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Circulating tumor cells exit circulation while maintaining
multicellularity, augmenting metastatic potential
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ABSTRACT
Metastasis accounts for the majority of all cancer deaths, yet the
process remains poorly understood. A pivotal step in the metastasis
process is the exiting of tumor cells from the circulation, a process
known as extravasation. However, it is unclear how tumor cells
extravasate and whether multicellular clusters of tumor cells possess
the ability to exit as a whole or must first disassociate. In this study, we
use in vivo zebrafish and mouse models to elucidate the mechanism
tumor cells use to extravasate.We found that circulating tumor cells exit
the circulation using the recently identified extravasation mechanism,
angiopellosis, and do so as both clusters and individual cells. We
further show that when melanoma and cervical cancer cells utilize this
extravasation method to exit as clusters, they exhibit an increased
ability to form tumors at distant sites through the expression of unique
genetic profiles. Collectively, we present a new model for tumor cell
extravasation of both individual andmulticellular circulating tumor cells.

This article has anassociated First Person interviewwith the first author
of the paper.
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INTRODUCTION
Metastasis remains the leading cause of cancer-related deaths
worldwide (Anderson et al., 2018). It is a complex process involving
tumor cell invasion from the primary site, intravasation into the
circulation, and their extravasation (exiting) from vessels at distant
sites. The molecular mechanisms regulating this process are poorly
understood, but it is clearly dependent on ability of the tumor cells to
transmigrate the bloodvesselwall.Onlya small percentage of all tumor
cells ever successfully make this journey, and even fewer actually
survive following extravasation to form secondary tumors. Recently, it
has been discovered certain adult non-leukocytic cells possess the
ability to extravasate through a novel mechanism, known as
angiopellosis (AP) (Allen et al., 2017), which involves the

restructuring of the vascular wall around the circulating cells, and the
active expulsion of these cells from the lumen to the surrounding tissue.
TheAPmechanism is distinct from diapedesis andwas shown to allow
for the extravasation of both individual cells andmulticellular clusters,
without the need for the clusters to disassociate prior to extravasation.

Accumulating data suggests that metastatic primary tumor cells
disseminate through the circulation and seed at distant sites as
multicellular clusters (Aceto et al., 2014, 2015; Stott et al., 2010).
However, the method these circulating tumor cell clusters use to exit
circulation and whether they must first dissociate prior to remains
unknown (Miles et al., 2008; Gassmann et al., 2009). Circulating
tumor cell (CTC) clusters make up only a small percentage of CTCs
but have been shown to have increased metastatic potential and
correlate to poor prognosis in cancer patients. Recent studies have
shown CTC clusters have the ability to travel through circulation, and
seed at metastatic sites while maintaining adherence, but it is
unknown how the clusters are extravasating (Au et al., 2016). We
hypothesized that CTCs possess the ability to extravasate through AP
as both individual cells and clusters, and the number of extravasating
cells affects the ability of the tumor cells to form distant tumors.

Limitations on the ability to image CTCs in circulation have
hindered progress on fully understanding the complexity of the
metastasis process. Here, by studying metastasis using an in vivo
zebrafish embryo/larvaemodel, we demonstrate CTC clusters possess
the ability to exit blood vessels both as single cells and multicellular
clusters through the recently identified AP method of extravasation
(Allen et al., 2017). Additionally, we found cervical and melanoma
tumor cells that extravasate as multicellular clusters through AP
exhibit an augmented ability to proliferate, while individually
extravasating cells remain dormant at a higher frequency. These
extravasating tumor cells exhibit unique dysregulation of certain
genes,which aids in their ability to exit vessels and seed at distant sites,
through cell adhesion-mediatedmodulation of binding factors on both
CTCs and endothelial cells. Our results challenge the prevailing
notion CTC clusters must first disassociate to exit the circulation and
posits an alternativemodel (Strell et al., 2008).Wepropose tumor cells
can both travel though and exit the circulation while maintaining a
multicellular phenotype, and the ability of CTC clusters to extravasate
as awhole throughAPcontributes to their increased rates of secondary
tumor formation in patients by allowing them to preserve the CTC
cluster microenvironment at a distant site. We anticipate our findings
to provide a starting point for more complex in vivo studies
understanding the dynamics of group extravasation on tumor
cluster’s ability to establish secondary tumors at distant sites.

RESULTS
CTCs extravasate mainly through AP
To characterize the extravasation mechanism of tumor cells in vivo,
20–30 fluorescent human cervical (HeLa) tumor cells were infusedReceived 4 March 2019; Accepted 25 July 2019
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directly into the circulation of tg( fli1a:egfp) zebrafish, which possess
fluorescent blood vessels (Fig. 1A) (Blum et al., 2008). Following
infusion, HeLa cells were tracked through intravital lightsheet
microscopy, for up to 24 h, to visualize the extravasation process in
real-time. HeLa cells exited blood vessels through both the recently
identified angiopellosis (AP) mechanism of extravasation, and

the canonical diapedesis mechanism (Fig. 1B,C). The AP method
characteristically elicited remodeling of the endothelial cells
(indicated by the yellow dotted line), and actively expelled the
HeLa cells from the lumen into the surrounding tissue (Fig. 1B;
Movie 1). In contrast, whenHeLa cells underwent diapedesis through
the characteristic penetration of the endothelial wall, there were only

Fig. 1. Human cervical cancer cells possess the ability to extravasate blood vessels through both AP and diapedesis. (A) Illustration of the injection of
fluorescent tumor cells into the circulation of zebrafish embryos. Scale bar: 200 μm. (B) Representative time lapse images of a HeLa cell (cyan) undergoing
extravasation to exit blood vessels (red) through AP; theyellow dotted line indicates vascular remodeling; thewhite dashed line indicates the border of the outermost
portion of the blood vessel. Scale bar: 20 μm. (C) Representative time lapse images of a HeLa cell (cyan) undergoing extravasation to exit blood vessels (red)
through diapedesis. Scale bar: 20 μm.Arrowheads highlight the position of the extravasating tumorcell. (D–F)Graphical representationof the vascularactivity of the
vessel during extravasation, the duration of the extravasation events and the number of cells which exited during each extravasation event; data is representative of
at least n=4 injected zebrafish, and n=30 for tumor cells (multiple extravasation events occur in each zebrafish). (G–I) Graphical representation of the circularity of
tumor cells during the extravasationevents, thepercentageof cells that extravasated the vessels, and the percentageof cellswhich exited throughAPor diapedesis;
data is representative of at least n=4 injected zebrafish, and n=30 for tumor cells. *P<0.05; ns, not significant. A.U., arbitrary units.
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low levels of vascular remodeling (Fig. 1C; Movie 2). The movement
of endothelial cells during this process was tracked/measured as
vascular activity, which revealed cells undergoing AP empirically
elicited higher rates of vascular remodeling (Fig. 1D). On average,
the tumor cells required 136.5 min longer to undergo a complete
AP extravasation event, compared to the tumor cells undergoing
diapedesis (P<0.01), with the average duration for the AP
extravasation events being 263.5 min, and 127 min for diapedesis
(Fig. 1E). We observed that multiple tumor cells were able to exit
vessels simultaneously through AP, while only individual cells were
observed to extravasate through diapedesis (Fig. 1F). Interestingly,
tumor cells which extravasated through diapedesis were observed to
exit exclusively as individual cells, evenwhen travelling in circulation
as clusters. Another distinction observed between the two methods
was the change in cell circularity during the extravasation events.
Tumor cells undergoing diapedesis exhibited a dumbbell shape and
they squeezed through the endothelial wall, while cells undergoing
AP retained their circularity while undergoing the event (Fig. 1G;
Movie 5). Of the 20–30 cells infused, 49.66% extravasated into the

surrounding tissue, with the others remaining inside the lumen over
the course of the 24-h observation (Fig. 1H). Nearly 15 times more
HeLa cells exited through AP (46.5%), than the diapedesis method
(3.16%), suggesting AP as the leading extravasation mechanism in
this model (Fig. 1I).

AP supports cancer cluster extravasation
To evaluate the extravasation behavior of multicellular CTC
clusters, we injected high-density amounts of tumor cells (50–60)
to stimulate cell clustering in circulation (preclustered cell aggregates
are too large to inject). Tumor cell clusters were observed to exit
while maintaining multicellularity (cluster phenotype without
disassociation) through AP, adding to the differences observed
between AP and diapedesis (Fig. 2A,B). Specifically, we observed
HeLa cells that formed clusters in vivo possessed the ability to exit
blood vessels as clusters, through AP, into the surrounding tissue and
extravascular cavities (Fig. 2C;Movie 3). This phenomenonwas also
observed in ZF3 primary cancer cells derived from a tumor isolated
from an adult transgenic tg(brca2hg5/tp53zdf1) mutant zebrafish, and

Fig. 2. Human cervical cancer and melanoma tumor cell clusters exit as multicellular aggregates through AP. (A) Illustration of a tumor cell cluster
(cyan) undergoing extravasation of a blood vessel (red) though AP. (B) Table listing key differences observed in tumor cell extravasation through AP and
diapedesis. (C) Representative time lapse images of a HeLa cell cluster (cyan) undergoing extravasation to exit blood vessels (red) through AP; the yellow dotted
line indicates vascular remodeling; the white dashed line indicates the border of the extravascular cavity the tumor cells extravasated into. Scale bar: 20 μm.
(D) Representative time lapse images of a ZF3 zebrafish primary tumor cell cluster (cyan) undergoing extravasation to exit blood vessels (red) through
AP; the yellow dotted line indicates vascular remodeling. Scale bar: 20 μm. (E) Representative time lapse images of a B16F10 cell cluster (cyan) undergoing
extravasation to exit blood vessels (red) through AP; yellow dotted line indicates vascular remodeling. Numbers denote individual cells. Arrowheads highlight
the position of the extravasating tumor cell. Scale bar: 20 μm. (F,G) Graphical representation of vascular activity (in arbitrary units) of tumor cell clusters
during the AP extravasation, and the percentage of CTCs which exited as single cells or multicellular clusters; n=8. (H) Graphical representation of the
duration of the events of CTC clusters and single CTCs; n=10. *P<0.05; N.S., not significant.
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infused metastatic murine melanoma (B16F10) cells (Fig. 2D,E).
Similar to the AP extravasation events observed for single tumor
cells, the tumor cell clusters elicited increased vascular activity
during the process (Fig. 2F). Although, the percentage of single
CTCs and clustered CTCs that successfully extravasated was not
significantly different (P=0.536; Fig. 2G) the duration of time it took
for the AP process to complete was significantly (P<0.01) longer
in CTC clusters (Fig. 2H). No CTC clusters were observed to
utilize diapedesis to extravasate while maintaining multicellularity.
However, single cells from CTC clusters did show the ability to
separate from the cluster and extravasate through diapedesis as
individual cells (Movie 4).

Tumor cell cluster extravasation leads to higher metastatic
potential
Although CTC clusters did not show an increased occurrence of
extravasation compared to single CTCs (Fig. 2G), studies have linked
the presence of CTC clusters in the blood to poor patient outcomes
leading us to investigate other qualities of CTC clusters that could
potentially contribute to poor prognosis (Duda et al., 2010; Huang
et al., 2016). Since diapedesis only allows for a single cell to leave, we
further investigated the role of AP in CTC cluster tumor formation
following extravasation. We infused HeLa and B16F10 tumor
cells in either high or low density concentrations to induce cluster
extravasation or single-cell extravasation in circulation. We then
followed the fate of CTCs for up to 96 h following extravasation
out of the blood vessel(s). HeLa cells that extravasated as isolated
single cells through either APor diapedesis did not proliferate over the
96 h, but maintained their fluorescence intensity levels, implicating
viability (Fig. 3A,B). However, HeLa and B16F10 tumor cells
that exited as clusters (>2 cells), through AP, exhibited higher
proliferative capability (Fig. 3C,D; Movies 6 and 7). Tumor cell
growth wasmeasured and showed an increase over the 96 h following
extravasation for tumor clusters in both HeLa and B16f10 cells
(Fig. 3E). Of note, 0% of the tumor cells that extravasated as single
cells through either APor diapedesis were observed to proliferate over
the course of 4 days, in comparison to 92.5% of CTC clusters
showing proliferation following extravasation (Fig. 3F).
To determine whether cluster extravasation increased tumor

formation in a mammalian model, we infused equivalent amounts
(300,000; calculated based on murine vessel size relative to
zebrafish vasculature) of luciferase-expressing B16F10 and A375
melanoma cells into C57BL/6J and NSG-SCID mice, respectively,
as either prepared clusters or dissociated individual cells (Fig. 3G)
and observed the lung tumor formation through bioluminescence
imaging (Fig. 3H). The B16F10 cells infused as clusters (B16F10-
cluster) exhibited an increased ability to form tumors in the lung
compared to the B16F10s infused as disassociated (B16F10-diss)
and single (B16F10-sing) cells (Fig. 3I–K), correlating with the
increased tumor formation of clusters observed in the zebrafish
imaging. This occurrence was validated in NSG-SCID mice,
with A375 cells infused as clusters exhibiting increased tumor
formation in the lungs, compared to equivalent amounts of A375
cells infused as non-clustered disassociated cells (Fig. 3L–N).
Immunohistochemistry staining of C57BL/6J lungs following
infusion of fluorescent B16F10 tumor cells clusters showed intact
multicellular clusters in the lungs after only 8 h post infusion (hpi)
(Fig. 3O). This suggests that CTCs maintain the ability to exit
vessels as clusters through AP in mammalian vasculature, which
may be a contributing factor to their increased ability to form tumors
at distant sites in cancer patients. These data strengthen conclusions
from studies reporting increased tumor seeding capabilities when in

clusters, and suggest that tumor cells that exit while maintaining
their multicellularity not only have an increased ability to survive
metastasis but maintain a distinct proliferation advantage when
compared to individually extravasating tumor cells (Aceto et al.,
2014; Au et al., 2016).

AP-associated genes and molecular pathways
Since not all tumor cells observed in circulation ever extravasate
and proliferate (Fig. 1H), we set out to further characterize the
extravasation-positive subset of CTCs to investigate their
uniqueness at the genetic level. Florescent B16F10 cells infused
into zebrafish that extravasated as clusters through AP (termed
B16Met cells) were isolated from zebrafish and cultured in vitro to
establish a stable sub-line for downstream analysis. Transcriptome
analysis (RNA sequencing) of B16Met cells revealed differential
gene expression of 1955 genes compared to the parental B16F10
line (Fig. 4A; Table S1) including the cell-adhesion related subset:
MCAM, COL1A, ITGA1, ADAMTS12 and PCDHB16 (Fig. 4B).
Ingenuity pathway analysis (IPA) of the B16Met cell line also
showed differentially regulated genes that were significantly
involved in both PTEN and integrin signaling pathways (Figs S1,
S2). To examine the biological and clinical relevance of the gene
expression of B16Met cells, we compared the gene expression in
these cells to that in cells frommelanoma patients as described in the
The Cancer Genome Atlas (TCGA) (Gundem et al., 2010). The
aforementioned adhesion-related genes exhibit expression in the
majority of TCGA melanoma patient tumor samples, and when
patient data was divided based on level of expression (either High or
Low), survival analysis showed significant (P<0.05) correlation
between mRNA expression level and patient survival. This suggests
that the B16Met sub-line may share similar characteristics to CTC
clusters in melanoma patients, and that the dysregulation of key
adhesion-related genes in tumor cells is a potential factor
contributing to their extravasation and proliferation potential
(Glinskii et al., 2005).

We further studied the metastatic potential of the B16Met subset
through the reintroduction into the zebrafish circulation. Intravital
microscopy revealed that B16Met cells exhibited an increased
ability to extravasate through AP as clusters compared to control
B16F10 cells (Fig. 4C,D). To further validate biological relevance
in a mammalian model, we tested the metastatic potential of the
B16Met cells in comparison to B16F10 control cells, in a syngeneic
mouse infusion model. B16Met and B16F10 cell lines were used,
and 7×105 cells were intravenously infused into C57BL/6J mice
through tail-vein infusion (Fig. 4E). After 10 days, we collected the
lung tissue. We observed that mice infused with B16Met cells
showed a significant (P<0.05) increase in the number of metastatic
nodules displayed in the lungs, in comparison to control B16f10
cells (Fig. 4F,G). This suggests AP-extravasating tumor sub-lines
maintain/possess unique characteristics that allow for preferential
CTC cluster extravasation through AP and thus an increased
potential to form distant tumors.

Molecular characterization of AP-participating endothelial
and tumor cells
To gain deep mechanistic insight into the mediators involved
in AP extravasation, we developed an in vivo model using the
photoactivatable GFP-to-RFP fluorescence protein EosFP to isolate
extravasation-participating tumor and endothelial cells immediately
following extravasation for downstream analysis. The tg(kdrl:
tdEos2)ubs15 zebrafish line, with exclusive expression of EosFP in
endothelial cells, was infused with florescent human melanoma
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(A375) cells (Lenard et al., 2013). Immediately followingCTCcluster
extravasation through AP, the extravasation-participating endothelial
cells were photoactivated through targeted Ultra Violet emission and
sorted through fluorescence-activated cells sorting (FACS) (Fig. 5A).
Transcriptome analysis in these cells revealed 2416 differentially
expressed genes (DEGs), with the top 30 containing several genes
with human-zebrafish orthologs including: VIMR1, STC2B, LUM
and TYRP1B (Fig. 5A; Table S3). Additionally, analysis of signal
pathways through IPA revealed that there was dysregulation of both

the tight junction and aryl hydrocarbon receptor signal pathways
(FigsS3, S4).Additionally,GeneOntology (GO) termswere enriched
for both cell adhesion and ion transport (Fig. 5C). This suggests CTC–
endothelial cell interaction may directly modulate the cell adhesion
and ion transport signal transduction pathways of endothelial cells,
prompting the AP extravasation mechanism to occur.

Next, to further investigate the molecular players involved in
CTC cluster extravasation through AP, we stably transduced A375
cells to express EosFP (termed A375-EOS) and infused them

Fig. 3. See next page for legend.

5

RESEARCH ARTICLE Journal of Cell Science (2019) 132, jcs231563. doi:10.1242/jcs.231563

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://jcs.biologists.org/lookup/doi/10.1242/jcs.231563.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.231563.supplemental


into circulation of tg( fli1a:egfp) zebrafish. Immediately following
observed extravasation through AP, the A375-EOS cells that
extravasated as cluster were photoactivated and isolated through
FACS for analysis using ultra-low input RNAseq (Fig. 5B; Table S2).
Transcriptome (RNA-seq) analysis of these extravasating A375-EOS
cell clusters revealed significant differential gene expression of 3337
genes compared to non-infused control A375-EOS cells. Of the
identified differentially expressed genes, 214 were also differentially
regulated in the B16Met line (Fig. S5A). Additionally, of the top
20 protein-coding genes differentially expressed in the A375-EOS
cells, seven had significant (P<0.05) correlation between mRNA
expression level and patient survival in the TCGA melanoma patient
samples. This suggests the subset of genes differentially expressed in
certain CTC populations may allow these tumor cells to undergo AP
more effectively, which correlates to an increase in metastatic ability.

DISCUSSION
The limitations of current imaging technologies prevent the intravital
imaging of tumor cell extravasation in real time in humans, but
the zebrafish offers a biologically relevant system to deeply study
key aspects of this process (Bradford et al., 2017; Ablain and Zon,
2013; Gore et al., 2012; Chávez et al., 2016). Taking advantage of a
model that allows for the visualization of tumor cells extravasation in
real time, and a unique method to isolate extravasation-participating
tumor and endothelial cells, we show that CTCs possess the
ability to extravasate through AP by triggering the activation of
vascular remodeling in endothelial cells. Furthermore, we show
that multicellular CTC clusters utilize AP to exit without first
disassociating, giving them an augmented ability to form tumors at
distant sites. Our results point to AP as the main mechanism used by
CTCs to extravasate, and the only observed mechanism to allow for
CTC clusters to extravasate while maintaining their multicellularity.
Previous studies have shown that CTC clusters have distinct survival

and secondary tumor formation abilities, but these studies were
limited in their ability to characterize how the CTC clusters were
exiting blood vessels (Aceto et al., 2014, 2015; Stott et al., 2010). This
limitation hindered the ability to fully understand the importance of
howmulticellularity of CTC clusters impacts the ability of tumor cells
to spread to distant areas of the body. Our findings provide novel
insight on the ability of CTC clusters to travel through circulation as
well as how the varyingmechanisms of extravasation influence tumor
progression at distant sites.

We have shown that CTCs attach to the blood vessel lumen
and, through cell adhesion molecule-mediated binding, activate
vascular remodeling, which allows them to escape into the
surrounding tissues as either single cells or multicellular clusters.
Studies have shown that CTCs are faced with the loss of integrin-
facilitated anchorage to the extracellular matrix, making them
susceptible to anoikis-mediated apoptosis (Taddei et al., 2012). The
formation of multicellular clusters is used bymetastatic tumor cells to
avoid anoikis but inhibits the ability of CTCs to travel through the
endothelial wall in a diapedesis-like manner (Hou et al., 2011). In
contrast to these previous studies, our results demonstrate that CTCs
possess the ability to exit through both diapedesis as well as the
recently identified mechanism of AP, and the unique genetic profiles
of this subset of CTCs gives them an increased ability to prompt the
extravasation process. A point to consider for subsequent studies
include characterization of AP-extravasating cells beyond the gene
expression level (morphological, biochemical and DNA methylation
characterization), and this effect on extravasation.

Although AP extravasation was first discovered to be utilized by
adult non-leukocytic stem cells, it was unknown whether tumor
cells possessed a similar ability to prompt the vascular remodeling
necessary for the process to occur. Our results show that not only
were individual CTCs able to utilize AP, but multicellular CTC
clusters could prompt the AP mechanism allowing for clusters to
extravasate, challenging the notion that CTC clusters must
disassociate prior to extravasation. Our model uses an artificial
infusion of tumor cells to study the extravasation portion of
metastasis, but further studies using this type of intravital imaging
techniques to study the invasion and dissemination process are
needed to fully understand the role of vasculature, CTCs and CTC
clusters in metastasis. Additionally, studies focusing on the impact
of manipulating the conditions of inocula prior to infusion will be of
interest in further understanding the pre-extravasation role of CTCs
in the process of metastasis.

Previous studies using in vivo Na+/K+ ATPase inhibitors have
shown that hypomethylation of binding sites for the TFs OCT4,
SOX2, NANOG and SIN3A are found in CTC clusters, and
dissociation caused the reversal of the methylation profiles of CTCs
and suppressed their metastasis (Gkountela et al., 2019). However, in
the present study, we have shown the dissociation of CTC clusters was
not required for extravasation and the seeding at distant sites, and that
CTC cluster disassociation caused suppression of metastatic tumor
formation in both zebrafish and mice, but not suppression of tumor
extravasation itself. Our results also show the dysregulation of
specific genes/pathways from isolated extravasation-participating
tumor and endothelial cells directly correlated to the potential of the
CTCs to undergo extravasation and tumor formation at distant sites.
Interestingly, the profiles of both human and murine extravasation-
positive CTCs showed a noteworthy amount of overlapping gene
sets, suggesting conservation of AP-extravasation-contributing
molecules found in cancer cells. Previous studies have shown a
positive correlation exists between increased homotypic adhesion and
experimental metastatic potential (Updyke et al., 1986; Urushihara

Fig. 3. Circulating tumor cells which exit vessels as clusters show
augmented proliferation ability. (A) Illustration of a single tumor cell (cyan)
extravasating a blood vessel and remaining dormant (non-proliferative).
(B) Representative orthographic time lapse images of a single HeLa cell
(cyan) following extravasation at 24 h post injection, then an image of the same
cell at 96 h post injection. Scale bar: 20 μm. (C) Illustration of clustered tumor cells
(cyan)extravasating fromabloodvessel (red) andshowingproliferation capability.
(D) Representative orthographic time lapse images of a single HeLa cell cluster
(cyan) following extravasation at 24 h post injection, then an image of the same
cluster at 96 h post injection. Scale bar: 20 μm. White dotted lines highlight the
outline of the tumor cell cluster following AP extravasation. (E) Graphical
representation of the number of tumor cells found owing to proliferation following
extravasation of either CTC clusters or single CTCs (n=10). (F) Graph of the
percentage of single or clustered CTCs that, following extravasation, proliferated
in vivo over the 96-h observation period (n=10). (G) Representative images of
B16F10 cells as either disassociated cells (top) or clusters (bottom) prior to
infusion into mice through tail vein. Scale bars: 200 μm. (H,I) Representative
images of C57BL/6J mice imaged after 10 dpi using bioluminescent imaging to
determine the relative amount of metastasis (color coding from blue to red) in the
lungs; mice received 300,000 B16F10-luciferase cells cultured as clusters, cells
cultured as clusters and dissociated prior to infusion, and cells cultured as non-
clustered single cells. (J,K) Graphs representing the bioluminescence counts of
the tumors forming in themice from the respective groups, and the diameter of the
tumors from histological examination of the respective mice lungs (n=4).
(L) Representative image of NSG-SCID mice infused with either clustered A375
cells (A375-clus) or individual disassociated A375 cells (A375-Diss); n=4.
(M,N) graphical representation of the bioluminescence counts and tumor
diameter of the histological examination of the lung. (O) Representative
immunohistochemistry section of C57BL/6J mice lungs 8 h post infusion of
B16F10 clusters; staining is for endothelial cells (blood vessel) using anti-Von
Willebrand factor (vWF) and B16F10 cells using anti-Melanoma gp100
antibodies. Scale bar: 20 μm. *P<0.05; ns, not significant.
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et al., 1984). Thus, is it possible that CTC clusters that maintain their
adherence through the extravasation possess specific dysregulation of
genes allowing them to form clusters more readily, thus giving them
an advantage in proliferating following extravasation through AP.
Transcriptome analysis of CTCs sequenced immediately following

AP extravasation revealed over 3000 differently expressed genes.
These genes included ZSCAN31, TRIML2, ITGA1, SCG5, NOV,
HSPA1A and ETS1; all of which showed significant (P<0.05)
correlation between mRNA expression level and patient survival in
humans. This coupled with the transcriptome data of AP-participating
endothelial cells serves as a reservoir of molecular data revealingmore
of the complex interplay of the tumor–endothelial cell interaction
during the process of metastasis and extravasation. Future studies will
be needed to fully understand the whether these tumor cells exhibiting
the ability to extravasate are pre-existing subsets or formed as a result of
influence from the lumen/vascular microenvironment. Our results are
in accordance with studies showing that increased metastatic potential
correlated with tumor cell clusters in mouse models of fibrosarcoma,
melanoma, and lung carcinoma (Glaves, 1983; Liotta et al., 1974).
Collectively, our study challenges current understanding that CTCs

must first dissociate prior to extravasation and establishes credibility
to the novel hypothesis that CTC cluster extravasate as multicellular
aggregates exclusively through AP giving them a unique survival/
proliferation advantage and secondary tumor formation ability
(Movie 8). More specifically, our data strongly support the

requirement for specific molecules to mediate the extravasation
process in circulating tumor cells. Future studies on the development
of drugs and therapies to target AP extravasation and CTC clusters
will be of paramount in the treatment and prevention ofmetastasis and
an enhanced knowledge of cellular extravasation through AP. The
development ofmodels to study this processwith patient biopsy tissue
will also be of importance and will have the potential application to
offer targeted anti-metastasis treatment for cancer patients.

MATERIALS AND METHODS
Animals
All experiments involving live zebrafish and mice were performed in
accordance with relevant institutional and national guidelines and regulations
and were approved by the North Carolina State University Institutional
Animal Care and Use Committee. For zebrafish, the transgenic lines tg( fli1a:
EGFP) and tg(kdrl:eosFP) were used in this study. The resulting embryos
were screened at 48 hpf for the expression of both transgenes, and double
transgenic embryos were collected. In order to prevent pigmentation, 0.2 mM
N-phenylthiourea (PTU; Sigma) was applied to all embryos starting at 24 hpf.

For mice, 6-week-old female C57BL/6J (Jackson Laboratories) or NOD-
scid IL2Rgnull (NSG; Jackson Laboratories) were used in this study, in
accordance with the NC State University-approved animal care protocol.
200 µl (3×105 cells) of clustered or a single-cell suspension of firefly
luciferase luminescence-expressing cells were injected into a lateral tail vein
of the experimental animal. At least three identical experiments were
performed for each experimental set-up.

Fig. 4. Metastatic melanoma tumor cells exhibit unique gene expression profile and extravasation capability. (A,B) Illustration detailing the injection of
zebrafish with B16F10 cells (Cnt) and the B16Met subline, and comparison of the percentage that extravasated. (C) Heatmap representing the differentially
expressed gene (DEG) profile of B16F10 cells line isolated from extravasation-positive CTC clusters following extravasation through AP in the zebrafish model.
(D) Heatmap representing a subset of cell adhesion-related DEGs of the B16F10Met cells. Red, upregulation in experimental cells compared to control;
blue, downregulation in experimental cells compared to control. (E) Illustration detailing the injection of C57BL/6J with B16F10 cells and the B16Met subline.
(F) Representative C57BL/6J mouse lungs 7 days post infusion of either control B16F10 cells or B16Met cells. (G) Graph representing the nodules counted
on the respective mouse lungs following infusion of either B16F10 or B16Met cells (n=5). *P<0.05.
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Embryo preparation and tumor cell implantation
Dechorionized 48 hpf zebrafish embryos were anaesthetized with 0.004%
tricaine (Sigma) and positioned on a 200×15 mm Petri dish coated with
3% agarose. Mammalian cells were trypsinized into single-cell suspensions,
resuspended in phosphate-buffered saline (PBS; Invitrogen), kept at
room temperature before implantation and implanted within 2 h. Any non-
fluorescent cells were labeled with the fluorescent cell tracker DiI (Invitrogen)
according to the manufacturer’s instructions. The cell suspension was loaded

into borosilicate glass capillary needles (1 mm o.d.×0.78 mm i.d.; World
Precision Instruments) and the injections were performed using a PV830
Pneumatic Pico pump and a manipulator (WPI). A total of 10–70 cells, were
injected at approximately 50 μm above the ventral end of the duct of Cuvier
where it opens into the heart. The approximate injection parameters were:
injection pressure, 300 p.s.i.; holding pressure, 10 p.s.i.; injection time, 0.2 s.
Injected tumor cells couldnormallybe seen entering thevasculature 15–30 min
after injection and starting to arrest in the vessels of the tail 1–2 h after injection.

Fig. 5. Extravasation-participating endothelial and tumor cells exhibit unique genetic profiles. (A) Illustration of the photoactivation of the extravasation-
participating zebrafish endothelial cells, from the tg(kdrl:tdEos2)ubs15 line, following the extravasation of A375 cells; and the top 30 differentially regulated from
this group. Zebrafish embryos were infused with A375 cells and immediately following extravasation through AP, endothelial cells were activated through targeted
UV light at the single-cell level. Endothelial cells were sorted through FACS and pooled (500–1500 cells) for ultra-low input RNA seq (n=3). (B) Illustration of the
photoactivation of the extravasation-participating zebrafish A375-EOS tumor cells, following extravasation; and the top 30 differentially regulated from this group.
Zebrafish embryos were infused with A375-EOS cells and immediately following extravasation through AP, A375-EOS clusters were activated through targeted
UV light at the single-cell level. Activated A375 cells were sorted through FACS and pooled (500-1500 cells) for ultra-low input RNA seq (n=3). (C,D) Significantly
differentially expressed geneswere clustered by theirGO, and the enrichment ofGO termswas tested usingFisher’s exact test (GeneSCFv1.1-p2). The figures show
all GO terms that are significantly enriched with an adjusted P-value less than 0.05 in the differentially expressed gene sets.
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After implantation with mammalian cells, zebrafish embryos (including non-
implanted controls) were maintained at 32°C. Normally, cell-injected embryos
were euthanized at the end of experiments (∼72 hpf) by tricaine overdose. For
each cell line or condition, data are representative of three or more independent
experiments, with five or more embryos/group. Experiments were discarded
when the survival rate of the control group was <80%.

Zebrafish embryo preparation and microscopy
For live imaging in the light-sheet microscope, 48 hpf zebrafish embryos
were anaesthetized using 0.016% tricaine (Sigma) and then were embedded
in 1.3% low-melting-temperature agarose (Sigma; prepared in filtered fish
facility water) inside a glass capillary [1.5 and 2.0 mm inner and outer
diameter, respectively; 20-mm length (Zeiss)]. The embryos were centered
in the capillary and oriented. After gel formation, the section of the agarose
cylinder containing the tail of the embryowas extruded from the capillary by
inserting wax into the capillary on the side opposite to the fish. The sample
chamber of the light-sheet microscope was filled with filtered fish facility
water, and the capillary was inserted for imaging. Specimens were
maintained at 32°C throughout the imaging period. Fluorescence image
acquisition was performed using a Zeiss Lightsheet Z.1. z-stacks were
processed for maximum intensity projections with Zeiss ZEN software. For
time-lapse (4D) images, z-stacks were taken every 5–15 min for a total time
of up to 24 h with a step number between 50 and 200 and step size of
0.3–2.0 μm. Images were adjusted for brightness and contrast using Zeiss
ZEN Software. Confirmation of injected cell migration from inside of the
lumen to surrounding tissue was undertaken using the Zeiss ZEN software
3D retendering capability. Cell roundness and vascular activity was
measured using ImageJ software. Vascular activity was measured by
tracking multiple points of the fluorescent endothelial cells frame by frame
and calculating the relative movement from one frame to another over time.

Cell culture
Human HeLa cells (ATCC, USA), murine B16-F10 melanoma cells (ATCC,
USA), A375 humanmelanoma cells (ATCC, USA), and all other mammalian
cell lines were cultured in Iscove’s modified Dulbecco’s medium (IMDM)
with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin
and 100 μg/ml streptomycin (all Life Technologies, Germany) at 37°C and
5% (v/v) CO2. Primary zebrafish tumors were cultured using L-15 medium at
10% (v/v) fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin and
100 μg/ml streptomycin at 28°C. All lines were authenticated and tested
negative for mycoplasma contamination. For mouse experiments with
preformed clusters, the tumor cells were grown in Corning® Ultra-Low
attachment cell culture flasks for 48 h prior to infusion.

Isolation and culturing of injected tumor cells from zebrafish
embryos
Embryos were transferred to PBS containing 50 U/ml penicillin (Gibco) and
0.05 mg/ml streptomycin (Gibco) (PBS/PS) for at least 15 min. The PBS/PS
solutionwas refreshed once and individual embryoswere transferred to a sterile
tube (embryo+500 μl PBS/PS) for 5 min. Embryos were then tranferred to
200 μl of a 1% bleaching solution for 5 min. Immediately after this, the
bleaching solutionwas replacedwith PBS/PSand incubated for 5 min,we spun
down the embryos at 1200 g for 2 min at room temperature and discarded the
supernatant carefully. Next, we added 300 μl of TripLE (Gibco) and incubated
for 45 min at 37°C in a thermomixer, while mixing at 800 rpm. Next, we
pipetted the embryo-TripLE mix with a 200-μl tip several times up and down
under sterile conditions (cell culture hood) and centrifuged immediately
(4 min, 1200 g at room temperature). We discarded supernatant and
resuspended with 400 μl PBS and centrifuged again (4 min, 1200 g at room
temperature). We resuspended the cell pellets in 200 μl growth medium and
transferred the cell suspension to a 96-well plate (200 μl of medium per well).

Zebrafish primary tumor cell isolation and culture protocol
The ZF3 primary tumors were isolated from adult zebrafish from the
brca2hg5 and tp53zdf1 mutant zebrafish lines carrying the brca2Q658X and
tp53M214K mutations, respectively (Shive et al., 2010; Berghmans et al.,
2005). Zebrafish were humanely euthanized with tricaine methanesulfonate
(300 mg/l) in system water buffered with sodium bicarbonate to a pH of

∼7.0. We isolated the tumors and placed them immediately in chilled PBS.
We place a 6 mm piece of tumor in a sterile 100×20 mm plate and added
5 ml of PBS. We then cut the sample into 2 mm pieces and washed them
three times with 5 ml PBS. We incubated samples in 2 ml collagenase
solution at 37°C for 5 min. We then added 2 ml of L-15 medium with 15%
FBS, and cut samples with blade using a rolling method until we had
50 samples roughly 0.5 mm in size. Then we placed 200 μl/well of L15
medium into 96-well plates, and added one or two pieces of 0.5 mm tumor
into each well, allowing cells to attach and proliferate for several weeks.
Once cells began to proliferate, we removed medium and performed a PBS
wash, and trypsinized samples for 3–5 min and added medium. We then
transferred the material from viable wells into a six-well plate, with 2 μl per
well, and allowed cells to proliferate to confluency and then transferred them
to a T-25 flask. At this point, the cells were transfected with tagRFP
fluorescence using the Amaxa™ Nucleofector™ II (Lonza) and used for
extravasation studies in zebrafish embryos.

RNAseq analysis of B16ZFMet cells
Total RNA was purified with an miRNeasy extraction kit (Qiagen),
according to the manufacturer’s guidelines, from cell pellets. RNA quality
was assessed on Bioanalyzer 2100 instrument using RNA 6000 Nano Kit
(Agilent). mRNA-seq sequencing libraries were prepared from 1 µg purified
RNA using Illumina’s TruSeq Stranded mRNA Library Prep Kit. Deep
sequencing was performed on a Nextseq500 sequencer (Illumina) using
75 bp paired-end reads. Raw BCL (base call) files generated from NextSeq
sequencer were converted to FASTQ files using the bcl2fastq Conversion
Software v2.18. During BCL to FASTQ processing, bcl2fastq also separates
multiplexed samples, removes adapters, trims low-quality bases and
removes low-quality reads. Raw RNA-seq data in FASTQ file format was
quality controlled during and after sequencing to identify potential technical
issues. Cleaned sequencing reads were then mapped to the mouse reference
genome (assembly GRCm38, Gencode annotation release M15) using
STAR to generate read counts for each of annotated genes (Dobin et al.,
2013). Gencode transcript annotations were supplied to facilitate the
mapping of reads spanning known splicing junctions. The raw gene read
count data was normalized using the voom approach (Law et al., 2014). The
differential expression analysis was performed using the linear model
approach provided by the limma package (Liotta et al., 1974; Ritchie et al.,
2015). For the differential expression analysis, we kept only those genes
with more than 30 raw read counts in at least two biological samples. The
P-values for the coefficient/contrast of interest were adjusted for multiple
testing the Benjamini and Hochberg’s method (Benjamini and Hochberg,
1995), which controls the expected false discovery rate (FDR). The
significance threshold for gene differential expression was defined as fold
change greater than 2 and FDR less than 0.05. Raw data from RNA-seq
experiment has been deposited into the Gene Expression Omnibus database
as described in the Data Availability section.

Isolation of extravasation-participating endothelial cells
Fluorescent A375 tumor cells were infused into the circulation of tg(kdrl:
eosFP) zebrafish embryos at 48 h post fertilization. Following the observation
of CTC cluster extravasation through AP, the larvae were examined using
intrivital microscopy to confirm the placement of the tumor cell as being
outside the blood vessel lumen. Following confirmation of extravasation,
targeted UV-light activation was achieved using an Olympus 471 with a
focusedUVpenetration diameter of 10 μm.Endothelial cellswere individually
photoactivated for 30 s, to allow for complete transition of EosFP from GFP
to RFP expression. Following activation of extravasation-participating
endothelial cells, embryos were disassociated through trypsinization, as
previously described in the ‘Isolation and culturing of injected tumorcells from
zebrafish embryos’ section, and sorted through FACS directly into a Trizol
solution. Photoactivated endothelial cells from∼200 embryoswere pooled to a
final amount of 500–1500 cells per experiment. Following sorting, cells were
sent to Genewiz for ultra-low input RNA-sequencing and initial analysis.

Isolation of extravasation tumor cells
A375 tumor cells stably expressing EosFP were infused into the circulation of
tg( fli1a:EGFP) zebrafish embryos at 48 h post fertilization. Following the
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observation of CTC cluster extravasation through AP, the embryos were
examinedusing intrivitalmicroscopy to confirm theplacement of the tumorcell
as outside the blood vessel lumen. Following confirmation of extravasation,
targeted UV-light activation was achieved using an Olympus 471 with a
focused UV penetration diameter of 10 μm. Tumor cells were exclusively
photoactivated for 30 s, to allow for complete transition of EosFP from GFP
to RFP expression. Following activation of extravasation-participating
tumor cells, larvae were disassociated through trypsinization, as previously
described in the ‘Isolation and culturing of injected tumor cells from
zebrafish embryos’ section, and sorted through FACS directly into a Trizol
solution. Photoactiaved tumor cells from ∼200 larvae were pooled to a final
amount of 500–1500 cells per experiment. Following sorting, cells were sent
to Genewiz for ultra-low input RNA-sequencing and initial analysis.

Ultra-low input RNA-seq analysis
Following fluorescence activated cell sorting of either extravasation-
participating tumor or endothelial cells, ultra-low input was used to
sequence the cell to account for the small amounts of cells. Distribution of
read counts in libraries were examined before and after normalization. The
original read counts were normalized to adjust for various factors such as
variations of sequencing yield between samples. These normalized read
counts were used to accurately determine differentially expressed genes.
Data quality assessments were performed to detect any samples that are not
representative of their group, and thus, may affect the quality of the analysis.
The overall similarity among samples were assessed by determining the
Euclidean distance between samples. This method was used to examine
which samples are similar or different to each other and if they fit to the
expectation from the experiment design. The shorter the distance, the more
closely related the samples are. Samples were then clustered by using the
distance. Samples were projected to a 2D plane spanned by their first two
principal components. Using DESeq2, a comparison of gene expression
between the customer-defined groups of samples was performed. The Wald
test was used to generate P-values and log2 fold changes. Genes with an
adjusted P-value <0.05 and absolute log2 fold change >1 were defined as
differentially expressed genes. Significantly differentially expressed genes
were clustered according to their GO and the enrichment of GO terms was
tested using Fisher exact test (GeneSCF v1.1-p2).

Immunohistochemistry
For immunohistochemistry (IHC) analysis of B16-F10 melanoma cells in
mouse lung, tissue was fixed with 4% paraformaldehyde and permeabilized
with 0.1% Triton X-100. Samples were incubated with primary anti-
melanoma gp100 antibody (ab137078) at a dilution of 1:250. A goat anti-
rabbit-IgG H&L (Texas Red®) (ab6719) was used as the secondary antibody
at a dilution of 1:1000. For IHC analysis of endothelial tissue in mouse lung,
tissue was fixed with 4% paraformaldehyde and permeabilized with 0.1%
Triton X-100. Samples were incubated with primary anti-von Willebrand
factor antibody (ab11713) at a dilution of 1:200. A donkey anti-sheep-IgG
H&L (FITC) (ab6896) was used as the secondary antibody at a dilution of
1:1200. All antibodies were validated by Abcam.

Statistical analysis
All statistical analysis was performed using Graphpad Prism 7 (Graphpad
Software, La Jolla, CA) and the Shapiro–Wilk test was performed to assess
data normality. P-values were determined using either a Student’s t-test (if
data were normally distributed) or Mann–Whitney U-test (if data were not
normally distributed). In figures, the bar graphs were generated using
GraphPad and presented as mean±s.e.m. from at least three independent
experiments. The box-and-whisker plots were generated using GraphPad in
which the box ranges from 25–75th percentile, with the middle line
indicating the median, and the whiskers indicating 5–95th percentile.
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