Autocrine and paracrine signaling by cytokines from cancer cells

To further elucidate the downstream mechanisms driving endothelial invasiveness, we 

compared the gene expression profiles of MDA-MB-231 cells grown at high and low 

densities. Significant upregulation (p<0.01) of cytokines (IL1, 6, and 8; CXCL1, 2, and 3), 

hematopoietic growth factors (GMCSF=CSF2 and GCSF=CSF3), genes involved in cell 

adhesion, migration, and metastasis, including CD44 
32, 33

 and tenascin C 
34

 was observed 

in MDA-MB-231 cells grown at low density (Figure 6a). Comparative genomic 

hybridization (CGH) analysis of cells kept at low or high growth density ruled out genomic 
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differences at the loci of differently regulated genes in response to altered growth conditions 

(Supplementary Figure S5).

The upregulation of cytokines in low density MDA-MB-231 cells correlated with increased 

phosphorylation of Stat3, an intracellular mediator of cytokine signalling, and NFκB, a 

downstream mediator of JAK/STAT signalling (Supplementary Figure S2A). Furthermore, 

MDA-MB-231 cells grown at low density showed up-regulation of vimentin and down-

regulation of beta-catenin and E-cadherin (Supplementary Figure S2A), indicative of having 

acquired more mesenchymal characteristics. Pathway analysis revealed that canonical 

cytokine signaling and the respective downstream signal transduction modules are the most 

prominently upregulated pathways in low density MDA-MB-231 cells (Supplementary 

Figure S6A).

To directly examine YAP regulation of cytokine expression and release from cells, we 

collected and analyzed cancer-cell conditioned media (CM) from low-density MDA-

MB-231 cells treated with vehicle (control) or with the YAP inhibitor VP. As shown in 

Supplementary Figure S6B and S6C, VP treatment significantly reduced the amount of 

secreted cytokines that were also found differentially expressed when comparing low density 

and high density growth MDA-MB-231 cells. This included IL1 alpha and beta; IL8; 

CXCL1, 2, and 3; GMCSF and GCSF (see Figure 6A). Also, adding exogenous CXCL1 and 

IL8 enhanced invasion and migration when YAP was knocked down in MDA-MB-231 and 

E0771 cells (Supplementary Figure S4A, S4E and S4F).

To investigate how these cytokine activities may modulate endothelial function in trans, we 

harvest conditioned media (CM) from MDA-MB-231 cells grown at low or high cell density 

and applied them to a disrupted endothelial monolayer in a wound healing assay. In this 

ECIS based assay, the kinetics of monolayer repair is followed in real-time (Supplementary 

Figure S7A and S7B). CM from low density MDA-MB-231 cells delayed closure of the 

wounds in a dose-dependent fashion (Supplementary Figure S7C and S7D), whereas CM 

from high density cells showed no discernible effect (Supplementary Figure S7B). In 

composite, this implies a role of factors in conditioned media from low density cells in 

loosening the endothelial monolayer, preventing tight junction from reforming and 

maintaining vascular permeability, all of which are important for cancer cell crossing of an 

endothelial barrier.

CXCR2 is the cognate receptor for CXCL1, 2, 3 and IL8 (=CXCL8) which are differentially 

expressed in MDA-MB-231 cells grown at low versus high cell density (Figure 6a). 

Treatment with a CXCR2 blocking antibody inhibited endothelial monolayer invasion and 

transwell migration by low density MDA-MB-231 cells, reducing their invasiveness to the 

same level as that of high density MDA-MB-231 cells (Figure 6b and 6c). Also, pre-

treatment of an endothelial monolayer with the CXCR2 blocking antibody prior to 

wounding showed a slightly faster closure of the wound and reverted the delay in wound 

closure caused by conditioned media from low density cancer cells (Supplementary Figure 

S7E and S7F). Thus, cytokines released from cancer cells grown at low density will function 

in a paracrine and in an autocrine fashion to support transendothelial invasion.
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Cytokine signaling and vascular invasion

To evalute the impact of CXCR2 pathway activation on cancer cell invasiveness in vivo, 

low-density MDA-MB-231 cells were pretreated with an anti-CXCR2 antibody prior to 

injection into the kdr1:GRCFP zebrafish model described above (see Figure 2e). Inspection 

of 3D images of red labeled cancer cells relative to the vascular network demarkated by 

endothelial GFP revealed that the homing pattern of anti-CXCR2 pretreated cancer cells was 

significantly different from that of the untreated cells. In contrast to the controls, the treated 

cancer cells accumulated in the caudal vein plexus (CVP) (Figure 6d) and preferentially 

extravasated from the CVP region rather than from intersegmental vessel in the tail of the 

zebrafish (Figure 6e, Day 1). The tissue invasion patterns of the treated and untreated cells 

remained significantly different also on the second day of observation, although the 

difference was less pronounced, possibly because of a diminishing antibody blocking effect. 

It is noteworthy that the CVP of the zebrafish is analogous to the fetal hematopoietic organ 

(the liver) in mammals: The CVP is rich in growth factors controlling hematopoietic stem 

cell differentiation and the expansion of differentiated hematopoietic cell lineages. Also, IL8 

and its receptors CXCR1 and CXCR2 are conserved between mammals and zebrafish, and 

can modulate inflammatory signals 
35, 36

. Because MDA-MB-231 cells respond to 

additional exogenous IL8 with enhanced migration (Figure 6c), we propose that the anti-

CXCR2 treatment redirects the cancer cells to the CVP that provides a plethora of local 

growth factors and cytokines that may help the cancer cells overcome the CXCR2 blockade.

Discussion

Here we report that altering the growth density of widely used cancer cell lines impacts their 

capacity for endothelial monolayer invasion in vitro and vascular invasion and metastatic 

seeding in vivo. This phenotypic hallmark of cancer cells 
37

 was surprisingly malleable by 

cell culture conditions and is modulated through secreted growth factors that signal via 

autocrine and paracrine pathways (Figure 7). A kinome-wide RNAi screen identified the 

tumor suppressor LATS1 upstream of YAP as the rate-limiting kinase that prevents 

endothelial invasion of cells grown at high density (Figure 3a and 3b). Knockdown of 

LATS1 in a non-invasive cancer cell population grown at high density rendered these cells as 

invasive as a population grown at low density (Figure 3c). Complementary to this, the 

inhibition of YAP in cancer cells kept at low growth density suppressed their invasive 

phenotype in vitro and in vivo (Figure 3 and 4). The Hippo pathway has been implicated in 

metastasis 
21, 23

 and we now show its contribution to cancer cell / endothelial crosstalk and 

vascular invasion. Cancer cells grown at low density to induce invasiveness upregulated 

expression of several cytokines in parallel with nuclear translocation of YAP. Inhibition of 

YAP using the inhibitor Verteporfin reversed this upregulation (Figure 6a, Supplementary 

Figure S6). The most upregulated cytokines under invasive cell growth conditions use 

CXCR2 for signaling and we found that antibody blockade of the CXCR2 receptor inhibited 

the migration, endothelial monolayer invasiveness and extravasation of invasive cancer cells 

(Figure 6). Thus, we propose that the altered vascular invasive phenotype of cancer cells 

grown at different densities is mediated through CXCR2 autocrine and paracrine acting 

cytokines whose expression is controlled by LATS1-YAP.
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Control of transcriptional activity of YAP by the upstream kinases MST and LATS is well 

understood. However, a number of upstream stimuli can be integrated through these 

molecules and it is likely that these are organ specific. E.g. YAP is dispensable for normal 

mammary gland development but is required for oncogene-induced mammary gland 

malignancies 
20

. Also, YAP overexpression does not appear to be sufficient for mammary 

gland transformation 
20

 but LIFR (leukemia inhibitory factor receptor) was shown to 

function upstream of YAP and control its oncogenic function. In a whole genome RNAi 

screen for tumor formation in mice, LIFR was identified as a tumor suppressor in partially 

transformed, non-tumorigenic mammary epithelial cells. Complementary to this, restoring 

LIFR expression reduced YAP activity and inhibited metastasis in breast cancer cells 
3839

. In 

contrast to the mammary gland, YAP is required for proper function of the liver and 

activated YAP will lead to reversible hepatomegaly and to liver cancer 
16

. On the other hand 

we found recently that duct epithelial YAP expression is dispensable for pancreatic 

development as well as pancreatic endocrine and exocrine function 
24

. However, malignant 

progression to invasive pancreatic ductal carcinoma due to mutant KRAS and p53 depends 

on the expression of ductal YAP and a set of YAP dependent paracrine acting growth factors 

and enzymes 
24

. It does appear that distinct upstream stimuli may utilize the Hippo pathway 

for their respective cell type or organ specific activities.

Cytokine expression has been implicated in more aggressive cancer phenotypes based on 

clinical samples and in mechanistic studies with cultured cells or animal models. Cytokines 

were found at higher levels in metastases when compared with biopsies of primary tumors. 

Furthermore, high levels of cytokines were associated with a shorter relapse-free patient 

survival suggesting their impact on the aggressiveness of the particular cancer 
40

. Cancers 

can overexpress CXCL1 & 2 
41

, IL6 
42

, IL8 
5
 or activate CXCR2/R4 pathways due to a loss 

of TGF-beta signaling and thus attract mesenchymal cells that respond to these cytokines 
43

. 

This influx of inflammatory cells can provide additional cytokine activity that enhances 

cancer cell survival or expansion of the stem cell population 
43, 44

 and leads to poor disease 

outcome and/or treatment resistance 
41

. Furthermore, cancer cells in the circulation can be 

attracted into emerging metastases by their cytokine expression gradient, and expand the 

lesion through selfseeding of cancer cells 
45

.

Epithelial-mesenchymal transition (EMT) signatures were found associated with, and 

controlled by increased expression of IL6 
42

 or IL8 
46

 and were observed here under low cell 

growth density conditions (Supplementary Figure S2A). In our study E-cadherin is 

upregulated by high density growth of MDA-MB-231 cells and coincides with pYAP 

induction, cytosolic location of YAP and a loss of the invasive phenotype (Figure 1 and 

Supplementary Figure S2A and S2C). Complementary to our observation, Kim et al 
51 

reported that forced exogenous expression of E-cadherin in MDA-MB-231 cells restored 

YAP nuclear exclusion in the cells and the authors implicate E-cadherin homophilic 

interaction as a cell-cell signal that controls YAP activity. Hippo pathway signaling has been 

shown to contribute to EMT also through the TFGβ-SMAD pathway
47

 and cancer cell / 

stromal crosstalk through secreted factors was shown to modulate EMT 
44

. Furthermore, the 

function of oncogenic drivers of EMT such as KRAS in pancreatic cancer progression is 

dependent on Hippo pathway signaling for cancer cell as well as the resulting stromal 

growth and survival signals 
24, 48

. Also, Tenascin C (TNC), an extracellular matrix protein, 
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was reported to support the metastatic seeding of cancer cells and uses stem cell signaling 

paths that include musashi homolog 1 (MSI1) 
49

. Here we found TNC upregulated in the 

low growth density, invasive MDA-MB-231 cell population (Figure 6A). Beyond these 

proteins the miR-29b pathway is downregulated upon transcriptional inhibiton of YAP in 

invasive cells (Supplementary Figure S6A). MiR29b is a suppressor of angiogenesis and 

metastasis 
50

, and downmodulation of its pathway will contribute to the induction of the 

vascular invasive phenotype.

The use of zebrafish in cancer research is attractive due to unique characteristics that include 

translucent embryos that allow for monitoring of cancer cell behavior in live animals 
29, 52

. 

Here we monitored intravasation of MDA-MB-231 cells from the yolk sac into the 

circulation as one model system (Figure 2a). We also used Tg(kdrl:GRCFP)zn1 transgenic 

zebrafish where the green fluorescent endothelia enabled us to visualize and quantify cancer 

cell extravasation from the circulation into the neighboring tissue (Figure 2c) within 1 or 2 

days after cancer cell injection. Also, blockade of CXCR2 (Figure 6d and 6e) revealed the 

crucial role of this pathway for the extravasation of invasive cancer cells into tissues. We 

were surprised to find that anti-CXCR2 not only inhibited tissue invasion of cancer cells but 

induced their re-routing to the fetal hematopoietic organ 
35, 36

. From this finding it is 

tempting to speculate that homing of cancer cells to the bone marrow could be one possible 

resistance mechanism to cytokine receptor targeting in patients.

Secreted factors contribute to the vascular invasive phenotype and may be amenable to 

antibody blockade and thus impact the disease course as well as sensitivity or resistance to 

other treatments. Our data suggest that the invasive phenotype of cancer cells is surprisingly 

malleable and can be impacted in a reversible manner by changes of cell growth density in 

culture within a few days (see Fig. S3). It would appear important to take this aspect into 

account when evaluating drivers of malignant progression or drugs that may interfere with 

such pathways. It is noteworthy that the invasive phenotype is reversible suggesting that 

there is no obvious selection of genotypically different subpopulations, a notion that was 

supported by comparative genomic hybridization (CGH) analysis of DNA from the cell 

subpopulations grown at high and low densities. Overall, we conclude that altered growth 

density of cancer cells impacts their vascular invasive phenotype through autocrine and 

paracrine acting cytokines that signal through CXCR2 and are controlled by LATS1-YAP in 

the Hippo pathway.

MATERIALS AND METHODS

Cell culture

Primary Human Umbilical Vein Endothelial Cells (HUVECs) were maintained as 

recommended by the supplier (Lonza, Walkersville, MD). U87, PC3, E0771, parental MDA-

MB-231, and MDA-MB-231-derived BrM, BoM, and LM cells were grown in DMEM 

(GIBCO, Invitrogen) with 10% foetal bovine serum. Low-density cells were propagated at 

50-70% confluency, and high-density cells were kept at 100% confluency for 5 days. The 

inset in Figure 1c shows a phase contrast image from a plate of cells grown at low and high 

density. Low and high density cells were trysinized and dissociated to a single cell 

suspension prior to all in vitro and in vivo assay. Complete media were changed daily for 
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both conditions. For the collection of conditioned media (CM), cells were grown overnight 

in serum-free DMEM. Collected CM were concentrated 3-fold to 4-fold using vivaspin 

columns with a cut-off >5 kDa (GE Healthcare). The conditional vascular invasive 

phenotype was reversible, suggesting that there was no selection of genetically different 

subpopulations. That notion was supported by comparative genomic hybridization (CGH) 

analysis of DNA from cells grown at high and low densities, respectively, which included 

the loci of significantly regulated genes. YAP knockdown cell lines were made using pLKO-

shRNA lentiviral construct targeting YAP (Thermo Scientific Open Biosystems) 

(TRCN0000107266: 5’-TTCTTTATCTAGCTTGGTGGC-3’) and (TRCN0000107268: 5-

AAAGGATCTGAGCTATTGGTC-3’). LATS1 knockdown cell lines were made using 

MISSION lentiviral constructs (TRCN0000001779: 5’- 

CCGGCAAGTCAGAAATCCACCCAAACTCGAGTTTGGGTGGATTTCTGACTTGTTT

TT-‘3) and (TRCN000000180: 5’-

CCGGGAGAAATTAAGCCATCGTGTTCTCGAGAACACGATGGCTTAATTTCTCTTTT

T-‘3)

Functional screen for pathways that enhance endothelial attachment

MDA-MB-231 cells were transduced with a kinome-wide shRNA library (System 

Biosciences, Mountain View, CA) and propagated at high density, causing them to lose their 

invasiveness, and then added to an endothelial monolayer. Puromycin resistance present in 

kinome-library MDA-MB-231 cells but not in endothelial cells was utilized to collect 

attached MDA-MB-231 cell clones, which were grown to high density, and subjected to 

another round of attachment to endothelial cells to enrich for MDA-MB-231 cell clones with 

enhanced attachment. After the fourth round of selection, shRNAs enriched among the 

selected clones were identified using Affymetrix hybridization following the manufacturer's 

protocol (System Biosciences).

Endothelial monolayer invasion assay

HUVECs were plated in the wells of an electric cell-substrate impedance sensing (ECIS) 

system. The wells had been pretreated with 0.1% gelatine for 30 min and then washed twice 

with 1× PBS. The cells were grown for approximately 24 h using the 8W10E array 8 

instrument (150,000 cells) from Applied Biophysics or the E-plate 33 instrument (30,000 

cells) from xCELLigence 
53

 until a complete monolayer formed with a steady-state 

impedance reading. Cancer cells (50,000 or 15,000 cells in the 8W10E array 8 and E-plate 

33 instruments, respectively) were then added to the monolayers to determine their invasive 

capacity. Changes in the electric impedance of the monolayer were measured at 5 min 

intervals. In some experiments, the cancer cells or the endothelial monolayers were 

pretreated with CM or with antibodies, as indicated in the respective figures.

Endothelial monolayer wound healing assay

Endothelial cells (150,000 cells) were plated in the 8W10E array ECIS system for 24 h until 

an intact monolayer formed. The wells had been pretreated with 0.1% gelatine for 30 min 

and then washed twice with 1× PBS. After the formation of an intact monolayer, pulses of 

high voltage were sent through the electrode array for 5 min to kill the cells growing directly 

on the electrodes. The impedance dropped by more than 80% until the cells neighbouring 
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the electrodes repaired the monolayer defect, covering the denuded area on the electrodes 

and restoring the original level of impedance. The kinetics of the wound closure were 

monitored in real-time, and the effects of different treatment conditions on the wound 

closure were compared. The monolayers were treated with CM from cancer cells or CXCR2 

antibodies (R&D Systems) 6 h before wounding. This wounding assay relative to the 

conventional “scratch assay” followed by image analysis were described recently 
54, 55

.

Cell migration

A two-chamber assay (CIM-plate from xCELLigence; Roche 
53

) was used to monitor cancer 

cell migration. The chambers contained serum-free DMEM with or without IL8 (BD 

Pharminogen) or anti-CXCR2 (R&D Systems) added to both the upper and lower chamber 

of the assay system. Cancer cells were grown in serum-free DMEM overnight before 

harvesting for the assay.

cDNA arrays and data analysis

Analysis of mRNA expression was done by cDNA arrays as described previously 
56

. Data 

were analysed using Bioconductor software. Greater than 2-fold difference in expression and 

a p-value less than 0.01 were set as the threshold for significance.

Zebrafish injection and imaging

To monitor vascular invasion of cancer cells from the yolk sacs, zebrafish embryos were 

injected with 100 to 200 MDA-MB-231 cells 48 h post fertilisation (hpf). The injection site 

is indicated by the syringe in Figure 2a. The injected cells were labelled with 565 nm or 655 

nm Q-dots using the Qtracker Cell Labeling kit from Invitrogen.

To monitor extravasation of cancer cells into surrounding tissues, ten to fifty cancer cells 

labelled with CellTracker™ fluorescent probes from Invitrogen were injected directly into 

the circulation via the duct of Cuvier (DoC) which opens into the heart of zebrafish 

embryos. The position of the injection site is indicated in Figure 1e. Tg(kdrl:GRCFP)zn1 

zebrafish embryos were injected at 48 hpf (n=24) and monitored by fluorescence 

microscopy for 24 to 48 h. In some experiments cancer cells were treated with anti-CXCR2 

(R&D Systems) or with 1 μM verteporfin (Sigma Aldrich) 6 h prior to injection.

Injections into mice

Studies in mice were reviewed and approved by the Georgetown University Animal Care 

and Use Committee (GUACUC). Ten thousand E0771 or MDA-MB-231cells were injected 

into the tail veins of athymic nude mice. After 14 days, the lungs and liver (control organ) 

were collected, and the total RNA was extracted using an RNeasy Mini Kit (Qiagen) 

according to the manufacturer's instructions. cDNA was synthesised with the iScript cDNA 

synthesis kit according to the manufacturer's protocol (Biorad Laboratories, Hercules, CA). 

qRT-PCR was performed in an iCycler iQ (BioRad) using the iQ SYBR Green Supermix 

(BioRad) under the following conditions: 95°C for 3 min followed by 40 cycles (95°C for 20 

s, 55°C for 30 s, and 72°C for 40 s). The ratio of the mouse actin housekeeping gene to the 

puromycin resistance gene was used to quantify E0771 cells forming metastases in the lung.
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Histology analysis

Hematoxylin and eosin, IHC, and immunofluorescence analyses were performed on 

paraffin-embedded 5-μm sections using antibodies to YAP (Santa Cruz, Dallas, TX) and 

PCNA (Sigma-aldrich) and standard protocols described previously 
57

.

Western blots

Cells were grown at either high or low density in culture and then lysed. Proteins extracted 

from the lysates were separated by SDS-PAGE and immunoblotted with anti-vimentin 

(Dako, Carpinteria, CA), beta-catenin (BD Biosciences, San Jose, CA), actin (Millipore, 

Billerica, MA), E-Cadherin, Stat3, phospho-Stat3, NFκB, phospho-NFκB, IκBα, phospho-

IκBα, phospho-YAP (S127) (Cell Signaling, Boston, MA), and YAP (Santa Cruz, Dallas, 

TX).

Cytokine Array

MDA-MB-231 cells were grown at low density in culture and treated with 1 μM VP for 24 h 

in serum-free DMEM. Conditioned media was collected and concentrated as described 

earlier. A RayBio® Human Cytokine Antibody Array 5 (Raybiotech, Norcross, GA) was 

used according to the manufacture's protocol.

Statistical analysis

Prism 5 (Graphpad Inc) was used for statistical analysis and graphing. ANOVA was used for 

multiple comparisons and t-tests were used for paired comparisons, with p<0.05 as the 

threshold for statistical significance in all tests. To generate a heat map for the cytokine 

array, a calibration curve was created using positive and negative controls. The heat map 

shows the fold change after the data were centred on the mean of the two samples and 

divided by the standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The endothelial monolayer invasive capacity of cancer cells is affected by their growth 

density. (a) Schematic of a cancer cell invasion assay into an endothelial monolayer. Electric 

Cell-substrate Impedance Sensing (ECIS) provides a readout of monolayer disruption. (b) 

Image of a cancer cell (green; labeled with fluorescent dye) invading an endothelial 

monolayer. (c) ECIS real-time readout of endothelial monolayers after the addition of MDA-

MB-231 cells grown previously at low or high density (inset; size bar = 0.1 mm); *** 

p<0.0001, low vs. high. (d)Percentage of invasion by different cancer cell lines propagated 

at low or high density. The reading was taken 10 h after addition of cancer cells. BoM, LM, 

and BrM are MDA-MB-231 derivative lines that preferentially metastasize to the brain, bone 

or lung 
26-28

. ** p<0.001; *** p<0.0001; ns, not significant.
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Figure 2. 
Cell growth density in vitro affects intravasation and extravasation.(a) Representative image 

of a zebrafish embryo 4 d after fertilization. The boxed areas mark the yolk sac (b) and tail 

region (c) shown as fluorescent images in panels b & c. The syringe indicates the location of 

injection of labeled tumor cells into the yolk sac from where the tumor cells intravasate. 

(b,c) Representative fluorescent images of the yolk sac (b) and tail (c) regions of a zebrafish 

embryo whose yolk sac was injected simultaneously with MDA-MB-231 cells grown at low 

or high density and labelled with green or red dyes. Dotted lines mark the boundaries of the 

yolk sac (b) and the tail region (c). Red arrowheads indicate high density cells and green 

arrowheads indicate low density cells that invaded the vasculature to reach the tail region. 

(d) The number of zebrafish embryos with or without detectable intravasated MDA-MB-231 

cells in the tail region 2 d after injection. *** p<0.0001. (e) Fluorescent image of a 

(kdrl:GRCFP)zn1 zebrafish with green fluorescent vasculature 4 d after fertilization. DLAV, 

Dorsal Longitudinal Anastomotic Vessel; IV, Intersegmental Vessel; CVP, Caudal Vein 

Plexus; DoC, duct of Cuvier. The syringe points to the site for direct intravascular injection 

of labeled tumor cells. (f) Representative image of the tail of a (kdrl:GRCFP)zn1 zebrafish 

after intravascular injection with red-labelled MDA-MB-231 cells. White arrowheads 

indicate cells extravasated from the green fluorescent vasculature. (g) Percentage of 

kdrl:GRCFP)zn1 zebrafish embryos containing MDA-MB-231 cells extravasated into 

neighboring tissues 2 d after intravascular injections. n, number of fish analyzed; *** 

p<0.0001.
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Figure 3. 
LATS1-YAP signaling controls cancer cell invasiveness in vitro. (a) Schematic of the 

functional screen for drivers of endothelial monolayer invasion. Cancer cells were 

transduced with a kinome-wide shRNA library and grown to high density to render the 

population non-invasive. Over three rounds cells were selected for endothelial attachment 

and invasion. (b) Schematic of the Hippo pathway in which LATS1 phosphorylates and 

inhibits YAP function. (c) Transendothelial invasion of low and high density cells with 

LATS1 knocked down. (d) LATS1 western blot of MDA-MB-231 cells infected with shLuc 
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or shLATS1. Actin was used as a loading control. (e, f) The effect of verteporfin (VP), a 

YAP activity inhibitor, on MDA-MB-231 and E0771 cells invading an endothelial 

monolayer in the ECIS assay (see Figure 1a). (g) Schematic of a transwell Boyden-chamber 

assay to monitor cell migration. The chambers are separated by a porous membrane carrying 

an electrode array facing the lower chamber. Cells are added to the top chamber, and 

migrating cells are detected by ECIS. (h, i) The effect of VP on transwell migration by 

MDA-MB-231 and E0771 cells.
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Figure 4. 
YAP activity impacts cancer cells vascular invasion and metastasis. (a, b) Representative 

images of the tail vasculature of kdrl:GRCFP zebrafish embryos injected with low density 

MDA-MB-231 cells treated with vehicle or verteporfin (VP) and E0771 cells infected with 

control (shLUC) or YAP shRNAs (shYAP) and selected for puromycin resistance. (c) YAP 

Western blot of E0771 cells infected with shLuc or shYAP. GAPDH was used as a loading 

control. (d, e) Quantitation of extravasated MDA-MB-231 and E0771 cells from (a) and (b) 

2 d after intravascular injection into kdrl:GRCFP zebrafish; *** p<0.0001. (f) H&E staining 

of mouse lung sections after tail vein injection of E0771 cells expressing either shLUC or 

shYAP. (g) Quantitation of metastases in lung tissues by qRT-PCR analysis for puromycin 

expression. Liver tissues served as a negative control. ** p<0.001.
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Figure 5. 
YAP protein cellular location in lung metastases after extravasation and metastatic growth. 

(a) Immunohistochemistry (IHC) for YAP protein in lung sections with E0771 cell 

metastases containing shLUC. (b) Percent of cells with nuclear YAP protein in metastases 

after extravasation (small; < 20 cells) and further growth (large; > 20 cells). *** p<0.0001. 

(c) IHC for PCNA in lung sections with E0771 cells containing shLUC. (d) Percent of cells 

with PCNA-positive staining in small and large metastases; ns, not significant.
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Figure 6. 
Cytokines are rate-limiting for the vascular invasive phenotype in vitro and in vivo. (a) 

cDNA array analysis showing up-regulated cytokine genes in MDA-MB-231 cells grown at 

low versus high density. (b) Effect of anti-CXCR2 antibodies on the endothelial invasiveness 

of MDA-MB-231 cells grown at low density. Note: IL8 and CXCL1, 2, and 3 are ligands for 

CXCR2. ** p<0.001. (c) Transwell migration rates of low or high density MDA-MB-231 

cells in the absence or presence of IL8 or anti-CXCR2 antibodies. *** p<0.0001, * p<0.01. 

(d) Representative images of the caudal vein plexus area 2 d after intravascular injection of 

low density, red labelled MDA-MB-231 cells treated with anti-CXCR2 antibodies. A control 

image is shown in Figure 2f. (e) Percentage of extravasation into tissues from intersegment 

vessels and at the caudal vein plexus (CVP) of MDA-MB-231 cells from (d). n, number of 

fish analyzed. * p<0.01, ** p<0.001.
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Figure 7. 
Graphical abstract of the findings. Altered cancer cell growth density signals via LATS1-

YAP to impact the expression of autocrine and paracrine acting cytokines that modulate 

vascular invasion of cancer cells.
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