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Intravital Imaging of Metastasis in Zebrafish

By

David Colin Benjamin

Submitted to the department on May 2 5 th, 2018 in partial fulfillment of the requirements for
the degree of doctor of philosophy in biology

Abstract

Metastasis is the cause of the overwhelming majority of cancer deaths. However, it
remains a poorly understood process. The events at the metastatic site are especially poorly
comprehended. These events are dynamic and so require intravital imaging to investigate.

However, the intravital imaging of these events in mice is challenging. Sites of metastasis are
often in vital organs that are inaccessible to microscopy without surgical intervention.
Furthermore, circulating tumor cells are rare and are involved in many transient interactions
adding to the challenge. The development of a line of zebrafish, Casper, that is transparent
throughout its life suggested that zebrafish might be a powerful system for intravital imaging. I
first developed novel injection and imaging techniques to study metastasis through intravital
imaging in adult zebrafish. I then followed individual ZMEL1 zebrafish melanoma cells at the
metastatic site over the course of two weeks as they grew from single disseminated tumor cells
into macroscopic metastases. From these studies, I characterized the steps of metastasis at the
metastatic site for this cell line. I also utilized transparent zebrafish embryos to uncover a new
role for the oncogene YAP during metastasis. I observed that the over-expression of a Hippo-
insensitive mutant of YAP (YAP-AA) promoted brain metastasis following intravenous in
zebrafish embryos. I determined that YAP-AA was promoting tumor cell dispersal throughout
the embryo by allowing tumor cells to escape the first capillary bed they encounter. Following
intravenous injection, control cells lodge in blood vessels in the tail and cease their travel
through circulation. However, YAP-AA cells are able to move through these vessels, re-enter
circulation and travel to other organs, such as the brain. These observations represent a new
mechanism by which tumor cells can increase their dissemination throughout an animal.

Thesis Supervisor: Richard 0. Hynes

Title: Daniel K. Ludwig Professor for Cancer Research, Professor Biology

3



4



Acknowledgements

The work described in this thesis is the culmination of many years of work and would not
have been possible without the guidance, assistance, and cheerleading of many people. I would first
like to thank my thesis advisor Richard Hynes. First and foremost, he gave me the independence to
bring new experimental systems to the lab and to take my project in new directions. His patience
and encouragement were instrumental in getting me through the early years where nothing
worked and it seemed like I would be in graduate school forever. He also made sure the lab was a
supportive and fun place to work. I would also like to thank my committee members Frank Gertler
and Jackie Lees. Their encouragement and helpful suggestions over the years are greatly
appreciated. I also thank Dave Langenau for being on my defense committee.

I would like to thank Adam Amsterdam for teaching me everything I know about zebrafish
as well as accommodating my many odd requests in the fish facility. I would also like to thank him
for his valuable scientific advice and for reviewing my manuscripts. I would also like to thank Tim
and Karen in the fish facility for all their years taking of care of my fish and their friendship. I also
thank Eliza Vasile in the microscopy facility for teaching me confocal microscopy and her kindness
over the years. I have felt that the microscopy facility has been a second home for me during my
PhD. I also thank Jeff Wyckoff for his advice and eagerness to help perform experiments. It has
always been a pleasure to work with him.

In the Hynes lab, many people have helped me over the years. I would first like to thank
John Lamar. He pioneered YAP research in the lab and his generous donation of reagents and data
to my project expedited it considerably. I would also like to thank him for spending an innumerable
number of hours discussing my science, teaching me techniques, and reviewing my data (I am still
waiting on a final bill). His guidance over the years has greatly contributed to my development as a
scientist. I would also like to thank Alexandra Naba. Her constant encouragement and scientific
advice were instrumental in allowing me to complete my thesis work.

I would also like to thank Jess Hebert for his helpful discussions (scientific or otherwise), for
listening to me celebrate and/or complain about my results (mostly complain), as well as editing
almost everything I have ever written in the lab. I thank Chenxi Tian for her willingness to help with
experiments and her valuable scientific input. Bigyan Bista had the misfortune of being my baymate
for most of graduate school. I will always fondly remember our time together (baymates for life!). I
also thank Jeff Schindler, Thao Nguyen, and Noor Jailkhani for our fun conversations that made
graduate school pass slightly faster. I thank Amy McMahon for the inspiration to use zebrafish as a
model system. I thank all the members of the Hynes lab (past and present) whom I have had the
privilege of working with.

Outside of the lab, I would like to thank my wife, Selena Huang, for her constant love and
support. I am always inspired by her drive, intelligence, and caring. I would also like to thank my
former roommates: Dave and Xinchen for making the middle years of graduate school a time I will
always fondly remember. I would finally like to thank my parents for their love and for encouraging
me to pursue my passions (even when that was to become a classics major). I thank Selena's entire
family for warmly welcoming me into their family. I especially thank Lily and Sherman for their love
and for taking such good care of me when I visit. Finally, I thank Auri Benjamin for his unlimited
love, willingness to wear reindeer ears, and for countless hours spent snuggling on the couch (even
if I end up covered in fur).

5



6



Table of Contents

T it le P a g e ........................................................................................................................................ 1

A b st ra ct..........................................................................................................................................3

Acknow ledgem ents........................................................................................................................5

Table of Contents...........................................................................................................................7

Chapter 1: Introduction.................................................................................................................9

Chapter 2: Intravital Im aging of M etastasis in Adult Zebrafish............................................... 83

Chapter 3: YAP Enhances Tumor Cell Dissemination by Allowing

Transit Through the First Capillary Bed Encountered...............................................113

Chapter 4: Conclusion and Future Directions.............................................................................189

Appendix A: Imaging Tumor Cell Interactions with Innate Immune Cells in Zebrafish...............211

Appendix B: M aterials and M ethods..........................................................................................237

7



8



Chapter 1.

Introduction

The contents of this chapter were written by David Benjamin with editing by Jess Hebert and

Richard Hynes.
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An Overview of Metastasis

Metastasis is the cause of the overwhelming majority of cancer mortality (Lambert et

al., 2017). While primary tumors can frequently be treated, metastatic disease is usually

incurable for several reasons (Steeg, 2006). First, metastases often occur in vital organs limiting

surgical options (Budczies et al., 2015). Second, the sheer number of metastases present in

patients with end-stage disease can also make surgical intervention impossible (Riggi et al.,

2018). Third, micrometastatic lesions may also be present that are too small to be detected and

removed surgically (Pantel et al., 1999). Finally, resistance to chemotherapy and radiation often

go hand in hand with metastasis (Longley and Johnston, 2005). As many patients do not present

with metastatic disease, there is a pressing need for therapeutic options to prevent metastasis

(Steeg, 2006). However, development of such therapies is challenging as metastasis is a

complex process involving many steps spread out over space and time (Steeg, 2016; Valastyan

and Weinberg, 2011; Wan et al., 2013).

Despite the apparent randomness of metastasis in individual patients, metastasis is

somewhat predictable when patients are viewed in aggregate. It has long been noted that

tumor types have propensities to metastasize to specific organs, termed organotropism (Paget,

1889). For example, melanoma metastasizes to the liver, lungs, brain, and bone at roughly the

same frequency (Budczies et al., 2015). However, colon cancer primarily metastasizes to the

liver, somewhat to the lungs, and very rarely to the bones (Budczies et al., 2015). It was

originally assumed that these patterns of metastatic tropism were wholly determined by the

layout of the circulatory system (Virchow, 1859). For example, the liver is the next organ

10



downstream from the colon in the mammalian circulatory system and so metastatic tumor cells

would land in the colon first, following entry into circulation.

This idea was challenged when, in the late 1 9 th century, the English surgeon Stephen

Paget analyzed the autopsy records of 735 women who succumbed to breast cancer and

noticed that there was a discrepancy between the amount of blood an organ received and the

frequency with which breast cancer metastases developed. These observations suggested that

the determinants of metastasis were more complex than just the distribution of metastatic

tumor cells throughout the body by blood flow (Paget, 1889). To explain his observations, he

put forth the "seed and soil" hypothesis. This hypothesis stated that, in order to metastasize,

there had to be a cancer cell competent to metastasize (the seed), and it had to land in an

environment hospitable to its growth (the soil) (Fidler, 2003).

This hypothesis remained debatable until Fidler and Hart provided conclusive evidence

that metastatic tumor cell outgrowth differed between organs. They grafted kidney, lung, or

ovarian tissue subcutaneously into mice. Following intravenous injection of B16 mouse

melanoma cells, they observed that metastases formed in the lung and ovarian grafts but not

the kidney grafts. Using radio-labeled cells, they confirmed that tumor cells arrived at the grafts

in equal numbers. These observations combined indicated that the B16 cells arrived at the

kidney grafts, yet were unable to form metastases, indicating that something about the

microenvironment of the kidney graft was inhospitable to their growth (Hart and Fidler, 1980).

In other experiments, it was shown that a cell's propensity for metastasis can be

enriched through in vivo selection (Fidler, 1973; Kripke and Fidler). In these experiments, a

parental cell line is injected intravenously into a mouse. Once metastases in an organ emerge,
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these metastases are removed and cell lines derived. These new cell lines can be injected into a

new animal and the process repeated multiple times. Through such experiments, it was shown

that cells can undergo relatively stable changes that enhance their metastatic ability (Clark et

al., 2000).

With the dawn of the "omics" age, the molecular changes underlying these observations

began to be elucidated (Bos et al., 2009; van 't Veer et al., 2002). The comparison of in vivo-

selected cell lines to their parental population led to the discovery of specific genes which can

promote metastasis such as RhoC (Clark et al., 2000). Analysis of lines that had been in vivo-

selected also led to the identification of genes which mediate metastasis to specific organs

including the lung, bone, and brain (Bos et al., 2009; Clark et al., 2000; Kang et al., 2003; Minn

et al., 2005). Analysis of primary tumors that had metastasized showed that pro-metastatic

gene signatures could be detected in primary tumors as well (Ramaswamy et al., 2003; van 't

Veer et al., 2002). This observation led to questions as to whether the ability to metastasize was

shared by most cells in the primary tumor or was restricted to a small sub-population (Bernards

and Weinberg, 2002; Hynes, 2003; Sherley, 2002).

Data from human patients seems to suggest that the ability to metastasize is an ability

restricted to rare variants within primary tumors (Vanharanta and Massague, 2013). First,

genomic studies of patient primary tumors have shown them to be heterogeneous, comprised

of many sub-clones each containing unique collections of mutations (Gerlinger et al., 2012;

Yachida et al., 2010). In addition to mutational heterogeneity, tumors have also been shown to

contain epigenetic heterogeneity and epigenetic changes have been shown to be able to

promote metastasis (Mazor et al., 2016; McDonald et al., 2017). Second, when metastases
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were compared to primary tumors, individual metastases were shown to be derived from a

single sub-clone from the primary tumor (Campbell et al., 2010; Yachida et al., 2010). Finally,

data from experiments in mice have shown that primary tumors contain rare variants with

enhanced metastatic potential and that metastases can indeed originate from a single tumor

cell (Fidler and Talmadge, 1986; Kang et al., 2003; Kripke and Fidler). Furthermore, a more

recent study has identified pre-existing mutations that are selected for during the metastatic

process in mice (Jacob et al., 2015).

A key question in the field of metastasis is how these rare variants gain the ability to

metastasize. As will be described in detail below, tumor cells need to acquire many separate

abilities in order to be successful at metastasis. An efficient mechanism for gaining many

disparate abilities is to activate broad transcriptional programs. One such transcriptional

program that can play a key role in metastasis is the epithelial-mesenchymal transition or EMT.

By activating an EMT program, tumor cells are able to simultaneously acquire many of the

capacities necessary for metastasis (Lambert:2017eh; Thiery, 2002). EMT programs are

controlled by a core set of transcription factors: Twist, Snail, Zebi, and Zeb2 (De Craene and

Berx, 2013; Lamouille et al., 2014). Upstream, these transcription factors are activated by a

many signaling pathways including, TGF-@, Wnt, various receptor tyrosine kinases, Hedgehog,

and Notch (Lamouille et al., 2014; Xu et al., 2009; Zhan et al., 2017). Microenvironmental cues

such as hypoxia (Yang et al., 2008) and inflammatory cytokines (Sullivan et al., 2009; Fernando

et al., 2011) can also induce an EMT. EMT in cancer cells can be induced by signals from stromal

cells in the primary tumor. For example, macrophages can induce an EMT by secreting Wntl in

breast cancer (Linde et al., 2018). Neutrophils in the primary tumor can produce TGF-$, a
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potent inducer of EMT (Hu et al., 2015). Platelets have been shown to induce an EMT in tumor

cells in circulation and so may also be involved in EMT induction in the primary tumor (Labelle

et al., 2011).

It has long been known from studies of developmental biology that EMT is not an all-or-

nothing process (Nieto, 2013; Thiery, 2002). Rather, cells can co-express epithelial and

mesenchymal markers and exist on a spectrum from a partial to a full EMT (Nieto, 2013; Thiery,

2002). More recently, partial EMTs have been appreciated to occur during metastasis and CTCs

with intermediate phenotypes have been observed suggesting that partial EMT can promote

dissemination (Kalluri and Weinberg, 2009; Khoo et al., 2015; Thiery, 2002; Yu et al., 2013). EMT

is also reversible. Cells can regain an epithelial phenotype through the mesenchymal-epithelial

transition (MET) and this reversal may be required for metastatic outgrowth (Ocafia et al.,

2012; Tsai et al., 2012).

Whether EMT is actually required for metastasis remains controversial (Fischer et al.,

2015; Ye et al., 2017). Intravital imaging in mice has shown that tumor cells can undergo an

EMT in the primary tumor, metastasize to a distant organ, and revert to an epithelial phenotype

during metastatic outgrowth (Beerling et al., 2016). However, determining the necessity of EMT

for metastasis is not straightforward. The multitude of transcription factors that can

orchestrate an EMT make interpreting inhibition of single transcription factors or combinations

of a few difficult (Li and Kang, 2016). In addition, cells may need only achieve a partial EMT to

gain the abilities necessary for metastasis (Liao and Yang, 2017). Stable perturbations of the

levels of EMT-promoting transcription factors have been shown to enhance metastasis but may

not accurately reflect the transient nature of EMT during the natural progression of metastasis
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(Yang et al., 2004). It is clear that EMT can be intricately linked to cancer and metastasis, but

further work is needed to determine whether or not EMT is truly required for metastasis.

The Metastatic Cascade

The preceding section has covered some of the general principles of metastasis. This

section will now turn to a mechanistic description of how metastasis actually occurs at the

cellular level. Guiding this discussion will be the intellectual framework that is currently used to

understand metastasis: the metastatic cascade (sometimes referred to as the invasion

metastasis cascade) (Valastyan and Weinberg, 2011). This cascade describes the series of steps

that a tumor cell must successfully complete in order to metastasize (Fig. 1) (Chambers et al.,

2002; Fidler, 2003). As has been hinted above, the interactions between tumor cells and the

microenvironment play a key role during metastasis (Joyce and Pollard, 2008). Many of the

steps of the metastatic cascade have been shown to depend on interactions with stromal (non-

tumor cells). For example, platelets, neutrophils, and macrophages have been shown to be key

players during metastasis (Labelle and Hynes, 2012). While many other cell types also play a

role, this thesis will only describe the role of these three during metastasis.
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The Metastatic Cascade

3. Intravasation

1. Invasion

2. Migration

8. Growth Into A
Metastasis

7. Seeding

6. Extravasation

4. Survival In
Circulation

Figure 1. Overview of the metastatic cascade. The metastatic cascade describes the steps a
tumor cell needs to successfully complete in order to metastasize. These steps are 1) invasion
2) migration 3) intravasation 4) survival in circulation 5) arrest at the metastatic site 6)
extravasation 7) seeding 8) growth into a metastasis. Figure 1 was generated from modified
Servier Medical Art under a Creative Commons 3.0 Unported License
(https://smart.servier.com).
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The first step in the metastatic cascade is invasion through the basement membrane

and into adjacent normal tissue (Fig. 1). The basement membrane is a specialized extracelluar

matrix (ECM) primarily composed of laminin, collagen IV, nidogen, and perlecan arranged in a

thin sheet (Jayadev and Sherwood, 2017; Yurchenco, 2011). Many human malignancies arise

from epithelial tissues that are arranged in sheets and surrounded by a basement membrane

(Valastyan and Weinberg, 2011). These malignancies are known as carcinomas and represent

the vast majority of human cancers (Leber and Efferth, 2009; Siegel et al., 2017; Valastyan and

Weinberg, 2011). Other tumor types, such as sarcomas, arise from different cell types and may

not need to cross a basement membrane during invasion into adjacent tissue (Helman and

Meltzer, 2003).

Invasion through the basement membrane defines the difference between benign and

malignant tumors and may be required for dissemination to distant sites (Wan et al., 2013).

Mechanistically this is believed to be accomplished, at least in part, through the expression of

proteases such as matrix metalloproteinases (MMPs), which degrade the basement membrane

(Kessenbrock et al., 2010). Specialized membrane protrusions called invadopodia, which

contain MT1-MMP on their surface, have also been shown to promote tissue invasion (Eddy et

al., 2017; Gligorijevic et al., 2012; Li et al., 2013). Proteases can also be provided by

macrophages and neutrophils to promote invasion. Recruited neutrophils express MMP9,

which enhances angiogenesis and invasion (Bekes et al., 2011). Macrophages can produce

cathepsin proteases to degrade the ECM as well as promote cancer cells to form invadopodia

through EGFR signaling to enhance invasion (Gocheva et al., 2010; Zhou et al., 2014).
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Once free of the basement membrane, cancer cells can engage in the next step of the

cascade: migration (Fig. 1). Studies of tumor cell migration in vivo have identified three main

modes of cell migration: mesenchymal, amoeboid, and collective (Friedl and Wolf, 2003; Sahai,

2007). Cells which have undergone an EMT migrate via mesenchymal motility (Clark and

Vignjevic, 2015). In this mode of migration, the cell polymerizes actin into a branching network

at the front of the cell (Abercrombie et al., 1971; Campellone and Welch, 2010; Svitkina and

Borisy, 1999). The protrusions formed at the front of the cell by this rapidly polymerizing actin

network are called lamellipodia (Abercrombie et al., 1970; Friedl and Wolf, 2003). Actin

polymerization in lamellipodia is regulated by Raci, a member of the Rho family of small

GTPases (Machacek et al., 2009; Ridley et al., 1992; Ridley, 2015; Wu et al., 2009).

At the very front of lamellipodia, small finger-like protrusions rich in actin known as

filopodia are formed under the control of the small GTPase cdc42 (Ahmed et al., 2010; Nobes

and Hall, 1995). Filopodia serve a number of key roles during migration (Gupton and Gertler,

2007). First, they serve as locations to generate new attachments to the ECM (Jacquemet et al.,

2015). These attachments, known as focal adhesions, allow the cell to generate the forces

required for migration. Second, filopodia serve as platforms for sensing the environment

(Heckman and Plummer, 2013).

Focal adhesions form a direct connection between the ECM and the actin cytoskeleton,

allowing a cell to pull directly on its substrate during migration (Gardel et al., 2010;

Huttenlocher and Horwitz, 2011; Mayor and Etienne-Manneville, 2016). These structures are

large, multi-protein complexes (Case and Waterman, 2015). At their core are integrins, which

are heterodimeric receptors for ECM components (Campbell and Humphries, 2011; Hynes,
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2002). Integrins are not able to bind the actin cytoskeleton on their own and so are linked to

the actin cytoskeleton through a number of scaffolding proteins, including, talin and vinculin

(Case and Waterman, 2015; Klapholz and Brown, 2017; Ziegler et al., 2006).

Focal adhesions also contain a many signaling molecules, including FAK, Src, and P13K

which can regulate cell behavior (Mitra et al., 2005; Geiger et al., 2009; Wozniak et al., 2004).

Focal adhesions can also serve as the termini for bundles of linear actin called stress fibers

(Tojkander et al., 2012). Stress fibers can be used for force generation through the action of the

motor protein myosin 11 on these structures (Burridge and Wittchen, 2013). Myosin I-mediated

contraction of these fibers is controlled by RhoA and its downstream effector ROCK (Ridley,

2015)

At the rear of the cell, RhoA regulates actin contraction to pull the rear of the cell

forward (Petrie and Yamada, 2015; Reig et al., 2014). RhoA is negatively regulated by Raci and

CDC42 and vice versa through a number of mechanisms (Ohta et al., 2006; Tsuji et al., 2002;

Worthylake and Burridge, 2003; Xu et al., 2003). This regulation maintains actin polymerization

at the leading edge and contraction only in the rear of the cell, thereby promoting forward

movement (Reig et al., 2014). As the cell moves forwards, focal adhesions towards the rear of

the cell disassemble (Parsons et al., 2010). Focal adhesion turn-over is required for migration to

progress forwards (Manes et al., 2000; Parsons et al., 2010). Mesenchymal motility is also

associated with the expression of MMPs (Friedl and Alexander, 2011). The cell uses these

enzymes to clear a path through the ECM (Even-Ram and Yamada, 2005; Friedl and Alexander,

2011; Friedl and Wolf, 2003).
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Tumor cells can also migrate using amoeboid motility, which is named for its similarity

to the movement of amoeba (Yumura et al., 1984). In contrast to mesenchymal motility, cells

using amoeboid motility lack strong adhesions to the ECM and MMP activity (Friedl and Wolf,

2010; Sahai and Marshall, 2003). Instead, they squeeze through gaps in the ECM by using

membrane blebs to extend their cytoplasm (Farina et al., 1998; Pinner and Sahai, 2008a;

Tozluoglu et al., 2013). In contrast to F-actin-rich lamellipodia, these protrusions have little F-

actin (Paluch and Raz, 2013). Blebs are formed when the plasma membrane becomes

disconnected from the cortical actin cortex (Cunningham, 1995; Keller and Eggli, 1998).

Hydrostatic pressure then forces this free section of membrane outwards generating a bleb

(Charras and Paluch, 2008). As the bleb expands, membrane flows through the neck of the bleb

to support bleb expansion (Charras, 2008).

While the precise mechanism controlling bleb initiation remains unknown, migrating

cells have enhanced bleb generation in the direction of migration (Paluch and Raz, 2013). This

polarity in initiation may be due to the asymmetric distribution of membrane-cytoskeleton

linker proteins of the ERM (Ezrin-Radixin-Moesin) family (Rossy et al., 2007). For example, in

migrating A375 cells Ezrin is concentrated towards the rear of the cell (Lorentzen et al., 2011).

Amoeboid motility requires high levels of contractility of the cortical actin network in order to

generate the hydrostatic forces for bleb formation. As in mesenchymal motility, actin

contractility is regulated by RhoA (Sahai and Marshall, 2003) and its downstream effector ROCK

(Pinner and Sahai, 2008). Contractility is also regulated by MLCK (Mills et al., 1998). The last

step in amoeboid motility is bleb retraction. This occurs when the actin cortex reforms under a

bleb's plasma membrane (Charras et al., 2006). In migrating cells, new blebs can form shortly
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after the reformation of the cortex to repeat the process in a progressive manner (Blaser et al.,

2006).

Cells are capable of switching between mesenchymal and amoeboid motility and have

been observed to switch rapidly between the two modes depending on the adhesiveness of

their substrate and their confinement (Liu et al., 2015). Other microenvironmental conditions,

such as hypoxia, have been shown to regulate the mode of motility (Lehmann et al., 2017).

These observations demonstrate the key role that the microenvironment plays in determining

which mode of motility cancer cells use during metastasis (Friedl and Wolf, 2010). Cell-intrinsic

factors such as actin contractility and protease activity have also been demonstrated to

regulate this choice (Pafikova et al., 2010; Sahai and Marshall, 2003; Wolf et al., 2003).

In contrast to the migration of individual cells described above, tumor cells, as well as

cells during development or wound healing, can also migrate as a group in a process called

collective migration (Friedl and Gilmour, 2009; Mayor and Etienne-Manneville, 2016). Collective

migration has long been observed in invasive carcinomas by pathologists (Sahai, 2005). During

collective migration, cells maintain cell-cell contacts such as adherens junctions and migrate as

a cohesive group (Mayor and Etienne-Manneville, 2016). The cells at the front of the migrating

group take on the role of "leader cells". These cells serve to guide the "follower cells" which

stream behind them (Poujade et al., 2007). These identities are not fixed, and cells can switch

between leader and follower roles as the group of cells migrates (Jakobsson et al., 2010).

The molecular machinery involved in collective migration has considerable overlap with

that of mesenchymal migration. In leader cells, Raci and Cdc42 activity is localized to the

leading edge and regulates the formation of lamellipodia and filopodia, respectively (Mayor and
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Etienne-Manneville, 2016). Leader cells also use MMPs to clear a path through the ECM for the

migrating collection of cells (Friedl and Wolf, 2008; Nabeshima et al., 2000; Wolf et al., 2007). In

some cases the MMPs can be provided by other cell types, such as fibroblasts, which can serve

as leader cells (Gaggioli et al., 2007). At the rear of the leader cell, RhoA promotes acto-myosin

contraction (Zegers and Friedl, 2014). In collective migration, the force generated by the leader

cells is transmitted through adherens junctions to follower cells and can drag the entire group

forwards (Caussinus et al., 2008; Reffay et al., 2014).

Invasion and migration can be regulated by the microenvironment. The ECM is one such

cue that can influence the migration of tumor cells and is also well known to do so in

development and wound healing (Clark and Vignjevic, 2015; Friedl and Alexander, 2011; Friedl

and Gilmour, 2009; Gritsenko et al., 2012). The ECM can regulate migration through the

orientation of matrix fibers, stiffness of ECM components, and through the presentation of

growth factors (Clark and Vignjevic, 2015; Friedl and Alexander, 2011; Gritsenko et al., 2012;

Provenzano et al., 2006).

Macrophages can also influence tumor cell migration. Macrophages can be recruited to

tumor cells by tumor cell-derived CSF-1. These macrophages can then guide tumor cells

towards blood vessels by secreting EGF (Goswami et al., 2005; Wyckoff et al., 2004).

Neutrophils are another cell type in the primary tumor can promote migration towards blood

vessels (Bald et al., 2014).

Once tumor cells encounter a blood vessel, they can undergo the next step of the

metastatic cascade: intravasation (Fig. 1). During intravasation tumor cells enter capillaries and

are carried off into circulation. There are a number of barriers that tumor cells need to
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overcome in order to intravasate. First, capillaries are surrounded by a basement membrane,

which tumor cells may need to degrade in order to intravasate (Kalluri, 2003). Consequently,

MMPs and invadopodia have been shown to be required for intravasation (Gligorijevic et al.,

2012; Kessenbrock et al., 2010; Kim et al., 1998a). Second, capillaries are supported by cells

called pericytes that are embedded within the basement membrane. Pericytes serve to

maintain vessel stability and their normal functioning may prevent metastasis (Gerhardt and

Semb, 2008; Xian et al., 2006). Finally, endothelial cells form strong connections to their

neighbors, which, in some cases, may need be penetrated in order for tumor cells to pass

through (Anderberg et al., 2013; Zervantonakis et al., 2012).

Some or all of these barriers may be lacking in vessels within primary tumors. It has

been observed that blood vessels within tumors can lack the integrity of normal capillaries and

frequently lack pericyte coverage (Jain, 2005). Such leaky vessels may provide little barrier to

tumor cell entry. Consistent with this idea, one study has found that the majority of tumor cell

intravasation occurs within the core of a tumor rather than at the invasive front (Deryugina and

Kiosses, 2017). Blood flow in intratumoral vessels may be quite low due to their poor

construction or constriction from the growing tumor (Padera et al., 2004; Tong et al., 2004).

Therefore, tumor cells may need to migrate to regions of better flow in order to enter systemic

circulation.

Tumor cells have also been claimed to perform vascular mimicry, where tumor cells

(rather than endothelial cells) form perfused channels within the tumor (Maniotis et al., 1999).

Vascular mimicry has been associated with enhanced metastasis, so it seems possible that
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tumor cells could shed from these channels, thereby bypassing some of the barriers presented

by conventional blood vessels (Wagenblast et al., 2015).

Macrophages have been shown to promote tumor cell intravasation. The association

between a macrophage, a tumor cell expressing the pro-invasive gene MENA, and an

endothelial cell has been termed the tumor microenvironment of metastasis (TMEM) (Robinson

et al., 2009; Roussos et al., 2011a; 2011b). Increased numbers of such associations have been

associated with an increased risk of distant metastasis (Rohan et al., 2014). Intravital imaging of

individual TMEMs has shown that macrophages can induce transient vascular permeability and

allow intravasation (Harney et al., 2015). These macrophages also induce tumor cells to

produce invadopodia through Notch signaling (Pignatelli et al., 2016). Platelets can also induce

transient vascular permeability to allow tumor cell entry (Schumacher et al., 2013). Endothelial

cells themselves, along with other cell types, can promote intravasation by signaling to tumor

cells also via the Notch pathway (Sonoshita et al., 2011). Both macrophages and neutrophils in

the tumor can produce angiogenic factors that can lead to leaky vasculature that may be more

amenable to tumor cell entry (Lin and Pollard, 2007; Nozawa et al., 2006).

Once in circulation, tumor cells face a number of stresses (Fig. 1). One such stress is

attack from NK cells. Interactions with platelets and neutrophils have been shown to protect

tumor cells from NK cell surveillance (Kopp et al., 2009; Nieswandt et al., 1999; Spiegel et al.,

2016). It has been suggested that the physical forces to which a cell is subjected while flowing

through circulation may also lead to cell death (Wirtz et al., 2011). It has been proposed that

platelets may provide protection from these forces by coating tumor cells (Labelle and Hynes,

2012).
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At the metastatic site, tumor cells can cease transit through circulation after becoming

lodged in narrow capillaries that are too small for tumor cells to transit (Massague and

Obenauf, 2016). While the dispersion of tumor cells throughout an organism is due in

significant part to the pattern of circulation and random chance, the location of tumor cell

arrest may not be an entirely random process. It has been observed that peptides can be

generated through in vivo phage display that home to the vasculature of specific organs

(Pasqualini and Ruoslahti, 1996). This had led to the idea that there are vascular "zip codes"

that proteins or cells could use to home to a specific organ's vasculature.

The vasculature of specific organs has been shown to express adhesion molecules that

can be used by metastasizing tumor cells to target their arrest. For example, prostate cancer

frequently metastasizes to the bone. The bone endothelium is known to constitutively express

the adhesion molecule E-Selectin (Schweitzer et al., 1996). It has been shown that prostate

cancer expression of the carbohydrate Sialyl-Lewis X (which is recognized by E-selectin)

enhances adhesion to the bone endothelium (Barthel et al., 2009; Lehr and Pienta, 1998),

suggesting that this adhesion may enhance prostate cancer bone metastasis. In another

example, expression of the protein metadherin can promote the homing of breast cancer cells

to the lung (Brown and Ruoslahti, 2004; Hu et al., 2009). Furthermore, metastatic colon cancer

cells have been shown to be able to adhere to the walls of vessels larger than their diameter

suggesting that adhesion molecules rather than physical entrapment can mediate arrest in

some cases (Schlter et al., 2006). Conditioned media experiments have shown that tumor cells

can secrete factors to induce adhesion molecules on the endothelium of distant organs
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(Hiratsuka et al., 2011). This observation suggests that tumor cells could pre-condition a target

organ to become more hospitable in preparation for their arrival (Kaplan et al., 2005).

Stromal cells can also play a role in arrest at the metastatic site. Activated platelets

express many adhesion molecules on their surface. It has been hypothesized that a tumor cell

coated with activated platelets could use these molecules to aid in adhesion to the

endothelium at the metastatic site (Labelle et al., 2014). This adhesion to platelets can be

mediated by Sialyl-Lewis X on tumor cells being recognized by platelet P-selectin (Fuster et al.,

2003; Kim et al., 1998b). Neutrophils have also been observed to aid in the arrest of tumor cells

in the liver and lung (Huh et al., 2010; Spicer et al., 2012a). Inflamed neutrophils can express

integrin Um@2 (also known as Mac-1) which binds tumor cell ICAM-1 to promote tumor cell

arrest in the liver (Spicer et al., 2012b). Inflamed neutrophils can also release neutrophil

extracellular traps (NETS), which are primary composed of DNA and histones

(Papayannopoulos, 2018). These NETs have been observed to entrap tumor cells thereby aiding

their arrest and metastasis (Park et al., 2016; Cools-Lartigue et al., 2013; Demers et al., 2012).

Once arrested in the vasculature at the metastatic site, tumor cells face mechanical

stress from blood flow in narrow capillaries. Tumor cells are frequently observed to be

stretched and have even been observed to be ripped apart in vessels with high flow rates

(Kienast et al., 2009). Tumor cells can actively defend themselves from these forces. For

example, expression of PANX1 in arrested tumor cells protects them from stretch-induced

apoptosis (Furlow et al., 2015).

An interesting observation, with implications for the ability of tumor cells to arrest in

vessels larger than the diameter of an individual tumor cell, is that tumor cells have been
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observed to travel in clusters through circulation in human patients (Aceto et al., 2014; Hong et

al., 2016). These clusters can potentially grow to be quite large and contain tens of tumor cells

(Long et al., 2016). Furthermore, in addition to tumor cells, clusters have also been observed to

contain immune cells, platelets, and stromal cells from the primary tumor such as fibroblasts

(Aceto et al., 2014; Duda et al., 2010; Sarioglu et al., 2015). At first glance, it seems obvious that

these larger aggregates would be better able to arrest in capillaries than individual circulating

tumor cells (CTCs). However, clusters of CTCs have been shown to be able to transit small

capillaries in a single file line and reform a spherical aggregate once back in a larger vessel

making their role in arrest unclear (Au et al., 2016).

The role of clusters in metastasis in general is also an area of active research. Studies

from human patients have shown that higher levels of CTC clusters are a poor prognostic

indicator in multiple tumor types (Cohen et al., 2008; Cristofanilli et al., 2004; de Bono et al.,

2008). Additionally, in mice, clusters have been shown to be better at seeding metastases than

individual tumor cells (Aceto et al., 2014). Further evidence of a role for clusters in metastasis

formation comes from experiments analyzing the clonality of metastases. It would be expected

that metastases derived from single CTCs would be monoclonal while metastases derived from

clusters would be polyclonal. When the clonality of metastases was analyzed in a murine model

of metastasis, polyclonal metastases were detected indicating that some metastases may have

arisen from CTC clusters (Maddipati and Stanger, 2015).

Patient data seem to suggest that most human metastases are derived from a single

progenitor cell (ie. are monoclonal) (Campbell et al., 2010; Liu et al., 2009). A factor

complicating these analyses is that tumor cells have been observed to be able to travel from a
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metastasis back to a primary tumor or from one metastasis to another, a process referred to as

re-seeding (Kim et al., 2009). Cells arriving at a metastasis after establishment by a single

progenitor clone could result in a metastasis being polyclonal at the time of biopsy but

monoclonal early in its evolution. There is some evidence that this process may occur in human

patients (Hong et al., 2015). The clonality (and origin, whether from clusters or single cells) of

metastases requires further study.

The next step in the metastatic cascade following arrest is exit from blood vessels, which

is called extravasation (Fig. 1). While there have been reports that tumor cells can grow

intravascularly, in most cases, tumor cells need to exit circulation in order to grow into a new

tumor as the intravascular environment is generally hostile to tumor cells due to the physical

stresses caused by blood flow, induction of anoikis due the lack of ECM attachment, as well as

attack by NK cells (Wong et al., 2002; Zhang et al., 2010b; Al-Mehdi, AB et al., 2000; Gupta et

al., 2007; Strilic and Offermanns, 2017).

The difficulty of extravasation varies depending on the organ. In the liver, for example,

the endothelial layer is discontinuous and contains many openings (termed fenestrae), which

may make extravasation relatively easy. In the brain on the other hand, the endothelial cells are

tightly linked and their barrier function is further supported by astrocytes (Abbott et al., 2006;

Aird, 2007). In the lung, another common site of metastasis, the endothelium forms a strong

barrier as well (Aird, 2007). Consistent with the concept of organs varying in their extravasation

difficulty, genes have been found that promote extravasation in an organ-specific manner. For

example, ST6GALNAC5 enhances breast cancer extravasation in the brain (Bos et al., 2009)
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while COX2, in combination with MMP1,2, and EREG, can mediate breast cancer extravasation

in the lungs and brain (Gupta et al., 2007).

Much of our understanding of extravasation has come from studies of how leukocytes

extravasate at sites of inflammation (Vestweber, 2015). These data have provided the

framework for understanding tumor cell extravasation. However, there are some fundamental

differences between the two. Firstly, tumor cells extravasate much more slowly than leukocytes

in vivo (Reymond et al., 2013). Secondly, leukoytes have two routes through the endothelium:

transcellular and paracellular. In the transcellular route, leukocytes travel through the

endothelial cells themselves in a channel that forms between the endothelial apical and basal

sides. In the paracellular route, leukocytes squeeze between endothelial cells through junctions

(Vestweber, 2015). The majority of data from tumor cells suggest that they extravasate via the

paracellular route in vivo (Leong et al., 2014; Schumacher et al., 2013).

Tumor cells can activate signaling pathways in endothelial cells to allow their passage.

For example, tumor cells can secrete Angiopoietin-like 4 (Angptl4), CCL2 and CXCL12, to

promote extravasation by a variety of tumor types. Integrin uvP3 has also been shown to

promote trans-endothelial migration (Felding-Habermann et al., 2001; Weber et al., 2016).

Another mechanism tumor cells use to cross the endothelium is to simply induce endothelial

cell death through necroptosis (Strilic et al., 2016). Tumor cells, through Rac and Cdc42

signaling, generate protrusions at the sites of junctions, and these protrusions are required for

efficient trans-endothelial migration (Reymond et al., 2013). As in cell migration, Rho/ROCK

signaling also plays a role in extravasation (Reymond et al., 2013).
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Leukocytes recruited to arrested tumor cells have also been shown to aid in

extravasation. Activated platelets can secrete TGF-, which can induce a partial EMT to

enhance extravasation (Labelle et al., 2011). Platelets can also release ATP to activate P2Y2 on

endothelial cells to allow tumor cell passage through the endothelial barrier (Schumacher et al.,

2013). Neutrophils and macrophages are also recruited to arrested tumor cells and can

contribute to extravasation as well (Gil-Bernabe et al., 2012; Labelle et al., 2014). Neutrophils

can enhance extravasation through the secretion of MMPs and inflammatory cytokines (Spiegel

et al., 2016). Macrophages can produce VEGF-A to induce vascular permeability which

enhances tumor cell extravasation (Qian et al., 2011; 2009).

Once past the endothelial cells, the endothelial basement membrane is the final barrier

that tumor cells must cross. Experiments have shown that disrupting ITGB1 can prevent tumor

cells from degrading the basement membrane leaving them trapped between the endothelium

and the basement membrane (Chen et al., 2016b).

Once tumor cells have extravasated, they may enter a state of dormancy, which can last

years or even decades (Fig. 1). Dormancy may be a formidable barrier to the development of

overt metastases (Kienast et al., 2009; Luzzi et al., 1998b). Dormant cells are often negative for

proliferation markers (such as Ki67), are positive for the cell cycle inhibitor p27, and show high

levels of p38 signaling (Sosa et al., 2014). The microenvironment at the metastatic site has been

shown to be a key regulator of dormancy. Dormant cells are often found in specific niches in

vivo (Ghajar et al., 2013). Stromal cells can produce dormancy-inducing molecules such as

thrombospondin, TGF-P, BMP4/7, and Gas6 (Bragado et al., 2013; Gao et al., 2012; Ghajar et al.,

2013; Kobayashi et al., 2011; Taichman et al., 2013). Some factors, such as SPARC, can be
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secreted by the tumor cells themselves to maintain dormancy (Sharma et aL., 2016). General

features of the microenvironment, such as hypoxia, are also able to induce a dormant state

(Endo et al., 2017; Fluegen et al., 2017; Hoppe-Seyler et al., 2017). Downstream of many of

these signals, the transcription factor NR2F1 has been shown to be a key regulator of dormancy

(Sosa, 2016; Sosa et al., 2015).

A question related to dormancy is when does metastasis occur during tumor

progression. The discussion so far has used the implicit assumption that metastasis is an event

that occurs late during tumor progression. However, this may not always be the case. On one

hand, sequencing of pancreatic cancer patient primary tumors and metastases suggests that

metastasis is a late event (Yachida et al., 2010). On the other hand, disseminated tumor cells

have been detected in patients diagnosed with DCIS, a benign lesion that is believed to be the

precursor to breast cancer (Banys et al., 2012). Furthermore, circulating epithelial cells have

been detected in patients with benign inflammatory conditions, suggesting that dissemination

can occur in the absence of transformation (Pantel et al., 2012). Experiments in mice have also

demonstrated that metastasis can occur early during tumor development (Harper et al., 2016;

Hosseini et al., 2016; Hsemann et al., 2008). Determining when metastasis occurs during

tumor progression is a key question for cancer researchers as it has implications for treatment.

If metastasis occurs early during tumor development, these early disseminated tumor cells

could lie dormant for years and be the origin of relapses well after a primary tumor has been

removed.

The outgrowth of metastases (and escape from dormancy) is dependent on a cell

adapting to the local microenvironment, which can be quite different from that of the primary
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tumor. In order to proliferate at the metastatic site, cells must develop adhesions to the ECM

(Aguirre Ghiso et al., 1999; Barkan et al., 2010; Shibue et al., 2013; 2012). Cells can also

influence changes at the metastatic site to enable their outgrowth. The ECM protein Tenascin C

has been shown to be required for breast cancer cell metastatic outgrowth in the lung. In small

tumors, Tenascin C is made exclusively by tumor cells. However, tumor cells eventually induce

the lung stroma to produce Tenascin C, thereby conditioning the lung microenvironment to suit

their needs (Oskarsson et al., 2011). Many additional ECM proteins have also been shown to be

important for metastatic colonization (Malanchi et al., 2011; Naba et al., 2014) indicating that

remodeling the ECM at the metastatic site is an important part of metastasis. In the bone,

metastatic tumor cells engage with osteoclasts or osteoblasts to grow as osteolytic or

osteoblastic metastases respectively (Weilbaecher et al., 2011). In the brain, astrocytes secrete

plasminogen activator, which leads to the cleavage of FasL to an activated form that can kill

metastatic tumor cells. In order to survive in the brain, tumor cells produce serpins, which

inhibit plasminogen activator (Valiente et al., 2014). As with primary tumors, the induction of

angiogenesis is also a key step in the outgrowth of metastases in some cases (Chambers et al.,

2002; Folkman, 1995; 2002; Holmgren et al., 1995; Joyce and Pollard, 2008; Kienast et al., 2009;

O'Reilly et al., 1994; Sosa et al., 2014).

Cells may also need to adapt to the metabolic environment at the metastatic site, as the

target organ may have very different levels of oxygen and nutrients compared to the primary

tumor (Schild et al., 2018). In the brain, a wide variety of metastatic tumor cells have been

shown to develop the ability to use acetate as an energy source, which is reminiscent of the

metabolism of endogenous brain cells and a metabolic pathway not used in the organ of origin
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for these metastases (Mashimo et al., 2014). The lungs have relatively high levels of oxygen and

glucose compared to most organs and especially compared to primary tumors, which may be

hypoxic. Unsurprisingly, oxidative stress is a barrier to lung metastasis and metastatic tumor

cells have been seen to adopt multiple mechanisms to defend against it (LeBleu et al., 2014;

Piskounova et al., 2015; Stresing et al., 2013). The liver, on the other hand, has low levels of

oxygen and glucose. In order to adapt to this microenvironment, tumor cells switch to glycolytic

metabolism through HIF-lu/PDK1 signaling (Dupuy et al., 2015). Metastatic cells in the liver can

also adapt to take advantage of the abundant creatine that is produced by hepatocytes to aid in

their growth (Loo et al., 2015).

Interactions with macrophages and neutrophils are also important for the outgrowth of

metastases at the metastatic site. Macrophages can directly aid the growth of tumor cells by

binding to VCAM1 on tumor cells (Chen et al., 2011). Neutrophils can enhance the growth of

metastases by expanding the pool of metastasis-initiating cells (Wculek and Malanchi, 2015).

Neutrophils can also inhibit metastasis. Tumor-bearing mice have been found to contain a set

of neutrophils with tumoricidal activity that can inhibit metastasis (Granot et al., 2011). On the

other hand, the majority of studies report that neutrophils enhance metastasis (Coffelt et al.,

2016). Reconciling these conflicting data will be an important step in improving our

understanding on how the microenvironment influences growth at the metastatic site.

The metastatic cascade as discussed above has proven to be a useful framework for

understanding metastasis (Fig. 1). However, it is not a complete description of the metastatic

process. One aspect of metastasis that is not well integrated into the metastatic cascade is the

relation of lymphatic metastases to distant metastases (Wong and Hynes, 2006). A key question
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in the field is whether lymph nodes are layover destinations for tumor cells on their way to

distant organs or merely signs that a tumor has become able to metastasize. What is clear, is

that metastasis to draining lymph nodes is a frequent clinical observation that is negatively

correlated with long-term survival (Pereira et al., 2015; Kawada and Taketo, 2011). Compared

with capillaries, lymphatic vessels lack many barriers to entry by tumor cells such as continuous

basement membrane or strong endothelial cell-cell junctions (Stacker et al., 2014).

Furthermore, tumors have been shown to induce increased flow through draining lymphatics,

which may enhance their movement through these vessels (Ruddell et al., 2008). In mouse

models, tumor cells can also induce lymphangiogenesis (the growth of new lymphatic vessels)

within a tumor through the production of VEGF-C (Karpanen et al., 2001; Mandriota et al.,

2001; Skobe et al., 2001) and VEGF-D (Stacker et al., 2001) to promote distant metastasis.

Expression of these genes is associated with lymph node metastasis in human cancer

(Schietroma et al., 2003).

Once tumor cells are in a draining lymph node, where they go remains an open

question. One genomic study of mouse primary tumors, lymphatic metastases, and distant

metastases has identified a liver metastasis that appears to be derived from a lymph node

metastasis (McFadden et al., 2014). However, this study also found many distant metastases

that did not have lymphatic origins. More recent studies have shown that tumor cells can traffic

from lymph nodes to seed distant metastases and have observed intravasation from lymph

nodes in vivo (Brown et al., 2018; Pereira et al., 2018). However, in human patients, the

majority of distant metastases seem to derive from the primary tumor as opposed to from

lymph node metastases (Naxerova et al., 2017).
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Lymph node metastases may merely be a sign that a tumor has acquired aggressive

metastatic properties and is actively spreading. One of these aggressive metastatic properties

might be evasion from the immune system (Vesely et al., 2011). It even appears that lymph

nodes may play an active role in aiding tumor cell evasion from the immune system. In support

of this model, it has been observed that direct injection of tumor cells into naive lymph nodes

results in their rapid destruction. However, when tumor cells are injected into a draining lymph

node of an established primary tumor, they survive and can grow into a metastasis (Preynat-

Seauve et al., 2007). Furthermore, tumor cell VEGF-C expression has been shown to induce

tumor cell tolerance in mice (Lund et al., 2012).

In order to metastasize to distant organs, transit through hematogenous circulation

seems to be the primary route. Lymphatic circulation re-connects with hematogenous

circulation at the subclavian veins, which are quite distant from most primary tumors.

Unsurprisingly, this connection point does not seem to be used by metastasizing tumor cells

leaving lymph nodes (Brown et al., 2018). It appears that tumor cells residing in lymph nodes

enter hematogenous circulation through capillaries in lymph nodes in a manner analogous to

cells at a primary tumor (Pereira et al., 2018). Following entry into circulation, the steps of

metastasis for tumor cells from a primary tumor or lymph node tumor are identical. Once a

tumor cell intravasates from a lymph node, the steps of the metastatic cascade are identical to

a tumor cell coming from a primary tumor.
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Intravital Imaging of Metastasis

Metastasis is a complex and dynamic process. The many steps occur in multiple

locations and on time scales ranging from seconds to weeks in model organisms. In order to

truly understand metastasis, it is important to be able to image the metastatic process as it

occurs in vivo with single-cell resolution. Most of the results described above used end-point

assays or fixed organs harvested at single time points during metastasis. While these studies

have revealed much about metastasis, they are missing many of the details of that can only be

obtained from intravital imaging studies. In the next section, I will review the current state of

the art of intravital imaging in rodents and how these techniques have been used to increase

our understanding of metastasis.

Intravital Imaging of Metastasis in Rodents

As reviewed above, the in vivo microenvironment has profound effects on

metastasizing tumor cells. While in vitro models of steps of the metastatic cascade continue to

improve, they are still unable to completely replicate the in vivo setting. Intravital microscopy

allows the study of the steps of metastasis in the tumor cells' natural environment. These

studies, some of which have been alluded to earlier, have greatly improved our knowledge of

metastasis. Mice are currently the most commonly used organism to model cancer. As such,

this section will focus first on intravital imaging studies in mice.

Intravital imaging is routinely used at the whole-organism scale in cancer research to

visualize the growth and spread of tumors. Tumor cells that express luciferase or recently

developed far-red and infrared fluorescent proteins allow tumors to be visualized through the

skin and tissue of a mouse without any surgical manipulation (Filonov et al., 2011; Zinn et al.,
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2008). These reagents allow mice to be imaged repeatedly over time to follow the effects of

treatment on tumor growth and metastasis. However, at its root, metastasis is the interaction

of single (or small groups of) tumor cells with their environment. Therefore, intravital imaging

with single-cell resolution is required (Sahai, 2007).

Intravital imaging at the microscopic scale is called intravital microscopy and has been

aided by rapid advances in confocal microscopy. A key problem in imaging thick samples (such

as live organisms) is that light from above and below the focal plane can interfere with the

image, making interpretation difficult or impossible. Confocal microscopy places a pin hole in

focus with (confocal to) the focal plane just before the detector. This pinhole blocks all out-of-

focus light allowing a thin optical section to be imaged (Paddock, 2014). An added benefit of

this approach is that multiple optical sections taken at different depths can be recombined to

produce a 3-dimensional image (Paddock, 2014). Given that the pinhole blocks out the majority

of light emitted from the sample, the strong excitation provided by a laser is critical to getting

enough signal from a sample. Today, laser scanning confocal microscopy is the dominant

technique. In this approach, the laser is scanned across the sample in the XY plane to induce

fluorescence at one point at a time. This allows the detector to be a highly sensitive photo-

multiplier tube. The final image is constructed from the photomultiplier tube signal at each

point as the laser scanned across the sample (Shotton, 1989).

The development of two-photon microscopy has greatly increased the depth of imaging

that can be achieved in intravital microscopy. Human and mouse tissues are most transparent

in the near-infrared range and become progressively more opaque towards the UV or deeper in

the IR range (Smith et al., 2009). Standard confocal microscopy requires an excitation
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wavelength that is less than the emission wavelength. This fact often places the excitation

wavelength in regions of the spectrum that are not good at penetrating tissue and makes

imaging more than 100um into tissue difficult (Ustione and Piston, 2011). Two-photon

microscopy takes advantage of a physical phenomenon where two photons of twice the

excitation wavelength that simultaneously hit a fluorescent molecule can combine to excite the

fluorophore (Ustione and Piston, 2011). This allows the excitation wavelength to be in the near-

infrared window and can be used to image up to 700pim into tumors (Jain et al., 2002). The

brain has proven to be the most amenable organ for two-photon microscopy with imaging

depths of up to 1600ptm reported (Kobat et al., 2011). This great depth allows imaging of

metastases deep within the organ. The key technological breakthrough that led to two-photon

microscopy was the development of a pulsed laser that can generate the photon flux sufficient

for the two-photon process to occur (So et al., 2000). Two-photon microscopy can also detect

second harmonic signals which allow ECM fibers to be imaged without any exogenous labeling

(Campagnola and Dong, 2011).

Metastasis generally occurs in organs that are beyond the reach of intravital microscopy

(and even two-photon microscopy) without surgical intervention. The bone marrow in the skull,

the mammary fat pad, and the liver can only be imaged following the creation of a skin flap that

can be pulled back to access the organ (Ewald et al., 2011; Mazo et al., 1998; Yang et al., 2002).

Early intravital imaging studies used this approach to study migration in primary tumors as well

as arrest and extravasation at the metastatic site (Farina et al., 1998; Luzzi et al., 1998a; Morris

et al., 1993; Sipkins et al., 2005).
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While these techniques are simple, they generally do not allow repeated imaging over

extended time periods. Longer-term imaging has been enabled by the development of

surgically implanted imaging windows (Alieva et al., 2014; Kitamura et al., 2017). Imaging

windows consist of a coverslip that is surrounded by a mounting apparatus that can be

surgically attached to an animal. Imaging windows have been designed for imaging the brain,

mammary fat pad, and abdominal organs such as the liver and intestine (Kedrin et al., 2008;

Kienast et al., 2009; Ritsma et al., 2013). Once successfully implanted, these windows can be

used to image repeatedly over the course of weeks. Long-term imaging through these windows

has allowed the careful study of the behavior of metastatic tumor cells in the brain and liver

(Kienast et al., 2009; Ritsma et al., 2012). These detailed studies have revealed dynamic steps in

the metastatic process that had previously been inaccessible to study.

Another important organ for the study of metastasis has been the lung, which has been

especially useful for the study of the temporal dynamics of metastasis. In these studies, tumor

cells are injected intravenously into the tail vein of a mouse. As the lungs are the first capillary

bed downstream, most tumor cells become trapped there. By removing the lungs at various

time points post-injection, the timing of extravasation and the interactions between tumor cells

and stromal cells have been elucidated (Labelle and Hynes, 2012). The study of cells at fixed

time points has its limitations, and imaging windows to perform intravital imaging in the lung

have been developed in response (Looney et al., 2010).

The lung poses special challenges for intravital imaging as the lung is constantly in

motion in a live animal. One solution has been to utilize vacuum pressure to adhere the lung to

the window and minimize lung movement. More recently, a permanent window that does not
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require a vacuum has been developed (Entenberg et al., 2017). Through these systems, the

early responses of the immune system to tumor cells as well as the growth of tumor cells into

micrometastases have been imaged (Headley et al., 2016).

The development of new fluorescent reagents has increased the power of intravital

imaging to unravel the processes that occur during metastasis. New fluorescent proteins which

are brighter or have emissions shifted towards the near-IR continue to be developed (Matela et

al., 2017; Rodriguez et al., 2016). Recently, photoactivatible, photoswitchable, and

photoconvertible proteins have been developed. These proteins can be induced, usually

through violet illumination, to change their fluorescent properties. Photoactivatable proteins

are induced to become fluorescent following illumination. Photoswitchable proteins can be

repeatedly switched between two different fluorescent states, for example, between red

fluorescence and green fluorescence. Finally, photoconvertible proteins can be converted

between two fluorescent states but this conversion is irreversible (i.e from green to red but not

back again). These proteins allow specific cells to be tagged and followed at later time points

and have been used to study metastasis by tracking migration in primary tumors as well as to

track the path that metastasizing tumor cells take through an animal (Gligorijevic et al., 2012;

Pereira et al., 2018).

Fluorescent protein techniques with long histories in in vitro systems can also be used to

gain new insights with intravital imaging. For example, classical fluorescent fusion proteins

allow the behavior of individual proteins or protein complexes to be studied in vivo. In one such

example, a fluorescent N-WASP fusion protein has been used to monitor the role of

invadopodia during intravasation in primary tumors (Gligorijevic et al., 2012). Another group of
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fluorescent reagents commonly used in vitro are FRET-based reporters. FRET reporters have

been used extensively to monitor signaling pathways in vitro (Rowland et al., 2015) and have

been used in vivo to determine signaling dynamics during metastasis (Timpson et al., 2011).

In the experiments described above, fluorescent proteins were placed under ubiquitous

promoters and were subsequently expressed constitutively. However, fluorescent proteins can

be placed under conditional reporters to label specific cell types, respond to signaling

pathways, or indicate cell state changes. For example, mice have been generated with various

labeled stromal cell types (including endothelial cells and various myeloid cells), which has

allowed imaging in vivo of the interactions between stromal cells and tumor cells (Harney et al.,

2015; Headley et al., 2016; Kienast et al., 2009; Lohela et al., 2014). When the conditional

promoter is in the tumor cells themselves, fluorescent proteins can be used to monitor cell-

state changes such as EMT or the activity of signaling pathways such as the TGF- pathway

(Fischer et al., 2015; Giampieri et al., 2009). The induction of expression of a fluorescent protein

can also be achieved with Cre-responsive systems. In one elegant study using Cre recombinase,

extracellular vesicles were demonstrated to be able to transmit mRNAs from primary tumor to

metastases in mice (Zomer et al., 2015). Tumor cells can be engineered to have multiple

fluorescent proteins that are randomly activated, such the confetti system (Livet et al., 2007;

Schepers et al., 2012; Snippert et al., 2010). These systems give individual cells unique

fluorescent colors and have been used to track the clonal dynamics of metastases (Maddipati

and Stanger, 2015).

Intravital imaging in mice has considerably advanced our knowledge of metastasis.

However, the techniques involved, including the surgical implantation of imaging windows,
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remain quite complicated and can be subject to a high failure rate (Jeff Wyckoff, personal

communication). These difficulties have restricted the routine use of intravital microscopy to a

few labs. When this thesis work began, zebrafish embryos had been recently demonstrated to

be a powerful system for imaging aspects of metastasis (Stoletov et al., 2010). Furthermore, a

number of developments suggested that intravital imaging in adult zebrafish could be feasible

and significantly less complicated than imaging in mice (Stoletov et al., 2007; White et al.,

2008). In the next section, I will review the use of zebrafish as a model to study metastasis.

The Use of Zebrafish To Study Metastasis:

When this work began, there were rapid advances being made in the use of zebrafish to

study metastasis. There had recently been a proliferation of new genetic models that promised

to expand the types of cancer that could be studied using zebrafish. In addition, a new line of

zebrafish that is transparent throughout its life promised to provide a unique tool for intravital

imaging in adults (White et al., 2008). The field was also undergoing an exciting transition.

Despite more than 50 years of use as a model organism, zebrafish had only recently been

developed as a model system to study metastasis (Grunwald and Eisen, 2002; White et al.,

2013). The new potential avenues of zebrafish research opening up combined with the

strengths of the zebrafish model system led to their addition to our research program.

Zebrafish possess a number of traits that make them an attractive model system for the

study of metastasis. First, the physiology of zebrafish is generally conserved with humans.

Zebrafish contain most of the same organs as mammals with a few notable exceptions such as

mammary glands, lungs, and the prostate (White et al., 2013). Another difference is that, in

42



adult zebrafish, the head kidney is the site of hematopoiesis rather than the bone marrow

(Davidson and Zon, 2004). Despite the difference in the location of adult hematopoiesis,

zebrafish have a robust immune system which contains the same major cell types as the

mammalian immune system (Renshaw and Trede, 2012; Trede et al., 2004a). Consistent with

their conserved physiology, tumors in zebrafish are histologically similar to their human

counterparts (Berghmans et al., 2005a).

At the genetic level, there is also considerable conservation. While zebrafish and

mammals diverged 450 million years ago, both contain the same basic complement of genes.

Approximately 70% of human genes have a known ortholog in zebrafish (Howe et al., 2013). A

complication in identifying orthologs in zebrafish is that the teleost lineage underwent a whole

genome duplication event 350 million years ago (Meyer and Schartl, 1999). It seems likely that

as our understanding of the zebrafish genome improves, more orthologs will be identified

(Postlethwait, 2007). Of the orthologs that have been identified, many are functionally

conserved. For example, function of key oncogenes and tumor suppressor genes are conserved

between mammals and zebrafish. Inactivating mutations in the key tumor suppressors P53,

PTEN, or APC lead to the development of tumors in mutant zebrafish (Berghmans et al., 2005b;

Faucherre et al., 2008; Haramis et al., 2006). Conversely, over-expression or expression of

oncogenes with activating mutations such as Myc, BRAFV600E or KRASG1 2D also leads to the

development of tumors in zebrafish (Langenau et al., 2007; 2003; Patton et al., 2005). When

these tumors are analyzed at the genetic level, there is considerable similarity between

zebrafish and human tumors both in the structural features of the genome, such as aneuploidy,
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as well as in patterns of gene expression (Lam et al., 2006; Rudner et al., 2011; Zhang et al.,

2010a).

In addition to their conservation with mammals, zebrafish have many other benefits as a

model system. Zebrafish are small and much cheaper to house than mice. Zebrafish also have

unmatched fecundity for a vertebrate model. A single mating pair can produce up to 200

embryos every week (Lieschke and Currie, 2007). These characteristics allow large genetic

screens to be conducted that would be unmanageable in mice. The development of the Tol2

transposon system allows the high efficiency generation of transgenic animals through

technically simple injections of embryos at the one-cell stage (Kawakami et al., 2000). The Tol2

system has recently been engineered to deliver CRISPR reagents, allowing the rapid generation

of knockout animals (Ablain et al., 2015; Chang et al., 2013; Hwang et al., 2013a; 2013b; Jao et

al., 2013).

One of the key reasons why zebrafish appeared to be a promising system for studying

metastasis was the development of a line of zebrafish that is transparent throughout its entire

life cycle. This line, called Casper for its ghost-like appearance, is the result of a cross between

the nacre and roy mutant lines (White et al., 2008). Zebrafish have three types of pigment cells:

dark black melanophores, highly reflective iridophores, and yellow xanthophores (Rawls et al.,

2001). Nacre mutants lack melanophores while roy mutant fish lack iridophores (D'Agati et al.,

2017; Lister et al., 1999; Ren et al., 2002). Zebrafish tissue is naturally fairly transparent so

when the opaque melanophores and reflective iridophores in the skin are removed, this

renders the animal amenable to intravital imaging without the need for the surgical

implantation of imaging windows. Casper fish have been used to image metastasis using whole
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body fluorescence imaging (Heilmann et al., 2015). Furthermore, individual metastases can be

imaged with single-cell resolution (Tang et al., 2016).

Zebrafish have become a popular system in which to model cancer, however, their use

to model metastasis is a relatively recent development. One reason for this lag has been the

lack of reliable cell culture techniques in zebrafish. The development of cell culture technology

was a major advance in the field of cancer research (Fogh et al., 1977). The ability to derive cell

lines for in vitro study or manipulation has consequently been fundamental for the study of

metastasis (Khanna and Hunter, 2005). The recent development of a protocol to derive cell

lines from zebrafish tumors promises to transform zebrafish cancer research. The first line

generated in our laboratory by Amy McMahon using this technique was called ZMEL1

(Heilmann et al., 2015). The ZMEL1 cell line can form tumors following orthotopic implantation

and can metastasize (Heilmann et al., 2015). ZMEL1 cells can be infected with a lentiviral

transduction system in vitro, which will allow genetic manipulation prior to transplantation

(Fazio et al., 2017). Historically, RNAi has failed to work in zebrafish, however, the genetic basis

for this failure, two substitution mutations in Ago2, has been recently identified (Chen et al.,

2017; Kelly and Hurlstone, 2011). This development may potentially bring this technology,

which is commonly used in mammalian cell lines, to zebrafish to complement CRISPR

knockouts.

Due to the absence of clonal zebrafish lines, the ZMEL1 cell line is (and most

transplantable zebrafish tumors are) not syngeneic with any individual fish (Moore and

Langenau, 2016). Therefore, various methods of immunosuppression are required for

successful engraftment. Originally, fish were irradiated prior to transplantation (Heilmann et al.,
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2015). However, the recent development of immunocompromised lines of zebrafish has

allowed transplantation without irradiation. Zebrafish have been developed with a frame-shift

mutation in the rag2 gene. These fish lack T-cells and are able to accept other zebrafish tumor

transplants (Tang et al., 2014). Tumors can be repeatedly transplanted into these fish in

classical in vivo selection experiments to generate tumors with high and low metastatic

potential (Tang et al., 2016). More recently, fish with mutations in prkdc, the gene which is

responsible for the SCID phenotype in mice and humans, have been developed which lack both

B and T cells (Moore et al., 2016). These immunocompromised fish are valuable tools which

allow transplantation without further manipulation such as irradiation.

While the transplantation of zebrafish tumors has become routine, xenotransplantation

of human and mouse cells into adult zebrafish remains challenging. Although there have been

some anecdotal reports of successful xenotransplantation, there is currently no standard

approach (Eden et al., 2015; Stoletov et al., 2007; Zhang et al., 2014). My work in the course of

this thesis has highlighted the difficulty in reproducing of some of these approaches (see

Chapter 2) (Benjamin and Hynes, 2017). This may be due to the generation of similar lines by

different groups. For example, two lines of prkdc mutant zebrafish were generated by different

groups around the same time. One line was shown to allow engraftment of tumor cells, albeit

with low efficiency, while the other was unable to accept xenotransplanted human tumor cells

(Benjamin and Hynes, 2017; Jung et al., 2016). One approach that seems promising is tolerizing

zebrafish to human cells. In this approach, small numbers of lethally irradiated human tumor

cells are injected into 2-day-old embryos. Following injection, the embryos develop normally

into adults. When these adults are challenged with the originally injected tumor cell line,
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engraftment is successful, indicating that tolerance has been achieved (Zhang et al., 2016).

However, this approach is labor-intensive as each fish for an experiment must be generated

through these injections. A simple, reliable method for xenotransplantation into adult zebrafish

currently remains elusive.

One response to the challenges of xenotransplantation into adults has been to use

embryos instead. Zebrafish embryos do not have an adaptive immune system until one month

post-fertilization, so they will accept human and mouse xenografts (Trede et al., 2004b). This

ease of xenotransplantation has made zebrafish embryos a more popular system for studying

metastasis than zebrafish adults to date. Some of the advantages of zebrafish embryos are that

even wild-type embryos are transparent and develop outside the mother, which allows

experimental manipulation and imaging. Furthermore, by 2 days post-fertilization (dpf), the

time point used in most studies, embryos have a fully functional closed circulatory system, a

key requirement for studies of metastasis (Isogai et al., 2001). Moreover, embryos fit in 96 well

plates and can absorb drugs from the water, which can allow high-throughput screens in a living

vertebrate (MacRae and Peterson, 2015).

Zebrafish embryos can also be used to model tumor cell interactions with the

microenvironment. Despite lacking an adaptive immune system, embryos have functional

innate immune cells such as macrophages and neutrophils by 2dpf (Davidson and Zon, 2004).

Furthermore, zebrafish lines have been generated with a wide number of fluorescently-labeled

cell types, including macrophages, neutrophils, endothelial cells, and thrombocytes (Ellett et al.,

2011; Lawson and Weinstein, 2002; Lin et al., 2005; Renshaw et al., 2006). Due to the ease of

imaging in the embryo, these lines have proven to be valuable tools for studying tumor cell
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interactions with the stroma during metastasis (Chen et al., 2016a; He et al., 2012; Nicoli and

Presta, 2007; Nicoli et al., 2007; Roh-Johnson et al., 2017; Stoletov et al., 2010).

Human immune cells can also be injected into embryos to study tumor-immune cell

interactions (Wang et al., 2015). The ability to transplant functional human immune cells is

especially important as many cytokine-receptor interactions are not conserved between

humans and zebrafish (Svoboda et al., 2016). Other microenvironmental factors, such as

hypoxia, can also be modeled by changing the environment in which embryos are housed to

study their role in metastasis (Lee et al., 2009; Rouhi et al., 2010).

Finally, morpholino technology can be used to rapidly generate knockdown embryos

(Nasevicius and Ekker, 2000). These embryos can then be used to study the effects of knocking

down microenvironmental genes on metastasis (He et al., 2012). Given the months to years it

takes to generate a knockout mouse, the ability to rapidly assay the effects of gene depletion in

the microenvironment is a major advantage of zebrafish embryos.

In the metastasis field, metastasis experiments can broadly be divided into spontaneous

and experimental metastasis assays. In spontaneous metastasis assays, there is a primary

tumor and the entire metastatic cascade is modeled as tumor cells metastasize from this

primary tumor. In experimental metastasis assays, tumor cells are injected directly into

circulation, bypassing the early steps of the metastatic cascade (G6mez-Cuadrado et al., 2017).

Through these assays, the steps in metastasis in which a gene may be functioning can be

identified.
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Spontaneous and experimental metastasis can both be performed using zebrafish

embryos (Fig. 2A). Spontaneous metastasis assays can be performed by injecting tumor cells

into the perivitelline space above the yolk sac . Cells will metastasize from these "primary"

tumors to the tail of the fish. A cell line's metastatic propensity in such assays was well

correlated to its behavior in mice, suggesting that many aspects of metastasis are conserved in

the embryo system (Teng et al., 2013). Cells injected into this location have also been used to

study the interaction of tumor cells with the innate immune system during the early steps of

metastasis. Cells can also be injected into the pericardial space to form a primary tumor. This

method has been used to study the invasion of heterogeneous mixtures of cells (Chapman et

al., 2014).

Experimental metastasis assays are also possible in zebrafish embryos (Fig. 2B).

Generally, these are performed by injecting tumor cells into the Duct of Cuvier, which is a large

vessel in the embryo that drains directly into the heart. Following injection, embryos can be

imaged for hours at a time, providing a powerful platform to study the events in circulation and

at the metastatic site. For example, zebrafish embryos have been used to study the behavior of

CTCs in circulation and show that they can deform to transit narrow capillaries (Au et al., 2016).

Zebrafish have also been used to study arrest, extravasation, and migration at the metastatic

site (He et al., 2012; Stoletov et al., 2010).
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1 Inject into
Perivitelline Space
or
Pericardial Space

2 Angiogenesis
Migration
Invasion
Intravasation

3 Travel Through Circulation
Arrest
Extravasation
Growth

B Zebrafish Embryo Experimental
Metastasis Assay

1 Inject into 2 Travel Through Circulation
Duct of Cuvier Arrest

Extravasation
Growth

Figure 2. Zebrafish embryo metastasis assays. (A) Spontaneous metastasis assays may be
performed by (1) generating a "primary" tumor through injections into the perivitelline space or
the pericardial space. (2) A number of aspects of metastasis can be assayed at these "primary
tumors". (3) Cells can metastasize from the "primary tumor" allowing the study of latter steps
of the metastatic cascade as well. (B) Experimental metastasis assays may be performed by (1)
injecting cells into circulation via the Duct of Cuvier. (2) These cells then travel through
circulation to other locations in the embryo allowing the study of the latter steps of the
metastatic cascade. Figure 2 was generated from modified Servier Medical Art under a Creative
Commons 3.0 Unported License (https://smart.servier.com).
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In summary, zebrafish adults and embryos can both be used as systems to model

metastasis. Given that cancer is primarily a disease of adults, the ability to model cancer in an

adult microenvironment is a major strength of adult zebrafish (U.S Cancer Statistics Working

Group). However, the inability to transplant human cell lines, which have well characterized

metastatic phenotypes and are easy to manipulate genetically, is a major limitation. The ability

to xenotransplant human cells makes embryos a powerful system for studying metastasis.

However, it remains unclear how well the embryonic microenvironment replicates the situation

in adult patients during metastasis. Given the complementary strengths of adults and embryos,

both were used in the work described in this thesis.

Intravital Imaging of Metastasis in Zebrafish:

This thesis set out to use zebrafish (adults and embryos) as an intravital imaging system

to better understand the events at the metastatic site. It has been estimated that less than

0.01% of tumor cells that are shed from a primary tumor grow into metastases (Fidler, 1970).

This statistic indicates that the barriers found in circulation and at the metastatic site are rate-

limiting for metastasis. Therefore, a better understanding of the events at the metastatic site

may provide insights that could be used in the clinic to prevent metastasis.

In Chapter 2, I will review the state of intravital imaging of metastasis when this work

began and how zebrafish had previously been used to image metastasis. I will then discuss the

development of new methods to use adult Casper zebrafish for the live imaging of metastasis.

Finally, I will show the utility of these methods by following individual cancer cells at the

metastatic site for two weeks as they grow from single cells to macroscopic metastases.
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In Appendix A, I will first describe our attempts at imaging the interactions between

tumor cells, thrombocytes, neutrophils, and macrophages in adult fish and the challenges we

encountered. I will then describe how we instead imaged the interactions between tumor cells

and neutrophils in embryos.

In Chapter 3, I will review the biology of the oncogene YAP and its role in metastasis. I

will then describe experiments where we show that YAP promotes brain metastasis in zebrafish

embryos. Finally, I will describe our use of zebrafish embryos to gain new insights into how YAP

promotes metastasis.

In Chapter 4, I will summarize the results described in this thesis. I will describe the new

questions that arose from this work as well as questions that remain unanswered. Finally, I will

propose new avenues of potential study based on these areas.
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Chapter 2.

Intravital Imaging of Metastasis in Adult Zebrafish

The contents of this chapter were written by David Benjamin with editing by Richard Hynes,
Adam Amsterdam, and Jess Hebert. The experiments in this chapter were performed by David
Benjamin. This chapter is a reproduction of work originally published in BMC Cancer with minor
alterations. The original paper can be located using the following reference:

David C. Benjamin and Richard 0. Hynes. (2017). Intravital imaging of metastasis in adult
Zebrafish. BMC Cancer 17, 660-672
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Introduction
Metastasis is the cause of the overwhelming majority of cancer-related deaths, yet our

understanding of the underlying biology remains incomplete (Valastyan and Weinberg, 2011).

The events that occur at the metastatic site (namely arrest, extravasation, and growth into a

new tumor) are particularly poorly understood (Labelle and Hynes, 2012). These events are in

need of further elucidation because they may be rate-limiting steps in the metastatic cascade,

as evidenced by the fact that tumors can shed thousands of cells per day into circulation yet

only a small fraction of these will go on to form metastases (Chambers et al., 2002). Studies of

events at the metastatic site have indicated that dynamic interactions between tumor cells,

platelets, leukocytes (Labelle et al., 2011; 2014; Qian et al., 2009; Spicer et al., 2012), and

endothelial cells (Laubli et al., 2009) are key in regulating the formation of metastases. These

interactions have been challenging to study in mice due to their transient nature and

occurrence deep within vital organs (Fein and Egeblad, 2013). The development of intravital

imaging techniques has begun to allow the observation of these events.

The current state of the art for intravital imaging in mice involves the surgical

implantation of glass windows through which a tissue of interest can be imaged (Pittet and

Weissleder, 2011). Protocols have been developed for imaging common sites of metastasis

including the lung (Looney et al., 2010), liver (Ritsma et al., 2013), brain (Kienast et al., 2009),

and bone marrow (Mazo et al., 1998). Once these windows have been installed, the animal can

be imaged repeatedly over multiple weeks. These techniques have been used to study tumor

cell arrest (Kienast et al., 2009), interactions with immune cells (Cools-Lartigue et al., 2013;

Headley et al., 2016), and their early outgrowth into metastases (Kienast et al., 2009; Ritsma et

al., 2012).

84



While imaging windows have allowed the study of metastatic sites in living mice, some

key limitations have restricted their widespread adoption. First, each animal in an experiment

requires the surgical implantation of an imaging window. The time required to prepare each

animal limits the number that can be used in an experiment. Second, the equipment, expertise

and time required to become proficient in the surgical techniques make intravital imaging a far-

from-routine technique. Finally, certain tissues present further technical challenges beyond the

installation of an imaging window. For example, the lung is one of the best-studied metastatic

sites in mice (Nguyen et al., 2009). However, imaging the lung requires additional stabilization

techniques to compensate for respiratory movements which reduce the duration of imaging

(Alieva et al., 2014). These techniques can involve the ex vivo isolation of the lung (Al-Mehdi, AB

et al., 2000) or methods to adhere the lung to imaging windows in vivo (Kreisel et al., 2010;

Looney et al., 2010) to minimize its movement. The additional challenges associated with these

techniques have limited the number of intravital imaging studies in murine lungs.

Zebrafish embryos have been extensively used as a model system for the intravital

imaging of metastasis (He et al., 2012; Stoletov et al., 2010; Teng et al., 2013) owing to their

optical transparency and development outside the mother. In addition, zebrafish share a great

deal of homology with humans, with approximately 70% of human genes having an identifiable

homolog in zebrafish (Howe et al., 2013). However, it remains unclear how well the embryonic

microenvironment and remodeling vasculature recapitulate the situation in an adult fish.

The recent development of a transparent line of zebrafish, casper (White et al., 2008),

offers an adult model for the intravital imaging of cancer and metastasis. Casper fish carry two

homozygous mutations that prevent the development of melanophores and iridophores.
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Without these two types of pigment cells, zebrafish are transparent even as adults, eliminating

the need for any further manipulation of the animal prior to experimentation. Casper fish have

been used to image the clonal heterogeneity (Moore et al., 2016; Tang et al., 2016) and

neovascularization (Tang et al., 2016) of transplanted primary tumors. Casper fish have also

been used as a quantitative system to study metastasis using fluorescence as a readout

(Heilmann et al., 2015). In addition, micrometastases have been detected in tumor-bearing

casper fish following the transplantation of tumors (Tang et al., 2016). However, the events at

the metastatic site have not been studied in adult casper fish.

We describe here a protocol for the intravenous injection of tumor cells into young

adult casper fish that is an improvement on current methods used for adult injections. We then

describe a simple protocol for intravital imaging and demonstrate its utility by characterizing

the behavior of tumor cells at the metastatic site over the course of two weeks.
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Results

Development of adult intravenous injections

Retro-orbital (RO) injections are a common route for injecting cells or reagents directly

into circulation in adult zebrafish (Pugach et al., 2009). However, in our hands, these injections

have a low efficiency rate in irradiated young adult fish (6 to 10-weeks-old) as determined by

the percentage of fish with tumors in the posterior of the animal 14 days post-injection (Fig. 1A

and B). The posterior of the animal was chosen for quantification as all injections led to a tumor

at the injection site, in the anterior of the animal, but only successful injections disseminated

cells to the posterior.

In transparent casper fish, the major blood vessels are visible through the skin, allowing

direct intravenous (IV) injections. We chose to inject into the common cardinal vein because it

is a large target that is easy to locate under a dissecting microscope (Fig. 1C and Additional File

1A). Intravenous injections into the common cardinal vein offered improved efficiency

compared to retro-orbital injections in 6 to 10-week-old casper fish (Fig. 1A and B). We

developed the injection protocol using a GFP-labeled zebrafish melanoma cell line (ZMEL1) that

has been previously described (Heilmann et al., 2015). This cell line was chosen as it is one of

the few zebrafish cancer cell lines available and its metastatic behavior has been well

characterized.

Injection success could be determined immediately following injection by observing

GFP-positive cells in the gills and posterior of the fish (Fig. iD). By 14 days post-injection,

tumors were observed growing throughout the fish (Fig. 1A). Histology of fish at this time point
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revealed tumors in multiple organs including the kidney, skin, gills, heart, intestine, and liver

(Fig. IE).
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Figure 1 Intravenous injection of zebrafish melanoma cells (ZMEL1) into irradiated adult
zebrafish. (A) Representative images of irradiated zebrafish injected with GFP-labeled zebrafish
ZMEL1 melanoma cells 14 days after retro-orbital (top) and intravenous (bottom) injections.
Scale bar is 1mm. (B) Quantification of injection efficiency of retro-orbital and intravenous
injections as determined by the presence of distant metastases in the posterior of the fish with
the success rate indicated. (C) 6 to 10-week-old casper fish with injection location (common
cardinal vein) outlined. Scale bar is 1mm. (D) Example of a successful intravenous injection as
indicated by GFP-labeled tumor cells in the gills (white dashed line) and posterior of an
irradiated casper fish (yellow dashed line) 1 hour post-injection. The injection site is indicated
with a white arrowhead. Scale bar is 1mm. (E) H&E stained transverse sections of irradiated
zebrafish 14 days post-injection showing tumors in the indicated organs. Tumors are indicated
by black dotted lines. Scale bar is 100pm.
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Intravital imaging of adult zebrafish

In mice, intravital imaging requires surgical techniques to gain access to the organs of

interest (Pittet and Weissleder, 2011). In contrast, casper fish require no surgical intervention

prior to imaging. We were able to perform intravital imaging in these fish by simply placing

them in a glass-bottom dish and immobilizing them with anesthetic and low-melt agarose (Fig.

2A). Flk:dsRed2 fish were crossed into the casper background to allow visualization of the

vasculature and tumor cells in living fish. The vasculature in these fish was clearly visible to a

depth of 100pm with confocal microscopy or 200pm using 2-photon microscopy (Fig 2B and C).

The optimal imaging location was determined to be the region just lateral to the spine in

the posterior of the fish near the tail fin (Fig. 2C). This region was relatively flat which allowed a

large area to be visible in a single focal plane. In addition, this region was far enough from the

head to be minimally affected by the fish's opercular movements. ZMEL1 cells could be

observed in the vasculature in the skin and sub-dermal musculature in this region shortly

following injection (Fig. 2C). In the first few hours following injection, tumor cells were

observed flowing through blood vessels (Additional Movie 1) or stably arrested (Additional

Movie 2).
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Figure 2 Live imaging of irradiated adult zebrafish following injection of ZMEL1 melanoma
cells.
(A) Intravital imaging set-up with an adult zebrafish restrained in low-melt agarose in a glass-
bottomed 6-well plate. Scale bar is 1mm. (B) Maximum intensity projection of a 200um two-
photon Z stack showing the vasculature in a casper;flil:EGFP zebrafish. Scale bar is 100um. (C)
Region of imaging in the posterior of an irradiated casper;flk:dsRed zebrafish (white box) and
example of a single 20x confocal field (red box). Scale bar for the posterior is 1mm. Scale bar for
the 20x field is 100pm.

90



Studies of the early events at the metastatic site

We next investigated the early events at the metastatic site (namely arrest,

extravasation, and early outgrowth of metastases) using intravital imaging. We first

characterized the locations where ZMEL1 cells arrested within the first hour following injection.

We observed that tumor cells arrested at three categories of locations: bends, branch points, or

neither of the two (Fig. 3A). When we compared the relative frequencies of cells at these three

locations, we found a majority (73%) of tumor cells arrested at bends and branch points, and

the remaining 27% arrested at neither (Fig. 3B). The diameter of tumor cells arrested in vessels

was then measured and was found to be larger than the narrowest point in the vessel adjacent

to the arrested tumor cell (Fig. 3C). This result suggests that tumor cells in this system arrest

once they become lodged in vessels too small for them to travel through.

Following injection with ZMEL1 cells, individual fish were imaged at the time points

indicated (Fig. 3E). The non-invasive imaging protocol allowed each fish to be repeatedly

imaged without any apparent ill effects. Extravasation was quantified during this time window

by scoring cells as intravascular, extravasating, or extravascular (Fig. 3D). Extravasation began at

24 hours post-injection and increased until a peak at 72 hours post-injection. By 6 days post-

injection (DPI), all remaining cells had extravasated or were in the process of extravasating (Fig.

3E).

The attrition of tumor cells at the metastatic site was followed at the same time points

as above. Cell numbers were quantified as the fraction of cells relative to the first time point (3

hours post-injection). Cell numbers declined initially, reaching a plateau at 48 hours post-

injection, after which cell numbers steadily increased until the end of the experiment (Fig. 3F).
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During these imaging studies, we observed that many extravascular cells made long protrusions

following extravasation (Fig. 3G). Over time these protrusions were observed to be lost (Fig.

3H).

DA

Bend Branch
Point

B Location of Arrested Tumor Ces C T

0.4-8
I6-

0.3- S

02~0'1
00 W0.12

I. Bend Branch Neither
Point

Neither

uamor Cel vs Vessel Diameter

*.

Narrowest Average
Point Tumor

In Vessel Cell Diameter

Intravascular

E

0
I-

Extravasating Extravascular

Extravasation Over Time

Intravascular
+ Extravasating

Extravascular

3 24 48 72 96 120 144
Time (Hours PostInjection)

G
Cell Numbers Over Time

S1.5

0.5-C 1.0.1

. 324 48-72-- 6- i4
Time (Hours Post4njection)

4DPI 6DPI

H
Protrusions Over Time

3 1.0 -
0 0.8 --

0.4
C 0.21

00E 2 4 6
u. Days Post-Injection

Figure 3 Imaging the early events at the metastatic site in irradiated Casper fish.
(A) Example images of ZMEL1 zebrafish melanoma cells arrested at bends, branch points, or
neither within 3 hours of injection into casper;flk:dsRed fish. Scale bar is 10pam.
(B) Quantification of the fraction of ZMEL1 cells arrested at bends, branch points, or neither
within three hours of injection. Quantifications are representative of 170 cells in 8 fish. (C)
Quantifications of the diameter of arrested ZMEL1 cells and the diameter of the vessel in which
they are arrested within 3 hours of injection. n= 53 cell and vessel pairs across 5 different fish. p
< 0.0001 using a two-tailed Student's t test. (D) Example images of intravascular, extravasating,
and extravascular cells 2 days post-injection. Scale bar is 10lpm. (E) Quantification of the
fraction of zebrafish melanoma cells that are intravascular, extravasating, and extravascular.
Data are representative of 141 cells imaged across 8 different fish. (F) Quantification of the
fraction of ZMEL1 melanoma cells remaining overtime following injection. Data are
representative of 58 fields in 10 fish. (G) Image of ZMEL1 cells 4 and 6 days post-injection
showing the loss of protrusions (white arrowheads). Scale bar is 10ptm. (H) Quantification of
the fraction of ZMEL1 cells with protrusions over time. Data are representative of 164 cells in 3
fish.
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Following our experiments with the ZMEL1 cell line, we expanded our studies to human

tumor cells with well-studied in vivo metastatic phenotypes: the MDA-MB-435 melanoma cell

line, the LM2 triple-negative breast cancer cell line, and the MA2 melanoma cell line. Following

injection into irradiated Casper fish, some cells were observed to have extravasated by 24 hours

post-injection (Additional File 2A). However, when the same location was imaged over time,

LM2 cells were observed to disappear within two days of injection (Additional File 2B and C).

We suspected that these cells were lost due to clearance by the immune system.

We tested various immunosuppression regimes using irradiation, dexamethasone, or a

combination of both based on previous studies that have reported success in establishing

tumor xenografts in zebrafish (Eden et al., 2014; Stoletov et al., 2007). We also tested two lines

of genetically immunocompromised fish: rag245Ofs/ 450fs and prkdcD3 61 2fs/D3 61 2fs.

Despite these combinations, our efforts were ultimately unsuccessful (Additional Table

1). It is possible that other methods or cell lines would have been successful as other groups

have reported success with different cell lines (Eden et al., 2014; Jung et al., 2016), zebrafish

lines(Zhang et al., 2014), and immunotolerization approaches (Zhang et al., 2016). In addition,

the continued development of lines of immunocompromised zebrafish suggests that this

limitation may be temporary(Langenau, 2016).

It is possible that some of these results could be explained by the inability of these

human cell lines to grow in zebrafish. While the MDA-MB-435 cells have previously been shown

to grow in immunocompromised 4-week-old zebrafish (Stoletov et al., 2007), LM2 human

breast cancer and MA2 human melanoma cells have not. To assay the growth of the LM2 and

MA2 cells in zebrafish, these cell lines were injected into 2-day-old embryos. As the embryo
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lacks an adaptive immune system, a failure to grow in this context could be the result of an

intrinsic inability to grow in zebrafish rather than immune rejection. MA2 metastases in the tail

grew between 1 and 4 days post-injection (Additional File 2D). However, LM2 cells were lost

during this time period (Additional File 2D). While these results may indicate that the LM2 cells

are being lost due to their inability to grow in zebrafish, the fact that MDA-MB-435 and MA2

cells also fail to engraft in adults suggests that immune rejection remains the primary hurdle for

successful engraftment.

Studies of metastases over time

Currently, it is technically challenging to study the growth of metastases from single

cells to large metastases in a living organism. We followed ZMEL1 cells over the course of two

weeks as they formed metastases in irradiated Casper fish. We chose two weeks as the end-

point for these studies because ZMEL1 tumors grow rapidly and it becomes difficult to

distinguish individual metastases after this time point. Metastases will continue to grow out

until 4 weeks post-injection, by which time the fish begin to look unhealthy and must be

sacrificed in accordance with animal welfare guidelines (data not shown).

In order to return to the same locations over time, the vasculature was used to provide

landmarks. In the region of the fish where imaging was performed, large vessels are seen at

regular intervals between muscle segments (Fig. 4A). These vessels form unique patterns that

can be recorded and later referenced for navigation. Using these vascular patterns (Fig. 4B), we

were able to return to the same spot in the fish over two weeks.

Regions of the fish containing arrested tumor cells were identified shortly after

injection. These regions were then imaged at the time points indicated and single, disseminated
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tumor cells were followed as they grew into large metastases (Fig. 4C). Following extravasation,

cells were quite migratory. Between day 2 and day 4 post-injection, cells rarely remained in the

same location (Fig. 4D). Additionally, the morphology of metastases at day 9 post-injection was

reminiscent of "pre-micrometastases" observed in early murine liver metastases using intravital

imaging (Ritsma et al., 2012). In these "pre-micrometastases," cells were observed to be highly

migratory over the course of 6 hours. To test whether the ZMEL1 tumors at day 9 in the

zebrafish were also migratory, 9-day post-injection metastases were imaged every 3 hours over

the course of 6 hours. During this time interval, minimal migration was observed. However,

cells extensively changed shape by extending and retracting protrusions (Fig. 4E).
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Figure 4 Imaging of disseminated tumor cells over the course of two weeks in irradiated
Casper fish.
(A) Image of the tail of a fk:dsRed;casper fish with the large vessels used as landmarks
indicated by white arrowheads. Scale bar is 1mm. (B) Example 10x fields with the large vessels
used for landmarks (white dotted lines) highlighted to indicate that the vessels in each field are
unique. Scale bar is 100pm. (C) One field containing ZMEL1 tumor cells imaged over the course
of two weeks showing the growth pattern of metastases. Scale bar is 100pm. (D) Images of two
sites on day 2 and day 4 post-injection showing that individual cells are rarely found in the same
location during this time period. Arrowheads indicate the position of selected cells 2 days post-
injection. Scale bar is 100pm. (E) One field 9 days post-injection that was imaged over the
course of 6 hours showing cells extending and retracting protrusions. Inset shows higher
magnification of two cells that change shape extensively during the 6 hours of imaging. Scale
bar is 100pm.
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Discussion

In this study, we report techniques for the intravenous injection of tumor cells into

irradiated, young adult zebrafish, as well as an intravital imaging protocol to follow these cells

over time as they form metastases. Metastasis is a complex, dynamic process that involves the

interactions between tumor cells and many different cell types and factors in the

microenvironment (Joyce and Pollard, 2008; Labelle and Hynes, 2012). This complexity is

extremely difficult to recapitulate in vitro, frequently requiring studies of metastasis to be

performed in a live organism, usually a mouse.

Intravital imaging techniques in mice have greatly increased our understanding of these

events and the biology underlying them. However, intravital imaging protocols are not trivial,

limiting their adoption as a standard laboratory technique. Zebrafish are another a useful

model for imaging metastasis in real time in vivo. The majority of these experiments have used

2-day-old zebrafish embryos (He et al., 2012; Marques et al., 2009; Stoletov et al., 2010).

However, it is unclear how similar the microenvironment and vasculature in the embryo are to

those in adult fish. Adult fish have been used to study invasion and intravasation from a primary

tumor but not the latter events of the metastatic cascade (Stoletov et al., 2007). We have

shown here that adult casperzebrafish offer a useful model system for performing intravital

imaging studies of the latter steps of the metastatic cascade.

We first demonstrated the reliable delivery of tumor cells throughout the animal

following intravenous injections. Histology two weeks post-injection showed delivery to a wide

range of organs. This result suggests that this intravenous injection technique could be used to

study metastasis to organs besides the skin and muscle, which were chosen in this study for
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their ease of imaging. Indeed, while we could not image deep into casper fish with confocal

microscopy, the fluorescent signal was visible on a dissecting microscope and could be used to

assay metastatic burden, potentially allowing zebrafish to be used for rapid, cheap

experimental metastasis assays.

Following injection, cells could be imaged traveling in circulation and arresting in the

vasculature in the first few hours following injection. The most common method for studying

these events has been to sacrifice mice at short time points post-injection and analyze fixed

sections (Gil-Bernabe et al., 2012; Labelle et al., 2014; Qian et al., 2009). While these studies

have advanced our knowledge considerably, they have rarely been able follow a single cell over

time, so these results are summaries of bulk populations. A few intravital imaging studies in

mice have followed single cells over extended time periods (Kienast et al., 2009; Ritsma et al.,

2012). However, there remains a relative paucity of studies that have monitored the behavior

of individual cells over time. Of particular interest would be to track tumor cells following

interactions with other cell types and observe the influence of these interactions on those cells'

metastatic behavior. A recently developed technique allows for the continuous imaging of an

anesthetized zebrafish for up to 24 hours (Richardson et al., 2016; Xu et al., 2014). Combining

this technique with our injection method could allow for the study of these events with high

temporal resolution.

In addition, the relative contribution of specific adhesion molecules and passive

mechanical trapping to arrest remains an area of active research (Labelle and Hynes, 2012).

Currently, it remains challenging to perform intravital imaging on more than a few mice in a

day. Given that our methods allow the imaging of larger numbers of fish in a day, it would be
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possible to screen the contributions of multiple adhesion molecules in vivo for their effect on

arrest.

Extravasation is similarly a process in which live imaging could provide insight. Currently,

most in vivo imaging studies of extravasation utilize embryonic systems (either zebrafish

embryos or the chicken chorioallantoic membrane) as they provide easy imaging platforms

(Leong et al., 2014; Stoletov et al., 2010). It remains unclear how well the remodeling

vasculature of an embryo, and the microenvironment in these systems general, recapitulate

those of an adult organism. The methods described here can bridge this gap by providing an

ease of imaging similar to embryonic systems combined with an adult microenvironment.

The events between extravasation and the emergence of a clinically detectable

metastasis remain one of the least well understood events of the metastatic cascade

(Massague and Obenauf, 2016). To date, there have been only a handful of studies that have

used intravital imaging to tackle this question (Kienast et al., 2009; Ritsma et al., 2012). The

methods presented here can be used to study the events in this time window. We

demonstrated this by following single ZMEL1 cells for two weeks following injection. In the first

4 days following extravasation, cells were highly motile. In mice, extravasated tumor cells were

also observed to be motile (Kienast et al., 2009; Ritsma et al., 2012) and it has been found that

pharmacologic inhibition of this motility can inhibit metastatic outgrowth (Ritsma et al., 2012).

These results suggest that a better understanding of motility at the metastatic site would be

valuable.

In our experiments, micrometastases 9 days post-injection resembled a previously

reported early metastatic phase in the murine liver (Ritsma et al., 2012). However, unlike the
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situation in the murine liver, we did not observe rapid migration in the sub-dermal musculature

on a similar time scale. Instead, the cells were relatively stationary while continuously

extending and retracting protrusions. It would be interesting to see the effect of

pharmacological inhibition of this activity on metastatic outgrowth.

We attempted to follow human cells in our system as well but found that they were

quickly lost, presumably because of clearance by the immune system. We based our

immunosuppression regime on two studies that reported success in growing human cells in

adult zebrafish (Eden et al., 2014; Stoletov et al., 2007). Using these studies as a guide, we

tested irradiation, treatment with dexamethasone or both in 6 to 10-week-old fish or in

younger 4-week-old fish. As the adaptive immune system is still developing in 4 week old fish,

it seemed possible that intervention at this time point might be more effective than at a later

stage when the immune system is already fully developed (Trede et al., 2004). However, we

were unsuccessful in establishing stably growing mammalian tumors.

One possible explanation is that some cell lines are better able to grow in adult

zebrafish than others. For example, mouse glioma cells have been reported to grow in adult fish

using only dexamethasone immunosuppression (Eden et al., 2014). In another study, DU145,

K562, and HepG2 cells were all successfully engrafted using only a single dose of 20Gy of

irradiation (Zhang et al., 2014). However, these experiments were performed using a different

line of transparent fish (nacre:rose) making a direct comparison difficult. The MDA-MB-435 cell

line, which we used, has been reported to grow in zebrafish immunosuppressed solely with

dexamethasone (Stoletov et al., 2007). We also tested whether the LM2 and MA2 cell lines

were able to grow in zebrafish embryos as a test of their ability to grow in a fish environment.
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While the LM2 cells failed to grow even in the embryo, the MA2 cells did grow over the course

of 4 days. These data potentially indicate that immune clearance (rather than a failure to grow

in the fish environment) is the more likely explanation for most of our results.

One piece of evidence further supporting this hypothesis is that the strongest

combination of dexamethasone and irradiation did allow some tumor growth before the fish

died. To try to solve the problem of immune clearance, we tested two lines of genetically

immunocompromised fish. The rag245 fs/ 4 50 fs line of zebrafish contains a frame-shift mutation

near the C-terminus of the rag2 gene resulting in a hypomorphic allele. Fish homozygous for

this allele lack T cells but still have B cells (Tang et al., 2014). These residual B cells could be

responsible for the observed rejection of human tumor cells in these fish. The prkdD3 61 2fs/D3 61 2fs

fish lacks both B and T cells. In addition, there is another prkdc mutant line of fish that was

developed around the same time (Jung et al., 2016). While the prkdD3 6
1

2fs/D36 12 fs line that we

used was reported to reject mammalian tumor cells (Moore et al., 2016), this other prkdc1 line

was reported to allow the engraftment of multiple human tumor cell lines (Jung et al., 2016). It

remains unclear how to reconcile these two conflicting studies. It is possible that differences in

the genetic backgrounds or in the prkdc mutations themselves are responsible for these

differing results.

All of the fish lines mentioned above still have functioning NK cells, which can reject

xenotransplanted tumor cells. In mice, it is common to use animals that, in addition to a

homozygous prkdc mutation, are homozygous for a mutation in the IL2 receptor gamma chain.

This mutation serves to eliminate NK cells. Given the rapid development of

immunocompromised zebrafish, it seems likely that such fish will soon be available. These or
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other genetically immunocompromised lines of zebrafish may soon provide the appropriate

background for xenotransplantation experiments.

Another approach to deal with rejection by the immune system is to tolerize fish to

human tumor cells prior to transplantation. One such study injected irradiated tumor cells into

2-day-old casper embryos (Zhang et al., 2016). The embryos developed normally and these cells

were slowly lost over time. However, when adults were later challenged with un-irradiated cells

of the same line, tolerized fish developed tumors while naive fish did not. If this technique can

be replicated, it may offer a way around the challenges reported here, albeit, with increased

technical complexity.

The above studies show that there is a great deal of heterogeneity in approaches and

results of xenotransplantation in adult zebrafish. Recently, allotransplantation has developed

into a mature and reproducible technique in adult zebrafish (Heilmann et al., 2015; Moore et

al., 2016; Tang et al., 2014). This development coincides with the development of a great

number of zebrafish tumor models (White et al., 2013). Cell lines could be derived from these

models, which could then be used with the experimental techniques described here. Working

with zebrafish tumor cells also has the advantage of avoiding species incompatibilities that

could affect studies of a tumor cell's interactions with its microenvironment.

Conclusions

The events at the metastatic site are currently poorly understood. While intravital

imaging studies have begun to improve our understanding of them, intravital imaging in mice is

a technically challenging and far-from-routine technique. Zebrafish embryos are a common

model system for intravital imaging of the metastatic site. However, an adult model system is
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more likely to recapitulate the events in human patients. We exhibited here that irradiated,

adult casper zebrafish provide a simple system for intravital imaging of the metastatic site. We

first reported an efficient protocol for the injection of cells into circulation in young adult

zebrafish. We then used an intravital imaging protocol to follow individual tumor cells at the

metastatic site over the course of two weeks. Our results demonstrate that adult casper fish

are a useful system for performing intravital imaging of the metastatic site. Furthermore, given

the low cost of zebrafish and simplicity of our methods, they offer to increase access to

intravital imaging.
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Additional Files

A

Additional File 1. Example image of an intravenous injection into the common cardinal vein.
(A) Example image showing the positioning of the needle and anesthetized zebrafish during
intravenous injections.
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Additional File 2. Human tumor cells arrest and extravasate in irradiated adult zebrafish but

fail to form tumors.
(A) Images of human melanoma (MDA-MB-435) and breast cancer (LM2) cells that have

extravasated in zebrafish 2 days post-injection. Scale bars are 1Opm. (B) Images showing the

attrition of LM2 cells over time in adult zebrafish following injection. Scale bar is 100pm. (C)

Quantification of the fraction of LM2 cells remaining over time in adult zebrafish. n= 47 fields in

7 different fish. (D) Images of the tails of embryos 1 and 4 DPI (3 and 6 days old) injected with

LM2 or MA2 cells. Scale bar is 100pm.
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Human Cell Xenograft Experiment Results
Immunosu ression Methods

Age Irradiation Drug Fish Line Cell Line Result

6-10 Weeks 15Gy X 2 None casper MA2 Tumors rejected within 1 week
4 Weeks 15Gy X 2 None casper MA2 Tumors rejected within 1 week
6-10 Weeks 20Gy X 2 None caspe MA2 Tumors rejected within 1 week
6-10 Weeks None Dexamethasone casper MA2 Tumors rejected within 1 week
4 Weeks None Dexamethasone casper MA2 Tumors rejected within 1 week
6-10 Weeks 20Gy x 2 Dexamethasone casper MDA-MB-435 Fish died after 3-5 days
6-10 Weeks 15Gy x 2 Dexamethasone Casper MDA-MB-435 and LM2 Tumor grew for 1 week but was

rejected by 2 weeks

6-10 Weeks None None casper, MA2 Tumors rejected within 1 week
rag2 4

50
f
1 450

fs

6-10 Weeks None None Casper; MDA-MB-435 Tumors rejected within 1 week
I _ prkdc D3612fs/D3612fs

Additional Table 1.
Table summarizing the immunosuppression conditions tested and the results of each method
following xenotransplantation.

Additional Movie 1
ZMEL1 cells flowing through the sub-dermal vasculature 56 minutes post-injection. Time code is
in seconds. Scale bar is 100pm.
URL:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5613480/bin/12885 2017 3647 MOESM2 ES
M.avi
Alternative URL: https://www.davidcbenamin.com/additional-movie-1

Additional Movie 2
ZMEL1 cells stably arrested in the sub-dermal vasculature 140 minutes post-injection. Time
code is in seconds. Scale bar is 100pm.
URL:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5613480/bin/12885 2017 3647 MOESM3 ES
M.avi
Alternative URL: https://www.davidcbeniamin.com/additional-movie-2
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Chapter 3.

YAP Enhances Tumor Cell Dissemination by Allowing Transit Through the First Capillary Bed

Encountered

The contents of this chapter were written by David Benjamin with editing by John Lamar

and Richard Hynes. The experiments described in this chapter were performed by David

Benjamin.
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Introduction:

YAP (Yes-associated Protein) and TAZ (Transcriptional Co-activator with a PDZ Binding

Domain, also known as WWTR1: WW Domain Containing Iranscriptional Regulator) are

transcriptional co-activators that are aberrantly activated in many human cancers. Our lab

became interested in YAP when we discovered that it was a powerful promoter of metastasis

(Lamar et al., 2012). However, exactly how it promotes metastasis was not clear as our

experiments showed that YAP influenced a number of processes that are important to

metastasis. In this chapter, I will first review YAP, TAZ, and the Hippo pathway (which regulates

YAP and TAZ) and their role in cancer and metastasis. I will then describe our use of a zebrafish

embryo model of metastasis and how that led to the discovery a novel mechanism of how YAP

promotes metastasis.

Yorkie, YAP, and TAZ

In Drosophila, the Hippo pathway serves to regulate the activity of the transcriptional

co-activator Yorkie (Fig 1A) (Huang et al., 2005). Yorkie cannot bind to DNA on its own but is

instead dependent on its interaction with the transcription factor Scalloped to regulate

transcription (Goulev et al., 2008; Wu et al., 2008; Zhang et al., 2008). This Yorkie/Scalloped

complex is bound to the promoters of target genes and promotes transcription through

interactions with mediator as well as chromatin-modifying enzymes (Jin et al., 2013; Oh et al.,

2013; Qing et al., 2014).

When Yorkie is repressed, Scalloped is bound to Tondu-domain-containing growth

inhibitor (Tgi) which serves to repress Yorkie target genes. When Yorkie is de-repressed, it

outcompetes Tgi and binds to Scalloped to regulate transcription (Guo et al., 2013; Koontz et
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al., 2013). In mammals the protein VGLL4 (Vestigial Like Family Member 4, an ortholog of Tgi)

plays a similar role in negatively regulating YAP/TAZ target genes (Jiao et al., 2014; Zhang et al.,

2014).
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Figure 1. Overview of the Drosophila and mammalian core Hippo Pathways. (A) The

Drosophila core Hippo pathway. (B) The mammalian core Hippo pathway. Figure 1 was

generated from modified Servier Medical Art under a Creative Commons 3.0 Unported License

(https://smart.servier.com).
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In mammals, the Hippo pathway regulates the activity of two orthologs of Yorkie: YAP

and TAZ (Fig 11). When they were first discovered, their role in the Hippo pathway was

unknown (Kanai et al., 2000; Sudol, 1994). However, since then, it has become clear that they

are the major downstream effectors of the Hippo pathway. Like Yorkie, YAP and TAZ cannot

bind to DNA. They primarily rely on orthologs of Scalloped, the TEAD family of transcription

factors (of which there are 4 in humans), to bind to DNA and regulate transcription (Ota and

Sasaki, 2008; Stein et al., 2015; Zhao et al., 2008; Zhou et al., 2016). YAP and TAZ can also bind

other transcription factors including SMADs, p73, RUNX1/2, NKX2.1, NKX2.5, f-catenin, TBX5,

and MRTFA (Cui et al., 2003; Di Palma et al., 2009; Hong and Yaffe, 2006; Kim et al., 2017a;

Murakami et al., 2005; Park and Jeong, 2015; Strano et al., 2001; Varelas et al., 2008).

However, TEADs appear to be important for most of YAP and TAZ's effects (Chan et al., 2009;

Park et al., 2004; Stein et al., 2015; Yu et al., 2015b; Zanconato et al., 2015; Zhao et al., 2008).

YAP and TAZ share most of their core effector domains. For example, both contain a

transcriptional activation domain and a TEAD-interacting domain. One difference between the

two (apart from their size, YAP is 504AA where as TAZ is only 400AA) is that the primary isoform

of YAP contains two WW domains while TAZ contains only one (Varelas, 2014). WW domains

mediate protein-protein interactions and have been shown to regulate many of the functions of

YAP and TAZ (Zhao et al., 2009). However, it should be noted that splice isoforms of YAP with

only one WW domain and TAZ with two WW domains have been found and this alternative

splicing can influence their function (Sudol, 2013); (Gaffney et al., 2012; Komuro et al., 2003;

Webb et al., 2011).
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While the cast of interaction partners for YAP and TAZ are remarkably similar, they

clearly play non-redundant roles in mammals (Kohli et al., 2014). This is most strikingly

apparently in their knockout phenotypes. YAP knockout in mice is embryonic lethal by day E8.5

(Morin-Kensicki et al., 2006). TAZ knockout mice on the other hand, are viable. They appear

mostly normal with the exception of minor skeletal defects and a propensity to develop

polycystic kidney disease (Hossain et al., 2007).

While YAP/TEAD and TAZ/TEAD complexes can bind the promoters of genes similarly to

Yorkie/Scalloped, the majority of YAP/TAZ in complex with TEADs are bound to distal enhancer

elements (Stein et al., 2015; Zanconato et al., 2015). A study of consensus motifs found that

binding sites for AP-1 transcription factors are significantly enriched near TEAD-binding motifs

in the mammalian genome and that AP-1 and YAP/TAZ/TEADs cooperate to regulate

transcription (Zanconato et al., 2015). Given the differences in YAP/TAZ transcriptional targets

across cell types, it seems likely that other transcription factors also cooperate with

YAP/TAZ/TEADs to regulate target genes (Yu et al., 2015b).

While YAP/TAZ primarily bind distal enhance elements, they can be brought close to

promoters through DNA looping (Lian et al., 2010; Stein et al., 2015; Zanconato et al., 2015).

YAP/TAZ promote transcription by regulating transcriptional elongation by recruiting the

mediator complex (Galli et al., 2015). YAP/TAZ also promote transcription by recruiting

chromatin remodeling factors (Lian et al., 2010; Skibinski et al., 2014; Stein et al., 2015).

YAP/TAZ can also directly inhibit transcription through recruitment of the NURD complex (Kim

et al., 2015b). YAP/TAZ can regulate genes in a non-transcriptional manner as well through

control of miRNA biogenesis (Chaulk et al., 2014; Mori et al., 2014).

117



The Core Hippo Pathway

The Hippo pathway regulates the activity of Yorkie in Drosophila and YAP and TAZ in

vertebrates. In 1995, deletion of the gene Warts was observed to cause massive tissue

overgrowth (Justice et al., 1995; Xu et al., 1995). Subsequently, mutations in Salvador (Kango-

Singh et al., 2002), Hippo (Harvey et al., 2003; Jia et al., 2003a; Pantalacci et al., 2003; Udan et

al., 2003; Wu et al., 2003a), and Mob as tumor suppressor (Mats) (Lai et al., 2005) were shown

to phenocopy mutations in Warts as well as to interact genetically (Tapon et al., 2002). These

components were placed into a new pathway which was shown to regulate organ size. This new

pathway was termed the Hippo pathway after the appearance of the overgrown organs in

Hippo-mutant Drosophila (Fig 1A) (Yu et al., 2015b).

In Drosophila, the most upstream kinase in the core pathway is Hippo (Harvey et al.,

2003; Jia et al., 2003b). When Hippo is activated, it phosphorylates Warts which in turns

induces Warts to phosphorylate Yorkie as described above (Wu et al., 2003b). Hippo also

phosphorylates two scaffolding proteins Mats and Salvador which serve to aid in the activation

of Warts (Fig 1A) (Wei et al., 2007). In mammals, MST1/2 (homologs of Hippo) phosphorylate

LATS1/2 as well as the scaffolding proteins Mobl and Savl in a similar mechanism of regulation

(Callus et al., 2006; Chan et al., 2005; Praskova et al., 2004; Tapon et al., 2002) (Fig 1B).

Hippo is not the only kinase that can activate Warts. It has been shown that the kinases

Misshapen and Happyhour can directly phosphorylate Warts and induce its activation (Li et al.,

2014; Zheng et al., 2015). The orthologs of Misshapen and Happyhour in mammals are

members of the MAP4K family and multiple members of this family been shown to regulate

LATS1/2 through direct phosphorylation (Li et al., 2014; Meng et al., 2015; Zheng et al., 2015).
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In recent years, upstream kinases that phosphorylate Hippo to activate the pathway

have been identified. In Drosophila, Hippo can be activated by phosphorylation by Tao Kinase 1

in Drosophila (Boggiano et al., 2011; Poon et al., 2011). In Mammals, MST1/2 can also be

phosphorylated by Tao kinases to induce Hippo pathway signaling (Poon et al., 2011). Hippo can

also dimerize and phosphorylate in trans, leading to its activation without the need for other

kinases (Deng et al., 2013; Jin et al., 2012). MST1/2 are also able to dimerize and this

dimerization may play a role in their activation as well (Anand et al., 2008; Creasy et al., 1996;

Ni et al., 2013).

The localization of Hippo and Warts may also control their activation. Hippo and Warts

may be recruited to the apical membrane by Merlin, Expanded, and Kibra to promote their

interaction and activation (Baumgartner et al., 2010; Genevet et al., 2010; Hamaratoglu et al.,

2006; Yu et al., 2010). In mammals, Merlin can recruit LATS to the plasma membrane for

activation by MST1/2 (Yin et al., 2013; Zhang et al., 2010).

In Drosophila, Yorkie activity is principally regulated by its subcellular localization. Yorkie

can be phosphorylated by Warts which creates a binding site for 14-3-3 proteins which keep

Yorkie sequestered in the cytoplasm (Huang et al., 2005; Oh and Irvine, 2008). In mammals, YAP

and TAZ are phosphorylated by LATS1/2 (orthologs of Warts) on five (YAP) or four (TAZ) serine

residues (Zhao et al., 2010). Phosphorylation of YAP on S127 (S89 for TAZ) also creates a binding

site for 14-3-3 proteins and leads to cytoplasmic sequestration (Dong et al., 2007; Lei et al.,

2008; Zhao et al., 2010; 2007). However, YAP/TAZ have additional regulation by

phosphorylation that is not conserved with Yorkie. Phosphorylation on S381 of YAP (S311 on

TAZ), creates a binding site for Casein Kinase-1 (CK1), which further phosphorylates YAP leading
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to the recruitment of E3 ubiquitin ligase SCF-PTRCP, ubiquitylation, and subsequent degradation

in the proteasome (Liu et al., 2010; Zhao et al., 2010b). TAZ also contains a second

phosphodegron in its N-terminus which is not conserved with YAP (Liu et al., 2010).

Inputs Into The Hippo Pathway And Hippo-Independent Regulation of YAP/TAZ

When one looks at YAP and TAZ in cancer there is an apparent paradox. Despite the fact

that many human cancers show aberrant YAP/TAZ activity, mutations in the core Hippo

pathway components or YAP and TAZ themselves are rare (Harvey et al., 2013; Zanconato et al.,

2016). One potential explanation for this discrepancy is that the sheer number of inputs into

the Hippo pathway allows tumor cells to modify YAP/TAZ activity without the need to mutate

core pathway components. In this section, I will cover the multitude of mechanisms by which a

cell can regulate YAP and TAZ activity. As the inputs that regulate YAP and TAZ are already an

exceptionally complex field of study, I will limit this section to mechanisms that have been

shown to function in mammalian cells.

It should be pointed out here that the core Hippo kinase cascade (MST1/2 and LATS1/2)

is only one mechanism for regulating YAP/TAZ activity. Over the past decade, it has become

clear that there are many mechanisms that regulate YAP/TAZ which do not require the Hippo

pathway core kinase cascade (Yu and Guan, 2013; Yu et al., 2015b). Indeed, there is debate

over whether these may constitute the major mechanism for regulating YAP/TAZ activity in

some cases (Zanconato et al., 2016). Adding to the complexity in the field, some inputs can

regulate YAP/TAZ both through the core kinase cascade and other mechanisms simultaneously.
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One of the first inputs of the Hippo pathway to be discovered was cell-cell adhesion. It

was observed that the Hippo pathway was a key player in a phenomenon known as contact

inhibition: where cells cease proliferation once they grow to confluence in vitro (Eagle and

Levine, 1967; Zhao et al., 2007). Once in contact, epithelial cells form tight junctions (TJs) and

adherens junctions (AJs) to connect with their neighbors (Harris and Tepass, 2010; Zihni et al.,

2016). These junctions play a key role in mediating the Hippo pathway's regulation of contact

inhibition (Varelas et al., 2010).

TJs have been shown to be important regulators of YAP/TAZ activity. For example,

knockdown of PALS1 or Crb3 causes YAP/TAZ nuclear localization (Varelas et al., 2010). The

Angiomotin family of proteins (AMOT, AMOTL1, and AMOTL2) are key mediators of TJ signaling

to the hippo pathway. Angiomotins can induce YAP/TAZ phosphorylation by the Hippo pathway

(Paramasivam et al., 2011; Zhao et al., 2011). Angiomotins can also sequester YAP at tight

junctions through direct binding and this binding does not require core pathway activity (Chan

et al., 2011; Wang et al., 2011; Zhao et al., 2011). ZO-1 has also been shown to sequester TAZ

through direct binding (Remue et al., 2010). Conversely, ZO-2 can induce YAP nuclear

localization (Oka et al., 2010). Many other TJ proteins including PATJ, MPDZ, and Lin7C can bind

to components of the hippo pathway (Varelas et al., 2010; Wang et al., 2011).

Adherens junctions also play a role in regulating YAP/TAZ activity. Adhesions mediated

by E-cadherin binding can inactivate YAP through the Hippo pathway (Kim et al., 2011). Many AJ

proteins can regulate YAP/TAZ activity. For example, alpha-catenin can bind 14-3-3 proteins and

sequester YAP/TAZ in a Hippo-dependent manner (Schlegelmilch et al., 2011; Varelas et al.,

2010). The protein Ajuba can interact with LATS1/2 and inhibit YAP/TAZ activity. (Thakur et al.,
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2010). Independently from the Hippo pathway, PTPN14 can sequester YAP/TAZ at AJs (Huang et

al., 2013; Liu et al., 2013). However the role of its tyrosine phosphatase activity in regulating

YAP activity is unclear (Huang et al., 2013; Liu et al., 2013; Wang et al., 2012).

In addition to cell-cell adhesion, YAP/TAZ is also regulated by cell-matrix adhesions.

Cells can adhere to the extracellular matrix (ECM) through the integrin family of proteins

(Hynes, 2002). In addition to meditating attachment to the ECM, integrins control multiple

signaling pathways (Harburger and Calderwood, 2009). Many signaling pathways controlled by

integrins rely on signaling through FAK. Consequently, FAK has been shown to be important for

promoting YAP/TAZ activity downstream of integrin activation (Guan, 1997;Elbediwy et al.,

2016; Fisher et al., 2016; Kim and Gumbiner, 2015). Another class of signaling molecules that

can be downstream of integrin activation and FAK signaling are Src family kinases (SFKs)

(Yeatman, 2004). In fact one of the SFKs, Yes, was the first interacting partner identified for YAP

(Sudol, 1994). More recently, SFKs have been shown to regulate YAP/TAZ activity in both Hippo-

dependent and Hippo-independent mechanisms (Ando et al., 2018; Byun et al., 2017; Fisher et

al., 2016; Kim and Gumbiner, 2015; Rosenbluh et al., 2012; Si et al., 2017). YAP/TAZ can also be

activated through Rho signaling downstream of integrins (Tang et al., 2013).

Cell polarity is another input that regulates YAP/TAZ activity. Apico-basal polarity

proteins have been shown to play a role in regulating YAP/TAZ activity. For example, the

polarity determinant Scribble, can promote LATS1/2 activation (Cordenonsi et al., 2011;

Mohseni et al., 2014). The Crumbs polarity complex also regulates YAP/TAZ phosphorylation

levels (Varelas et al., 2010). Planar-cell-polarity (PCP) may also regulate the Hippo pathway in
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mammals but this input is not as clearly understood in mammals as in Drosophila (Azzolin et al.,

2012; Huang et al., 2012; Yu and Guan, 2013; Yu et al., 2012a).

Another key input into YAP/TAZ activity are physical forces. Cells grown on soft

substrates have been shown to have low YAP/TAZ activity, while cells growing on stiff

substrates have high YAP/TAZ activity (Dupont et al., 2011). In addition to substrate stiffness,

cell-density and the shape of an epithelial sheet can also produce forces that regulate YAP/TAZ

activity (Aragona et al., 2013; Wada et al., 2011). Physical force on the nucleus can induce YAP

nuclear entry through nuclear pores and this regulation is independent of the Hippo pathway

(Elosegui-Artola et al., 2017). Another force that has been shown to regulate YAP/TAZ activity is

sheer stress from fluid flow (Kim et al., 2014; Lee et al., 2017; 2018; Nakajima et al., 2017;

Wang et al., 2016).

The observations described above have led the recognition of YAP and TAZ as key

players in mechanotransduction (Dupont, 2016). Much of the response of YAP/TAZ to physical

force is regulated through the cytoskeleton. Studies indicate that the levels of F-Actin and

cytoskeletal tension regulate YAP/TAZ transcription. For example, knockdown of actin-capping

proteins or actin severing proteins leads to increased YAP/TAZ activity (Aragona et al., 2013).

Additionally, inhibition of cytoskeletal tension through inhibition of non-muscle myosin, ROCK,

or MLCK decreases YAP/TAZ activity (Dupont et al., 2011; Wada et al., 2011). YAP/TAZ's

response to mechanical cues can also be modulated by the composition of the ECM, such as

Agrin (Chakraborty et al., 2017). Rho GTPases are also key mediators of YAP/TAZ's response to

force (Dupont et al., 2011; Yu et al., 2012a; Zhao et al., 2012). Spectrin, a key constituent of the
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cortical actin network, has also been shown to regulate Hippo pathway activity in a strain-

dependent manner (Deng et al., 2015; Fletcher et al., 2015; Wong et al., 2015).

Key players in the regulation of YAP by the cytoskeleton are the Angiomotin family of

proteins. Angiomotin can physically bind to YAP and sequester it in the cytoplasm when there

are low levels of F-actin (Mana-Capelli et al., 2014). When F-actin levels are high, F-actin

outcompetes YAP for Angiomotin binding, thereby freeing YAP to enter the nucleus (Mana-

Capelli et al., 2014). The cytoskeleton can also regulate signaling through the core Hippo

pathway as well through Rho regulation of LATS (Wada et al., 2011; Yu et al., 2012a).

Mechanical force may also regulate YAP/TAZ through strain-induced JNK signaling (Codelia et

al., 2014).

The Hippo pathway also integrates signals from soluble factors. Lysophosphatidic acid

(LPA), Sphingosine-1-phosphate (S1P), Thrombin, Estrogen, and Angiotensin II can activate

YAP/TAZ through GNAQ/11 or GNA12/13 repression of LATS1/2 activity (Miller et al., 2012; Mo

et al., 2012; Wennmann et al., 2014; Yu et al., 2012b; Zhou et al., 2015). This repression

requires the activity of Rho GTPases and the actin cytoskeleton (Yu et al., 2012b; Zhou et al.,

2015). GNAQ/11 can also signal through conventional PKC which activates Rho GTPases (and

YAP/TAZ activity) whereas novel PKC inhibits Rho GTPases (and inhibits YAP/TAZ activity) (Feng

et al., 2014; Gong et al., 2015; Yu et al., 2014). Signals that function through GNAS, such as

epinephrine and glucagon, de-repress LATS1/2 to inhibit YAP/TAZ activity (Yu et al., 2012a).

These signals function through PKA which inhibits Rho GTPases thereby promoting LATS1/2

activity and YAP/TAZ phosphorylation (Kim et al., 2013b; Yu et al., 2012a; 2013a).
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Stress signals are also key inputs into the Hippo pathway. Oxidative stress has been

shown to activate MST1/2 activity (Ahn et al., 2005; Lehtinen et al., 2006). Furthermore,

YAP/TAZ can induce the expression of genes that mediate the cell's response to oxidative stress

to promote survival (Shao et al., 2014). Cellular energy stress can also regulate YAP/TAZ and the

Hippo pathway. Under low ATP conditions, AMPK becomes active (Hardie et al., 2012). AMPK

can then directly phosphorylate YAP and inhibit its interaction with TEADs (Mo et al., 2015;

Wang et al., 2015). AMPK can also promote LATS1/2 phosphorylation of YAP (DeRan et al.,

2014; Mo et al., 2015; Wang et al., 2015). Hypoxia also feeds into the Hippo pathway. Under

hypoxic conditions, the transcription factor HIF1-u is stabilized and induces the transcription of

hypoxia-responsive genes (Semenza, 2012). TAZ is a direct HIF1-u transcriptional target and is

thereby transcriptionally up-regulated under hypoxic conditions (Xiang et al., 2014). In addition,

other HIF1-cL transcriptional targets, the E3 ubiquitin ligases SIAH1/2, ubiquitylate LATS2,

targeting it for degradation (Ma et al., 2015).

Finally, there is extensive crosstalk between the Hippo pathway and other signaling

pathways. One of the clearest examples of this is crosstalk with the Wnt pathway. YAP/TAZ are

targets of the destruction complex and are relieved of their inhibition upon canonical Wnt

signaling (Azzolin et al., 2012; 2014). YAP and TAZ can also directly bind to P-catenin to

cooperatively regulate transcription (Park and Jeong, 2015). Non-canonical Wnt signaling can

also activate YAP/TAZ activity through Frizzled signaling to Rho GTPases (Park et al., 2015).

YAP/TAZ also can cooperate with sonic hedgehog (Shh), EGF, IGF, and MAPK signaling (Fan et

al., 2013; Fernandez-L et al., 2009; Reddy and Irvine, 2013; StraRburger et al., 2012). The ligands

of many signaling pathways including Wnt, Shh, Notch, TGF-P, JAK/STAT, and EGFR are also
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regulated by YAP/TAZ (reviewed in (Yu et al., 2015a)). Finally, the cell cycle can also regulate

YAP/TAZ activity. LATS1/2 can be phosphorylated by Aurora A and CDK1 to induce their

activation (Morisaki et al., 2002; Toji et al., 2004; Yabuta et al., 2011; Zhang et al., 2012). CDK1

can also directly phosphorylate YAP, however, the role of this phosphorylation is unclear (Yang

et al., 2013; 2015a; Zhao et al., 2014).

The Hippo Pathway in Cancer

YAP was first identified as a bona fide oncogene in mice when it was determined to be a

key driver within a recurrent amplification in human and mouse cancer (Overholtzer et al.,

2006). Since then, YAP and TAZ have been shown to be key players in cancer. Mis-regulation of

YAP/TAZ activity or increased expression of YAP/TAZ have been seen in virtually every human

cancer (Zanconato et al., 2016). Moreover, this aberrant YAP/TAZ expression or activity has

been shown to be a poor prognostic indicator (Feng et al., 2016; Sun et al., 2015; Zhang et al.,

2011). Numerous studies in mice have shown that, aberrant YAP/TAZ activity promotes tumor

development in many different organs.

Given our use of a melanoma cell line in the experiments described in this chapter, I will

briefly describe the role of YAP and TAZ in melanoma. For a full review of the role YAP/TAZ

across cancer types see (Zanconato et al., 2016). TAZ has been shown to be highly expressed in

normal human melanocytes and in human melanoma cell lines. YAP, on the other hand, is less

frequently expressed and expressed at much lower levels when present (Kim et al., 2013a;

Nallet-Staub et al., 2014). Despite its lower expression, YAP expression has been shown to

increase with cutaneous melanoma tumor thickness and YAP expression negatively correlates
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with patient survival (Menzel et al., 2014). While TAZ is expressed in human melanomas, it is

less clear how its expression changes during tumor progression (Kim et al., 2013a; Nallet-Staub

et al., 2014). One study that looked at TAZ using IHC found no correlation between TAZ

expression levels and tumor thickness, though this study analyzed relatively few samples

(Nallet-Staub et al., 2014). When genetic variants in components of the Hippo pathway were

analyzed, SNPs in YAP1, TEADI, and TEAD4 were shown to be predictive of poor prognosis in

cutaneous melanoma patients (Yuan et al., 2015). Additionally, the upstream activator of the

Hippo pathway Merlin has been shown to be a negative regulator of melanoma growth (Murray

et al., 2012). Key driver mutations in a rare subtype of melanoma called uveal melanoma have

recently been shown to function through YAP. As our work was with cutaneous melanoma,

these uveal melanoma mutations will be described at the end of this section where I describe

the known Hippo pathway mutations across human cancers.

Experiments have shown that YAP and TAZ play important roles in cutaneous

melanoma. Knockdown of either YAP or TAZ inhibits invasion, anchorage-independent growth,

and metastasis (Lamar et al., 2012; Nallet-Staub et al., 2014). Furthermore, the TEADs

themselves have been shown to be key regulators of melanoma cell invasion (Verfaillie et al.,

2015a). YAP has also been shown to promote resistance to BRAF inhibition and this inhibition is

dependent on TEAD-mediated transcription (Fisher et al., 2017). One way that YAP contributes

to resistance to BRAF inhibition is by promoting immune evasion through the regulation of PD-

LI in BRAF inhibition-resistant cells (Kim et al., 2018).

When all tumor types are considered, YAP/TAZ promote cancer development through

three main mechanisms. First, YAP/TAZ promote proliferation by regulating many genes
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involved in cell cycle progression (Kapoor et al., 2014; Santinon et al., 2018; Zanconato et al.,

2015). In addition, YAP/TAZ can upregulate the transcription of other pro-proliferative

oncogenes such as Myc (Zanconato et al., 2015). Second, YAP/TAZ provide resistance to

apoptosis and senescence. YAP/TAZ can prevent apoptosis through upregulating anti-apoptotic

proteins such as Bcl2 family members (Rosenbluh et al., 2012). YAP/TAZ prevent senescence by

similarly upregulating proteins that oppose senescence such as Cdk6 (Dong et al., 2007; Xie et

al., 2013). Finally, YAP/TAZ regulate transcriptional programs that endow tumor cells with

cancer stem cell traits (Cordenonsi et al., 2011b; Park et al., 2018).

As mentioned earlier, mutations in YAP/TAZ themselves or core components of the

Hippo pathway are relatively rare in human cancers (Harvey et al., 2013; Zanconato et al.,

2016). However, there are a few tumor types that do have recurrent mutations in the Hippo

pathway. Inactivating mutations in the gene NF2 (which encodes the protein Merlin) were

identified as the cause of neurofibromatosis type 2, an inherited disease that causes numerous

tumors including schwannomas and meningiomas (Agnihotri et al., 2016; Oh et al., 2015;

Striedinger et al., 2008). Mesothelioma is another cancer type in which Hippo pathway

component mutations have been discovered. NF2 is the most commonly affected pathway

component in this tumor type with 40% of samples showing NF2 loss or mutations. LATS1 and

MST1 are lost or mutated in 21% and 16% of mesotheliomas respectively. A non-functional

LATS1-PSEN1 fusion gene has also been reported in mesothelioma samples (Miyanaga et al.,

2015). Mutations are also seen in SAVI, LATS2, and MST2 at lower frequencies (Bueno et al.,

2016). Core Hippo pathway component mutations are sporadically seen in other tumor types.

LATS1/2 have been estimated to be mutated in 1-2% of human cancers based on data from the
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COSMIC database (Yu et al., 2013b). MST1/2 mutations are similarly rare (Forbes et al., 2017).

Sporadic mutations in MOB1 and SAV1 have also been reported.

YAP itself lies in a region of chromosome 11q22 that has been shown to be amplified in

a number of cancers including hepatocellular carcinoma, medulloblastoma, and lung cancer

although these amplifications are not enough to explain the broad activation of YAP activity

across human cancers (Fernandez-L et al., 2009; Lorenzetto et al., 2014; Overholtzer et al.,

2006; Zender et al., 2006). To date, activating mutations in YAP have not been identified in

human cancers. However, a single germline point mutation in YAP has been shown to increase

the risk of lung adenocarcinoma in carriers (Chen et al., 2015). There are also a few cancers

where YAP fusion genes have been identified (Antonescu et al., 2013; Pajtler et al., 2015; Parker

et al., 2014). TAZ mutations in cancer are rare with only TAZ-CAMTA1 and TAZ-FOSB fusion

genes being observed in epithelioid hemangioendothelioma, a rare vascular tumor (Antonescu

et al., 2014; Tanas et al., 2011).

Conversely, YAP has been found to be deleted in multiple myeloma (Cottini et al.,

2014). Intriguingly, YAP has been suggested to be a tumor suppressor in the context of

hematological malignancies (Cottini et al., 2014). However, YAP's role in this context is still far

from clear and there are also data that YAP is not involved in tumorigenesis in these

malignancies at all (Donato et al., 2018).

The lack of mutations in YAP/TAZ or core Hippo pathway components suggests that

other cancer-promoting mutations can influence YAP/TAZ. Indeed, uveal melanoma, a rare

subtype of malignant melanoma, has also been shown to involve the Hippo pathway. It has

been observed that ~80% of uveal melanomas have mutations in GNAQ or GNA11 (Van
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Raamsdonk et al., 2009; 2010). Recent work has shown that these mutations can induce

YAP/TAZ activation (Feng et al., 2014). The mechanism behind YAP/TAZ activation by these

mutations highlight how the field has attempted to reconcile the fact that YAP and TAZ seem to

play a key role in cancer with the apparent lack of mutations in components of the core Hippo

pathway. As described earlier, the YAP/TAZ activity is regulated by an extensive assortment of

inputs. The current hypothesis is that the sheer number of inputs into the Hippo pathway

allows for YAP/TAZ activity to be modified without the need to mutate core hippo pathway

components. In the case of GNAQ/GNA11, activation of these genes activate YAP/TAZ through

both inactivating the Hippo pathway and a Hippo-independent mechanism thus showing how

mutations outside the core pathway can activate YAP/TAZ (Feng et al., 2014; Yu et al., 2012a).

The Hippo Pathway in Metastasis

YAP was first shown directly to promote metastasis by our lab. Over-expression of a

Hippo-insensitive mutant of YAP enhanced metastasis in a number of breast cancer and a

melanoma cell line (Lamar et al., 2012). In this work, YAP was shown enhance a number of

cellular mechanisms which correlate with metastatic ability including invasion, migration,

anchorage independent growth, and growth in 3D in vitro (Lamar et al., 2012). Since then, YAP

and TAZ have been shown to play a role in every step of the metastatic cascade (Janse van

Rensburg and Yang, 2016; Warren et al., 2018). In most cases, YAP/TAZ's promotion of

metastasis or metastasis-associated traits are dependent on their ability to regulate

transcription and interaction with the TEAD family of transcription factors (Warren et al., 2018).

A current challenge in the field is determining which YAP/TAZ transcriptional target genes are
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responsible for mediating YAP/TAZ's promotion of metastasis. This is complicated by the sheer

number of genes that YAP/TAZ regulate, the fact that the set of YAP/TAZ target genes varies

considerably across cell and tissue types, and the fact that YAP/TAZ play a role in multiple steps

of the metastatic cascade (Hao et al., 2008; Warren et al., 2018; Yu et al., 2015b; Zhao et al.,

2007).

The first hint that YAP/TAZ might be involved in metastasis was the observation that

YAP over-expression promoted EMT in MCF10A cells (Overholtzer et al., 2006). Since then, YAP

and TAZ have both been shown to induce EMT in a number of tumor types (Janse van Rensburg

and Yang, 2016; Warren et al., 2018; Zanconato et al., 2016). Mechanistically, several key EMT

transcription factors such as Foxc2, Twist, Snail, Slug, and Zebi are induced transcriptionally by

YAP/TAZ (Lei et al., 2008; Li et al., 2015; Matteucci et al., 2013; Xiao et al., 2015) . YAP can also

directly bind to the EMT-promoting transcription factor Zebi to cooperatively regulate

transcription (Lehmann et al., 2016). This observation suggests that direct interactions with

EMT transcription factors may also play a role in YAP's promotion of EMT.

YAP/TAZ expression levels are correlated with invasion in human patients and have

been shown to promote migration and invasion in a number of tumor types (Bartucci et al.,

2015; Ge et al., 2011; Kim et al., 2015a; Lamar et al., 2012; Verfaillie et al., 2015b; Vug et al.,

2013; Zhang et al., 2011). Some of the YAP/TAZ target genes regulating motility and invasion

have been identified. In gastric cancer, YAP regulates motility by upregulating the Rho-GAP

ARHGAP29 which leads to increased cofilin activity. In breast cancer YAP/TAZ can promote

motility and invasion through the upregulation of Zyxin and BMP4 and the downregulation of

ANp63 (Diepenbruck et al., 2014; Lai and Yang, 2013; Valencia-Sama et al., 2015). In
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mesothelioma and breast cancer YAP/TAZ regulate motility and invasion through RHAMM

(Shigeeda et al., 2017; Wang et al., 2014). In pancreatic cancer, YAP/TAZ can promote motility

and invasion through upregulating LPAR3 (Yang et al., 2015b; Zhou et al., 2017). Many more

YAP/TAZ target genes involved regulating motility and invasion likely remain to be discovered.

Intriguingly, YAP may also be able to regulate invasion in a non-transcriptional manner. YAP has

been reported to be localized to invadopodia, specialized membrane protrusions which

degrade the ECM and promote invasion (Daszczuk and Proszynski, 2016; Eddy et al., 2017).

However, the functional significance of this observation is unknown.

YAP/TAZ also play a role once tumor cells reach blood vessels and intravasate. YAP/TAZ

activation by GNAQ has been shown to enhance intravasation in uveal melanoma (Huang et al.,

2015). De-repressed YAP can also promote intravasation in breast cancer (Sharif et al., 2015).

Many genes involved in motility are involved in intravasation as well suggesting that YAP's

regulation of motility may also influence intravasation (Reymond et al., 2013).

Once in the circulation, tumor cells face multiple barriers to their survival. One such

barrier is believed to be anoikis, which is a form of programmed cell death upon detachment

from the ECM. YAP inactivation has been shown to be a requirement for activation of anoikis

and YAP/TAZ activity resists anoikis in cancer cells (Zhao et al., 2012). Recent work has shown

that shear stress from fluid flow can activate the Hippo pathway suggesting that blood flow

could induce protective YAP/TAZ activity (Lee et al., 2017; 2018). Another mechanism of

intravascular YAP/TAZ activation depends on interactions with platelets. Platelets are important

mediators of metastases (Labelle and Hynes, 2012) and have recently been shown to activate
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YAP/TAZ in tumor cells through RhoA to promote resistance to anoikis (Haemmerle et al.,

2017).

Escaping the harsh intravascular environment by extravasating is a key requirement for

successful metastasis. Consequently, YAP/TAZ have been shown to promote extravasation in

breast and lung cancer cells lines (Gu et al., 2016; Sharif et al., 2015). Once again activation of

YAP/TAZ by fluid shear stress may play a role in extravasation. Shear stress from fluid flow has

been shown to regulate YAP and TAZ activity to promote cancer cell motility (Lee et al., 2017).

Other metastasis enhancing genes have been observed to promote intravascular motility and

this has been associated with enhanced extravasation (Stoletov et al., 2010). Shear stress

activation may also prime metastasizing tumor cells for proliferation following extravasation.

For example, TAZ activation by shear stress has been shown to promote tumor cell

proliferation (Lee et al., 2018).

Once out of blood vessels, tumor cells face a number of challenges to their survival and

proliferation at the metastatic site. Attachment to the ECM, and overcoming anoikis, is key

requirement for outgrowth at the metastatic site (Shibue et al., 2013; 2012). Given YAP's role in

resisting anoikis, it is unsurprising that YAP/TAZ have been suggested to promote outgrowth at

the metastatic site in multiple tumor types (Kim et al., 2017b; Lamar et al., 2012; Liu et al.,

2018; Yin et al., 2018; Zhao et al., 2012). In addition to survival, YAP/TAZ also promotes

proliferation at the metastatic site (Hsu et al., 2015). Oxidative stress at the metastatic site is

another barrier to metastasis (Piskounova et al., 2015). YAP/TAZ have been shown to regulate

genes that respond to oxidative stress and could promote tumor cell survival under these

conditions (Shao et al., 2014).
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As described above, YAP/TAZ drive metastasis in multiple tumor types. Their role at the

primary tumor and during the early steps of the metastatic cascade have been extensively

studied (Janse van Rensburg and Yang, 2016; Warren et al., 2018; Zanconato et al., 2016).

However, it is less clear how YAP/TAZ activation influence tumor cells at the metastatic site. To

date, intravital imaging has not been applied to look at how activation of YAP/TAZ changes the

behavior of tumor cells during metastasis. As reviewed in chapter 1, zebrafish embryos are a

powerful system for the intravital imaging of metastasis. Therefore, we decided to use intravital

imaging in zebrafish embryos to study how YAP activation influenced tumor cell behavior in

circulation and at the metastatic site. This section of the thesis will describe these experiments

and the novel observations that resulted.

Results:

To study tumor cells in circulation and at the metastatic site we chose to inject cells

directly into circulation. We took advantage of a well-established experimental metastasis

protocol where tumor cells are injected intravenously via the Duct of Cuvier (DoC) of 2-day-old

embryos (Fig 2A) (Stoletov et al., 2010). The Duct of Cuvier is a large vessel that drains directly

into the heart and provides a large target for these injections (Supplemental Movie 1). While

many tumor cells are seen in the tail following this type of injection, few cells are seen in the

brain of the embryo. This suggested that the brain would be a good location to look for

enhancement of metastasis in the embryo system. Furthermore, brain metastasis is a major

clinical problem with limited options for treatment or prevention (Maher et al., 2009). We
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chose to assay metastasis 4 days post-injection(DPI) to allow cells time to extravasate and

proliferate within the brain before imaging (Fig 2A).
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Figure 2. YAP-AA promotes brain metastasis in zebrafish embryos. (A) Overview

images of a 2dpf flk:dsRed transgenic embryo imaged in brightfield (top) and fluorescence

(bottom) to provide an overview of the experimental system. The target vessel, the Duct of

Cuvier (DoC) is highlighted in green. An arrow indicates the location of injection site. The site of

metastasis, the brain, is outlined in white. The eye and heart of the embryo are indicated with E

and H respectively. The timeline below outlines the course of the experiment. Scale bars are

1mm. (B) Representative images of the heads of flk:dsred zebrafish injected with A375 cells 4

days post-injection with the brain outlined in white. The eye is indicated by an E. The tumor at

the injection site is indicated with an *. Scale bar is 500ptm. (C) Quantification of the images in

B. p<0.0001 using ANOVA with Dunnett's correction for multiple hypothesis testing. n= 90

embryos per condition across 3 independent experiments (D) Representative images of

embryos 4 days after injection with HT-29 cells. Scale bar is 500p1m. The brain is outlined by a

white dotted line. (left) Quantification of images p<0.0001 using a two-tailed student's t-test.

n=60 embryos per condition across 2 independent experiments. EC, endothelial cell. H2B-EGFP,

A375 and HT-29 cells over-express histone H-2B3 fused to EGFP.
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Cells were injected into flkl:dsRed transgenic embryos which express dsRed in

endothelial cells. This allowed the endothelium to be used as a landmark to determine where

tumor cells were located. We generated A375 human melanoma and HT-29 human colon

cancer cells which expressed H2B-EGFP and iRFP670 to label the nucleus and cytoplasm

respectively. These two labels allowed cell behaviors to be monitored through confocal

microscopy.

Four genes known to promote melanoma metastasis in mice, BMI1,CDCP1,MCAM, and

YAP, were over-expressed in tumor cells using a lentiviral expression system (Fig S1A) (Ferretti

et al., 2016; Lamar et al., 2012; Liu et al., 2011; Xie et al., 1997). BMI1, CDCP1, and MCAM were

all wild-type proteins whereas YAP was a mutated form that is insensitive to the Hippo pathway

(YAP S127A,S381A, labeled as YAP-AA in this study).

These genes were assayed in the zebrafish system to see if they promoted brain

metastasis when compared to an empty vector (EV) control. Metastatic burden was calculated

as the percent area of the brain that was taken up by tumor cell nuclei using the H2B-EGFP

signal (see methods for a detailed description of how this was calculated). Only YAP-AA

promoted brain metastasis by A375 cells in this system (Fig 2B and C). YAP-AA promoted a

statistically significant increase in brain metastasis regardless of quantification method (Fig S1B

and C) so brain tumor burden was used for the rest of the study as it was the easiest to

compute. YAP-AA also promoted brain metastasis by the HT-29 cell line in zebrafish embryos

(Fig 2D and S1E). YAP-AA also enhanced brain metastasis by 8DPI in A375 cells (Fig S1D).

However, by this time, there was significant mortality. For this reason, the 4DPI time point was
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the final time point used in future experiments. Wild-type YAP (YAP-Wt) was over-expressed in

the A375 cell line and assayed for metastasis (Fig S2A). Wild-type YAP did not promote

metastasis in the zebrafish system (Fig S2B).

YAP Promotes Metastasis Within 10 Hours Of Injection

YAP regulates many properties that can influence metastasis such as proliferation,

survival, and extravasation (Warren et al., 2018). In order to determine how YAP-AA was

enhancing metastasis in this system, we first set out to determine when YAP-AA's promotion of

metastasis was occurring. One of the strengths of the zebrafish embryo system is that individual

embryos can be imaged over time with single-cell resolution. Zebrafish embryos were imaged

at 10 hours post-injection, 1DPI, 2DPI, and 4DPI (Fig 3A). At the earliest time point, 10 hours

post-injection, there was already a statistically significant difference between YAP-AA and EV

control brain tumor cell burden (Fig 3B). It also appeared that the magnitude of the difference

in brain tumor cell burden between the YAP-AA cells and the control cells did not change over

time. To confirm that all of YAP-AA's effect on metastasis occurred in the first 10 hours, the

data for each fish were normalized to the 10-hour time point. When the data were analyzed

this way, there was no difference between YAP-AA and control cells indicating that all of YAP-

AA's enhancement of metastasis was occurring in the first 10 hours following injection (Fig 3C).

YAP-AA also enhanced brain metastasis in HT-29 cells within the first 10 hours (Fig 3D).
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Figure 3. YAP-AA promotes metastasis within the first 10 hours of injection. (A)
Representative images of a single embryo injected with A375 cells imaged at the indicated time
points. Scale bar is 500pm. (B) Quantification of the raw tumor cell burden in the brain at the
indicated time points. p=2.78x10-6,1.77x10- 6,3x10-4, and 7.16x10~ 5 for each time point
respectively using a two-tailed student's t-test at each time point with the Holm-$fddk
correction for multiple hypothesis testing. n=52 embryos per condition across 2 independent
experiments (C) Quantification of the same data as in (B) but the tumor cell burden for each
embryo was normalized to the first time point for that embryo. Statistics were calculated using
a two-tailed student's t-test for each time point with the Holm-Sid k correction for multiple
hypothesis testing. (D) Quantification of HT-29 tumor cell burden in the brain 10 hours post-
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injection. p<0.0001 using a student's t-test. n= 40 embryos per condition over 2 independent
experiments. (E) Overview image of a flk:dsRed embryo showing that most tumor cells (H2B-
EGFP) in circulation arrest in the brain and tail. Scale bar is 1mm. Quantifications are shown of
tumor cell burden in the indicated organ at the indicated time points. p<0.0001 using one-way
ANOVA with Dunnett's test for multiple hypothesis. corrections. n=31 embryos per condition
over two independent experiments. Scale bar is 1mm. (F) Sum of the raw data from (E) in the
brain and tail at the 10-hour time points indicating that the YAP-AA does not increase the total
disseminated tumor cell burden. Statistics were done with a two-tailed student's t-test. EC,
endothelial cell. H2B-EGFP, tumor cell H2B-EGFP.

Following injection, there is often a bolus of cells at the injection site that can shed cells

into circulation over time. Therefore, one possibility was that YAP-AA was leading to more brain

metastasis by promoting more cells entering circulation from the injection bolus. To address

this possibility, the size of the injection site bolus was determined at 10HPI for EV and YAP-AA

injected embryos. The size of the injection site bolus was not significantly different between EV

and YAP-AA cells suggesting YAP-AA was not promoting the shedding of cells into circulation

from the injection bolus (Fig S3A and B).

To further study this question, we compared the disseminated tumor cell burden in EV

and YAP-AA injected embryos. Following entry into circulation, most tumor cells are lodged in

the brain or tail of the fish (Fig 3E). Therefore, the tumor cell burden in the brain and tail were

determined 2HPI and 10HPI. At 2HPI, there was no difference in EV and YAP-AA tumor cell

burden in the brain. Consistent with previous experiments, by 10HPI, there was a significant

difference between EV and YAP-AA tumor cell burden in the brain (Fig 3E). In the tail, there was

a slight increase in the tumor cell burden between EV and YAP-AA injected fish by 10HPI.

However, this difference was not significant (Fig 3E). When the sum of the tumor cell burden in

the brain and tail (representing the overwhelming majority of disseminated tumor cells in the

fish) was calculated, there was a slight increase in the total disseminated tumor cell burden in
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the YAP-AA embryos (Fig 3F). However, this difference was not significant leading us to believe

that enhanced entry into circulation could not explain the dramatic enhancement of brain

metastasis observed. Rather, YAP-AA seemed to be primarily enhancing brain metastasis while

having only a slight effect on tail metastasis and total disseminated tumor cell burden.

Given that YAP-AA seemed to be specifically enhancing brain metastasis, we

hypothesized that YAP-AA might be affecting arrest in the brain, extravasation in the brain, or

survival in circulation. To study these processes, we took advantage of the ability to perform

time lapse imaging in living embryos. Following injection, the heads of embryos were imaged

every 2 minutes for 12 hours. The time cells were seen to spend in the same spot in within the

brain vasculature was used as a proxy for the ability of cells to arrest in the brain. YAP-AA

slightly increased the time that tumor cells remained in the same location in the vasculature,

however, this difference was not significant (Fig S4A). This slight increase in the time spent in

the same location within the vasculature did not seem to be enough to explain YAP's robust

promotion of brain metastasis in this system.

We next evaluated extravasation in the brains of these embryos. Surprisingly, when the

fraction of tumor cells that had extravasated at 10HPI was calculated, YAP-AA appeared to

decrease the fraction of cells that had extravasated, although this difference was not significant

(Fig S4B). Consistent with this result, YAP-AA cells degraded less fluorescent gelatin than control

cells in a gelatin degradation assay (Fig S4C). This assay is commonly used as a proxy for the

activity of invadopodia, invasive structures that are required for extravasation (Leong et al.,

2014). These results suggested that YAP-AA was not enhancing extravasation.
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Finally, the survival of cells in circulation was studied during 12 hour movies. During

programmed cell death, the nuclei of dying cells are seen to fragment into small pieces (Fuchs

and Steller, 2015). Using the H2B-EGFP label in our cells, we were able to monitor nuclear

fragmentation by cells within the vasculature. Over the 12 hours the embryos were imaged,

approximately 4% cells were seen to undergo nuclear fragmentation and disappear. No

significant difference was observed when EV and YAP-AA cells were compared (Fig S4D). These

results implied that YAP-AA was not promoting brain metastasis by enhancing arrest,

extravasation, or survival in circulation in our system although we cannot entirely rule out

arrest or survival in circulation. Another possibility for YAP-AA's enhancement of metastasis is

through enhancing proliferation. However, given that mammalian cells take around 24 hours to

divide, it seems unlikely that the difference in tumor cell burden that we see at 10 hours could

be due to cell division.

During the generation of the movies which were used to gather the data described

above, it was observed that there appeared to be more tumor cells arriving in the brain (Fig 4A

and Supplemental Movies 2 and 3). When the cells in the brain were quantified over time, a

steady influx of YAP-AA cells was observed while few EV cells were seen to arrive (Fig 4B). By

4.5HPI there was a statistically significant increase in the number of YAP-AA cells in the brain

compared to control cells. The difference in number between control and YAP-AA cells

continued to increase throughout the duration of the movies (Fig 4B).
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Figure 4. YAP-AA causes more cells to arrive in the brain. (A) Representative still images from a
movie of the heads of embryos injected with EV or YAP-AA cells showing more YAP-AA cells
arriving in the brain over time. Scale bar is 500ptm. (B) Quantification of the number of A375
cells observed in the brain over time following injection. p=0.016 at 4.5HPI, p=0.0023 at 6.5HPI,
p=0.0016 at 8.5HPI, and p= 0.001 at 10.5HPI. Statistics were calculated using a two-tailed
student's t-test at each time point with the Holm-Sid k correction for multiple hypothesis
testing. n= 6 embryos per condition across 3 independent experiments. (C) Representative
images of 7-hour A375 cell tracks in the tail generated in ImageJ from 12-hour movies. Scale bar
is 500pim. (D) Quantification of 7-hour cell displacement in the tail for the indicated cell line.
p<0.0001 for both cell lines. Statistics were calculated using a two-tailed student's t-test. A375,
n=1035 tracks per condition which were generated from movies of 6 embryos per condition.
HT-29, n=724 tracks per condition generated from movies of 9 embryos per condition.

EC, endothelial cell. Tumor cells express H2B-EGFP (green) and cytoplasmic iRFP670 (purple).
Overlap between these two channels appears white.

These observations suggested that YAP-AA was promoting brain metastasis by greatly

increasing the numbers of cells that arrive in the brain in the first 10 hours. Given that we

already showed that YAP-AA only slightly enhanced the total number of cells in circulation, we

wondered where these extra cells might be coming from. We took advantage of the small size

of zebrafish embryos to image entire embryos to track all the cells in circulation over time. It

was observed that tumor cells were primarily clustered in the tail immediately following

injection (Supplemental Movies 4 and 5). The EV control cells primarily remained in the tail

during the course of these movies. However, over time, YAP-AA cells were seen moving in the

tail and rapidly disappearing (presumably after becoming dislodged and swept away by

circulation). Shortly thereafter, YAP-AA cells were observed to arrive at the brain. Given these

observations and the observations that 1) YAP-AA only slightly increased the total number of

cells in circulation 2) more YAP-AA cells arrive in the brain than control cells, we hypothesized

that YAP-AA was redistributing where cells end up in the animal by causing cells to leave the tail

and travel to the brain.
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YAP-AA Promotes Tumor Cell Travel From The Tail To The Brain

To determine if YAP-AA was causing tumor cells to leave the tail, the tails of embryos

were imaged every 2 minutes for 12 hours following injection. While EV control cells mostly

remained in the same spot following arrest in the tail, YAP-AA cells moved around within in the

tail vasculature and eventually disappeared (presumably after being swept back into

circulation) (Fig 4C and D and Supplemental Movies 6 and 7). Given that these results suggested

that YAP-AA was promoting escape from the tail, this led to the question of why YAP-AA-

injected embryos do not seem to have fewer cells in the tail than EV control-injected embryos

(Fig 3F). When the fraction of cell burden in the tail and brain were compared, more than 80%

of the EV tumor cell burden was in the tail (Fig S5A). In embryos injected with YAP-AA cells,

there was a small increase in the fraction of cell burden in the brain but this shift is still small

relative to the cell burden in the tail (Fig S5A). This indicates that even a small decrease in the

tail tumor cell burden could lead to a large increase in the brain tumor cell burden.

We next sought to determine if the cells seen disappearing from the tail in our movies

were indeed traveling to the brain. To determine if cells that leave the tail can travel to the

brain we took advantage of the photoconvertible protein Dendra2. Dendra2 is a green-to-red

photoconvertible protein that converts upon intense illumination with a 405nm laser. A375

YAP-AA or EV control cells were made to express Dendra2 and iRFP670. iRFP670 is

constitutively fluorescent and served as a control to label all tumor cells. These cells were

injected into Flil:EGFP embryos which have green fluorescent vasculature.

In this experiment, cells lodged in the tail were photoconverted within 2 hours of

injection (Fig 5A). If YAP-AA causes tumor cells to leave the tail and travel to the brain, there
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should be more photoconverted YAP-AA cells in the brain than EV photoconverted cells at

1OHPI. As a control, we first confirmed that only the cells in the tail were photoconverted at the

2HPI time point immediately following conversion (Fig 5B). At 1OHPI, there were more

photoconverted YAP-AA cells in the brains than EV control cells (Fig 5C). Both the number and

the fraction of photoconverted cells in the brains were statistically significant in the YAP-AA

embryos (Fig 5D). These results fit with our hypothesis that YAP-AA promotes tumor cell travel

from the tail to the brain.
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Figure 5. YAP-AA promotes tumor cell mobilization from the tail to seed the brain. (A) (Upper)
Experimental overview indicating that Dendra2 expressing A375 cells in the tail are
photoconverted within 2 hours of injection. The brain is then imaged at 1OHPI to look for
photoconverted cells. (Lower) A375 cells constitutively express iRFP670 (purple) allowing
unconverted tumor cells to be identified. Upon photoconversion, A375 cells fluoresce red. The

tail is outlined with a white dotted line. Scale bar is 500ptm. (B) Image of the head at 2HPI after
the cells in the tail have been photoconverted showing that cells in the head or injection site
were not photoconverted. A bolus of A375 cells at the injection site is indicated with a white

dotted line. Scale bar is 500pm. (C) Image of the head at 10HPI showing more photoconverted
YAP-AA cells in the brain (white dotted line). Scale bar is 500pim. (D) Quantification of the
number and fraction of photoconverted cells in the brain. P<0.0001 for the number of
converted cells and p=0.012 for the fraction of converted cells. n= 35 embryos per condition
across 3 independent experiments. (E) Image of photoconverted cells in the tail at the indicated
time points showing that YAP-AA cells are lost from the tail over time. p=0.003 using a two-
tailed student's t-test. n= 35 embryos per condition across 3 independent experiments. Scale
bar is 500ptm. (F) Representative images of the tails of flil:EGFP zebrafish embryos 10HPI

showing iRFP670 (purple) labeling all A375 cells and Dendra2 (red) labeling cells

photoconverted at 2HPI. Scale bar is 500ptm. (G) Quantification of the ratio of converted tumor
cell burden to total tumor cell burden of the images in F. p<0.001 for YAP2HPI->YAP 10HPI, and
p<0.0001 for EV10HPI->YAP10HPI using one-way ANOVA with Tukey's test for multiple
comparisons. n=40 embryos per condition across 2 independent experiments. EC, endothelial
cell. TC, tumor cell

We then looked at the behavior of the photoconverted cells in the tail. Given that YAP-

AA does not appear to affect survival in circulation in our system, if YAP-AA is promoting tumor

cells to leave the tail, then one would expect the photoconverted YAP-AA tumor cell burden in

the tail to decrease over time while the EV photoconverted tumor cell burden in the tail would

remain about the same.

When the photoconverted cells in the tail were followed over time, the EV control cell

burden remained about the same (Fig 5E). However, the YAP-AA tumor cell burden decreased

over time (Fig 5E). This loss was quantified by calculating the ratio of the photoconverted tumor

cell burden at 2HPI and 10HPI. Interestingly, at 10HPI there were many YAP-AA cells in the tail

that were not photoconverted while almost all the EV control cells in the tail at this time point
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were photoconverted (Fig 5F). Unconverted cells in the tail at the 10HPI time point are cells

that arrived in the tail following photoconversion as our photoconversion was highly efficient

(Fig 5A).

When the ratio of the converted to unconverted tumor cell burden in the tail was

calculated, it is near 1 at the 2HPI time point for both EV and YAP-AA cells (Fig 5G). This ratio is

not equal to 1 because photoconverted Dendra2 is dimmer than iRFP670. By 10 hours, this ratio

has dropped for the YAP-AA cells while remaining essentially unchanged for EV control cells

again indicating that unconverted YAP-AA cells are arriving in the tail after photoconversion (Fig

5G). This observation fits with the model that YAP-AA cells are better at dispersing throughout

the embryo. This observation suggests that YAP-AA might also be promoting cells to leave the

brain as well. During our brain time-lapse imaging, cells were observed leaving brain. However,

there also appeared to be areas where cells remained sequestered for the duration of our

imaging (Movie S2 and S3). The vessels in the brain are generally narrower than the ones in the

tail. We suspect that this difference accounts for tumor cells remaining sequestered in the brain

following their arrival but escaping from the tail.

YAP May Be Enhancing Escape From The Tail Through Intravascular Migration

Once it became apparent that YAP-AA was enhancing tumor cell escape from the tail

and that these escaping cells could travel to the brain, we set out to determine how YAP-AA

was promoting escape from the tail. We hypothesized that YAP-AA might be helping tumor cells

dislodge within the vasculature through decreased adhesion to the endothelium or to other

tumor cells. To test these hypotheses, we first assayed the adhesion of EV or YAP-AA cells to

human endothelial cells in vitro. Surprisingly, YAP-AA cells were more adherent to the human
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endothelial cells than the EV control cells (Fig 6A). Next, the ability of cells to undergo

homotypic adhesion was assayed using an in vitro cell aggregation assay (Fig 6B). The YAP-AA

over-expressing cells formed larger aggregates in this assay leading us to conclude that they

were more self-adhesive than control cells (Fig 6B). These observations suggested that YAP was

not enhancing escape from the tail by decreasing cell adhesion.

We next tested whether YAP-AA's promotion of metastasis was a cell autonomous

process. Control A375 cells or YAP-AA cells were made to express Cerulean or iRFP670. Control

and YAP-AA cells were injected into zebrafish embryos separately or mixed together in a 1:1

ratio. When co-injected, the YAP-AA cells showed enhanced brain metastasis by 4 days post-

injection (Fig 6C). Co-injection did not enhance control cell metastasis indicating that YAP's

enhancement of metastasis was confined to the YAP-AA cells (Fig 6C).

The fact that YAP-AA's enhancement of metastasis was a cell autonomous process

suggested that it might be an active process. YAP is well known to promote cell migration so

YAP-AA cells and control cells were assayed in transwell migration assays. YAP-AA greatly

enhanced the fraction of transmigrated cells in both the A375 cell line and the HT-29 cell line

(Fig 6D). The observations that 1) YAP-AA enhanced adhesion to the endothelium 2) YAP-AA

enhanced brain metastasis in a cell-autonomous manner and 3) YAP-AA greatly enhanced

migration in vitro hinted that YAP-AA might be promoting escape from the tail through

intravascular migration. This would not be the first time that an oncogene had been shown to

promote intravascular migration in this location in zebrafish embryos (Stoletov et al., 2010). In

this work, tumor cells were observed to adopt a rounded morphology and crawl along the
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luminal surface of the endothelium and, in some cases, to move against blood flow (Stoletov et

al., 2010).

BEndothelial Adhesion Assay
0.8**

Eo.,

40.4-

c 0.2
0

,0.0-
U-

Cell Aggregation Assay

280 n

060-
IL

S40-

020

E0Ai..

.0 eJY

DMixing Experiment 4D3PI

0 10
E

CA

-s" \0 4

Transwell Migration Assay

C

0L.

A375 HT-29

Figure 6. YAP-AA may promote tumor cell intravascular migration. (A) Endothelial adhesion
assay indicating that YAP-AA A375 cells are more adhesive to an endothelial monolayer.
p=0.004 using a two-tailed student's t-test on data from 3 independent experiments. (B) Cell
aggregation assay indicating that YAP-over-expressing A375 cells form larger aggregates in
vitro. p<0.0001 using a two-tailed student's t-test n=117 aggregates per condition analyzed
from two independent experiments. Arrowheads indicate example aggregates in an image of
H2B-EGFP-expressing A375 cells following aggregation. Scale bar is 100pm. (C) Brain tumor
burden of EV control and YAP-AA cells at 4DPI from a co-injection experiment. p<0.0001 for cell
types alone. p=0.0004 for co-injected cells. Statistics were calculated using one-way ANOVA
with Dunnett's test for multiple hypothesis corrections. n=40 embryos per condition (EV alone,
YAP-AA alone, and co-injection) across two independent experiments. Scale bar is 500pm. (D)
Transwell migrations assays for A375 and HT-29 cells indicating that YAP-AA promotes cell
migration in vitro. A375, p=0.0013 HT-29 p=0.017. Statistics were calculated using a two-tailed
student's t-test on the averages of 3 independent experiments for each cell line.
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Since we suspected that YAP-AA's promotion of escape from the tail might be due to

enhanced migration, we wanted to determine how YAP might be enhancing migration in these

cells. We first assayed whether YAP-AA's promotion of metastasis in this system was dependent

on its ability to regulate transcription and interact with the TEAD family of transcription factors.

We over-expressed YAP-AA or YAP-AA with mutations that inactivate the TEAD-binding domain

(AA-S94A), the two WW domains (AA-WW), or delete the transactivation domain (A-TA) (Fig

7A). The S94A (AA-S94A) and transactivation domain deletions (A-TA) abrogate YAP's ability to

promote transcription. The WW domains mutations disrupt some protein-protein interactions

but do not affect TEAD-dependent transcription. The YAP-AA-WW construct promoted brain

metastasis by 4 days post-injection (Fig 7A). However, the YAP-AA-S94A and the YAP-A-TA

mutants did not promote metastasis indicating that YAP's ability to regulate transcription and

interact with the TEAD family of transcription factors was required to enhance metastasis in

this system (Fig 7A).

A recent paper has shown that YAP can promote migration through TEAD-dependent

transcriptional upregulation of the Rho GAP ARHGAP29. Mechanistically, ARHGAP29 promotes

migration through increased cofilin activity due to a decrease in cofilin phosphorylation. When

levels of phosphorylated cofilin were assayed, there was no difference between EV control or

YAP-AA over-expressing A375 cells (Fig 7B). Qiao et al. also described that YAP promotes a

decrease in the F:G actin ratio. However, YAP-AA over-expression in A375 cells leads to an

increase in F actin and consequently a higher F:G actin ratio (Fig 7C). These results indicated

that YAP promoted motility in A375 cells through actin polymerization in a mechanism which

may be distinct from those previously reported.
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Discussion:

In this chapter, we set out to use zebrafish embryos as a system to study how

specific genes modulate the behavior of tumor cells in circulation and at the metastatic site.

The events that occur in these locations are rate-limiting for metastasis, indicating that a better

understanding of these barriers could uncover opportunities for therapeutic intervention

(Massague and Obenauf, 2016). The events in circulation and at the metastatic site are dynamic

and so require the use of intravital imaging to fully comprehend them. A number of intravital

imaging studies have catalogued the behavior of tumor cells at the metastatic site in detail

(Entenberg et al., 2017; Follain et al., 2018; Kienast et al., 2009; Ritsma et al., 2012; Stoletov et

al., 2010). These studies have identified novel steps in metastasis at which therapeutic

intervention may be possible. For example, in the liver, tumor cells were observed to migrate

extensively while forming micro-metastases and this migration was shown to be required for

their metastatic outgrowth (Ritsma et al., 2012). In the brain, solitary disseminated tumor cells

required interactions with endothelial cells for survival, suggesting that disrupting these

interactions would prevent metastatic outgrowth (Kienast et al., 2009). However, few studies

have used intravital imaging to investigate how known metastasis-promoting genes influence

the behavior of tumor cells in circulation and at the metastatic site.

Our work also illustrates the utility of zebrafish embryos to study metastasis. The ability

to inject hundreds of embryos in a day allows large scale in vivo screens of metastasis to be

conducted. While we only used 4 genes in this study, many more could have been looked at

had we not focused on YAP early on. Another key reason that zebrafish embryos are so

powerful is that they are simple to use for time-lapse imaging over time scales from seconds to
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days. Time lapse imaging also allowed us to rapidly assay YAP's influence on multiple

phenotypes such as arrest, extravasation, and survival in circulation. While there are in vitro

assays that can be used as proxies for these processes, they involve complex interactions

between tumor cells and the microenvironment that are impossible to wholly replicate in vitro.

The ability to follow tumor cells in individual embryos over the course of 4 days allowed

us to easily determine exactly when YAP was promoting metastasis in this system. The ability to

image the entire embryo also allowed us to account for every cell that had entered circulation

in the animal as well as the cells that remained at the injection site. This accounting proved

critical for us to be able to identify how YAP was influencing the distribution of tumor cells

throughout the embryo.

Our results from this study have some implications for the YAP field as well. Our initial

observation that YAP-AA promoted brain metastasis in the zebrafish system is noteworthy

because there has been little data to date connecting YAP to brain metastasis specifically (Hsu

et al., 2018). YAP activity has been shown to promote metastasis in multiple tumor types and

can regulate many processes associated with metastasis such as invasion, migration,

extravasation, anchorage independent growth (Janse van Rensburg and Yang, 2016; Lamar et

al., 2012; Warren et al., 2018). Given these data showing that YAP is a strong promoter of

metastasis, at first glance, it may not be surprising that YAP promoted brain metastasis in our

system. However, studies of cells with a propensity to metastasize to the brain indicate that

there are specific barriers in the brain that metastasizing tumor cells must be overcome (Bos et

al., 2009; Valiente et al., 2014). Not all metastasis promoting genes would be expected to allow

metastasizing tumor cells to overcome these barriers. The fact that YAP promoted brain
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metastasis in our system suggests that YAP might be among the scarce set of genes that

promotes brain metastasis. Given that brain metastasis is a devastating condition with few

treatment options (Maher et al., 2009), our observation suggests that further studies of YAP in

the context of brain metastasis are warranted.

Our results also highlight how YAP can function at different steps in the metastatic

cascade in different tumor types. It has been apparent for some time that the set of genes

regulated by YAP varies considerably across cell types (Hao et al., 2008; Yu et al., 2015b; Zhao et

al., 2007). Despite this fact, YAP seems to regulate many of the same processes in different

tumor types. For example YAP has been shown to promote extravasation and resistance to

anoikis in multiple tumor types including breast and lung cancer (Gu et al., 2016; Lamar et al.,

2012; Liu et al., 2018; Nallet-Staub et al., 2014; Sharif et al., 2015; Warren et al., 2018).

In our system, we saw no evidence that that YAP had any effect of either of these

processes in A375 melanoma cells. Our result that YAP did not enhance extravasation was

particularly surprising because YAP-AA cells seemed to have a lower proportion of extravascular

cells at 10 HPI suggesting that YAP-AA may even be inhibiting extravasation (though this

difference was not statistically significant). One potential explanation is that extravasation in a

zebrafish system is not representative of extravasation in a mammalian system. However, the

fact that YAP-AA cells also degraded less gelatin in a gelatin degradation assay (a proxy for

invadopodia activity) fits with a model where YAP-AA does not enhance extravasation.

Furthermore, in breast cancer, YAP was shown to enhance extravasation in zebrafish suggesting

that our lack of enhancement is not due to our model system but a real YAP phenotype in these

cells (Sharif et al., 2015).
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The fact that we did have any evidence to suggest that YAP-AA affected survival in

circulation was also rather surprising given YAP's known role in resisting anoikis (Haemmerle et

al., 2017; Zhao et al., 2012). One possibility, is that our assay is just not detecting most dying

cells. TUNEL assays on whole mount embryos following injection could be a more reliable

method assay YAP's effect on tumor cell survival in this system. However, survival in circulation

may not play much of a role in this system. In support of this view, we only saw about 4% of

cells in circulation dying during 12 hours of imaging (Fig S4). Compared to survival in circulation

in mice, the zebrafish embryo seems to be a much more hospitable environment suggesting

that anoikis in circulation may not pose much of a barrier to metastasis in our system (Fidler,

1970). We also have not formally ruled out proliferation as a mechanism by which YAP might be

enhancing metastasis in this system. While the fact that YAP promotes metastasis by 10HPI

suggests that proliferation is not playing a role, further experiments are necessary to formally

rule this out.

The fact that YAP seems to have no effect on some processes in our hands may suggest

that YAP regulates different steps of the metastatic cascade in different tumor types. Therefore,

in order to fully understand how YAP (and TAZ) are involved in metastasis, it might be necessary

to look at every step of the metastatic cascade in each tumor type of interest. Zebrafish

embryos could provide a useful system for performing these experiments as we have

demonstrated how one can use them to rapidly studying multiple aspects of the metastatic

cascade.

Our observation that YAP-AA redistributes tumor cells by inducing cells arrested in the

vasculature to re-enter circulatory flow was also quite interesting. It has generally been
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assumed that metastasizing tumor cells take a direct route through circulation to the metastatic

site. Arrest in the capillaries of a distant organ is seen as the end of their trip with cells either

extravasating or dying. However other studies, and our results, suggest that tumor cells might

take a more circuitous route. In some cases, tumor cells might be able to re-enter circulatory

flow following arrest and travel to other organs.

Intravital imaging studies have shown that tumor cell arrest in the vasculature is

dynamic. Tumor cells often arrest temporarily before being carried back into circulation

(Benjamin and Hynes, 2017; Kienast et al., 2009; Morris et al., 1993; Spicer et al., 2012). Early

studies, which tracked tumor cells in circulation in mice, suggest that cells seen departing

following stable arrest in one organ can transit through the circulatory system to other organs

over the course of a few hours (Fidler, 1970; Fidler and Nicolson, 1977). At longer time scales,

experiments have shown that tumor cell transit in animal models is more complex than just a

linear stream from primary tumor to metastasis. Instead, tumor cells can metastasize from one

primary tumor to another contralateral tumor or from a metastasis back to the primary tumor

in a process called re-seeding (Kim et al., 2009).

The ability to move through the first capillary bed encountered to travel to other organs

may also be required to account for metastasis to some organs. For example, colon cancer

often metastasizes to the liver which is the first capillary bed downstream through the

circulatory system (Budczies et al., 2015). However, colon cancer can also metastasize to the

lungs. Given the layout of the circulatory system and the liver vasculature, it seems likely that in

order to reach the lungs, tumor cells would have to first transit through capillaries in the liver
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(Aird, 2007). Genes that aid in transit through the liver vasculature transit could therefore

promote metastasis to other organs such as the lung.

A number of observations led to our hypothesis that YAP-AA was promoting

intravascular migration. First, YAP-AA enhanced adhesion to the endothelium in in vitro

endothelial adhesion assays. Second, YAP-AA greatly enhanced migration in in vitro transwell

migration assays. Finally, YAP-AA enhanced migration when YAP-AA cells were mixed with EV

control cells. This result suggested that the YAP-AA cells were leaving the trail through an active

process. If YAP-AA were promoting escape from the tail through a passive process, we would

have expected the EV control cells to block the vessels and prevent the YAP-AA cells from

leaving. Instead the YAP-AA cells were still able to spread to the brain when co-injected with

the EV control cells.

If YAP-AA is promoting this redistribution of tumor cells through promoting intravascular

migration as we currently hypothesize, this would not be the first reported case of intravascular

migration in zebrafish embryos. Tumor cell intravascular migration has previously been

reported to occur in zebrafish embryos following over-expression of the EMT-promoting

transcription factor Twisti (Stoletov et al., 2010). This study used time lapse imaging in

zebrafish embryos to observe individual tumor cells which used a rounded morphology to

actively crawl within the vasculature. This crawling was confirmed to be an active process as it

could occur against the direction of blood flow (Stoletov et al., 2010). Further imaging in our

system with higher temporal resolution may be useful to determine if our cells are behaving

similarly. A key observation in Stoletov et al. was that Twisti-induced intravascular migration

was dependent on integrin-31. In our system, YAP-AA enhanced tumor cell adhesion to
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endothelial cells which is consistent with intravascular migration requiring adhesion to the

endothelium. It would therefore seem that, a key experiment in our system would be to see if

YAP-AA could still enhance tumor cell travel to the brain in integrin-1 knockdown cells.

Finally, a caveat of our experiments is that they were performed by over-expressing a

constitutively active form of YAP. In our experiments, YAP transcriptional activity was high

regardless of the state of the Hippo pathway. Given the failure of wild-type YAP to promote

brain metastasis in our hands, it seems likely that YAP is normally repressed by the Hippo

pathway within the vasculature in our system. However, there are a number of mechanisms

that might activate YAP activity within the vasculature in other cell types. For example, YAP and

TAZ have been shown to be able to be activated by fluid shear stress (Lee et al., 2017; 2018)

and this activation can promote tumor cell motility (Lee et al., 2017). It is possible that the cells

we tested were not responsive to this mode of YAP regulation. Cells that are more responsive

to fluid flow could potentially disseminate from the tail following induction of YAP activity

through this mechanism.

Another way YAP could be activated within the vasculature is through physical force on

the nucleus. Recently, force acting on the nucleus has been shown to promote YAP nuclear

entry and activity (Elosegui-Artola et al., 2017). It has been observed that tumor cells arrested

in the vasculature undergo large deformations of their nuclei as they are pushed into narrow

vessels by the blood flow. These observations suggest that the force exerted on the nucleus

during arrest could activate YAP (Tsuji et al., 2006; Yamamoto et al., 2004; Yamauchi et al.,

2006; 2005).

159



Finally, tumor cells arrested at the metastatic site are frequently seen interacting with

platelets (Labelle and Hynes, 2012). Recently, platelets have been shown to be able to activate

YAP, suggesting that this might be another way to activate YAP in circulation (Haemmerle et al.,

2017). During the period when we see our YAP phenotype, the first thrombocytes (the zebrafish

equivalent of platelets) begin to appear in the embryo (Khandekar et al., 2012). It is possible

that there are not enough of them or the early thrombocytes present during our experiments

were not yet capable of activating YAP activity. It would be interesting to perform our

experiments in 3DPF embryos, which have many circulating thrombocytes, to see if wild-type

YAP can promote brain metastasis in this context.

In summary, we found that YAP-AA promoted brain metastasis in zebrafish embryos.

Through time lapse imaging, we were able to rapidly assess YAP-AA's influence on arrest,

extravasation, survival in circulation, and travel in circulation to determine how it was

promoting metastasis in this system. We found that, while control cells arrest in the tail

vasculature after injection and remain trapped there, YAP-AA induces cells to dislodge, re-enter

circulatory flow, and travel to the brain. We suspect that YAP-AA may be promoting this escape

from the tail through intravascular migration. The ability to transit through the first capillary

bed encountered in circulation represents a novel mechanism for tumor cells to increase their

dissemination through an organism.
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Supplemental Figures
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Figure S1. YAP-AA enhances metastasis using multiple quantification methods and as late as

8DPI. (A) Western blots indicating over-expression of the labeled genes. (B) Quantification of

the number of cells per tumor in the brain at 4DPI. p<0.001. n=345 tumors per condition in 90

fish per condition. Statistics were calculated using one-way ANOVA with Dunnett's test for

multiple hypothesis correction. (C) Quantification of the number of brain tumors in the brain of

embryos at 4DPI. p<0.0001. Statistics were calculated using one-way ANOVA with Dunnett's

test for multiple hypothesis correction. n= 90 fish per condition across 3 independent

experiments. (D) Quantification of brain metastases in fish 8DPI. p=0.001 using a two-tailed

student's t-test. n=23 fish per condition across 2 independent experiments. (E) Western blot of

control or YAP-AA over-expressing HT-29 cells.
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Figure S2. Wild-type YAP does not enhance metastasis in zebrafish embryos. (A) Western blot
showing Wild-type and YAP-AA expression in the cell lines used for experiments. (B)
Quantification of brain metastases in embryos 4DPI. p <0.0001 using one-way ANOVA with
Dunnett's test for multiple hypothesis testing. n=60 embryos per condition across 2
independent experiments.
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Figure S3. YAP-AA does not enhance entry into circulation from the injection site by 10HPI.
(A) Representative images of injection site tumors at 1OHPI. Scale bar is 500pm. (B)
Quantification of the area of injection site tumors at 10HPI. p=0.25. n=52 embryos per
condition across 2 independent experiments.
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Figure S4. YAP-AA does not enhance arrest, extravasation, or survival in circulation. (A)

Quantification of the time cells are observed to be arrested at the same spot in the brain

vasculature before moving. (B) Quantification of the fraction of cells observed to be

intravascular, extravasating, or extravasascular at 10HPI. p=0.05 using a chi squared test. n=53

cells per condition in 5 embryos per condition. (C) Quantification of fluorescent gelatin

degradation by control and YAP-AA cells in vitro. p=0.01 using a two-tailed student's t-test on

the averages of two independent experiments. n= 45 fields per condition per experiment (D)

(left) Quantification of the fraction of cells observed to die during 12-hour movies of the tail of

embryos. p=0.4 using a two-tailed student's t-test. n=8 embryos per condition. (right)

Representative images showing a cell dying within the vasculature over the course of 22

minutes. Scale bar is 10pjrm.

163



10 HPI Tumor Cell Distribution

0

0
0

E

U-

1.0-

0.8-

0.6-

0.4-

0.2-

0.02

Tail
Brain

4.

Figure S5. Most tumor cells are arrested in the tail at 10 hours post-injection. (A) Graph
plotting the fractional area of tumor cells in the brain and tail relative to the sum of the total
area from the sum of both those locations. Data were generated from analysis of 31 embryos
per condition across two independent experiments.
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Figure S6. Expression of YAP mutants. (A) Western blots of cells over-expressing the indicated
YAP mutants. Note that the binding site for the YAP antibody is contained in the region deleted
in the YAP-A-TA mutant so is not detected in the total YAP blot. All mutants are FLAG-tagged
and can be detected with a FLAG antibody.
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Supplemental Movie 1. Movie showing blood flow through the Duct of Cuvier of a 2-day-old
zebrafish embryo. The Duct of Cuvier provides a large target for the injection of tumor cells.
Following injection, the cells are exposed to blood flow and are carried into circulation and can

disperse throughout the embryo. Scale bar is 1mm. Timecode is in seconds.

URL: https://youtu.be/DfwSZvMWitU
Alternative URL: https://www.davidcbenjamin.com/movie-sl

Supplemental Movie 2. Movie of the head of a zebrafish embryo injected with EV control A375
cells over 12 hours. A375 cells express cytoplasmic iRFP670 (magenta) and nuclear EGFP (H2B-

EGFP). Endothelial cells express dsRed. Scale bar is 500pm. Timecode is in hours.

URL: https://youtu.be/zbsG7Dc9l8E
Alternative URL: https://www.davidcbeniamin.com/movie-s2

Supplemental Movie 3. Movie of the head of a zebrafish embryo injected with YAP-AA over-

expressing A375 cells over 12 hours. A375 cells express cytoplasmic iRFP670 (magenta) and

nuclear EGFP (H2B-EGFP). Endothelial cells express dsRed. Scale bar is 500pm. Timecode is in

hours.

URL: https://youtu.be/ldfm2R702OQ
Alternative URL: https://www.davidcbenjamin.com/movie-s3

Supplemental Movie 4. Movie of a whole zebrafish embryo injected with EC control A375 cells

over 12 hours. A375 cells express cytoplasmic iRFP670 (magenta) and nuclear EGFP (H2B-EGFP).
Endothelial cells express dsRed. Scale bar is 1mm. Timecode is in hours.

URL: https://youtu.be/s8kY9K5EIaM
Alternative URL: https://www.davidcbenjamin.com/movie-s4

Supplemental Movie 5. Movie of a whole zebrafish embryo injected with YAP-AA over-

expressing A375 cells over 12 hours. A375 cells express cytoplasmic iRFP670 (magenta) and

nuclear EGFP (H2B-EGFP). Endothelial cells express dsRed. Scale bar is 1mm. Timecode is in

hours.

URL: https://youtu.be/Pxl icJWNiA
Alternative URL: https://www.davidcbenjamin.com/movie-s5
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Supplemental Movie 6. Movie of A375 control cells in the tail over the course of 12 hours
following injection. A375 cells express cytoplasmic iRFP670 (magenta) and nuclear EGFP (H2B-
EGFP). Endothelial cells express dsRed. Scale bar is 500pm. Time code is in hours.

URL: https://youtu.be/H51oqPL7iqc
Alternative URL: https://www.davidcbenjamin.com/movie-s6

Supplemental Movie 7. Movie of A375 cells over-expressing YAP-AA in the tail over the course
of 12 hours following injection. Scale bar is 500pm. Time code is in hours. A375 cells express
cytoplasmic iRFP670 (magenta) and nuclear EGFP (H2B-EGFP. Endothelial cells express dsRed.
Scale bar is 500pm. Time code is in hours.

URL: https://youtu.be/MHyWwm 8TsE
Alternative URL: https://www.davidcbeniamin.com/movie-s7
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Chapter 4.

Conclusion

The contents of this chapter were written by David Benjamin with editing by Jess Hebert and

Richard Hynes.
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Summary of Results

Metastasis is the cause of the overwhelming majority of cancer-related mortality, yet

our understanding of this process is incomplete. In particular the events at the metastatic site

remain poorly understood. A complete understanding of these events is critical because they

may rate-limiting for metastasis (Fidler, 1970; Luzzi et al., 1998; Massague and Obenauf, 2016).

While intravital imaging studies in mice provided insights, intravital imaging in mice remains a

technically challenging technique whose use is far from routine.

We thought that zebrafish might be a simpler system for intravital imaging because a

line of zebrafish that was transparent throughout its life had recently been developed (White et

al., 2008). These fish allowed intravital imaging of adults without the complication of using the

surgically implanted imaging windows required in mice (Alieva et al., 2014). We believed that it

was important to use an adult organism because cancer is primarily a disease of adults so we

needed an adult microenvironment to properly model metastasis (Siegel et al., 2017). Our first

goal was to use intravital imaging in adult zebrafish to study the interactions between tumor

cells, innate immune cells, and thrombocytes, the fish equivalent to platelets, during

metastasis. There was a wealth of literature showing that these interactions were important for

metastasis (Gay and Felding-Habermann, 2011; Joyce and Pollard, 2008; Labelle and Hynes,

2012). However, most studies had been performed on fixed tissue harvested at various time

points following injection (Ferjancic et al., 2013; Gil-Bernabe et al., 2012a; Labelle and Hynes,

2012; Labelle et al., 2011; Qian et al., 2011; 2009). These studies could give the broad temporal

order of these interactions but could not capture the true dynamic picture.
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As described in appendix A, we encountered a number of issues during these studies.

The first issue we encountered was that tumor cells did not appear to interact with

thrombocytes. This was surprising given the important roles played by platelets during

metastasis in mice (Gay and Felding-Habermann, 2011; Gil-Bernabe et al., 2012b; Labelle and

Hynes, 2012; Labelle et al., 2011; 2014). One possibility for the lack of interaction was that

there were not enough thrombocytes present due to irradiation. However, even in unirradiated

fish, there do not appear to be many thrombocytes in circulation. To date the role of

coagulation and thrombocytes in metastasis in zebrafish remains untested. It would seem

prudent to inhibit thrombocyte function or coagulation and evaluate whether that affects

metastasis before further studies of tumor cell-thrombocyte interactions.

We also encountered an issue with the mpx:EGFP line of fish where despite having

EGFP-labeled neutrophils as embryos, we could not find labeled neutrophils in the adult. Given

that many of the lines of fish with labeled lineages have been made to study cells during

embryonic development, care must be taken to confirm that the cell type of interest is still

labeled in the adult (Ellett et al., 2011; Lawson and Weinstein, 2002; Lin et al., 2005; Mathias et

al., 2006; Renshaw et al., 2006). A related issue is that immune cell types in adult zebrafish are

not well characterized. In mice, different subsets of cells such as neutrophils or macrophages

can have opposing roles during tumor progression and metastasis (Joyce and Pollard, 2008). It

may prove challenging to study immune cell interactions in zebrafish adults until the adult

complement of immune cells is better characterized.

Given the issues described above, we instead decided to only characterize the behavior

of the tumor cells themselves at the metastatic site in adult zebrafish. We injected the ZMEL1
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zebrafish melanoma line, that had been previously developed in the lab, into transparent

Casper fish (Heilmann et al., 2015). At the time this work started, retro-orbital (RO) injections

were the standard injection method for adult fish (Pugach et al., 2009). While this injection

method works well in older fish, it did not work well in the 6-10-week-old fish that were used in

our experiments. This led to few metastases forming in the animal following RO injections. We

chose to use 6-10 week old fish as they are physically adult fish, yet young enough that there is

a minimal wait time to get fish for experiments. To overcome the difficulties with RO injections,

we developed a new intravenous injection protocol to inject cells into the common cardinal

vein.

Using this new injection method, cells formed many tumors throughout the animal. This

result that a zebrafish tumor cell line can form tumors following injection into circulation may

help provide an answer to a long standing question in the zebrafish metastasis field. It has long

been observed that zebrafish tumors rarely metastasize and it has been questioned if they do in

fact metastasize through hematogenous circulation (Stern and Zon, 2003). Our experiments

clearly demonstrate that zebrafish tumor cells are capable of forming metastases following

intravenous injection. This demonstrates that the ZMEL1 cell line is competent to survive in

circulation, extravasate, and grow in multiple organs. Furthermore, other groups have found

metastases far removed from primary tumors suggesting hematogenous travel (Heilmann et al.,

2015; Tang et al., 2016). While these results highly suggest that zebrafish tumors can

metastasize through hematogenous circulation, most zebrafish tumors, including the ZMEL1,

have a rather limited metastatic propensity. In order to study metastasis, highly metastatic cell

lines are a valuable reagent. One potential use for the intravenous injection method therefore
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might be to generate in vivo selected lines with higher metastatic potential. Serial selection

experiments have already been performed following repeated implantation in the dorsal

musculature of a fish. By the 7th, passage in fish, one such line had greatly enhanced metastatic

potential (Tang et al., 2016). It would be interesting to compare the gene expression profiles of

lines in vivo selected for spontaneous and experimental metastasis. This analysis could lead to

the identification of new genes involved in metastasis. In vivo selected zebrafish lines could be

compared to in vivo selected human or mouse cell lines to identify aspects of metastasis that

are conserved between mammals and fish.

One organ where the ZMEL1 cells formed tumors following intravenous injection was

the skin and the sub-dermal muscle. Cells in these locations could be imaged using standard

confocal microscopy. We first characterized the early events at the metastatic site: arrest,

extravasation, and early growth. One interesting observation from this study was that shortly

following extravasation, tumor cells were observed to have large protrusions that often

wrapped around blood vessels. These protrusions were then seen to disappear over the next

few days. Given the role that protrusions have been shown to play in the early proliferation of

tumor cells at the metastatic site, the composition of the protrusions we saw could be of

interest (Shibue et al., 2012).

As we injected the ZMEL1 line into flk:dsRed zebrafish, the fish's fluorescent vasculature

could be used as landmarks allowing imaging of the same location for up to two weeks. We

followed individual tumor cells during this time at the metastatic site as they grew from single

disseminated tumor cells into macroscopic metastases. We observed that cells during this time
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were very dynamic. We observed a great deal of movement in the first few days and the

dynamic extension and retraction of protrusions at 9 days post-injection.

As our zebrafish cell line proved difficult to manipulate, we also attempted to inject

human tumor cell lines into these fish. Despite testing multiple methods of immunosuppression

as well as the use of genetically immunocompromised fish, almost all human tumor cells were

cleared within 48 hours post-injection. Xenotransplantation currently remains a challenge for

use of zebrafish in cancer research (White et al., 2013). However, recent progress in creating

genetically immunocompromised zebrafish and in other immunosuppression techniques hint

that this challenge may be overcome in the near future (Moore et al., 2016; Tang et al., 2014;

Zhang et al., 2016).

Our studies of the ZMEL1 cell line were hampered by our inability to manipulate them

using retro or lentiviral vectors. Due these difficulties, we switched to performing experiments

in embryos, which allowed us to use human cells which we could manipulate. We over-

expressed four genes known to promote melanoma metastasis in mice (BM 1, CDCP1, MCAM,

and YAP-AA) (Ferretti et al., 2016; Lamar et al., 2012; Liu et al., 2011; Xie et al., 1997). We

screened these genes for their ability to promote brain metastasis in zebrafish embryos 4 days

post-injection. YAP-AA (YAP S127A,S381A, a mutant form of YAP that is insensitive to the Hippo

pathway) promoted brain metastasis in this experiment.

This result highlights that zebrafish embryos can be used to model brain metastasis.

Most studies of xenografted tumor cells in the brain of zebrafish embryos have been performed

following injection into the hindbrain ventricle (Haldi et al., 2006; Hamilton et al., 2016; Lal et

al., 2012; Roh-Johnson et al., 2017; Vittori et al., 2015; Welker et al., 2016). These studies have
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primarily investigated brain tumors using the embryonic brain as an orthotopic context

although a few have studied melanoma cells in the brain microenvironment. Few studies have

assayed brain metastasis in the zebrafish using experimental or spontaneous metastasis

experiments (Stoletov et al., 2013). While, hind brain injections can be useful for looking at

some behaviors that influence metastasis such as tumor growth or interactions with stromal

cells at the metastatic site, they only model some of the events of metastasis. Some important

steps of metastasis that are not modeled by hindbrain injections are extravasation and the early

survival of tumor cells in a perivascular niche. These steps have been shown to be important for

brain metastasis in murine systems (Kienast et al., 2009). Our observation that control cells

generated relatively few brain metastases at baseline suggests that the zebrafish embryo might

be a system well-suited to study of genes that enhance brain metastasis.

We next sought to determine how YAP-AA was promoting brain metastasis in the

zebrafish embryo. We followed individual embryos over time following injection of YAP-over-

expressing cells and determined that YAP promoted metastasis within the first 10 hours of

injection. Furthermore all of YAP's enhancement of metastasis was occurring during this time.

Given the timing of the mammalian cell cycle, this indicated that YAP's known roles in

promoting proliferation were probably not the reason for enhanced metastasis in our system

(Alberts et al., 2008; Warren et al., 2018). We also quickly determined that YAP was likely not

enhancing arrest, extravasation, or survival in circulation.

These results turned out to be fortuitous for our experiments. One of the major

difficulties in studying YAP's role in metastasis in mice is that it can be difficult to determine

exactly how YAP is promoting metastasis because YAP can regulate so many different
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processes. (Janse van Rensburg and Yang, 2016; Warren et al., 2018). The fact that YAP-AA was

not observed to enhance extravasation, survival in circulation, or tumor growth, eliminated

these processes as complications from our experiments. One strength of zebrafish embryos as

compared to mice might be in providing a simpler model system for experiments in which

processes can be studied in isolation.

In further experiments, we determined that YAP was specifically enhancing metastasis

to the brain. Surprisingly, there was only a very slight (but not statistically significant) effect on

metastasis to the tail (the other major location where cells end up following intravenous

injection into embryos) nor much of an increase in the total number of cells in circulation (again

this increase was not statistically significant). When we performed time-lapse imaging of the

brain of embryos for 12 hours, we observed that more YAP-AA cells were arriving through

circulation than control cells. To see where these cells were coming from, we performed time-

lapse imaging of the whole embryo. We observed that these cells appeared to be arriving from

the tail and confirmed that cells could travel from the tail to the brain using the

photoconvertible protein Dendra2.

These results illustrate that future studies of metastasis in zebrafish embryos should

monitor tumor cells throughout the entire embryo rather than in single locations. Many studies

of metastasis in zebrafish have solely focused on the behavior of tumor cells in the tail (He et

al., 2012; Sharif et al., 2015; Stoletov et al., 2010; Teng et al., 2013). While most tumor cells do

lodge in the tail following injection, accounting for the cells that landed elsewhere proved to be

quite instructive in our study of YAP biology. Furthermore, many studies use the numbers of

cells in the tail as their only readout on metastasis. If we had only used this readout, we might
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have missed YAP-AA's effects completely as YAP had only a minor effect on tail metastasis. Our

results demonstrate that tumor cells can behave differently in different regions of the embryo.

Therefore, it seems prudent for future researchers to look at how tumor cells behave in

different locations in the embryo in future studies.

The next question we sought to address was how YAP-AA was promoting tumor cell

escape from the tail. In vitro assays showed that YAP-AA enhanced tumor cell homophilic

adhesion as well as adhesion to human endothelial cells. In addition, YAP-AA promoted

metastasis in a cell autonomous manner when YAP-AA and EV control cells were co-injected

into zebrafish embryos. Finally, YAP-AA promoted migration in transwell migration assays. From

these observations, we hypothesized that YAP-AA might be promoting escape from the tail by

promoting intravascular migration. Intravascular migration has been previously reported to

occur in the tail of zebrafish embryos (Stoletov et al., 2010).

With this hypothesis in mind we sought to identify how YAP-AA might be enhancing

migration in this system. Consistent with many other studies, YAP's ability to regulate

transcription was required to promote metastasis in our system (Lamar et al., 2012; Warren et

al., 2018). When we looked at global F- and G-actin levels, YAP-AA over-expression led to

greatly increased levels of F-actin, suggesting that YAP was enhancing motility by enhancing

actin polymerization. YAP-AA did not affect the activity of cofilin as determined by the levels of

phospho-cofilin. These results suggested that YAP-AA's mechanism of promoting motility

was different from a previously reported mechanism where YAP promotes motility by

enhancing cofilin activity, which decreased the global levels of F-actin (Qiao et al., 2017).
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We also used our imaging techniques in zebrafish embryos as part of a collaboration

with Michelle Chen, a graduate student in the lab of Roger Kamm in the MIT departments of

Biological and Chemical Engineering. In these experiments, we studied the interactions

between neutrophils and tumor cells in the context of systemic inflammation. Human tumor

cells and LPS-stimulated human neutrophils were co-injected into circulation in zebrafish

embryos and imaged. Through these experiments, we confirmed observations made in an in

vitro microfluidic device that neutrophils associated with arrested clusters of tumor cells

migrate but remain near to tumor cell clusters. In contrast, neutrophils not near arrested tumor

cells migrated faster and further distances.

These experiments demonstrate that the interactions between human tumor cells and

human leukocytes can also be studied in the zebrafish. To date, there have been few studies

where human tumor cells and human immune cells are co-injected into embryos (Wang et al.,

2015). Of particular interest to our lab have been neutrophils and macrophages. These cell

types are in the parenchyma and not in circulation in 2-day-old embryos (Ellett et al., 2011;

Mathias et al., 2006; Renshaw et al., 2006; Yoo and Huttenlocher, 2011). However, they have

been shown to play important roles in circulation during metastasis in mice (Labelle and Hynes,

2012). Co-injection of human tumor cells with these leukocytes into zebrafish embryos could be

a powerful method to study their interactions in real time through intravital imaging.
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Future Work

During the time when the work described in this thesis took place, the use of zebrafish

to study cancer was becoming increasingly popular. The use of adult zebrafish in particular was

a nascent field when this work began and led us to encounter a number of technical limitations.

The description of these challenges thus far may discourage future researchers from attempting

experiments with adults. However, some of the technical limitations that were present during

the work described in this thesis have been since been overcome (Fazio et al., 2017; Zhang et

al., 2016) (Moore et al., 2016; Tang et al., 2014). Given these advances, there are a number of

potential experiments that the adult zebrafish techniques we developed could be useful for.

The intravenous injection technique we developed has a number of potential uses. One

obvious experiment that could be done would be large-scale experimental metastasis assays.

Large panels of ZMEL1 cell lines (or another zebrafish line) with candidate genes over-expressed

or knocked down could be generated and injected into adult Casper fish. Experimental

metastasis assays in mice are limited by the cost of housing large numbers of mice. Given that

zebrafish are small and cheap to maintain, large numbers of fish can be used in a single

experiment (White et al., 2013). Furthermore, while in mice the end point of such assays is

typically 4-6 weeks after injection, only 2 weeks was sufficient to see many macroscopic

metastases in zebrafish in our experiments (G6mez-Cuadrado et al., 2017). Additionally, the

quantification of metastasis in Casper fish through whole body fluorescence imaging is rapid

and simple. In mice, quantification of metastasis is more difficult since it requires luminescent

imaging using luciferase or the dissection of each mouse to remove individual organs for

analysis (Zinn et al., 2008).
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Another variation of this experiment could involve changing the genetic background of

the host fish rather than the tumor cells. This experiment would address how genes in stromal

cells affect metastasis. In general, most metastasis experiments manipulate genes in tumor

cells to see how they influence metastasis. This may be due to the fact that the difficulty and

time required to make a knockout mice frequently means it is not practical to make a knockout

mouse to study the role of a gene of interest in the stroma. The development of CRISPR

reagents for use in zebrafish permits the rapid generation of knockout fish through the injection

of these reagents into embryos at the one cell stage (Chang et al., 2013; Hwang et al., 2013a;

2013b; Jao et al., 2013). Furthermore, a recently developed tissue-specific CRISPR vector could

be used in cases where global knockouts are lethal or the function of a gene within a specific

cell type is of interest (Ablain et al., 2015).

The development of the orthotopic injection of ZMEL1 melanoma cells into the skin by

our group and others allows experiments like the ones described above to be performed but for

metastasis from a primary tumor rather than experimental metastasis assays (Heilmann et al.,

2015). These experiments could screen for genes that influence the early steps of the

metastatic cascade in tumor cells or the stroma. Again, the ability to inject and maintain large

numbers of zebrafish is a distinct advantage when compared to mice.

In addition to being used for screens, another use for our injection techniques in adult

zebrafish could be to understand genes that have already been identified to play a role in

metastasis. Currently, intravital imaging in mice remains a specialized technique that is only

routinely used in a limited number of labs. The techniques we described in chapter 2 and

appendix A could allow more groups to add intravital imaging at the metastatic site or a
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primary tumor to their methods toolkit. With the ability to genetically manipulate the ZMEL1

cell line, ZMEL1 cells could be made to express other fluorophores, which would enable the

interactions between ZMEL1 cells and other cell types to be imaged (Fazio et al., 2017).

In contrast to the adult zebrafish described above, our work with zebrafish embryos

described in chapter 3 and appendix A relied on existing techniques. Our hope is that this work

illustrates how zebrafish embryos can be a powerful tool for unravelling the biology of

metastasis. Our study of YAP was a modest attempt to better understand this powerful and

complicated oncogene. Our observations suggested that YAP might promote metastasis

through a new an intriguing mechanism. However, there are a number of questions that have

arisen from this work that remain to be addressed.

First, if YAP-AA does enhance intravascular migration, this leads to the question of how

common intravascular migration is. If YAP-AA does enhance intravascular migration, it would be

the second gene reported to do so after Twisti (Stoletov et al., 2010). A first experiment would

be to assay other known metastasis-promoting genes to see if any of them also promote

intravascular migration. Since Twisti and YAP are both known to promote EMT, one of the first

places to start would be to test if over-expression of other EMT-promoting genes causes

intravascular migration (Overholtzer et al., 2006),.

Second, another open question about intravascular migration is whether it occurs in

mammalian systems. To date, there has not been an intravital imaging study that imaged

Twisti or YAP over-expressing cells to see how they behaved in circulation in mice. The

vasculature in the liver may be closest to the location where intravascular migration was

observed in our studies in the zebrafish embryo in terms of vessel diameter and blood flow
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velocities (Aird, 2007). Intravital imaging of Twisti or YAP-AA over-expressing cells in the liver of

mice following injection could address whether this phenomenon occurs in mice as well or if it

is restricted to zebrafish embryos.

If intravascular migration does occur in mice, another potential place to look for it would

be in the primary tumor. A potential role of intravascular migration in the primary tumor

becomes apparent when one considers a paradox in how tumor cells enter circulation to

metastasize. It has been proposed that the majority of intravasation occurs within the primary

tumor, rather than at vessels around the invasive margin (Deryugina and Kiosses, 2017).

However, vessels within the tumor often have greatly reduced blood flow, which may not allow

tumor cells to be swept away into circulation (Padera et al., 2004; Tong et al., 2004). Therefore,

cells within the vasculature of primary tumors might migrate within blood vessels to regions of

better blood flow to enter circulation. Determining if this process in fact occurs, could be

answered using intravital imaging in adult zebrafish by imaging orthotopic primary tumors

formed following the intradermal injection of ZMEL1 cells. Alternatively, intravital imaging of

primary tumors in the mammary fat pads of mice could also address this question. If

intravascular migration is discovered to be an EMT-related phenotype, the interactions

between intravascular tumor cells and platelets at the metastatic site would be of particular

interest as platelets can induce an EMT in intravascular tumor cells (Labelle et al., 2011).

If intravascular migration does occur in mammals, the next question is whether it

influences the dissemination of tumor cells throughout the body. A key experiment would be to

see if YAP over-expression changes the distribution of tumor cells throughout the body of a

mouse. In such an experiment, tumor cells expressing luciferase would be injected
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intravenously into a mouse via tail vein or intrasplenic injections to deliver cells to the lung or

liver respectively. Mice would then be imaged with whole-animal bioluminescent imaging

shortly after injection to establish a baseline. The mouse would then be imaged for up to 48

hours to compare where tumor cells are over time. While this technique cannot image single

cells, it could provide insight into the general distribution of tumor cells throughout an animal.

If YAP over-expression is enhancing dissemination following arrest in the first capillary

bed encountered, then one would expect the control cells to remain in the first vascular bed

during the course of the experiment. However, YAP-over-expressing cells would be seen to

spread beyond the first capillary bed to other organs over time. As discussed in chapter 3, if YAP

over-expression can cause tumor cells to spread more widely, this has grave implications for

cancer patients.

Finally, another open question from our study is what genes are responsible for YAP's

ability to promote migration in A375 and HT-29 cells. Answering this question may prove to be

challenging because YAP regulates a large number of genes, and this set of genes can vary

considerably between cell lines (Yu et al., 2015). One experiment might be to perform RNA-seq

on A375 and HT-29 cells to look for genes that are regulated by YAP in both. Any genes involved

in migration which are regulated by YAP in both cell lines would be prime candidates for

promoting migration. However, if there is not much overlap in the gene expression patterns,

studying the individual cell lines might be required. YAP targets in A375 or HT-29 cell lines with

known roles in migration could be knocked down or over-expressed and screened for their

effect on migration in vitro or in embryos.
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Concluding Remarks

This thesis set out to use zebrafish as a tool for the intravital imaging metastasis. We

first developed new methods for the intravital imaging of metastasis in adult zebrafish. We

demonstrated the utility of these methods by following ZMEL1 cells over two weeks at the

metastatic and characterizing their behavior. We believe that these methods will prove useful

for other researchers in the field as well.

We also used zebrafish embryos to gain new insight into the biology of the oncogene

YAP, a potent enhancer of metastasis. Through intravital imaging in zebrafish embryos, we

observed that YAP promoted dissemination by allowing YAP-AA over-expressing tumor cells to

escape from the first capillary bed they encountered and re-enter circulation. Once in

circulation, YAP-AA cells could spread to other locations in the embryo, such as the brain. We

hypothesize that YAP-AA is promoting escape from this first capillary bed by promoting

intravascular migration. Escape from the first capillary bed encountered represents a new

mechanism for dissemination during metastasis. We also hope that our study of YAP in

zebrafish embryos serves to demonstrate how they can be a powerful system to uncover new

biology and may inspire other researchers to add zebrafish to their research program.
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Appendix A

Imaging Tumor Cell Interactions with Innate Immune Cells in Zebrafish

The contents of this appendix were written by David Benjamin with editing by Jess

Hebert and Richard Hynes. The experiments described in this chapter were performed by David

Benjamin with the exception of the ones described in Figures 5 and 6, which were performed

by Michelle Chen, and those described in figure 7, which were a collaboration between David

Benjamin and Michelle Chen. Figures 5-7 in this appendix are adapted from the manuscript:

Michelle B. Chen, Cynthia Hajal, David C. Benjamin, Cathy Yu, Hesham Azizgolshani, Richard 0. Hynes,
Roger, D. Kamm. Inflamed neutrophils sequestered at entrapped tumor cells via chemotactic
confinement promotes tumor cell extravasation. PNAS Submitted
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Attempts to Image Tumor Cell Leukocyte Interactions in Adult Zebrafish

When the adult zebrafish work described in this thesis began, the original idea was to

use adult zebrafish as a tool for imaging the interactions between tumor cells, platelets,

neutrophils, and macrophages. As described in chapter 1, platelets, neutrophils, and

macrophages have been shown to play important roles at the metastatic site. At the time, it

was known that these cells were recruited to tumor cells at the metastatic site in a defined

order. Platelets are the first cell to interact with tumor cells, being seen in association with

tumor cells immediately upon tumor cell arrest (Im et al., 2004; Labelle et al., 2011; 2014).

Neutrophils are the next cell type to arrive (Labelle et al., 2014). Neutrophils cooperate with

platelets and endothelial cells to recruit monocytes/macrophages, which are the last of these

cell types to arrive (Ferjancic et al., 2013; Gil-Bernab6 et al., 2012; Laubli et al., 2009; Qian et al.,

2011; 2009).

Most studies of these interactions had been done in fixed tissues that were harvested

from mice sacrificed at sequential time points post-injection. While this approach yielded a

wealth of information on the temporal order of interactions, they were unable to follow

individual tumor cells over time. This led to a number of questions that remained unanswered.

As platelets were the first cell type to be seen in conjunction with arrested tumor cells, an open

question was when platelets and tumor cells first interacted. Did this happen when tumor cells

intravasated, while tumor cells were traveling in circulation, or upon arrest? What fraction of

arrested tumor cells are associated with platelets? How long do platelets remain in contact with

tumor cells? Do neutrophils show a preference for cells in contact with platelets? Are platelets

and neutrophils still around when monocytes/macrophages are recruited? Finally, what
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happens to tumor cells that are not observed to have a specific interaction? Do they fail to

metastasize?

The combination of the availability of lines with fluorescently-labeled thrombocytes (the

fish equivalent of platelets), neutrophils, and macrophages, along with the ease of imaging,

made zebrafish seem to be an ideal system in which to answer these questions. In the end,

these studies encountered numerous technical challenges that led us to set aside imaging

tumor cell-leukocyte interactions in the adult fish. It is my hope that a description of this adult

fish work will aid future researchers who may wish to attempt these experiments in adult

zebrafish. I will also describe some results that we did not have time to follow that might be of

interest. Finally, we did study the interactions between tumor cells and neutrophils during the

course of this thesis work, but in embryos rather than adults. This work was a collaboration

with Michelle Chen from Roger Kamm's lab in the departments of Biological and Mechanical

Engineering.

To study tumor cell-leukocyte interactions, lines of zebrafish were acquired that had

fluorescently-labeled thrombocytes (CD41:EGFP, CD41:mCherry), neutrophils (mpx:EGFP),

macrophages (MPEG1:EGFP,MPEG1:mCherry), total leukocytes (CD45:dsRed), and endothelial

cells (Flil:EGFP, Flkl:dsRed). These fish were crossed into the Casper background and to each

other in order to allow intravital imaging of tumor cell interactions with multiple cell

populations of interest.

It quickly became apparent that imaging leukocyte interactions in adult zebrafish would

be more challenging than originally anticipated. First, the maximum depth of imaging achieved

in the adult zebrafish was 200um using two-photon imaging (See Chapter 2). This depth
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allowed the imaging of the skin and muscle directly underneath but not any internal organs.

Second, the lineage-labeled fish that were acquired had been generated to study the behavior

of leukocytes in embryos (Ellett et al., 2011; Lawson and Weinstein, 2002; Lin et al., 2005;

Mathias et al., 2006; Renshaw et al., 2006). They had not been monitored for expression of the

lineage markers in adults. It was discovered that, while the mpx:EGFP embryos have many

fluorescent neutrophils as previously reported (Mathias et al., 2006; Renshaw et al., 2006; Yoo

and Huttenlocher, 2011), adults only had fluorescent signal from the gut, an organ that was

outside this 200um range (Fig 1A). We did not observe any circulating GFP+ cells (Fig 1A). This

result meant that our original plan to image tumor cell-neutrophil interactions would not be

feasible. The CD45:dsRed fish (which labels all leukocytes) also turned out to be less useful than

originally thought. DsRed expression in the adults of this line was extremely low, making

imaging almost impossible to see any leukocytes in these fish (data not shown). The

MPEG1:EGFP, MPEG1:mCherry, CD41:EGFP, and CD41:EGFPmCherry fish did all have labeled

cells in adults (Fig 1B and C).
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Figure 1. Example images of fluorescently-labeled cell lineages in adult Casper fish. (A) Images

of mpx:EGFP;casper fish. Scale bar is 1mm. (B) Images of MPEG1:EGFP fish. Scale bars are

500pim (left) and 1mm (right). (C) (left) Confocal image of a flk:dsRed;CD41:EGFP;casper fish

(right) Confocal image of a Fli1:GFP;CD41:mCherry zebrafish. Scale bar is 100ptm.
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We performed some initial experiments to try to image the interactions between the

zebrafish ZMEL1 cell line and thrombocytes in the CD41:EGFP fish. Tumor cells were labeled

with Cell Tracker Deep Red (a far red dye) and intravenously injected into

flk:dsRed;CD41:EGFP;casper fish. Tumor cells which arrested in the sub-dermal musculature

were imaged in real time to look for interactions with thrombocytes (Fig 2A). Interactions were

defined as a cases where a thrombocyte was arrested within one cell radius of a tumor cell.

Using these criteria, the majority of tumor cells were not observed to interact with

thrombocytes (Fig 2B). A factor that could contribute to this lack of interactions is that, at the

time of these experiments, we were using irradiation to immunosuppress fish for

transplantation, as this was before genetically immunocom promised zebrafish were available.

When the effect of irradiation on thrombocytes was determined by counting thrombocytes in

confocal imaging movies, it was observed that fish had approximately half the number of

thrombocytes as prior to irradiation (Fig 2C). We did not quantify the numbers of other immune

cell types, but other studies of cell numbers following irradiation suggest that myeloid and

lymphoid cells follow similar kinetics to those we observed for thrombocytes (Traver et al.,

2004). The development of immunocompromised zebrafish since these experiments were

performed would get around this problem (Moore et al., 2016; Tang et al., 2014).
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Figure 2. ZMEL1 cells do not interact with thrombocytes in circulation. (A) Still frame from a

movie of cell tracker far-red-labeled ZMEL1 injected into a flk:dsRed;CD41:EGFP embryo which

was used to quantify ZMEL-thrombocyte interactions. Scale bar is 100tm. (B) Quantification of

arrested tumor cell interactions with ZMEL1 cells (C) Thrombocyte counts over time following

irradiation with 15Gy at day 0 and day 1. Thrombocyte counts were normalized to the number

at day 0. n=11 fish per condition across two independent experiments. Gy, Gray.
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Finally, as we could not get human cells to grow in adult zebrafish, we were limited to

zebrafish cell lines (our attempts to grow human cells in adult zebrafish are described in detail

in Chapter 2). We did most of our work with the ZMEL1 cell line, which was derived from a

P53-/-; MITFA:BRAFV 6 00E melanoma model (Heilmann et al., 2015; Patton et al., 2005). This cell

line already expresses GFP, which precluded it from being used to image tumor cell-leukocyte

interactions over time. In order to do time-lapse imaging, fluorescently-labeled leukocytes and

fluorescently-labeled vasculature are required. The fluorescently-labeled vasculature is

required for use as a landmark to return to the same location over time (See chapter 2 for

details on using the vasculature as landmarks). As all of the fluorescently-labeled zebrafish

were either red or green, this did not provide us with enough colors to image all three cell types

simultaneously.

We attempted to make cell lines from other tumor types as well as non-fluorescent

zebrafish melanomas. However, we were not able to generate other cell lines. We also thought

about using CRISPR technology to knock out GFP in the ZMEL1 cell line. However, we did not

have much success getting retroviral or lentiviral expression systems to work in the ZMEL1 cell

line, so we could not express CRISPR reagents in these cells. We also could not deliver another

fluorescent label, such as a far-red fluorescent protein that would allow us to distinguish tumor

cells from leukocytes in vivo.

During this time, we also attempted to make ZMEL1 cells over-expressing human genes

known to promote metastasis in melanoma in mice including CDCP1, RhoC, and YAP using a

lentiviral expression system (Clark et al., 2000; Lamar et al., 2012; Liu et al., 2011). The thought

was that if these genes also promoted ZMEL1 metastasis in adult fish, intravital imaging in
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adults could offer new insights into how these genes promoted metastasis. However, we only

managed to make a ZMELI cell line cell line over-expressing human RhoC (Fig 3A). We tested

whether the ZMEL1-RhoC line was more metastatic than an empty vector control line following

intravenous injection. Two weeks after injection, fish were sacrificed and imaged. It was

observed that RhoC did not promote metastasis in this system (Fig 3B and C). Even if RhoC had

promoted metastasis, it would have been challenging to continue to work with the ZMEL1 line

as further manipulations would have been necessary. It has recently been reported that

another lentiviral transduction system has been used successfully to transduce the ZMEL1 cell

line, suggesting that future studies may have more success in this endeavor (Fazio et al., 2017).

During this time, we also developed intradermal injections. These injections are

orthotopic for the ZMEL1 melanoma cell line and allow spontaneous metastasis assays. Using a

glass capillary needle, we were able to inject 2x103 cells intradermally. These cells grew into

tumors within the dermis over time (Fig 3D and E). However, given the difficulties outlined

above in working with the ZMEL1 cell line, we switched to using zebrafish embryos.
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Figure 3. RhoC over-expression does not enhance ZMEL1 metastasis following intravenous
injection. (A) Western blot of ZMEL1 cells showing over-expression of human RhoC. (B)
Representative images of Casper zebrafish two weeks post-injection with control of RhoC over-

expressing ZMEL1 cells. Scale bar is 1mm. (C) Quantification of metastasis 2 weeks post-
intravenous injection of control of RhoC over-expressing ZMEL1 cells. n= 12 fish per condition.

Statistics were calculated using a two-tailed student's t-test. (D) A Casper fish over 8 days
following intradermal injection with ZMEL1 cells. (E) Histology showing tumor cells growing in

the dermis of a fish following intradermal injection. Scale bar is 100ptm.
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Paired Cell Line Experiments in Zebrafish Embryos

Using zebrafish embryos allowed us to use human and mouse cell lines which are

amenable to infection with standard lentiviral and retroviral vectors. There are also many sets

of paired cell lines that differ in their metastatic potential, which were derived through in vivo

selection for metastatic ability (Clark et al., 2000; Kang et al., 2003; Minn et al., 2005). A paper

published a few years earlier suggested that the co-injection of cell lines with differing

metastatic potential into zebrafish could be a fruitful avenue of research (Chapman et al.,

2014). In this study, it was observed that, when poorly and highly invasive cells were co-injected

into zebrafish embryos, the poorly metastatic cells were induced to invade along with the

highly metastatic cells. Furthermore, the mode of invasion by the highly metastatic cells

switched from one independent of MMP activity to one dependent on MMP activity. This study

suggested that interactions between heterogeneous sub-populations can play an important

role in metastasis. It is well known that tumors are highly heterogeneous and contain clones

with unique sets of mutations and metastatic abilities (Marusyk et al., 2012). However, how the

interactions of subpopulations of cells with different metastatic ability in vivo influences

metastasis remains unclear.

To try and address this question, we co-injected cell lines in vivo-selected for metastatic

ability into the perivitelline space of 2-day-old embryos. The embryos were then imaged 1 and

4 days post-injection to see if any behaviors emerged in heterogeneous tumors that were

absent in homogeneous tumors. We observed that MA2 cells and their parental A375 line

arranged themselves in a reproducible pattern in the resulting primary tumors. By 4 days post-

injection (DPI), the MA2 cells were always found along the periphery while the A375 cells were
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in the core of the tumor (Fig 4A). The cells were evenly mixed on day 1 post-injection, indicating

that this arrangement was not just due to random chance but was an active process (Fig 4A).

When the co-localization of the two signals was calculated, the decrease of Pearson's R value

between 1 and 4DPI was highly significant, indicating that this was a reproducible phenomenon

(Fig 4B). As a control, differentially labeled A375 cells were co-injected into the pericardial

space. These two populations remained evenly mixed over 4 days (Fig 4C) indicating that the

arrangement of the MA2 and A375 cells in mixed tumors was not an artifact of injection.

These initial observations were not followed up, so their significance remains unknown.

A key experiment would be to perform orthotopic co-injection of A375 and MA2 cells in the

skin of immunocompromised mice. The pericardial space of a zebrafish embryo is an artificial

injection location so it is possible that this phenotype is an artifact of this experimental system.

If these cells arrange themselves in a similar fashion in a more relevant system, it might suggest

that this phenotype would be worthy of further study.
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Figure 4. A375 and MA2 cells occupy discrete positions in heterogeneous tumors. (A) Images
of fik:dsRed embryos injected with A375 alone, MA2 alone, or A375 + MA2 cells. Embryos were
imaged 1 and 4 days post-injection (DPI). A375 cells express iRFP670 (magenta) while MA2 cells
express cerulean (cyan). Endothelial cells express dsRed. Scale bar is 500pm. (B) The
colocalization of heterogeneous tumors was calculated over time by calculating the Pearson's R
value between the cyan and magenta channels. p=0.0054 using a two-tailed student's t-test.
n=8 embryos. (C) Images of two fik:dsRed embryos injected with A375 cells labeled with either
cerulean (cyan) or iRFP670 (magenta). Scale bar is 500pm.
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Studies of Tumor Cell Neutrophil Interactions in Embryos

In the end, we did study the interactions of tumor cells with neutrophils, but in embryos

rather than adults. These experiments were performed in collaboration with Michelle Chen, a

graduate student in Roger Kamm's lab in the departments of Biological and Mechanical

Engineering at MIT. The project we collaborated on was studying the interactions between

tumor cells and neutrophils in circulation in the context of systemic inflammation.

Currently, most primary tumors are treated using surgical resection. However, a

recurrent issue for patients following surgery is infection. In recent years, it has been observed

that systemic infection promotes the development of distant metastases (Auguste et al., 2007;

Lin et al., 2011; Noh et al., 2013). Given the key role that neutrophils (PMNs) play in responding

to infection, there has been a great deal of interest in studying how neutrophils activated by

systemic infection can promote metastasis.

The Kamm lab had previously generated a microfluidic device in which human umbilical

vein endothelial cells (HUVECs) form microvascular networks in a fibrin gel (Chen et al., 2013) .

Tumor cells can be perfused into this network to study arrest, extravasation, and the

interactions between tumor cells (TCs) and leukocytes (Chen et al., 2016; Spiegel et al., 2016).

Recently, a new version of this device was developed with 8 microvascular networks in parallel

(Fig 5A). Continuous flow can be established using an integrated reservoir that applies a

pressure difference across the network (Fig 5B). PMNs were stimulated with LPS for 30 minutes

and co-injected into these networks. Following injection, PMNs were seen to cluster with

arrested and extravasating tumor cells (Fig 5C). Stimulation with LPS markedly increased the

aggregation index of the PMNs and tumor cells. Blocking adhesive molecules such as CD11b and
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ICAM-1 lowered the aggregation index, indicating that these clusters formed through active

adhesive interactions rather than through passive trapping. Furthermore, beads of the same

size as TCs also had a low aggregation index (Fig 5D).
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Figure 5. Multiplexed microfluidic chip allows higher throughput and robust formation
of microvascular beds and quantification of TC-PMN intravascular aggregate formation and
arrest. (A) Each chip houses 8 independent hydrogel regions for the formation of microvessel
beds. 8 gel regions are connected by branching channels on each side to facilitate parallel
injection of HUVEC or FB suspensions. Gels are prevented from bursting via the use of relief
ports downstream of the hydrogel region. After 4 days of culture, perfusable vascular beds
form in the HUVEC chambers with the help of paracrine signaling from supporting fibroblasts
(green region). TCs/PMNs are introduced into the flow inlets and travel across the vascular bed
by a short-term (~ 1 min) pressure drop application across each individual gel region.
Fluorescence inset depicts a confocal projection of one perfused vascular network. Scale bar in
fluorescent image is 200 microns. (B) To induce continuous media flow over ~6 hrs after cell
perfusion, an integrated reservoir sustaining a hydrostatic pressure drop of ~5 mm water is
secured on top of the PDMS chip. The medium in the reservoir is connected to the flow inlets
and outlets on the PDMS chip via an acrylic layer that simultaneously allows access and blocks
specific reservoirs at required positions. (C) Representative images of arrested TC-PMN clusters
in microvessels. White arrows depict TC-PMN clusters (for definition of "clusters", see
Methods). Higher magnification examples of extravasating and non-extravasated MA2 cells
from within TC-PMN clusters. (D) Quantification of degree of tumor cell-PMN aggregate
formation during intravascular arrest. Aggregation Index is defined as the fraction of TCs
clustered with neutrophils multiplied by the average number of neutrophils per cluster (10-13
devices per condition). *p<0.05, **p<0.01, ***p<0.001, and error bars indicate SD.
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A benefit of this in vitro system is that it allows multiplexed time-lapse imaging. It was

observed that PMNs were highly migratory along the surface of the endothelium, and some

actively extravasated in this system (Movie 1). Furthermore, the PMNs associated with clusters

were observed to have markedly different behavior from free neutrophils (Movies 2 and 3).

Cluster-associated PMNs were defined as being within 150tm of a tumor cell (Fig 6A). Cluster-

associated PMNs were observed to migrate at a lower speed and have much lower

displacements when compared with free PMNs (Fig 6B). When the migration tracks of free vs.

cluster-associated PMNs were plotted, the cluster-associated PMNs exhibited a striking

restriction to the region around tumor cell clusters (Fig 6C). Consistent with previous reports,

co-injection of PMNs along with tumor cells enhanced tumor cell extravasation in the

microfluidic device. Furthermore, LPS-stimulated PMNs were better at enhancing extravasation

than unstimulated neutrophils (Fig 6D).
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Figure 6. Cluster-associated PMNs exhibit migratory confinement behavior (A) Examples of
cluster-associated PMNs and free PMNs arrested intraluminally (for criteria to define cluster-
associated vs free, see Methods). To be considered either associated or free PMNs they must
be > 150 pm from any other TC-PMN cluster. (B) Migration speed and end-to-end distance from
original position of cluster-associated vs. free PMNs (43-53 PMNs per condition over 5 devices).
(C) Representative migration tracks of free (blue) and cluster- associated (red) PMNs over 90
min (40 s time step). Dotted circle delineates the 150 m radius. (D) Percentage of extravasated
cells at 6 hrs for A375, A-375-MA2 and MDA-MB-231 when co-perfused with quiescent PMNs or
LPS activated PMNs at a 1:5 ratio.
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These results were intriguing, but their relevance to the situation in vivo was unclear. It

was decided that intravital imaging of tumor cells and neutrophils at the metastatic site over

time was necessary to determine if the confinement of neutrophil migration near tumor cell

clusters occurred in vivo. The ease of time-lapse imaging in zebrafish embryos combined with

their ability to accept human xenotransplants made them an ideal system in which to perform

these experiments. Further supporting the use of this system, a previous study that co-injected

human macrophages and tumor cells into 2-day-old zebrafish embryos suggested that injected

human myeloid cells could function in zebrafish embryos and interact with tumor cells to

promote metastasis (Wang et al., 2015).

Human PMNs were stimulated with LPS and co-injected with either A375 or MA2 tumor

cells into 2-day-old fIk:dsRed zebrafish embryos. Following injection, clusters of tumor cells and

PMNs were observed in the tail of the embryo (Fig 7A). Time-lapse imaging indicated that, in

agreement with the in vitro device results, PMNs near clusters showed confined motility

relative to free neutrophils (Fig 7B and Movies 4 and 5). Furthermore, co-injection of

neutrophils also enhanced extravasation of tumor cells in the zebrafish embryo.
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Figure 7. Inflamed PMNs are also sequestered at T-PMN clusters and enhance extravasation
rates of A375 and MA2 in vivo. (A) Examples of intravascular cluster-associated and free PMNs
(pink) when co-injected with MA2 cells (green) in flk:dsRed (red) zebrafish embryos (at different
magnifications). (B) Migration tracks of cluster-associated or free PMNs in the ISV, DLAV, or DA
vessels of zebrafish embryos. (C) Extravasation rates of A375 and MA2 cells with or without co-
perfusion with inflamed PMNs at 6 and 24 hrs (n=7-12 embryos for A375 conditions, n=18-23
embryos for MA2 conditions. Error bars indicate SEM, *p<0.05, **p<0.01, ***p<0.001).
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These results indicated that data from the in vitro microfluidic system were also true in

an in vivo system. This work underscores a theme in this thesis that the events at the metastatic

site are dynamic and can only be fully appreciated through time-lapse imaging. This study

showed that neutrophils remain migratory when arrested with tumor cells in the vasculature.

However, compared to free neutrophils, they move more slowly and remain in the vicinity of

arrested tumor cells. These neutrophils near tumor cells then promote metastasis through

enhancing tumor cell extravasation. Work described in Michelle's manuscript went on to

identify some of the key factors involved in the confined motility by neutrophils. These factors

could potentially be therapeutic targets that could be used to prevent metastasis in patients

with post-surgical infection.
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Movies

Movie 1. Confocal slice movie of stimulated neutrophils (white) migrating in a lumen within the
on-chip microvascular bed (red). Images are taken every 12s.
URL: https://youtu.be/vs-o jUtn4
Alternative URL: https://www.davidcbeniamin.com/movie-1

Movie 2. Inflamed PMNs at a TC-PMN cluster exhibiting dispersion migratory behavior (red =
PMNs, cyan = MA2). Images taken every 35s.
URL: https://youtu.be/WGZp2TDUmQ
Alternative URL: https://www.davidcbeniamin.com/movie-2

Movie 3. Inflamed PMNs at a TC-PMN cluster exhibiting confined migratory behavior (red =
PMNs, green = MA2). Images taken every 35s.
URL: https://youtu.be/TR-favGRIPs
Alternative URL: https://www.davidcbenjamin.com/movie-3

Movie 4. Free neutrophils (magenta) migrating along the endothelium (red) in a 2-day-
old flk:dsRed zebrafish embryo. Image taken every 30s.
URL: https://youtu.be/W6b DNiT5DU
Alternative URL: https://www.davidcbeniamin.com/movie-4

Movie 5. Neutrophils (magenta) migrating in association with tumor cells (green) arrested in
the tail vasculature (red) in a 2-day-old flk:dsRed zebrafish embryo. Image taken every 30s.
URL: https://youtu.be/cAgK813maA4
Alternative URL: https://www.davidcbeniamin.com/movie-5
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Appendix B.

Materials and Methods

The contents of this chapter were written by David Benjamin. The methods corresponding to
chapter 2 is a reproduction work originally published in BMC Cancer with minor alterations. The
original paper can be located using the following reference:

David C. Benjamin and Richard 0. Hynes. (2017). Intravital imaging of metastasis in adult
Zebrafish. BMC Cancer 17, 660-672

Some of the methods corresponding to Appendix A were written by David Benjamin and
Michelle Chen and are modified from the following manuscript

Michelle B. Chen, Cynthia Hajal, David C. Benjamin, Cathy Yu, Hesham Azizgolshani, Richard 0. Hynes,
Roger, D. Kamm. Inflamed neutrophils sequestered at entrapped tumor cells via chemotactic
confinement promotes tumor cell extravasation. PNAS Submitted
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Chapter 2 Methods:
Zebrafish Husbandry

Zebrafish were housed in a room maintained at 28'C with a 14-hour light, 10-hour dark

cycle. Fish not in experiments were housed in a re-circulating water system and fed brine

shrimp three times a day. During experiments, fish injected with zebrafish tumor cells were

housed individually in plastic cups containing approximately 400mL of aquarium makeup water

(AMW) and were fed brine shrimp once per day. Zebrafish injected with human tumor cells

were maintained in glass bottles in 100mL of AMW in a 34'C water bath and fed brine shrimp

once per day. Prior to experimentation, zebrafish were acclimated to the increased

temperature by raising the water temperature by 1C per day.

The casper (roy-/-;nacre-/) line was a kind gift from Dr. Leonard Zon (Boston Children's

Hospital). Theflk:dsRed2 line was originally developed in the laboratory of Dr. Kenneth Poss

(Duke) and was a kind gift from Dr. Mehmet Yanik (MIT). It was crossed into the casper

background. Theflil:egfp line was acquired from ZIRC (Eugene Oregon) and was crossed into

the casper background. The rag24 50fs/+ and prkdcD3 612fs/+;casper lines were kind gifts from Dr.

David Langenau (MGH). The rag2o5 fs line was crossed into the casper background. The

rag245 Ofs/+;casper and prkdcD3 6 l2fs/+;casper lines were maintained as heterozygotes.

Heterozygotes were crossed, and homozygotes, which were used in experiments, were

identified using previously described genotyping protocols (Moore et al., 2016; Tang et al.,

2014)1. Young adult zebrafish used for experiments were between 6 and 10 weeks old and

were housed at a density of 15 fish per 3L tank. Fish that were noticeably smaller than the

majority of the fish in a tank were not injected. Prior to injection with ZMEL1 zebrafish

melanoma cells (Heilmann et al., 2015), immunocompetent Casper fish were irradiated with
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two doses of 15 Gray (Gy), one and two days prior to injection, using a GC 40E gamma irradiator

(Theratronics).

Prior to injection with human tumor cells, zebrafish were either irradiated with 15Gy or

20Gy at one and two days before injection, or treated with 15pg/mL dexamethasone starting 2

days before injection. Embryos were maintained at 34C for the course of experiments involving

human cells. Embryos were dechorionated by adding 12uL of 30mg/mL pronase (Sigma) to a

10cm dish containing 80 embryos 16 hours prior to injections.

Histology

Zebrafish were euthanized by soaking in 0.1% tricaine on ice for 20 minutes. Fish were

then fixed for 24 hours in Bouin's fixative (Sigma). Following fixation, fish were soaked in water

for 3 hours and decalcified by soaking in Richard Allan decalcifying solution (ThermoFisher) for

16 hours. Fish were then rinsed with water, dehydrated in ethanol, embedded in paraffin, and

cut into Slm thick sections. Sections were stained with hematoxylin and eosin (H&E) using a

ThermoShandon Varistain Gemini (ThermoFisher) staining machine according to

manufacturer's instructions.

Cell Culture

The ZMEL1 zebrafish melanoma cell line(Heilmann et al., 2015) was maintained in

DMEM high-glucose medium (ThermoFisher) supplemented with 10% fetal bovine serum (FBS,

Sigma), L-glutamine (2mM, ThermoFisher), and primocin (0.1mg/mL, Invivogen) as were the

human breast cancer line, LM2 (A kind gift from Dr. Joan Massague (Memorial Sloan Kettering

Cancer Center)), and the human melanoma cell line, MA2 (previously described (Xu et al., 2008)

ATCC CRL-3223). MDA-MB-435 human melanoma cells (ATCC HTB-129) were cultured in L15
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medium (Thermofisher) supplemented with 10% FBS, L-glutamine (2mM, ThermoFisher),

primocin (.1mg/mL, Invivogen), bovine insulin (0.01mg/mL, Sigma), and glutathione

(0.01mg/mL, Sigma). ZMEL1 cells were grown at 32C with 5% CO2. LM2 and MA2 cells were

grown at 37C with 5% supplemental CO2. MDA-MB-435 cells were grown at 37C without

supplemental C02.

Intravenous, Retro-Orbital, and Embryo Injections

Cells for injection were harvested from a confluent 10cm plate by trypsinization for 5

minutes with 2mL of 0.25% trypsin in versene. Trypsin was quenched using 4mL of serum-

containing medium. Cells were washed twice with sterile phosphate-buffered saline (PBS) and

were re-suspended at 5x105 cells/uL in sterile PBS (intravenous), Ix104 cells/uL in sterile PBS

(retro-orbital), or 4x106 cells in 1O0uL sterile PBS (embryos).

For retro-orbital injections, a removable needle syringe (Hamilton) with a 26-gauge

15mm length needle with point style 4 and a 30-degree angle (Hamilton) was used. 1pL of cell

suspension was injected retro-orbitally into each fish as previously described (Pugach et al.,

2009). The needle was rinsed with 70% ethanol and PBS between each injection.

For intravenous and embryo injections, glass capillary tubes (Borosilicate, 1mm outer

diameter, 0.58mm inner diameter, Warner Instruments) were siliconized using Sigmacote

reagent (Sigma). Briefly, both ends of the tubes were dipped in Sigmacote until the reagent

filled the entire tube. Sigmacote was removed from tubes by dipping tubes onto a Kimwipe

(Kimtech) and allowing reagent to flow out. Tubes were then submerged in distilled, deionized
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water to remove HCI by-products. The water was removed and the capillaries were allowed to

dry for 24 hours.

Siliconized glass capillary needles were pulled on a P-87 micropipette puller (Sutter

Instrument) set to heat=800, pull=150, vel =150, time=200 and pressure=600. Pulled needles

were then used on a picospritzer II (General Valve) microinjector set to dispense 30ms pulses at

25PSI. The dispensed volume was measured using an ocular micrometer (Nikon) by dispensing

0.5% phenol red solution into mineral oil. The needle tip was progressively broken until it

dispensed 20nL drops for intravenous injections or 2nL for embryo injections. Once filled, the

needle was used to inject into the common cardinal vein of 8 adult fish before being refilled.

The needle was only changed if it broke during the course of injections. Multiple fish were

anesthetized and injected in rapid succession to minimize the time for cells in suspension to

settle in the needle.

Prior to intravenous injections, young adult zebrafish were anesthetized in 0.017%

tricaine (Sigma) in AMW buffered to pH 7.4 with sodium bicarbonate. Fish were allowed to

remain in anesthetic-containing water until unresponsive to touch. Once anesthetized, fish

were transferred to a dry 10cm dish cover for injection. Following injection, fish were

transferred to AMW without anesthetic to recover.

Embryos were anesthetized in 0.017% tricaine in AMW buffered to pH 7.4. Once all

swimming ceased, 30 embryos were placed into a 10cm dish half-filled with 2% agarose and the

water was removed. 4nL of cells in PBS were injected into the Duct of Cuvier where it enters the

heart as previously described (Stoletov et al., 2010). Embryos were then washed off with fresh

AMW, and housed in 24 well plates (one fish per well) for the duration of the experiment.
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Confocal Intravital Imaging

Anesthesia was induced by placing a single fish in 50ppm eugenol (Pulpdent Corp) in

AMW. Once opercular movements slowed, the fish was placed in one well of a 6-well glass

bottom dish (Mattek, uncoated 1.5 glass thickness) such that the posterior was in the center of

the glass and the head rested on the plastic surrounding it. The posterior of the fish was then

immobilized by adding 2% low-melt agarose dropwise. A small amount of 15ppm eugenol in

AMW was added dropwise to the gills to allow respiration while the agarose solidified. Once

the agarose solidified, the well was filled with 15ppm eugenol in AMW. Fish were monitored

every minute for opercular movements. If they ceased, fresh AMW without eugenol was added

until they resumed. If the fish began to wake up, 50ppm eugenol in AMW was added for 2

minutes to re-induce anesthesia and was then replaced with 15ppm eugenol for maintenance

of anesthesia. Fish were imaged on a Nikon-AiR inverted confocal microscope. Images for

quantification were acquired using the resonant scanner. Representative images were acquired

with the galvanometer scanner. Overview fields to identify vascular landmarks and quantify cell

numbers were taken using a 10x objective to image a Z-stack containing 17 steps with a 6.8pm

step size. Extravasation and cell morphology was observed using a water immersion 40X long-

working-distance objective to obtain a Z-stack of 49 steps with a 0.3pm step size.

Representative images were processed in ImageJ (NIH) following acquisition. Briefly,

images were first de-speckled and contrast-adjusted. Images were then stacked using the Z-

projection function with the maximum-intensity algorithm. Contrast was further adjusted using

the shadows and highlights function in Photoshop (Adobe).
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Imaging on a Dissecting Microscope

Prior to imaging, zebrafish were anesthetized in 0.017% tricaine in AMW buffered to

pH7.4 with sodium bicarbonate. Zebrafish were then placed on a dry 10cm dish top cover. The

area around the fish was dried, leaving a small meniscus of water covering the fish to allow for

respiration. Fish were briefly imaged using a Leica M165 FC dissecting microscope.

Embryo Imaging

Each well of a 96 well glass-bottom plate (MatTek) was filled with 60uL of 2% agarose. A

3D-printed pin tool was placed into the wells to generate molds for holding the embryos in a

lateral position as previously described (Wittbrodt et al., 2014). Embryos were anesthetized

during imaging in 0.017% tricaine in AMW buffered to pH 7.4. Embryos were imaged on a Nikon

AIR inverted confocal microscope. Embryos were imaged with a loX objective to collect Z-

stacks with 14 steps and a 7.4um step size.

243



Chapter 3 Methods:

Tumor Cell Burden Calculations:

Tumor cell burden was defined as the percent area of an organ (brain or tail) occupied

by tumor cell nuclei (from the H2B-EGFP signal). To calculate tumor cell burden, images were

first blinded and Z-projections were generated using the maximum intensity algorithm in

ImageJ. The organ of interest was then manually outlined using the vasculature as a guide and

its area calculated using ImageJ. The image was manually thresholded on the green channel to

minimize quantification of autofluorescence. The area of green signal within the organ was

then calculated with the ImageJ analyze particles function with size set to 0-infinity and

circularity set to 0.00-1.00.

Raw tumor cell burden in figure 3 was calculated as the total area of tumor cell nuclei in

pm2 in a given organ. The normalized tumor cell burden in figure 3 was the raw tumor cell

burden at each time point normalized to the raw tumor cell burden at the 10HPI time point for

each embryo. The unconverted tumor cell burden in figure 5 was calculated by taking the raw

tumor cell burden based on the far red channel (iRFP670 signal). The converted tumor cell

burden in figure 5 was calculated by taking the raw tumor cell burden based on the red channel

(converted Dendra2 signal).

Statistical Analysis:

Statistical analysis was performed using Graphpad Prism (Graphpad Software).
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Zebrafish Husbandry:

Zebrafish were housed in a re-circulating water system in a room maintained at 28C.

The fish were kept on a 14-hour light - 10-hour dark cycle. The casper (roy-;nacre-/) line was a

kind gift from Dr. Leonard Zon (Boston Children's Hospital). Theflk:dsRed2 line was originally

developed in the laboratory of Dr. Kenneth Poss (Duke) and was a kind gift from Dr. Mehmet

Yanik (MIT). Theflil:EGFP line was obtained from the Zebrafish International Resource Center

(Eugene Oregon). Theflk:dsRed2 and flil:EGFP lines were crossed into the casper background.

Following injection with tumor cells, embryos were maintained at 34C for the course of

experiments. Following injection, embryos were housed in 6 well plates with 30 embryos per

well for experiments with a single time point. For time course experiments, single embryos

were housed in wells in 48 well plates between imaging. Plates were kept in a water bath to

maintain them at 34C.

Cell Culture:

The A375, HT-29, and 293-FS cell lines were cultured in DMEM high glucose medium

supplemented with 10% fetal bovine serum (FBS, Sigma), L-glutamine (2mM, ThermoFisher),

and primocin (0.1mg/mL, Invivogen). HUVECS were grown in EGM medium (Lonza)

supplemented with the EGM-2 BulletKit (Lonza). All cell lines were sorted for fluorescent

protein expression on an FACSAria cell sorter (BD) to ensure that the entire population was

fluorescent.
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Vectors and Lentiviral Transduction:

The YAP wildtype, YAP-AA, and YAP-AA with various mutations were a kind gift from Dr.

John Lamar. They were all cloned into the pHAGE lentiviral expression system. The pHAGE

backbone was a kind gift from Dr. Tyler Jacks. iRFP670, and Cerulean were acquired from

addgene. Dendra2 was a kind gift from Dr. Frank Gertler. All fluorescent proteins were cloned

into pHAGE.

1 day prior to transfection, 293FS cells were split 1:6 into 1 well of a 6 well plate. The

following day 9.6uL of XtremeGene 9 DNA transfection reagent (Sigma) was added to 1OuL of

OptiMEM serum-free media (Gibco), vortexed and let incubate for 5 mins at room temperature.

400ng of psPAX2 vector, 400ng of VSVG vector, and 400ng of the pHAGE construct were then

added to the tube. The tube was vortexed and let sit for 20 minutes at room temperature

before being added to the 293FS cells. The media was supplemented with 10mM sodium

butyrate to enhance viral titers. The following day, the media was replaced with fresh media. 48

hours post-transfection, the media was filtered through a 0.45[Lm syringe filter (Pall

Corporation) and added to the cells to be infected. Polybrene (EMD Millipore) was added to the

viral supernatant a concentration of 8pLg/mL to enhance infection efficiency. The following day

the viral media was removed and cells were selected with 2.5pig/mL puromycin (Gibco),

600ptg/mL hygromycin B (Invitrogen), or 5pg/mL blasticidin (Invivogen).

Embryo Injections and Imaging:

Embryo injections were performed as previously described (Benjamin and Hynes, 2017).

Embryos were imaged on an A1R inverted confocal microscope (Nikon) using the resonant
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scanner. For time point imaging, Z stacks were acquired with a 7.4ptm step size using a 1oX

objective. For time-lapse imaging, Z stacks were acquired with 7.4pim step size using a 1oX

objective with an additional 1.5X zoom lens for a total magnification of 15X. Whole embryos

were imaged using a 4X objective to acquire Z stacks with a 15tm step size. For time-lapse

imaging, Z stacks were acquired every 2-3 minutes for 12 hours following injection.

Embryos were mounted for imaging at single time points using a 3D printed pin tool as

previously described (Benjamin and Hynes, 2017; Wittbrodt et al., 2014). For time lapse

imaging, 24 well glass bottom plates (Mattek) were coated with 2% agarose. Once the agarose

solidified, a square indentation was carved into the agarose using a flat head screw driver.

Individual embryos were added to each indentation, and oriented to lay on their side. Most of

the water was then removed and molten 0.8% agarose containing 0.02% Tricaine and buffered

to pH7.0 with sodium bicarbonate was gently added to each well to immobilize the embryo.

Once the agarose solidified, 1mL of aquarium makeup water with 0.02% tricaine buffered to

pH7.0 with sodium bicarbonate was added to the well. Embryos were maintained at 34C for the

duration of time lapse imaging through the use of a heated enclosure.

Cell Tracking:

Tail movies were Z-projected in ImageJ using the maximum intensity projection

algorithm. 7 Hour periods where the fish did not drift were identified (167 frames) for each

movie as drift in the fish could interfere with analysis. Particles were tracked using the green

channel (H2B-EGFP) with the FIJI plugin Trackmate V3.6.0 during these time periods. Blobs were

identified using the LoG detector with the following settings: Threshold=2000, Radius=7, and

sub-pixelation enabled. Spots were not thresholded. Tracks were generated using the Simple
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LAP tracker algorithm with the following settings: linking max distance=50, gap-closing max

distance=50, gap-closing max frame gap=1. Only tracks that lasted longer than 2 frames were

included for analysis to filter out cells that were not arrested in the tail.

Endothelial Adhesion Assay:

96 well plates were coated with 0.02mg/mL human Fibronectin in PBS for 1 hour at 37C.

The PBS was removed and 5x104 HUVECS in 200uL of EBM (Lonza) (supplemented with the

EGM-2 bulletkit (Lonza)) were added to each well. Cells were allowed to form a confluent

monolayer over 48 hours. Once the monolayer was formed, media was aspirated and 1.2x105

A375 cells in 380uL of pre-warmed EBM (supplemented with the EGM-2 bulletkit) was added to

each well. Cells were allowed to settle and adhered to the endothelium for 30 minutes at 37C.

Media was added to each well until it the media was slightly above the rim of the well. The

plate was sealed using a plastic cover taking care to avoid air bubbles. Wells with air bubbles

were not analyzed. Pre-spin images were taken using an inverted fluorescent microscope

(Zeiss). The plate was inverted and spun for 10 minutes at 300g at room temperature in an

Allegra 6R centrifuge (Beckman). While keeping the plate inverted, each well was imaged on an

upright fluorescent microscope (Zeiss).

Cell Clustering Assay:

The cell clustering assay was performed as previously described with some

modifications (Patel et al., 2006). Cells were suspended at 2x10s cells/mL in HBSS (Gibco)

containing 1% FBS, 5mM CaCI 2, and 5mM MgCl 2. Cells were strained through a 0.25tm strainer

to ensure a single cell suspension. 500uL of cells in HBSS were added to each well of a 24 well

low adhesion plate. The plate was agitated at 70rpm at 37C and 5% CO 2 in an incubator for 2
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hours. The plate was left on the bench top for 10 minutes following agitation to allow the

clusters to settle. The plate was then gently agitated to spread the clusters evenly around the

well and let sit for 10 more minutes prior to imaging on an inverted fluorescent microscope

(Zeiss) using a 5x objective.

Transwell Migration Assays:

Cells were grown in serum-free media for one day prior to the assay. Transwell plates

with a polycarbonate membrane at 8ptm pore size (Costar 3422) were used. On the day of the

assay, cells were trypsinized and re-suspended at 5x105 cells/mL in serum-free media. 600uL of

10% serum-containing media was added to the lower portion of the transwell. 200uL of cells

(1x105) cells were added to the top of the transwell. The next day, 3, 5x fields were taken of

each well in the green channel (H2B-EGFP) on an inverted fluorescent microscope (Zeiss) using

a 5X objective to get the baseline number of cells. Each well was then washed 1x with PBS and

the top of the membrane was scraped with a cotton swab to remove cells that did not migrate.

Each well was then washed 3x with PBS and then 5 5x fields were imaged. Images were

thresholded and cell numbers were counted automatically using the ImageJ analyze particles

function. The fraction of cells transmigrated was the average number of cells after scraping

divided by the average number of cells before scraping.

F- and G-Actin Purification

F- and G-actin were purified using the G-Actin/F-Actin kit (Cytoskeleton Inc) with some

modifications to the protocol. Cells were trypsinized and 5x10A6 cells were aliquoted into

1.5mL Eppendorf tubes. Cells were then lysed in 500uL of LAS2 buffer, homogenized by

pipetting up and down with a P200 pipette, and incubated at 37C for 10 minutes while rotating.
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Cellular debris was pelleted by centrifugation at 2000rpm in a benchtop centrifuge. 1OOuL of

cell lysate was used for each condition and 1OuL was used for the 10% input control. All

samples were aliquoted into ultracentrifuge tubes (Beckman). As a positive control, luL of the

F-actin enhancing solution (Phalloidin) was added to one 1iOuL aliquot. As a negative control,

Latrunculin A (Cayman Chemicals) was added to one 1OOuL aliquot. All samples were then

incubated for 10 minutes at 37C while rotating. Samples were then spun at 45,000rpm

(90,000g) (Beckman TLA45 rotor) for 2 hours at 37C. Samples were further processed according

to the kit instructions.

Western Blotting:

Cells were lysed in Cell Lysis Buffer (Cell Signal Technologies) containing cOmplete

protease inhibitor (Sigma) and Phos-stop phosphatase inhibitor (Sigma). 20-30ug of protein was

boiled in 2X laemmli buffer (Biorad) with 5% (v/v) 2-mercapto-ethanol (Sigma) and run on 4-

20% Tris-Glycine gradient gels (Invitrogen). Proteins were transferred to nitrocellulose

membranes (GE) using a Transblot Turbo semi-dry transfer system (Biorad) and blotted using

the indicated antibodies. The antibodies used in this study were c-BMI1 (Cell Signal 5856S), a-

CDCP1 (Cell Signal 4115S), cc-FLAG (Sigma F1804), cc-GAPDH (Millipore MAB374), u-MCAM (Cell

Signal 13475S), a-TAZ (Cell Signal 4883S), a-YAP (Cell Signal 14074S), a-YAP/TAZ (Cell Signal

8418S).
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Appendix A Methods:

Zebrafish Husbandry

Adult zebrafish were housed as previously described (Benjamin and Hynes, 2017). Prior to

injection with ZMEL1 zebrafish melanoma cells (Heilmann et al., 2015), immunocompetent

casper fish were irradiated with two doses of 15 Gray (Gy), one and two days prior to injection,

using a GC 40E gamma irradiator (Theratronics).

Adult Zebrafish Imaging

Adult zebrafish intravital confocal imaging and imaging using a dissecting microscope

were performed as previously described (Benjamin and Hynes, 2017).

Adult Zebrafish Intradermal Injections

Glass capillary tubes (Borosilicate, 1mm outer diameter, 0.58mm inner diameter,

Warner Instruments) were siliconized using Sigmacote reagent (Sigma). Siliconized tubes were

pulled on to generate needles using a P-87 micropipette puller (Sutter Instrument) with the

following settings: heat=800, pull=150, vel =150, time=200 and pressure=600. The tip of the

needle was broken such that it dispended 4nL drops using a PLI-90A Pico-Liter Injector (Warner

Instruments) set to an injection pressure of 2.0 PSI and an injection time of 0.10 seconds. Cells

were trypsinized, washed twice in PBS and re-suspended at 5x10A5 cells/pt in PBS. A 6-10 week

old Casper fish was anesthetized in 0.05% tricaine until it was unresponsive to touch. The fish

was then placed on a 10cm Petri dish cover with the head to the left and the ventral site closest

to the researcher and placed under a dissecting microscope. The capillary needle was then
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gently brought down until it touched the skin of the fish using a micromanipulator. The needle

was then gently pushed forwards until it slid underneath the scales of the fish. 4nL of PBS/cells

(2,000 cells) were then injected into the dermis. The needle was then gently removed and the

fish returned to normal aquarium water to recover.

Embryo Pericardial Injections

The injection needle and cells were prepared as described above except the cells were

re-suspended at 4x10A6 cells in 100piL of PBS. Using a micromanipulator, the needle was

inserted into the pericardial space taking care not to disrupt the heart. 4nL (160 cells) were

injected into the pericardial space.

Zebrafish Embryo Extravasation assay

The casper (roy~1 ;niacre 7) line was a kind gift from Dr. Leonard Zon (Children's

Hospital). Theflk:dsRed2 line (originally developed by Dr. Kenneth Poss (Duke)) was a kind gift

from Dr. Mehmet Yanik (MIT). Theflk:dsRed2 line was then crossed into the casper background.

Embryos were 48 hours old when injected. One day before injection, embryos were

dechorionated by adding 12 uL of 30 mg/mL pronase (Sigma) to each 10 cm plate containing

embryos and incubating overnight.

Prior to injections, embryos were anesthetized in 0.02% tricaine (Sigma) buffered to pH

7.4 in aquarium make up water (AMW). Anesthetized embryos were then transferred to a 10

cm dish half-filled with 2% agarose and excess water was removed. Embryos were injected with
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4 nL of 4x104 tumor cells per L in PBS or 4x104 tumor cells and 2x105 human LPS-pre-

stimulated PMNs per L in PBS. Tumor cells and neutrophils were mixed together immediately

prior to injections. The cells were injected into the Duct of Cuvier just before it enters the heart.

Embryos were maintained at 34C following injection.

Injections were performed with borosilicate glass capillary needles (Warner

Instruments) that were siliconized using sigmacote reagent (Sigma). Needles were pulled using

a P-87 micropipette puller (Sutter Instrument) with the following settings: heat=800, pull=150,

vel =150, time=200 and pressure=600. The tip of the needle was broken such that it dispended

2 nL drops using a PLI-90A Pico-Liter Injector (Warner Instruments) set to an injection pressure

of 2.0 PSI and an injection time of 0.10 seconds.

For time-lapse imaging, embryos were placed in a single well of a 6 well, glass-

bottomed plate (MatTek) containing a thin layer of 2% agarose. They were then covered in

0.8% agarose containing 0.01% tricaine buffered to pH 7.4. Once the agarose solidified, the well

was filled with AMW containing 0.01% tricaine buffered to pH 7.4.

For time point imaging, each well of a 96 well glass-bottom plate (MatTek) was filled

with 60 L of 2% agarose. A previously described pin tool (Wittbrodt et al., 2014) was inserted

into the wells for 20 min to generate agarose molds to orient embryos laterally for imaging. At

the given time points, embryos were anesthetized in 0.01% tricaine in AMW buffered to pH 7.4

and added to each well.
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Embryos were imaged on an A1R inverted confocal microscope (Nikon) using the

resonant scanner with a 10x objective and 1.5x zoom. For time-lapse imaging, Z- stacks of 50 m

with a 7.6 m step size were acquired every 14 seconds for 3 hrs. Fish were imaged within 6 hrs

of injection. For time point imaging, a single 100 pm Z- stack with a 7.6 tm step size was

acquired for each fish.

For all other experimental methods from our collaboration with the Kamm lab see:

Michelle B. Chen, Cathy Yu, David C. Benjamin, Hesham Azizgolshani, Richard 0. Hynes, Roger, D. Kamm.
Inflamed neutrophils sequestered at entrapped tumor cells via chemotactic confinement promotes
tumor cell extravasation. PNAS Submitted

254



References:

Benjamin, D.C., and Hynes, R.O. (2017). Intravital imaging of metastasis in adult Zebrafish. BMC
Cancer 17, 660.

Heilmann, S., Ratnakumar, K., Langdon, E.M., Kansler, E.R., Kim, l.S., Campbell, N.R., Perry, E.B.,
McMahon, A.i., Kaufman, C.K., van Rooijen, E., et al. (2015). A Quantitative System for Studying
Metastasis Using Transparent Zebrafish. Cancer Res. 75, 4272-4282.

Moore, J.C., Tang, Q., Yordin, N.T., Moore, F.E., Garcia, E.G., Lobbardi, R., Ramakrishnan, A.,
Marvin, D.L., Anselmo, A., Sadreyev, R.I., et al. (2016). Single-cell imaging of normal and
malignant cell engraftment into optically clear prkdc-null SCID zebrafish. J. Exp. Med. 213,
2575-2589.

Patel, S.D., Ciatto, C., Chen, C.P., Bahna, F., Rajebhosale, M., Arkus, N., Schieren, I., Jessell, T.M.,
Honig, B., Price, S.R., et al. (2006). Type I cadherin ectodomain structures: implications for
classical cadherin specificity. Cell 124, 1255-1268.

Pugach, E.K., Li, P., White, R., and Zon, L. (2009). Retro-orbital injection in adult zebrafish. J Vis
Exp.

Stoletov, K., Kato, H., Zardouzian, E., Kelber, J., Yang, J., Shattil, S., and Klemke, R. (2010).
Visualizing extravasation dynamics of metastatic tumor cells. Journal of Cell Science 123, 2332-
2341.

Tang, Q., Abdelfattah, N.S., Blackburn, J.S., Moore, J.C., Martinez, S.A., Moore, F.E., Lobbardi, R.,
Tenente, l.M., Ignatius, M.S., Berman, J.N., et al. (2014). Optimized cell transplantation using
adult rag2 mutant zebrafish. Nat Meth 11, 821-824.

Wittbrodt, J.N., Liebel, U., and Gehrig, J. (2014). Generation of orientation tools for automated
zebrafish screening assays using desktop 3D printing. BMC Biotechnol 14, 36-36.

Xu, L., Shen, S.S., Hoshida, Y., Subramanian, A., Ross, K., Brunet, J.-P., Wagner, S.N.,
Ramaswamy, S., Mesirov, J.P., and Hynes, R.O. (2008). Gene expression changes in an animal
melanoma model correlate with aggressiveness of human melanoma metastases. Molecular
Cancer Research 6, 760-769.

255




