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Xenografts in zebrafish embryos
as a rapid functional assay for breast cancer
stem-like cell identification

REPORT

'Regulation of Cell Growth Laboratory; Fundacién Inbiomed; 2Biobide SL; San Sebastian, Gipuzkoa, Spain
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EMT, epithelial mesenchymal transition

The cancer stem cell is defined by its capacity to self-renew, the potential to differentiate into all cells of the tumor and
the ability to proliferate and drive the expansion of the tumor. Thus, targeting these cells may provide novel anticancer
treatment strategies. Breast cancer stem cells have been isolated according to surface marker expression, ability to efflux
fluorescent dyes, increased activity of aldehyde dehydrogenase or the capacity to form spheres in non-adherent culture
conditions. In order to test novel drugs directed toward modulating self-renewal of cancer stem cells, rapid, easy and
inexpensive assays must be developed. Using 2 days post-fertilization (dpf) zebrafish embryos as transplant recipients,
we show that cells grown in mammospheres from breast carcinoma cell lines migrate to the tail of the embryo and form
masses with a significantly higher frequency than parental monolayer populations. When stem-like self-renewal was
targeted in the parental population by the use of the dietary supplement curcumin, cell migration and mass formation
were reduced, indicating that these effects were associated with stem-like cell content. This is a proof of principle report
that proposes a rapid and inexpensive assay to target in vivo cancer stem-like cells, which may be used to unravel basic

Arrate Eguiara,' Olaia Holgado,? Izaskun Beloqui,' Leire Abalde,' Yolanda Sanchez,' Carles Callol> and Angel G. Martin'*

Abbreviations: DPF, days post fertilization; CSC, cancer stem cell; TIC, tumor initiating cell; ALDH, aldehyde dehydrogenase;

cancer stem cell biology and for drug screening.

Introduction

The hypothesis that cancer is driven by a minor population of
cells with the ability to initiate, maintain and give rise to the
cell heterogeneity present in the tumor [the so-called cancer
stem sells (CSCs) or tumor initiating cells (TICs)], has recently
attracted a great deal of attention, owing to the promise of novel
cellular targets for the treatment of malignancies."* Clonal
expansion of cancer stem cell populations is believed to be the
first step in carcinogenesis;® therefore drug screening efforts
directed toward reducing this population may provide novel
anticancer treatment strategies. In the case of breast cancer, the
isolation of CSCs has been accomplished according to several
parameters, such as surface marker expression (CD44*CD24"
lov), the ability to efflux vital dyes (side population), the abil-
ity to growth in non-adherent conditions (mammospheres)
and increased activity of Aldehyde Dehydrogenase (ALDH).%¢
Cytotoxic agents that target the bulk of rapid proliferating
cells constitute the majority of current chemotherapeutic drugs
in use. However, there are a number of reports using in vitro
culture of tumor cells and animal models showing that CSCs
are more resistant to conventional cancer therapies, therefore

*Correspondence to: Angel G. Martin; Email: agmartin@inbiomed.org
Submitted: 08/30/11; Accepted: 08/30/11
http://dx.doi.org/10.4161/cc.10.21.17921

www.landesbioscience.com

Cell Cycle

placing these cells at the root of tumor recurrence and metasta-
ses. Several preliminary reports have indeed shown that this is
the case with human cancer patients. In breast cancer, Li et al.
found that conventional chemotherapy increased the fraction of
CD44+*CD24- cells in a neoadjuvant setting of advanced breast
cancer patients and increased mammosphere formation in vitro.
Tanei et al. have shown that paclitaxel and epirubicin-based
chemotherapy enriches for aldehyde dehydrogenase 1 (ALDHI)
positive cells in breast tumors. Novel approaches for targeting
cancer stem cell self-renewal pathways, and assays to test those
agents are needed.’

The non-adherent mammosphere assay is commonly used as
a surrogate in vitro culture assay for tumor formation to investi-
gate cancer stem cells. This assay is used as a stem cell-like func-
tional assay that allows the propagation of mammary epithelial
and breast tumor cells in an undifferentiated state based on their
ability to proliferate in suspension.>'®! In these culture condi-
tions, cancer stem cells are able to maintain stem-like properties
such as tumor initiation, self-renewal and limited differentiation
potential>!! Indeed, the mammosphere assay has been demon-
strated to enrich and propagate MCF7 breast carcinoma cells
with enhanced tumor initiating ability."?
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Harvest cells for oncology research as a xenograft sys-
tem for transplantation of malignant
/\ melanoma cells that showed that cells
2D culture 3D culture were not rejected, survived and showed
(adherent) (spheres) motility."” In another study, the group of
l l Haldi et al. established the conditions
5 days .
where human melanoma cells prolifer-
Harvest single ate, migrate, produce melanin, form
cells and label masses and stimulate angiogenesis in
l l 15 min transplanted zebrafish embryos.'®
Inject In this work we investigated the
use of zebrafish embryos as a xenograft
model for CSCs isolated as mammo-
spheres from breast carcinoma cell lines,
as a proof of concept study for the use of
this animal model for the in vivo evalu-
//, ation of cancer stem cell phenotype. We
/ have established a simple, fast, sensitive
® %/‘ — " —— and cost effective model.
—t+——+—+—+— Results
Day 0 1 2 3 4 5 6 7 8 9
E E ; E Embryo xenograft assay set up. During
E ; E i early zebrafish development, the body
Fertilization Cell injection eﬁ%‘:%s egglrj;;s plan expands from 0.5 mm at t},le ! ce}l
with masses with tail migration stage to 3 mm at 2-dpf.” During this

period, cells present at this stage can be

section were counted.

Figure 1. Schematic representation of experimental design. Breast carcinoma cells were grown as
monolayer cultures or as non-adherent mammospheres for 5 days, on the same culture medium. Af-
ter 5 days cells were harvested and sphere disaggregated using enzymatic and mechanical proce-
dures, as described under Methods. Single cell suspensions were stained with the red-fluorescent
tracking dye CM-Dil (4.8 p.g/ml) for 15 min, washed and loaded into a pulled glass micropipette. Two
dpf zebrafish embryos, prepared as described under Methods, were injected with stained cells in the
yolk sac and the presence of cells observed under the microscope. Embryos with no cells or cells lo-
cated elsewhere than the yolk sac were excluded from the experiments. One hundred animals were
used for each experiment. Three days after the injection the number of embryos with evident cell
masses were counted. Seven days after the injection the number of embryos with red cells in the tail

passively transported to distant sites dur-
ing gastrulation. In order to prevent non-
specific cell location effects, we chose
the 2-dpf stage as cell migration after
injection is likely to be a cell-intrinsic
active process. Zebrafish embryos do
not fully develop their immune system
until day 11-pf'® allowing a window of
observation of cell behavior for the lack
of immune rejection. We tested trans-

Currently, the gold standard functional assay to demonstrate
tumor initiating ability is the cell xenograft in immunodeficient
mice, although cancer stem cell frequency measurement depends
on the system used.”® This animal model presents several caveats
at the practical level, such as dedicated expensive animal facili-
ties, including maintaining a pathogen free area and trained
pathologists and veterinarians; the number of animals that can
be used in one experiment, usually limited to a few dozens, and
the length of tumor formation extends over a period of months.
Zebrafish embryos have been employed in several useful models
for therapeutic drug research and preclinical studies, as well as
high throughput screening' for several reasons: fish are inexpen-
sive to maintain, breed in large numbers (100-300 embryos per
week/couple), develop rapidly ex vivo, embryos are transparent,
have short generational cycles (2-3 mo), are immunodeficient
until day 11 post-fertilization (dpf) and require small amount of
drugs per experiment. This model has become recently interesting
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plantation into several sites (data not
shown) and determined that the yolk
sac was the optimum site for injection, as up to 500 cells from
a single injection were retained in place and, at the same time,
the nutrient rich environment provided by the yolk sac supported
cell viability.

Zebrafish develop normally from fertilization through later
stages at temperatures varying from 23 to 34°C"” with a stan-
dard incubation temperature of 28°C. In contrast, the standard
incubation temperature of human cell cultures is 37°C. In order
to maximize cell viability during the time of the assay, embryos
were incubated at 28°C for 2 h after cell injection and subse-
quently placed at 34°C for 7 days, without loss of fish viability.

A schematic representation of our assay set up is depicted in
Figure 1.

Mammosphere-derived cells showed a significantly higher
capacity to migrate to the tail and form masses than parental
cells grown in monolayer. One of the properties of breast can-
cer stem cells and mammary stem/progenitor cells is their ability
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to survive under serum-free anchorage independent conditions
and generate mammospheres.?’ These spheres are composed of
a small number of stem cells that self-renew, generate secondary
spheres on serial passage and are capable of multilineage differen-
tiation."! We examined the ability of breast carcinoma cells (from
the cell line BT-474 and MCF?7, as previously reported in ref. 21)
to grow as mammospheres, measuring the capacity to form sec-
ondary mammospheres in serial passages (Fig. 2A) and to make
clonal mammospheres from single cells in limiting dilution (data
not shown), reflecting the stem cell-like properties of self-renewal
and asymmetric division. On average, 40% of single cells ren-
dered mammospheres in clonal assays. We then used single cells
derived from mammosphere cultures and monolayer culture-
derived controls, fluorescently labeled, to inject into the yolk sac
of 2-dpf embryos (as schematically shown in Fig. 1) to assess their
behavior as the embryo develops. A total of 100 embryos were
used per condition. We observed that a fraction of the embryos
injected with monolayer control cells showed the presence of cells
in the tail 7 days after the injection (Fig. 2B shows results from
the non-metastatic cell line BT-474; essentially the same results
were obtained with the cell line MCF7, not shown). This migra-
tion could be observed in the embryos starting from day 4 after
injection. The fraction of the embryos that showed tail migra-
tion corresponded to approximately 40% of the animals incu-
bated both at 28°C and 34°C. When the embryos were injected
with mammosphere-derived cells, cell migration to the tail could
be observed in most animals, incubated both at 28°C (68% on
average) and 34°C (80% on average). As a positive control for
migration, cells from the metastatic cell line MDA-MB-435 were
injected in parallel experiments and migration readily observed
in 100% of the embryos (data not shown).

As a surrogate model for tumor formation, we observed the
appearance of cell masses in embryos injected with BT-474 breast
carcinoma cells. Interestingly, cell masses appeared early in the
assay (clearly observed at day 3) though most of the embryos died
before the 7-dpi allocated assay time. Therefore, cell masses were
counted at day 3 post-injection (day 5 post-fertilization) to ensure
that the results were not biased by premature embryo death. In
these conditions, we observed that less than 10% of the embryos
injected with both monolayer parental cells or sphere-derived
cells formed masses when incubated at 28°C (Fig. 2D). Although
we observed, on average, more embryos with masses in the group
injected with sphere-derived cells, this different was not statisti-
cally significant. In order to favor mammalian cell viability, the
experiments were repeated placing the injected embryos at 34°C.
In these conditions, embryos injected with mammosphere-
derived cells showed a significant increase in the frequency of cell
masses, compared with embryos injected with parental mono-
layer cultured cells (23 vs. 10% on average, Fig. 2D).

Curcumin inhibits cell migration and cell mass formation
in transplanted zebrafish embryos. Dietary polyphenols, such
as Curcumin, have been demonstrated to modulate self-renewal
of normal and malignant breast stem cells.?> We determined the
effects of varying concentrations of curcumin on BT-474 breast
carcinoma cell line mammosphere formation assay. Consistently
with previous reports, 10 WM curcumin inhibited tumorsphere

www.landesbioscience.com
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formation by 40% while 20 WM curcumin inhibited by 70%%
(Fig. 3A and B). This decrease in mammosphere formation was
not due to non-specific toxicity, as cell viability, determined by
MTT assay, was not affected (data not shown). As our results
indicated that mammosphere-derived cells were differentially
capable of showing migration and mass formation when injected
into 2 dpf zebrafish embryos, we assessed the effect of curcumin
on these phenotypes in the parental BT-474 population grown in
monolayer. BT-474 monolayer cultures were treated with 10 pM
curcumin for 48 h, then washed, harvested and single cell sus-
pensions injected into 2 dpf embryos. Vehicle control (DMSO)
monolayer cultured cells showed migration in approximately
40% of the embryos injected after 7 d, as well as mass formation
in 10% of the embryos on average (Fig. 3C), consistent with our
previous experiments. Curcumin-treated cultures significantly
decreased the number of embryos showing these phenotypes,
to 25% for tail migration and 5.7% on average for mass forma-
tion, consistent with the reduction on mammosphere forma-
tion observed in culture. These results suggested that the effects
shown in monolayer parental controls on tail migration and mass
formation were due to the mammosphere initiating cells in the
parental monolayer cultures.

Discussion

Targeting CSCs, as the cell population responsible for tumor ini-
tiation and maintenance, represent a rational cancer therapeutical
strategy. Indeed, targeting self-renewal of these cell populations
may provide a less toxic approach than regular chemotherapeutic
agents that target bulk, rapid proliferating tumor cells. Cancer
self-renewal is commonly assessed using limiting dilution cell
transplantation into immune-deficient rodent animal models
and then scored for tumor engraftment. Recent work has shown
that the level of immune suppression, site of cell injection (subcu-
taneous or orthotopic) and time point of end of experiment, may
compromise the estimation of cancer stem cells.”® The zebraf-
ish model has been extensively used to understand human can-
cers, as zebrafish tumors are similar to human malignancies in a
variety of tumor types.?*”” The zebrafish system provides several
advantages: large number of animals can be housed in a relatively
small space and cost of breeding is inexpensive compared with
mice; cell transplantation assays can be performed in hundreds
of animals, unattainable using mice; fluorescence tracking of
injected cells in live embryos is possible, even in adult fish as a
zebrafish strain—named casper—was created lacking iridophores
and melanocytes.” Several groups have shown transplantation of
human tumor cell lines into zebrafish embryos to demonstrate
migration, metastasis and vasculogenesis.””!*? Two to 5 day
old embryos can be used as recipients since full immune system is
not yet developed.'®'®%° This set up has the disadvantage that the
fate of the transplanted cells cannot be followed beyond the 11*
day mark, since the immune system develops and transplanted
cells are rejected. In our hands, no cell could be detected in our
transplanted animals at day 15 (data not shown). However, this
assay provides a window where tail migration and mass forma-
tion can be measured, as demonstrated in our experiments, that
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Figure 2. Mammosphere-derived cells migrate to the tail and form masses in zebrafish embryos. (A) Representative experiment of a 7-days mammo-
sphere culture from BT-474 breast carcinoma cell line. Quantification of the proliferation of sphere cultures upon serial passage is represented. Sphere
passages are named T to distinguish from regular monolayer culture passage (usually referred as P). (B) Representative image of an 9 dpf embryo with
the injected cells retained in the yolk sac (upper part) or showing dissemination of the injected cells to the tail (lower part). (C) Representative image of
a 5 dpf embryo showing a protruding cell mass in the yolk sac area. (D) Quatification of the number of embryos with evident mass formation 3 d post
injection of the indicated cell populations, incubated at 28 or 34°C. The average of three experiments is shown. Statistical significance was assessed by
Student t-test analysis and significance expressed as the value of p. (E) Quantification of the number of embryos with evident tail migration 7 d post
injection of the indicated cell populations, incubated at 28 or 34°C. The average of three experiments is shown. Statistical significance was assessed by
Student t-test analysis and significance expressed as the value of p.
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may be suitable for functional phentoype assess-
ment (as cancer stem-like cells) and drug screen-
ing. Other groups have used 30-day-old animals
with continuous presence of dexamethasone to
block immune responses, however, interpretation
of the results is difficult due to lethal effects of the
glucocorticoid on the animals and transplanted
cells.?

Mammosphere formation assays may be a
quantifiable functional assay to assess cancer
stem-like cell-specific drugs. In the breast carci-
noma cell line MCF7, the mammosphere assay
has been demonstrated to enrich and propagate
cells with enhanced tumor initiating ability'? and
as a functional in vitro assay for cancer stem-like
specific drug screening.*** In these culture con-
ditions cancer stem cells are able to maintain
stem-like properties such as tumor initiation, self-
renewal and limited differentiation potential>!"
They are composed of a small number of stem
cells and progenitor cells capable of self-renewing
through serial passage. We chose to rely on this
functional assay, instead of on a sorted population
based on surface phenotype, such as the described
CD44*CD24" phenotype for breast tumor-derived
cancer stem cells.? Breast carcinoma cell lines show
a homogenous surface marker expression pattern,
as opposed to fresh tumor cells, not evidencing the
presence of particular subpopulations. When used
to evaluate tumor initiation of common breast car-
cinoma cell lines, the percentage of CD44*CD24
did not correlate to tumorigenicity;*® it does,
however, correlate strongly with rare basal and
mesenchymal phenotype.”” Therefore, we used
the in vitro mammosphere assay for enrichment
of breast cancer stem-like cells, to prevent marker
bias, described for continuous cell lines.?¢%

Both monolayer-derived cells and mammo-
sphere-derived cells, presented the ability to
migrate to the tail, with a significantly differ-
ent frequency between populations. This migra-
tory assay revealed that mammosphere-derived
cells presented a significantly higher migratory
capacity than monolayer-derived cells. Further
analysis will be required to test how mammo-
sphere-derived cells interact with the embryo
vascular system, such as assessing VEGF-induced
angiogenesis, demonstrated essential for the ini-
tial dissemination of tumor cells xenografted in
zebrafish embryos.”” Mammosphere forming cells
are present in the parental monolayer population
with a frequency of approximately 40% (assessed
by limiting dilution and plating of single cells).
When this frequency was reduced by the addi-
tion of curcumin, a dietary compound described
to block breast cancer stem cell self renewal,?* tail
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Figure 3. Curcumin treatment of monolayer cultures reduced tail migration and mass for-
mation. (A and B) Dose dependent effect of Curcumin (Sigma) treatment on BT-474 mam-
mosphere formation. Monolayer cultures were treated with varying doses of curcumin for
48 h, then washed and harvested. Single cells were plated on non-adherent tissue culture
plates for sphere formation. No effect on cell viability was observed (data not shown). A
representative micrograph of mammosphere cultures is presented in (A). (C) Treatment
of monolayer cultures with 10 wM curcumin 48 h before injection into zebrafish embryos
reduced significantly the number of embryos showing cell migration to the tail (7 dpi)
and mass formation (3 dpi) incubated at 34°C. The average of three experiments is shown.
Statistical significance was assessed by student t-test analysis and significance expressed
as the value of p.
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migration was reduced as well. Therefore our results are con-
sistent with a breast cancer stem-like cell subpopulation being
responsible for the migration phenotype observed. We observed
the same phenotype at 28°C and at 34°C, although quantita-
tively reduced, suggesting that a component due to cell disper-
sion may not be ruled out. Nevertheless, cell dispersion alone
does not explain the different outcome when mammosphere or
monolayer-derived cells are injected. The frequency of embryos
that showed mass formation was also significantly higher in cells
derived from mammosphere cultures that derived from paren-
tal monolayer cultures. Interestingly, this effect was observed
at 34°C rather than at the usual zebrafish growth temperature
(28°C). Most of the masses are detected as extra-embryonary
structures, although in some animals masses formed in the tho-
racic cavity and the head section (data not shown). This result
indicates that, for mass formation, active cell proliferation and
invasion is needed, while for tail migration the interaction with
the process of embryo vasculogenesis may be more relevant.?’
Cancer cells have been described to undergo epithelial mes-
enchymal transition (EMT) as a necessary step for tumor dis-

semination,

and this process actively induce cancer stem cell
features in transformed cells.”" It is reasonable to speculate that,
as mammosphere culture enriches for breast cancer stem-like
cells, these cells may be more prone for invading other tissues,
thus explaining the migratory and mass formation phenotypes
we observe. Of notice, we used the BT-474 cell line, which is
one of the few breast carcinoma cell lines derived from a pri-
mary lession, non-metastatic. Therefore, BT-474 cells have not
undergone epithelial-mesenchymal transition, what may alter its
migratory properties. As migration control, the mesenchymal-
like cell line MD-MB-435 was used, and strong migration was
readily observed (data not shown).

Our work demonstrates that transplantation of selected popu-
lations of cancer cells into 2 dpf zebrafish embryos can be used
to functionally discern between cell populations based on cancer
stem cell associated properties, thus suggests it may be used to
uncover important pathways in cancer cell self-renewal, both as
a basic discovery assay and drug screening. The unique attributes
of the zebrafish model, over the commonly used rodent based
models, may provide novel approaches for drug screening toward
cancer stem cells.

Materials and Methods

Zebrafish handling and cell injection. Zebrafish (Danio rerio,
wild-type AB) embryos were generated by natural mating of
adult fish according to the Zebrafish Handbook.” In order
to remove patches of surface pigmentation, we used PTU
(N-Phenylthiourea, Sigma) at a 0.003% w/v concentration.
Embryos were bred and maintained at 28°C prior to cell injec-
tion. For injection, 2 dpf zebrafish embryos were de-chorionized
if necessary and anaesthetized with Tricaine methanesulfonate
(MS-222) at 0.004% w/v and then placed in a Petri dish on their
sides on a ramp made of 1% agarose (4 mm long). Immediately
prior to injection, cells were labeled with the lipophilic fluorescent
tracking dye CM-Dil (Invitrogen) according to manufacturer’s
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instructions. Briefly, cells were incubated with CM-Dil dissolved
in DMSO (final concentration 4.8 pg/ml) for 4 min at 37°C,
followed by 15 min at 4°C. To remove unincorporated dye,
cells were centrifuged and rinsed twice with HBSS. Cells were
loaded into a pulled glass micropipette and then attached to an
air driven microinjector (Eppendorf FentoJet Express). The tip of
the needle was inserted into the yolk sac of the animals and cells
were delivered in a single injection using 200-300 ms pulse time
and 200 hPa positive pressure. In our conditions, we optimized
the number of cells injected at ~500 cells per injection at a vol-
ume of approximately 2050 nanoliters. After injection, embryos
were maintained for 2 h at 28°C, examined for the presence of a
fluorescent cell mass localized at the injection site in the yolk sac,
and then transferred to fresh water and placed into an incubator
at 28°C or 34°C for up to 7 d post injection (dpi), when the ani-
mals were euthanized by freezing.

Cell culture. Breast carcinoma cell lines BT-474, MCF7
and MDA-MB-435 were obtained directly from the ATCC
(Manassas, VA) and grown in DMEM (Gibco) supplemented
with 10% fetal bovine serum (FBS, Sigma) at 37°C ina 5% CO,
incubator. For mammosphere formation, single cell suspensions
were plated in 6-well tissue culture plates covered with poly-
2-hydroxyethyl-methacrylate (Sigma) to prevent cell attachment,
at a density of 1,000 cells/ml in serum-free DMEM supple-
mented with 1% L-glutamine, 1% penicillin/streptomycin, 30%
F12 supplement (Sigma), 2% B27 (Invitrogen), 20 ng/ml EGF
(Sigma) and 20 ng/ml FGFb (Invitrogen) medium. The medium
was made semi-solid by the addition of 0.5% Methylcellulose
(R&D Systems) to prevent cell aggregation. Mammospheres
were collected by gentle centrifugation after 7 d and dissociated
enzymatically (5 min in 1:1 trypsin/DMEM solution at 37°C)
and mechanically by passing the suspension 10 times through a
25G needle. The resulting cell suspension was sieved through a
40 pm cell strainer to ensure a single cell suspension.

Imaging. Injections were performed using an Olympus
SZX12 dissecting microscope. Xenotransplanted animals were
examined using a Zeiss Lumar V12 (Carl Zeiss Microimaging
Inc.) fluorescence microscope equipped to visualize Alexa 568
and/or CM-Dil (excitation 553 nm, emission 570 nm) labeled
BT-474 cells. The brightfield and the Alexa 568 channel were
simultaneously used to examine cells. Images were captured
with a Zeiss high-speed monochrome camera (Carl Zeiss
Microimaging Inc.) using Axiovision VS40 4.6.1.0 software
(Carl Zeiss Microimaging Inc.).
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