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Abstract

Metastasis is the defining feature of advanced malignancy, yet
remains challenging to study in laboratory environments. Here,
we describe a high-throughput zebrafish system for comprehen-
sive, in vivo assessment of metastatic biology. First, we generated
several stable cell lines from melanomas of transgenic mitfa-
BRAFV600E;p53�/�

fish. We then transplanted themelanoma cells
into the transparent casper strain to enable highly quantitative
measurement of the metastatic process at single-cell resolution.
Using computational image analysis of the resulting metastases,
we generated a metastasis score, m, that can be applied to quan-
titative comparison of metastatic capacity between experimental

conditions. Furthermore, image analysis also provided estimates
of the frequency of metastasis-initiating cells (�1/120,000 cells).
Finally, we determined that the degree of pigmentation is a key
feature defining cellswithmetastatic capability. The small size and
rapid generation of progeny combined with superior imaging
tools make zebrafish ideal for unbiased high-throughput inves-
tigations of cell-intrinsic or microenvironmental modifiers of
metastasis. The approaches described here are readily applicable
to other tumor types and thus serve to complement studies
also employing murine and human cell culture systems. Cancer
Res; 75(20); 4272–82. �2015 AACR.

Introduction
Despite remarkable advances in elucidating themechanisms of

tumor initiation and growth, improvements in survival from
metastatic cancer have remained elusive. In part, this is due to
the difficulty of studyingmetastasis in vivo at large scale. Studies in
murine systems have helped establish key steps in metastasis (1):
local invasion at the primary site, intravasation into blood vessels
at the primary site, circulation in the bloodstream, extravasation
from blood vessels at distant sites, and the transition from micro
to macrometastatic growth at distant sites after a period of
dormancy. In individual patients, each of these steps is highly
variable, likely in part due to the extreme heterogeneity across
tumors. Moreover, it is increasingly recognized that themetastatic
phenotype is intrinsically dependent upon interacting signals
from the tumor and microenvironment (2, 3). Because of these
factors, the study of metastasis requires an experimental system
that allows for high-throughput manipulation of both tumor-cell
and microenvironmental compartments.

In recent years, the zebrafish has emerged as an important
model in cancer research (4), particularly in melanoma where
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Major Findings
* The zebrafish is an increasingly used model in cancer

biology, owing to strengths in imaging and genetic tools
afforded by the transparent casper strain of fish

* Transplantation of zebrafish BRAFV600E-driven melanoma
cell lines into casper allows for high-resolution imaging of
each step of metastasis at single-cell resolution

* Quantitative imaging algorithms reveal strong tropism for
skin, hematopoietic marrow, and eye, and a metastasis-
initiating cell frequency of 1/120,000 cells

* Genetic manipulation of the zebrafish melanomas
using CRISPR-mediated genome editing will allow for
genome-wide in vivo screens to identify new metastatic
modifiers

* These quantitative imaging tools can be rapidly applied
to other cancer models increasingly available in the
zebrafish
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transgenic expression of the human BRAFV600E gene leads to a
fully penetrant disease that is similar to the human disease (5–7).
Building upon these transgenic models, we have developed a
high-throughput system for studyingmetastasis that is composed
of two separate toolsets: (i) zebrafish melanoma cell lines with
defined genetic and phenotypic characteristics as a source of
donor tumor cells, and (ii) a highly quantitative metastasis
transplantation assay using the transparent casper strain (8, 9) of
zebrafish as a recipient host. The casper strain maintains relative
transparency throughout life and is particularly suited to quan-
titative assessment of spatio-temporal dynamics of metastasis,
allowing us to build statistical pictures of metastatic patterns with
unprecedented detail. Dramatic advances in zebrafish genome
manipulation using CRISPR (10, 11) technologies allow us to

easily modify both our zebrafish melanoma cell lines and the
casper recipient. Taken together, our systemprovides thefirst high-
throughputmethod toprobemetastatic biology in vivo, whichwill
be broadly applicable to researchers across the cancer spectrum.

Materials and Methods
MiniCoopR transgenic melanoma fish and isolation of the
ZMEL1 cell line

Transgenic melanoma zebrafish using the MiniCoopR system
were created as previously described (7). Briefly, a plasmid was
created in which the zebrafish mitfa promoter drives a zebrafish
MITF minigene devoid of introns. On the same plasmid was a
second cassette in which the mitfa promoter drives EGFP.

Quick Guide to Equations and Assumptions
Estimating metastasis-initiating cell frequency

We assume that only a rare subpopulation of cells possesses the combination of traits, which enables them to leave the primary
site, survive in circulation, and establish ametastasis large enough tobedetectedwithin the 14days of the experiment—wedub these
"metastasis-initiating cells" (MIC). We may then assume that when picking ZMEL1 cells at random, there is a fixed probability p of
getting a cell with a stable metastasis-initiating phenotype. The probability of getting kMICs out ofN randomly picked ZMEL1 cells
must thus be given by the binomial distribution:

Pr kð Þ ¼ N!

k! N � kð Þ! p
k 1� pð ÞN�k:

The probability of getting no MICs out of N cells (k ¼ 0) is thus Pr k ¼ 0ð Þ ¼ 1� pð ÞN :

Poisson approximation to the binomial distribution
When N is large and p is small, the binomial distribution is well approximated by the Poisson distribution, with mean Np. This

approximation is typically used ifN > 20 and P < 0.05 or ifN > 100 andNp < 10. Because we haveN > 104 andmost likely P < < 0.05,
we are able to use this approximation, so the probability of picking k MICs when randomly picking N cells is

Pr kð Þ � ðNpÞk exp �Npð Þ
k!

:

For k ¼ 0, this becomes Pr k ¼ 0ð Þ ¼ exp �Npð Þ , log Pr k ¼ 0ð Þð Þ ¼ �Np, where N is the number of randomly picked cells from
initial ZMEL1 population; k is the number of times an MIC (a cell with a metastasis-initiating phenotype) was picked out of the
N random picks, and p is the probability of getting a cell with an MIC.

Metastasis score (m score)
Wewished to develop a score that captured metastatic burden across different sets of fish. We developed a weighted score, called

the m score, which incorporates multiple parameters captured from imaging. Themeasuresmiwere chosen since they were the three
top contributors to the first principal component (PC1) of the entire dataset. Further, the weightswiwere chosen to be similar to the
weights of the three measures in PC1. Eachmeasure was normalized by a fish-specific measure ni of the same unit asmi to make the
terms of the sumdimensionless. These niwere picked to be approximately equal to the upper limit, which themeasuresmi can reach.
The score can easily be modified to include additional measures m4, m5, . . . if later needed. (Note that although it is numerically
possible to reach a score of 100, it is not actually practically possible. Our highest scoring fish got a score of 50.)

m ¼ 100
X3

i¼1

wi
mi

ni

Measures characterizing metastatic growth: m ¼ ½m1;m2;m3�:
Normalization factors for these measures: n ¼ ½n1; n2; n3�:
Appropriate weights for eachmeasure:w ¼ ½w1;w2;w3�;wherem1 is the total summed area of metastases on day 14; n1is the area

of fish body on day 14;w1 is 1/2;m2 is the APdistance onday 14; n2 is the length of fish body on day 14;w2 is 1/4;m3 is the number of
metastatic events on day 14; n3 is L/2l (where L is the length of fish and l is the threshold for clustering metastases); and w3 is 1/4.
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Flanking both of these genes are Tol2 transposon arms. This
plasmid was injected into fish with the following genotype:
mitfa-BRAFV600E;p53�/�;mitfa�/�. This strain of fish is devoid of
all melanocytes (due to themitfa�/�mutation), but uponmosaic
rescue with the mitfa-MITF minigene will develop "patches" of
rescued melanocytes, some of which will go on to develop
melanoma during adulthood. Because the rescued melanocytes
all contain the MiniCoopR plasmid, they will necessarily also
express mitfa-EGFP, resulting in melanomas that are entirely
EGFP positive. For the isolation of the cell lines, tumors were
cleanly dissected with a scalpel from melanoma-bearing Mini-
CoopR fish and transferred to a small petri dish containing 2 mL
dissection medium (50% Ham's F12/50% DMEM, 10� Pen/
Strep, 0.075 mg/mL Liberase). They were then manually disag-
gregated for 30 minutes at room temperature. An inactivating
solution (50% Ham's F12/50% DMEM, 10� Pen/Strep, 15%
heat-inactivated FCS) was then added, and the suspension was
filtered 2 to 3� in a 40-mm filter. This was then centrifuged for 5
minutes at 500 rcf, and resuspended in 500 mL of complete
zebrafish media (Supplementary Methods for further details).
This 500 mL was then plated in a single well of a 48-well plate that
has been previously coated with fibronectin.

Proliferation assays/drug treatments
Cells were plated at a density of 25,000 to 50,000 cells per well

in a 96-well plate in 100 mL of DMEM/10. The cells were allowed
to adhere for 24 hours, and then media changed to fresh media
containing either DMSOor drugs at the indicated doses. The final
concentration of all wells contained equivalent amounts of
DMSO solvent (1%). The media were refreshed every 2 days,
and at day 5, Alamar blue was added and fluorescence read using
a 96-well plate reader. All values were normalized to the DMSO
control well, and done in at least triplicate for each day of
experiments.

RNA-seq of ZMEL1
Reads from each RNA-Seq run were mapped to the zebrafish

reference genome version danRer7 from the UCSC Genome
Browser (12) using GSNAP and quantified on the gene level
using HTSeq and Ensembl version 75. Differential expression
analysis was performed using DESeq2. The 40-bp single-end and
100-bp paired-end runs of ZMEL1 were used as separate repli-
cates. Runs ERR004009, ERR004010, ERR004011, ERR004012,
and ERR015568 from ENA study ERP000016 (13) were used as
normal samples.

Reagents
The plasmids used for the MiniCoopr transgenics were

obtained as a gift from Yariv Houvras (Weill-Cornell Medical
College). The Cas9 plasmid was obtained from Addgene
(#42251). All cell culture media (as outlined in Supplementary
Methods) were obtained from Life Technologies. PLX4032 was a
gift from Plexxikon, and CI1040 was obtained from Selleckchem
(catalogue number S1020).

Animal husbandry
All zebrafish were housed in a temperature (28.5�C) and light-

controlled (14 hours on, 10 hours off) room. Fish were initially
housed at a density of 5 to 10 fish per liter, and fed 3 times per day
using brine shrimp and pelleted zebrafish food. After transplan-

tation, the fish were housed in individual chambers for serial
imaging. All anesthesia was done using Tricaine (Western Chem-
ical Incorporated) with a stock of 4 g/L (protected for light) and
diluted until the fish was immobilized. All procedures adhered to
IACUC protocol #12-05-008 through Memorial Sloan Kettering
Cancer Center.

Imaging and image analysis
Equipment. All fish were anesthetized with Tricaine and placed
onto a petri dish. The fish were imaged from above using a Zeiss
Axio Zoom V16 Fluorescence Stereo Zoom Microscope with a
0.6� or 1.6� lens. Each fish was successively imaged using
brightfield, GFP, and Rhodamine filter sets on both sides. The
exposure times for each group were determined at day 1 and kept
fixed throughout the entire experiment. If thefishwas larger than a
single field, then multiple images for each fish was taken using a
motorized stage and stitched together using the Zeiss Zen soft-
ware. Raw image files (CZI) for each fish were then exported using
Zen as high-resolution TIFFs that could then be used for down-
stream image analysis in MATLAB. The MATLAB code used for all
analyses is available online (14).

Image registration/image transformations. Each adult fish in the
study (n ¼ 106) was imaged at three different time points (days
1, 7, and 14 after implant). At each time point, brightfield, GFP,
and RFP channel images were taken of both the right and the
left sides of the fish. After the images had been transformed and
registered using landmarks, they could be superimposed allow-
ing for comparison of (i) left and right side images of each fish,
(ii) same fish imaged at a different time points, and (iii) images
of different fish with each other. The transformations were done
using a custom fully automated image registration pipeline; see
further details in Supplementary Methods and Supplementary
Figs. S16–S20. The MATLAB code for all image analysis is
available online (14).

Principal component analysis
We were interested in extracting features from the segmented

images, which in different ways characterized/quantified the
growth of the tumor and the metastasis formation over time.
We initially extracted 15 features (Supplementary Table S3),
and from this initial pool found the following 5 to be most
informative:

1. Solidity (ratio of total area of GFP region to area of smallest
convex polygon, which will encapsulate the GFP region. This
measure will give a value close to one, for example, a solid
sphere or triangle and a low value for a very fragmented or
fractal like region).

2. Area of primary tumor.
3. Total area of all metastasis.
4. Number of metastatic events (number of times a new

metastasis occurs).
5. Anterior–posterior distance of tumor/metastasis [the

length between the two pixels that are the furthest apart
(regardless of whether they belong to primary or
metastatic regions) measured along the anterior–posterior
axis of the fish].

These five features were extracted from the images taken at
the three different time points, meaning that each fish became
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represented by a point in a 15-dimensional feature space. In
order to determine which of these features were primarily
responsible for the variance across the group and also to
determine which features were correlated/anticorrelated/uncor-
related, we did principal component analysis (PCA) on the
data. Because PCA is sensitive to the scaling of the variables, we
normalized all measures by the variance in the group of that
measure on the day 14 time point, before performing the
analysis. For example:

1. Solidity_D1_normalized ¼ Solidity_D1/var(Solidity_D14).
2. AreaPrimary_D7_normalized ¼ AreaPrimary_D7/var

(AreaPrimary_D14).
3. TotalMetsArea_D7_normalized ¼ TotalMetsArea_D7/var

(AreaPrimary_D14).
4. AP_distance_D14_normalized ¼ AP_distance_D14/var

(AP_distance_D14).

With this normalization, the PCA will reveal which features
contributed most to the overall variance in the dataset while still
keeping differentmeasures that are sharing the same basic unit on
the same scale (like AreaPrimary_D7 and TotalMetsArea_D14,
which both have unit length2).

Metastasis-initiating cell frequency
One hypothesis about metastasis formations is that only a rare

subpopulation of cells possesses the combination of traits, which
enables them to leave the primary site, survive in circulation, and
establish a metastasis large enough to be detected within the 14
days of the experiment. If this hypothesis holds, we may assume
that when picking ZMEL1 cells at random there is a fixed prob-
ability, p, of getting a cell with a stable metastasis-initiating
phenotype. The probability of getting k metastasis-initiating cell
(MIC) out of N randomly picked cell must thus be given by the
binomial distribution

Pr kð Þ ¼ N!

k! N � kð Þ! p
k 1� pð ÞN�k:

The probability of getting no MICs (k ¼ 0) is thus

Pr k ¼ 0ð Þ ¼ 1� pð ÞN : ð1Þ

Based on the original implant size group and the area and
fluorescence intensity in images taken on day 1, we estimated
the number of cells that were successfully implanted in fish
number i at day 0, Ni, for each fish (see Supplementary
Methods for the details of how we did this estimate). By day
14, each fish either has at least one metastasis or none, i.e., Pri(k
¼ 0) of fish i is either 1 or 0. We fit the points [Ni, Pri(k ¼ 0)],
using nonlinear regression (to equation 1) and was thus able to
estimate the parameter p, which is the frequency of MICs in the
ZMEL1 population. We found this frequency to be p ¼ 8.4 �
10�6 (i.e., 1 of �120,000 cells is capable of forming a macro-
metastasis within the timespan of 14 days).

Poisson approximation. When N is large and p is small, the
binomial distribution is well approximated by the Poisson dis-
tribution, with mean Np. This approximation is typically used if
N>20andP<0.05, or ifN>100andNp<10. BecausewehaveN>
104 and most likely P < <0.05, we are able to use this approxi-

mation, so the probability of picking k MICs when randomly
picking N cells is

Pr kð Þ � ðNpÞk exp �Npð Þ
k!

:

We expect the probability of having no metastasis to depend
on N in the following manner:

Pr k ¼ 0ð Þ ¼ exp �Npð Þ ,
log Pr k ¼ 0ð Þð Þ ¼ �Np: ð2Þ

We see from equation 2 that we can expect that log (Pr(k ¼
0)) for the three implant size groups small, medium, and large,
plotted versus N to follow a straight line going through (0,1)
and p, the frequency of MICs, will be the slope of this straight
line. As seen in Fig. 5, the points for three size groups small,
medium, and large do not show a linear dependency, but rather
suggest a convex dependency. Nonetheless, the precision of the
estimate is not sufficient to refute the existence of a subpop-
ulation of MICs.

Results
Generation of zebrafish melanoma cell lines

Previous work (5–7) has established a transgenic zebrafish
model of human melanoma, in which expression of human
BRAFV600E, under the melanocyte-specific mitfa promoter, leads
to rapid formation of pigmentation abnormalities and nevi.
When crossed with p53�/�

fish, 100% of the resultant animals
(mitfa-BRAFV600E;p53�/�) develop melanomas in highly stereo-
typed locations, including the head, dorsal skin, and caudal fin.
Although these animals have previously been used to identify
genes and chemicals (6, 7), which affect melanoma initiation, the
metastatic characteristics of these tumors have not been defined.
To assess this, we performed a series of transplant studies of
primary tumors into the transparent casper strain of zebrafish.
The recipient fish developed highly variable degrees of metastatic
dissemination (Supplementary Fig. S1). This metastatic hetero-
geneity is likely due to the tremendous genetic heterogeneity that
we have previously found to be present in the transgenic zebrafish
melanomas (15). This observation prompted us to develop stable
cell lines from the zebrafish tumors, which would lead to more
reproducible metastatic behavior upon transplantation, as has
been shown for human tumors (16, 17). Adopting methods
commonly used for isolation of human melanoma lines, we
developed fluorescently labeled stable zebrafish melanoma cell
lines. We generated a large number of primary transgenic tumors
using the MiniCoopR transposon system, which allows mosaic
expression of the BRAFV600E in a p53�/� background, and gen-
erates transgenic animals with melanoma within 2 to 3 months
(7). The MiniCoopR transposon also carries a mitfa-GFP cassette;
because mitfa is only expressed by melanocyte derivatives, the
presence of GFP confirms its lineage identity as a bona fide
melanoma line. We isolated a series of these transgenic mitfa-
BRAFV600E;p53�/�;mitfa-GFP tumors (an example is shown
in Fig. 1A), disaggregated them into single-cell suspension, and
plated them on fibronectin-coated plates in a media formulation
similar to that used to isolate human melanoma cell lines from
patients (18, 19). We then allowed these cells to propagate over
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time inorder to select tumors that ultimately gave rise to stable cell
lines.

Overall, we successfully established 31 stable cell lines, out of
43 attempts, for a success rate of 72% (Supplementary Table S1).
All but one of these could be transitioned off of fibronectin onto
plastic plates. For the purposes of demonstration, we focused on
one particular line, which we refer to as ZMEL1 (Zebrafish
Melanoma line 1, as shown in Fig. 1A) because of the following
key characteristics: after the 10th passage, we were able to tran-
sition the line off themore complex isolationmedium to standard
DMEM with 10% FCS, and could eliminate the need for fibro-
nectin coating of the plates. By FACS sorting, ZMEL1 showed
greater than 99.5% GFP-positive cells, indicating essentially no
contaminating stromal cell elements. The population doubling
time (Fig. 1B) of approximately 1.6 days makes it amenable to
generating large numbers of cells rapidly.Wemaintain the ZMEL1
line at 28.5C/5% CO2 in a standard tissue culture incubator. The
ZMEL1 line can be transfected with expression vectors of interest
using nucleofection technology. For example, nucleofection of an
ubiquitin-EGFP-2A-tdTomato plasmid, followed by repeated
FACS sorting, led to establishment of a stable cell ZMEL1 line
expressing both eGFP and tdTomato (Supplementary Fig. S2).We
repeated this for additional genes, including CFP and YFP, all
using the 2A system, and were able to generate either transient or
stable cell lines for all constructs (data not shown). We also asked
whether we could knockout gene function using CRISPR tech-
nology. We nucleofected a CMV-Cas9 plasmid along with a
plasmid containing a guide RNA against eGFP (driven by the
zebrafish U6 promoter). After blasticidin selection, we were able
to obtain a stable cell line inwhich approximately 99%of the cells
no longer expressed eGFP (Supplementary Fig. S3).We confirmed
mutagenic efficiency of the eGFP gene using both FACS and the
Surveyor nuclease assay (Supplementary Fig. S4). Taken together,
these data indicate that the ZMEL1 line can be genetically mod-
ified and will readily allow both overexpression (cDNA) and
knockout (CRISPR) screens.

Cross-species transcriptomic analysis
To determine the similarity between the ZMEL1 line and

human melanoma, we compared the transcriptomic profile of
ZMEL1 to human cancer cell lines using GSEA (20). We per-
formed RNA-seq analysis of the ZMEL1 line (Supplementary
Table S2) and identified the 250 most up- or downregulated
genes in ZMEL1 (compared with pooled normal reference RNA).
We then compared that signature via GSEA with the human
NCI60 gene signatures (Supplementary Figs. S5 and S6; and
Supplementary Table S2; ref. 21). This revealed a striking enrich-
ment of the ZMEL1 signature in humanmelanoma cell lines (i.e.,
MALME-3M and SK-Mel28) compared with all other tumors
(normalized enrichment score ¼ 1.702, FDR ¼ 0.0012). Among
the most upregulated genes in both human and zebrafish mel-
anoma are factors known to be expressed in neural crest-derived
melanocytes, including sox10, ednrb, and mitfa itself. These are
genes also known to play pathogenic roles in human melanoma,
either through overexpression or amplification (22–28). We also
used GSEA to compare the ZMEL1 signature to previously estab-
lished gene signatures from transgenic mitf-BRAFV600E;p53�/�

primary tumors (6), and again found a strong similarity to the
original tumors (Supplementary Figs. S7 and S8; Supplementary
Table S2). Finally, we analyzed the ZMEL1 RNA-seq signature
using Ingenuity Pathway Analysis (Supplementary Figs. S9 and
S10). This revealed a strong enrichment for pigment cell signaling,
as well as a dependence upon MYC signaling, as expected for a
tumor driven by BRAFV600E. Taken together, the transcriptomic
data demonstrate that the ZMEL1 line strongly resembles well-
characterized transgenic zebrafish melanomas as well as human
melanoma cell lines.

ZMEL1 sensitivity to MAP kinase inhibition
We next confirmed functional dependency on BRAF-MAP

kinase signaling using pharmacologic inhibition. We treated the
ZMEL1 line with either the BRAFV600E inhibitor PLX4032 (29) or
the MEK inhibitor CI1040 (30) and measured proliferation at 5
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Figure 1.
Derivation and characterization of the
ZMEL1 zebrafishmelanoma cell line. A,
representative melanoma-bearing
fish (left) from the MiniCoopr
background, which mosaically
expresses BRAFV600E in a mitfa-GFP;
p53�/� background, and yielded the
stable cell line ZMEL1, which is
uniformly GFP positive. B, growth
curves of the ZMEL1 line demonstrate
a population-doubling time of 1.6
days. Individual colors represent
replicate experiments. C and D, the
response of the ZMEL1 and ZMEL-R1
lines to either the BRAFV600E inhibitor
PLX4032 (C) or the MEK inhibitor
CI1040 (D). The resistant line
demonstrates an 8-fold increase in the
EC50 to the BRAF inhibitor, but only a
2-fold increase in the EC50 to the MEK
inhibitor.
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days using the Alamar blue assay (Fig. 1C and D). Both of these
drugs caused a dose-dependent inhibition of ZMEL1 prolifera-
tion, with an EC50 of 1.12 mmol/L and 1.30 mmol/L, respectively.
To further confirm the functional similarity to humanmelanoma
cell lines, we determined whether ZMEL1 could become
BRAF inhibitor resistant in vitro, as has been widely reported for
humanmelanoma lines (31, 32). We treated the ZMEL1 line with
1mmol/L PLX4032 over a period of severalmonths, which led to a
rapid loss of most viable cells by 1 week, as expected, but a small
population of persister cells remained. By 3 to 4 months, these
cells had become resistant to this concentration of PLX4032 and
reconstituted the culture. We then retested sensitivity to both
PLX4032 and CI1040 (Fig. 1C and D). The EC50 for PLX4032
increased 7.6-fold (from 1.13 mmol/L to 8.56 mmol/L). The cells
remainedmoderately sensitive toMEK inhibition,withonly a2.3-
fold increase in the EC50 for CI1040 (from 1.30 mmol/L to 3.06
mmol/L). This derivative line, which we refer to as ZMEL1-R1
(ZMEL1-resistant line 1), demonstrates that zebrafish melanoma
cell lines react toMAP kinase inhibition in amanner analogous to
their human counterparts. The genetic mechanism resulting in
such resistance remains to be elucidated and will be the subject of
future studies.

Metastatic behavior of the ZMEL1 line
We next determined the metastatic capacity of the ZMEL1 line.

We took advantage of the previously described casper strain of
zebrafish, which maintains relative transparency throughout its
entire life cycle and allows highly sensitive detection of fluores-
cently labeled cells anywhere in the animal at single-cell resolu-
tion (8, 9). We transplanted ZMEL1 cells into either adult or
embryonic casper recipients using a quartz glass microcapillary
needle attached to a microinjection apparatus (Fig. 2). For the
adult fish, we transplanted 500,000 ZMEL1 cells into the subcu-

taneous tissue of the ventral flank of a recipient that had been
previously irradiated with a total of 30 Gy (15 Gy � 15 Gy split
dose over 2 days). We found that irradiation of the adult recipient
was required due toMHCmismatch between the ZMEL1 line and
casper recipients. For the embryos, we transplanted 150 ZMEL1
cells directly into the vasculature (via the Duct of Cuvier). The
embryos recipients did not require any preconditioning radiation
since they do not yet have a mature adaptive immune system.
MHC mismatch, the major cause of implant rejection, depends
upon the adaptive response, which does not develop in the
zebrafish until approximately 14 days of life. The adult assay
allows for full assessment of metastasis from an orthotopic site
but requires immunosuppression; the embryonic assay allows for
direct intravascular injection of tumor cells and requires no
immunosuppression.

Representative fish are shown in Fig. 2. In the adult recipients
(Fig. 2, left), at 1 day after transplant, a brightly GFPþmass can be
seen at the site of injectionwith little or nodistantmetastases. By 1
week, and then 2weeks after transplant, the size of themass at the
injection spot continued to grow, as expected, along with the
appearance of multiple new anterior masses. These masses are
clearly distinct from the site of implantation and represent distant
metastases. In the embryo recipients (Fig. 2, right), at day 1 after
transplant, the cells circulate primarily within the ventral vascu-
lature (Supplementary Video S1) and have begun to extravasate
into the caudal hematopoietic tissue, the first site of definitive
hematopoiesis in the fish. By 1 week and then 2 weeks, all of the
cells have extravasated, and the fish develops GFPþ tumors in
the eye, kidney, muscle, and head. This leads to the death of the
animals by 30 to 60 days after transplant. Onemajor advantage of
these embryo transplants is that single-cell behavior is easily
observed after transplantation. Taken together, these data indicate
that the ZMEL1 line is capable of performing all of the canonical
steps of metastasis.

Patterns of metastatic spread
In order for this assay to be useful as a screening tool, we needed

to develop automated quantitative imaging of metastasis. We
reasoned that the degree of metastatic dissemination would be
dependent upon the number of cells transplanted into the casper
recipient, and should varywith both site of implantation and time
after transplant. We therefore performed a series of limiting
dilution transplantation studies in which we varied the cell
number (1 � 105, 5 � 105, 1 � 106) and the transplant site
(dorsal vs. ventral skin). We then imaged each fish at 1 day after
transplant, 7 days after transplant, and 14 days after transplant
using both brightfield and GFP, on both the left and right sides of
the fish. We developed a custom-designed computer image anal-
ysis algorithm inMATLAB to align each image such that it could be
precisely overlaid with all of the others. Landmarks such as the
center of mass of the eye, the anterior end of the spine, and dorsal
and ventral boundary points were used to guide image alignment
transformations, and the images from the GFP channel were
subsequently analyzed using a custom image segmentation algo-
rithm to detect location of primary tumor andmetastasis. Because
transplantation itself has some degree of mechanical variability,
we imaged each fish on day 1 and used information from these
images along with the information of the original cell dose to
better estimate the number of cells that each recipient actually
received. This is a major advantage of the fish compared with
mouse studies, where accounting for such mechanical variability

day 1-3

week 1-2

week 2-4

Adult casper 
transplant

Embryo casper 
transplant

Figure 2.
Evaluating metastasis of the ZMEL1 line using transplantation into the
transparent casper recipient line. ZMEL1-GFP cells can be transplanted either
subcutaneously into theflankof an irradiated casper recipient (left) or directly
into the vasculature of an unirradiated casper embryo at 2 days after
fertilization (right). The fishwere then imaged over a period of approximately
1 month using GFP and brightfield imaging. Representative fish for both
assays are shown. For the adults, approximately 500,000 cells were
transplanted, and for the first 1 to 3 days after transplant, the cells remained
localized, but by weeks 1 to 4, they widely disseminated anteriorly and
posteriorly from the initial implant site. A similar pattern is seen in the embryo
transplants, but because the cells were injected directly into the circulation,
extravasation and formation of disseminated masses occurred more rapidly.
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is not possible. After this determination, we appropriately
regrouped the fish into small (25,700 � 24,560 cells), medium
(80,544 � 52,358 cells), and large (552,720 � 272,030 cells)
implant sizes (see Supplementary Methods for details on estima-
tion procedure). We used data collected from 106 fish to create
composite heatmap images of metastatic progression from cells
transplanted either ventrally (Fig. 3A) or dorsally (Supplementary
Fig. S11). This revealed a strong correlation between size of the
initial implant and the likelihood of metastasis. Small implants
on day 1 generally produced fish with few metastases at day 14,
whereas those with largemasses on day 1 led to a large increase in
the metastatic burden, particularly in the anterior region just
behind the gill structure, as well as scattered other metastases to
the posterior tailmusculature and eye. This dissemination pattern
was not due to the implant site, aswe saw similar patternswhether
the cellswere transplanteddorsally or ventrally.Overall, 83%(25/
30) of fish in the large implant group had metastases at day 14,
compared with 44% (18/41) in the small implant group. We
noted on the heatmaps that some of the anterior metastases
anatomically corresponded to the area of the kidney marrow,
the region of hematopoiesis in the zebrafish (33). To confirm this,
we performed histologic analysis on a series of fish at 2weeks after
transplant (Supplementary Fig. S12). This showed that fish with
higher cell doses had clear metastases in the kidney marrow [by
both hematoxylin/eosin (H&E) and anti-GFP imaging], an exam-
ple of which is shown in Fig. 3B. To determine if this tropism was
an artifact of the transplant technique, we performed RNA in situ

staining in three of the original mitfa-BRAFV600E;p53�/� transge-
nic fish, from which ZMEL1 was derived. We stained for expres-
sion of the neural crest marker crestin, a retroelement normally
only expressed in embryonic neural crest cells (34), which
becomes aberrantly expressed exclusively in adult melanomas
due to its neural crest origins (6). One of the three fish had
evidence of metastases to the kidney (Supplementary Fig. S13),
indicating that the transplanted cells have a tropism for the kidney
marrow similar to melanoma developed spontaneously in the
stable transgenic mitfa-BRAF;p53�/�

fish line. These data are con-
sistent with other reports indicating a tropism of human mela-
noma cells for the bonemarrow inmammalian systems (35–37).

Development of a metastasis score (m score)
Although the heatmap views are useful for determining overall

patterns of spread, they donot allow for a simple quantification of
overall metastatic burden. We wished to develop a straightfor-
ward "metastasis score," m, which would be of general use to the
community and to determine how this score differed between the
three implant size groups. Initially, we extracted 15 parameters
from the images taken at three separate time points (e.g., area of
primary tumor, area and number of metastasis, length of fish
body, see Supplementary Table S3 for the complete list of fea-
tures) and then used PCA to determine which parameters best
explained the variance in the data. The PCA (Fig. 4A) demon-
strated that just three of these parameters at day 14 accounted for a
substantial amount of the variance in the data, which was related
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Analyzing the pattern of metastatic
spread after ZMEL transplantation. A,
composite heatmap imagesof a group
offish (n¼ 53) transplantedwith small
(�25,000 cells, n ¼ 19), medium
(�50,000 cells, n ¼ 20), or large cell
numbers (�500,000 cells, n ¼ 14) at
day 1, and then imaged at days 7 and
14. The heatmap corresponds to the
probability of finding GFPþ ZMEL1
cells at the given location. This
demonstrates that the likelihood of
metastasis varies with the number of
cells transplanted. The GFP-positive
masses seen anteriorly at day 14 are
suggestive of localization within the
kidney marrow, the site of
hematopoiesis in the zebrafish. This
localization was confirmed using
histologic sectioning of a
representative fish (B), stained with
either H&E (B, top) or an anti-GFP
antibody (B, bottom). Brown staining
(denoted by red arrows) indicates the
presence of ZMEL1-GFP cells in the
kidney marrow compartment.
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to formation of metastasis: (i) total number of metastases, (ii)
total area of metastases, and (iii) anteroposterior distance
spanned by both primary andmetastases. We combined the three
parameters into a simple dimensionless m score, which can easily
be applied in other studies (Supplementary Fig. S14). We calcu-
lated the median m score for each of the three implant size groups
(Fig. 4B): At day 14 for the groupwith small implants, it was 5.35,
whereas for the medium group, it was 12.94, and for the large
group, it was 21.42. The difference between the m score distribu-
tions was significant for small versus medium [P ¼ 0.026, two-
sample Kolmogorov–Smirnov (KS) test], medium versus large
(P ¼ 0.024, two-sample KS test), and small versus large (3.75 �
10–6, two-sample KS test). The m score can be applied to future

experimental interventions (i.e., overexpressing or knocking
down specific genes) allowing for a rapid and quantifiable assess-
ment of metastatic efficiency.

Quantification of metastasis with MIC frequency
Wenextwished to estimate the frequency ofMICs, analogous to

the tumor-initiating cell calculations frequently employed for
quantifying cancer stem cells. Using standard limiting dilution
analysis (38, 39), we determined the number of animals with or
without metastases at day 14 using either the intended cell
numbers (Supplementary Fig. S15) or after regrouping into the
estimated small/medium/large groups (Fig. 5). Since we found
that regroupingmore accurately reflects the actual number of cells
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the fish received, we used this to calculate MIC. We estimate 1
MIC per 119,311 cells (lower bound¼ 1/78,019; upper bound¼
1/228,233), meaning that this is the frequency of cells within the
ZMEL1 population capable of giving rise to measurable distant
metastases within 14 days. This is in agreement with other reports
indicating that the frequency of cells capable of completing all
steps in the metastatic cascade is quite rare (40, 41). These two
measures, the m score and the MIC frequency, are key measures of
metastasis in the zebrafish. Having such quantitative measures is
essential to detecting changes in metastatic efficiency during
experimental perturbations to either the cells or the recipient
host background.

Pigmentation and metastatic progression
Finally, we wished to understand the characteristics of these

rare cells capable of metastasis. We noted a significant discrep-
ancy between the appearance of pigmentation and GFP in the
recipient animals (Fig. 6A), suggesting that pigment status and
metastatic progression were related. In the representative fish
shown in Fig. 6A, at 2 weeks after transplant, brightfield
imaging (Fig. 6A, left) showed a deeply pigmented, black mass
at the implant site, with sharp borders and no obvious met-
astatic lesions. In contrast, examination of the same fish under
GFP (Fig. 6A, right) showed that the implanted mass has several
protrusions in the dorsal direction, along with multiple ante-
rior metastases. This suggested that the cells that leave the
implant site are likely unpigmented and less differentiated
melanocytes. To quantify this, we created composite heatmap
images depicting the average level of black pigmentation within
the GFP-positive regions at days 7 and 14 (Fig. 6B). This
demonstrated that the primary implant site (the center of which
is denoted by the red dot) was far more pigmented than the
distant anterior metastases. We then determined the distance
from the implant site versus the degree of pigmentation (Fig.
6C). This demonstrates a clear inverse relationship: the cells

furthest away from the implant site are nearly all unpigmented,
whereas those at the implant site are strongly pigmented.

Although the tumor from which ZMEL1 was originally derived
was highly pigmented, the ZMEL1 line in culture shows no evi-
dence of pigmentation, suggesting the cells only become pigmen-
ted in vivo. To confirm this, we examined the behavior of the
transplanted ZMEL1 cells using time lapse imaging, in which we
took one picture per day over a range of 21 to 30 days. As shown in
Supplementary Video S2, the implant site becomes large and
pigmented prior to the metastases, which are initially only GFP
positive before becoming pigmented as well. Over time, once the
metastases are completely engrafted, usually even those cells too
become pigmented. To determine if this effect was specific to the
ZMEL1 line, we also performed transplantation of several
BRAFV600E;p53�/�primary transgenicmelanomas (Supplementary
Fig. S1) and found that both the primary engraftment site and
metastases become pigmented as well, indicating that melanoma
cells retain significant differentiation plasticity: they are unpigmen-
ted in vitro, become pigmented when implanted into the primary
site in the fish, are unpigmented while metastasizing, and then
again become pigmented in the new site of dissemination. These
observations are consistent with data from mammalian systems
showing that metastatic cells are initially less differentiated (42).

Discussion
We have described a zebrafish system for studying melanoma

metastasis, which has all of the components necessary to study
both cell intrinsic and microenvironmental regulators of this
process at large scale. The isolation of fluorescent zebrafish cell
lines, which closely resemble the humandisease andwhich can be
easily genetically modified using overexpression or CRISPR cas-
settes, opens up the possibility to perform genome-wide screens
to find modifiers of metastasis. The capacity for in vivo imaging
using the transparent casper recipient, which allows for
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visualization at the single-cell level, enables afiner resolution view
of micro to macrometastatic progression than is currently achiev-
able in murine models. A particular strength of such high-reso-
lution imaging may be the study of tumor cell extravasation at
distant sites, one of the most difficult parts of the metastatic
cascade to analyze using current murine models.

We find that the embryonic microenvironment augments
metastatic growth compared with the adult, strongly suggesting
that the microenvironment is a dominant force in establishing
successful metastatic spread. Because it is now straightforward to
make CRISPR zebrafish recipient fish carrying germline or
somatic mutations of nearly any microenvironmental gene, we
envision that a major use of our model will be in screens in
which ZMEL1 cells are transplanted into these modified recip-
ient fish. This will allow for a direct assessment of which genes in
the microenvironment act as modifiers of disseminated tumor
growth at a scale not achievable in other vertebrate systems.

Each of the assays described here has distinct strengths and
caveats. The adult casper assay is robust and recapitulates the
microenvironment present when most melanomas in humans
form, i.e., during the postembryonic period. However, because the
animals must be immunocompromised to prevent rejection of the
ZMEL1 cells, its capacity for studying immune regulation of metas-
tasis is limited. The embryo assay has the distinct advantage of a
largely intact immune system, and because the 2-day-old animal is
much smaller than the adults at 4 to 6 months described above
(wherewe used 100,000–1,000,000 cells), we need only transplant
between 50 and 150 ZMEL1 cells into each 2-day-old recipient.
These advantages are partially offset by the obvious growth-pro-
moting effects of the embryonic microenvironment, which likely
accounts for the rapidity of disease progression. It is likely that
different investigators will find advantages to either of these assays,
depending upon the particular question being addressed.

One of the major strengths of studying metastasis in the
zebrafish is related to the achievable scale of the experiments.
Each individual fish at 6 weeks of age measures approximately
0.021cm3, in contrast with an average mouse at that age that
measures approximately 73cm3. On a size basis, for every 1
mouse, it is possible to study approximately 3,000 young zebra-
fish. Even in amodest-sized zebrafish facility, this opens up awide
range of studies probing metastatic biology that would not be
possible in traditional murine systems. Because of the intrinsic
heterogeneity of the metastatic state, the zebrafish offers consid-
erable statistical power to discern even moderate modifiers of the
metastatic phenotype.

It is likely that some aspects of metastatic biology in a zebrafish
will be mechanistically distinct from that in human patients, a
caveat for all model systems. In some cases, findings in fish have
not translated well to humans (43), yet in others we have seen
remarkable conservation of core pathways and genes. For exam-

ple, findings in zebrafish have resulted in at least two clinical trials
in human cancer patients (6, 44, 45), including one specifically
focused on melanoma. Because the number of labs currently
using zebrafish to study metastasis is limited, it will require a
great deal of study before we can begin to understand the sim-
ilarities, and differences, between fish and humanmetastasis. The
tools described here are an integral component of opening up this
line of studies. We anticipate that these methods will be readily
extended outside of melanoma into other tumor types, making it
broadly applicable to cancer investigators with diverse interests.
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