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The development of a relatively simple, reliant and cost-eﬀective animal test will greatly facilitate
drug development. In this study, our goal was the establishment of a rapid, simple, sensitive and
reproducible zebraﬁsh xenograft model for anti-cancer drug screening. We optimized the
conditions for the cancer cell xenograft in terms of injected cell numbers, incubation temperature
and time. A range of human carcinoma cell types were stained with a ﬂuorescent dye prior to
injection into the ﬁsh larvae. Subsequent cancer cell dissemination was observed under ﬂuorescent
microscopy. Diﬀerences in injected cell numbers were reﬂected in the rate of dissemination from
the xenograft site. Paclitaxel, known as a microtubule stabilizer, dose-dependently inhibited
cancer cell dissemination in our zebraﬁsh xenograft model. An anti-migratory drug, LY294002
(phosphatidylinositol 3-kinase inhibitor) also decreased the cancer cell dissemination. Chemical
modiﬁcations to increase cancer drug pharmacokinetics, such as increased solubility (17-DMAG
compared to geldanamycin) could also be assessed in our xenograft model. In addition to testing
our new model using known anti-cancer drugs, we carried out further validation by screening a
tagged triazine library. Two novel anti-cancer drug candidates were discovered. Therefore, our
zebraﬁsh xenograft model provides a vertebrate animal system for the rapid screening and
pre-clinical testing of novel anti-cancer agents, prior to the requirement for testing in mammals.
Our model system should greatly facilitate drug development for cancer therapy because of its
speed, simplicity and reproducibility.

Introduction
Drug discovery research has undergone major technological
advances over the past twenty years. Experimental progress in
areas such as genome sequencing, microarrays, bioinformatics
and robotics has facilitated the development of robust methods
for drug screening. The development of high throughput
screening and combinatorial chemistry has allowed random
screens of libraries containing thousands of compounds to ﬁnd
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hits showing aﬃnity for a selected target or activity in a disease
model.1–3 However, drug discovery research is experiencing a
slow-down in the development of new medicines.3–6 A signiﬁcant problem is that most of the hits generated by drug
screening fail in animal tests, due to issues such as absorption,
solubility, metabolic stability and toxicology.6 Mammals are
unsuitable for large-scale screening because of cost issues and
logistical challenges, e.g. the requirement for housing in
speciﬁc animal facilities with technical support. Thus, relatively small-sized animal models possessing high fecundity and
simple housing requirements have been gaining popularity as
screening tools for drug discovery.3,7,8 Example organisms
include the roundworm, Caenorhabditis elegans and the fruit
ﬂy, Drosophila melanogaster.8 Another advantage of small
organism-based drug screening is that the prior identiﬁcation
of drug targets is not required.3 This allows the discovery of
new active compounds that can be validated in mammalian
experimental models.
The zebraﬁsh, Danio rerio, is a freshwater tropical ﬁsh and
member of the minnow family.9 In the early 1980s, zebraﬁsh
became established as a vertebrate animal model for studying
genetics and developmental biology.10 The maintenance cost
of zebraﬁsh is less than 1% that of mice.11 More recently,
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zebraﬁsh has been utilized in drug screening and cancer
research.12–16 Zebraﬁsh is the only established vertebrate
animal model that can grow in multi-format plates. In addition, a large number of heritable zebraﬁsh cancer models have
been developed.13 Zebraﬁsh embryos can also be used to study
the behavior of xenografted tumor cells, such as metastasis
and tumor-induced angiogenesis.13,14,16
Zebraﬁsh embryos are suitable for drug discovery because
they show high permeability for small-molecule chemical
compounds.17 In addition, it has been shown that various
chemical treatments produced very similar toxicological and
teratological eﬀects in zebraﬁsh embryos and humans.18 The
behavior of tumor xenografts in zebraﬁsh was ﬁrst reported by
Lee et al. in 2005.19 Injecting between 1–100 human melanoma
cells into 3.5–4.5 h post-fertilization (hpf) embryos, this group
showed the migratory behavior of cancer cells within the
developing larvae. A signiﬁcant advance was reported the
following year, when Haldi et al. showed that approximately
50 human melanoma cells grafted into the yolk sac of 48 hpf
larvae could proliferate, migrate, form tumor masses and
induce angiogenesis.12 Subsequent studies of cancer cell xenografts
in zebraﬁsh have focused on tumorigenic parameters, such as
angiogenesis.12,20 However, to our knowledge there is no
extensive study describing optimization and validation of the
zebraﬁsh tumor xenograft model as a tool for practical drug
screening. In our study presented herein, we test diﬀerent
experimental conditions for optimizing the xenografts, such
as incubation temperature and injected cell number. In addition, we assess the migratory behavior of a range of cancer cell
types after grafting and test a range of anti-cancer drugs
possessing diﬀerent chemical modiﬁcations and mechanisms
of action. Moreover, novel anti-cancer agents were discovered
by screening a chemical library with our zebraﬁsh human tumor
xenograft model. Our ﬁndings indicate that zebraﬁsh can be
used as a rapid, simple and reproducible animal model for
anti-cancer drug screening.

Results
Human carcinoma cells xenografted into zebraﬁsh embryos
migrated and disseminated into the vasculature
DiI-stained human cancer cells were successfully grafted into
the yolk sac of zebraﬁsh embryo at 2 days post fertilization
(dpf) without immunosuppressant treatment, as indicated in
Fig. 1A. For drug screening, xenografted embryos were tested
in a 96 well plate format (1 embryo/well; which allowed us to
track the same recipient embryo for time-dependent response
studies), as well as a 24 well plate format (8–12 embryos/well)
and a 6 well plate format (24 embryos/well). 4 days after
injection, xenografted cell dissemination can be observed
under ﬂuorescent microscopy. We found that the xenografted
cells migrated from the yolk sac to the tail and head region,
including major organs, such as the heart and liver (Fig. 1A).
Most of the migrated cells were visible in the blood vessels,
whereas some cells have extravasated from the vasculature at
4 dpi (supplementary Fig. S1 A). In addition, tumor mass
formation was occasionally observed after xenografting
(supplementary Fig. S1 B). The number of migrated cells
Mol. BioSyst.

was counted and embryos that exhibited more than 5 ﬂuorescent microfoci distant from the yolk sac were scored for cell
dissemination.
To assess the eﬀect of incubation temperature on the
dissemination of xenografted cells, zebraﬁsh embryos were
incubated at diﬀerent temperatures, (28 1C, 31 1C, or 35 1C)
after xenoplantation and observed for cell dissemination at
4 dpi (Fig. 1B). As incubation temperature increased, the
xenografted embryos showed increased migration. However,
we found that the survival rate of xenografted embryos at 35 1C
was decreased by 20% compared to 31 1C (supplementary Fig. S2).
Therefore, 31 1C was chosen for further experiments.
Xenografted human cancer cells also showed increased
dissemination (76% at 4 dpi) in zebraﬁsh embryos compared
to non-tumorigenic CAF (2% at 4 dpi), indicating that rapid
migration from the injection site is a characteristic of cancer
cells (Fig. 1C). In addition, we observed that ﬂuorescent beads
(diameter: 15 mm) did not disseminate into the zebraﬁsh vessels
after injection into the yolk (0%, n = 26), suggesting that the
dissemination of transplanted cancer cells involves active
migration and invasion processes, rather than passive distribution (supplementary Fig. S1 C).
Cell dissemination is dependent on the number of xenografted
cells and shows good reproducibility
Three groups of embryos were xenografted with cancer cell
numbers representing 25, 100 or 200 cells (as calculated by
cell counting prior to injection). The actual numbers of
xenografted cells were conﬁrmed by counting DiI-positive
cells extracted from xenografted embryos (Fig. 2A and B).
As injected cell numbers increased, the number of embryos
exhibiting cell dissemination signiﬁcantly increased (Fig. 2C).
Representative pictures were taken 1 day and 4 days after
injection (Fig. 2D).
Our xenograft model also showed good reproducibility; the
‘within day’ coeﬃcient of variation (CV) for cell dissemination
was 3.98% and ‘between day’ CV for cell dissemination was
6.14% (supplementary tables S1 and 2).
Furthermore, two oral cancer cell lines (YD10B and HSC-2),
and two colon cancer cell lines (HCT116 and DLD-1) were
xenografted in parallel and compared for their migration
potential in our xenograft model. YD10B, HSC-2, and
HCT116 did not show signiﬁcant diﬀerences in cell dissemination after xenografting. However, the DLD-1 colon cancer cell
line exhibited signiﬁcantly less cell dissemination at all time
points tested (3 dpi, 4 dpi, and 5 dpi, shown in Fig. 3A).
Representative pictures taken at 4 dpi are shown in Fig. 3B.
Analysis of tumor cell migration/dissemination using an
in vivo system depends on individual tumor cell characteristics,
such as proliferation rate, migratory potential and invasiveness, as well as host factors. To determine whether proliferation rate and/or the migratory potential of xenografted cancer
cells inﬂuence their in vivo dissemination, we performed the
MTT assay and a transwell-based migration assay (Fig. 3C
and D). DLD-1, which had shown the lowest cell dissemination in vivo, showed signiﬁcantly slower proliferation and
migration rates compared to YD10B, HSC-2, and HCT116
cells. Interestingly, HCT116, which had exhibited slightly
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Fig. 1 Dissemination of human cancer cells xenografted into zebraﬁsh embryos. (A) Schematic of the zebraﬁsh human tumor xenograft model for drug
screening. Cancer cells (YD10B) were stained with DiI and then injected into yolk sac of zebraﬁsh embryos at 2 dpf (a representative image of larvae after
transplantation (0 day post injection) is shown). Transplanted embryos were distributed in 24- or 96-well plates in the presence or absence of drug of
interest. 4 days after treatment, the embryos exhibiting disseminated ﬂuorescent cancer cells from the injection site were counted by microscopic
observation to evaluate the drug of interest. (B) Eﬀect of incubation temperature on dissemination of xenografted YD10B cancer cells. Transplanted
embryos were incubated in E3 media without methylene blue at 28 1C, 31 1C, or 35 1C. Cancer cell dissemination was observed at 4 days post injection
(dpi) under a ﬂuorescent microscope (24 larvae/group). Data are average  SD of three independent assays. # = P o 0.01. (C) Comparison of oral cancer
cells (YD10B) and the associated stromal ﬁbroblasts (CAF) using the zebraﬁsh xenograft model. Transplanted embryos were incubated in E3 media
without methylene blue at 31 1C. Cell dissemination was observed at 4 and 5 dpi (24 larvae/group). Data are average  SD of three independent assays.

lower cell dissemination rate in the zebraﬁsh embryo compared to YD10B, showed a comparable in vitro proliferation
rate to that of YD10B (Fig. 3A and C). However, the migration rate of HCT116 was signiﬁcantly (p o 0.05) lower than
YD10B (Fig. 3D). Thus, migratory potential and proliferation
rate of xenografted cells may together inﬂuence cell dissemination in our zebraﬁsh xenograft model.
Paclitaxel treatment dose-dependently decreased cancer cell
dissemination in xenografted embryos
We assessed the eﬃcacy of a known anti-cancer drug using our
zebraﬁsh xenograft model to validate this model system.
Paclitaxel is a naturally occurring diterpenoid cancer chemotherapeutic that stabilizes microtubules and inhibits mitosis.21 As
shown in Fig. 4A, paclitaxel inhibited cell proliferation in vitro in a
dose-dependent manner. In our xenograft model, paclitaxel produced a dose-dependent decrease in cell dissemination (Fig. 4B).
This journal is
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Xenografted embryos exhibited 38.5  3.2% and 54.0  4.0%
of cancer cell dissemination by 50 nM and 12.5 nM paclitaxel
treatment, respectively, and the corresponding control group
(untreated) showed 72.0  6.5% of embryos with cancer cell
dissemination. However, treatment with 0.78 nM paclitaxel
induced no signiﬁcant decrease in cancer cell dissemination. Representative pictures taken at 4 dpi are shown in
Fig. 4C. In addition, the result obtained from cell counting
using dissociated xenografted embryos supports the ﬁnding
that paclitaxel inhibited cancer cell proliferation in vivo,
resulting in decreased cancer cell dissemination (supplementary
Fig. S3).
A variety of anti-cancer drugs inhibited cell dissemination in
xenografted embryo
To validate our zebraﬁsh xenograft model, a variety of anticancer drugs were tested in the xenograft system: LY294002
Mol. BioSyst.
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Fig. 2 Eﬀect of xenografted cancer cell numbers on cancer cell dissemination. (A) Approximately 25, 100, and 200 cells (YD10B) were visually
counted and injected into the yolk sac. After one hour, the xenografted cancer cells were counted under a ﬂuorescent microscope after enzymatic
dissociation of the transplanted embryos (5 larvae/group). Data are representative of three independent assays (average  SD of triplicate assays).
# = P o 0.01. (B) Representative phase contrast, ﬂuorescence, and merged images of extracted YD10B cancer cells from transplanted
embryos. (C) Approximately 25, 100, and 200 cells (YD10B) visually counted were injected into the yolk sac. Embryos exhibiting disseminated
ﬂuorescent cancer cells from the injection site were counted at 3, 4, and 5 dpi (24 larvae/group). Data are average  SD of three independent
assays. * = P o 0.05. # = P o 0.01. (D) Representative ﬂuorescent images and merged DIC:ﬂuorescent images. Blue arrow indicates tumor foci
disseminated from the injection site (yolk sac). Bar = 200 mm.

(a phosphatidylinositol 3-kinase (PI3K) inhibitor), geldanamycin
(a heat shock protein 90 (Hsp90) inhibitor), 17-DMAG, (a watersoluble analogue of geldanamycin22), vincristine (a microtubule
destabilizer).
LY294002 has been shown to inhibit cancer cell migration.23
Treatment of 1.25 mM and 2.5 mM LY294002 was found to
inhibit cancer cell migration, without aﬀecting viability in vitro
(Fig. 5A and B). Therefore, 2.5 mM LY294002 was chosen to
determine whether anti-migratory drugs can decrease cancer
cell dissemination in our model. We found that LY294002
treatment signiﬁcantly reduced the number of xenografted
embryos exhibiting cancer cell dissemination (Fig. 5C).
17-DMAG is a water-soluble analogue of geldanamycin,
which was reported as an Hsp90 inhibitor.24 Hsp90 inhibition has attracted considerable interest due to its displaying
Mol. BioSyst.

remarkable selectivity for cancer cells as compared to normal
cells and blocking multiple oncogenic signaling pathways
simultaneously.25 Xenografted embryos were treated with
1 mM geldanamycin and 1 mM 17-DMAG, a concentration
at which in vitro cell proliferation was greatly inhibited
(Fig. 6Aiii) while exhibiting no toxicity in zebraﬁsh embryos.
17-DMAG treatment produced a signiﬁcantly stronger decrease
in cancer cell dissemination compared to geldanamycin
(Fig. 6Ai–ii).
Vincristine is a vinca alkaloid from Catharanthus roseus,
which binds to tubulin dimmers, destabilizes microtubules, and
inhibits cell division.26 As shown in supplementary Fig. S4 A and B,
vincristine treatment reduced cancer cell dissemination
(52.7  2.3% of xenografted embryos) compared to control
(71.0  4.6% of xenografted embryos). 300 nM concentration
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Fig. 3 Various carcinoma cell lines showed cell dissemination after xenografting. (A) Comparison of dissemination potential from various cell
lines derived from oral squamous and colorectal carcinomas. YD10B and HSC-2 are oral squamous carcinoma cell lines. DLD-1 and HCT116 are
colorectal carcinoma cell lines. Approximately 200 cells were injected into yolk sac of 2 dpf embryos. At 3, 4, and 5 dpi, the number of embryos
exhibiting cancer cell dissemination was counted (24 larvae/group). Data are average  SD of three independent assays. * = P o 0.05. # = P o 0.01.
(B) Representative ﬂuorescent images and merged DIC:ﬂuorescent images. Bar = 200 mm. (C) In vitro proliferation rate of YD10B, HSC-2, DLD-1,
and HCT116. 1000 cells were seeded in 96 well plates and incubated for 72 h. At 0, 12, 24, 48, and 72 h, cell proliferation was assessed using MTT
assays. DMSO served as a control. Data are representative of three independent assays (average  SD of triplicate assays). # = P o 0.01.
(D) Transwell migration assay. CAF (2  104/well) were seeded in the bottom wells for inducing cancer cell migration. Cancer cells (4  104/well)
were placed in the upper transwell chambers and allowed to migrate for 12 h. The cancer cells that penetrated the ﬁlter were ﬁxed and stained for
counting under microscopic observation. Data are representative of three independent assays (average  SD of triplicate assays).

was chosen for testing the anti-cancer eﬀect of vincristine in
the xenograft model, because vincristine showed highest cytotoxicity at 300 nM against YD10B cancer cells (supplementary
Fig. S4 C) without exhibiting toxicity to zebraﬁsh embryo.
To determine whether our zebraﬁsh xenograft model is
suitable for assessing the eﬀectiveness of anti-cancer drugs
on diﬀerent types of cancer cells, HCT116 colon cancer cells
were xenografted into the 2 dpf zebraﬁsh embryos and treated
with paclitaxel, vincristine, and 17-DMAG, respectively.
100 nM paclitaxel exhibited an anti-proliferative eﬀect on
in vitro cell proliferation and was also found to inhibit colon
This journal is
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cancer cell dissemination in the xenograft model (supplementary
Fig. S5 A). In addition, 300 nM vincristine and 1 mM 17-DMAG
signiﬁcantly reduced cancer cell dissemination (supplementary
Fig. S5 B and C), indicating that our xenograft model is also
suitable for assessing the eﬀectiveness of anti-cancer drugs on
colon cancer cell behavior in vivo.
Another key test of our zebraﬁsh tumor xenograft model would
be the conﬁrmation that novel anti-cancer candidate agents
possess activity in vivo. Our research group has recently characterized a novel, triazine-based insulin mimetic compound, termed
AP-I-h7 (chemical structure shown in supplementary Fig. S6 A).27
Mol. BioSyst.
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Fig. 4 Eﬀect of paclitaxel on xenografted cancer cell dissemination. (A) Eﬀect of paclitaxel on in vitro cancer cell proliferation. YD10B cells were
seeded in a 96 well plate and incubated overnight. The culture media was changed to serum-free media prior to drug treatment. After 48 h drug
treatment, cell proliferation was assessed by MTT assay. DMSO served as control. Data are representative of three independent assays (average  SD
of triplicate assays). (B) Dose-dependent eﬀects of paclitaxel on cancer cell dissemination. Approximately one hundred YD10B cells were injected
into the yolk sac of embryos. After distributing the embryos in 96 well plates, xenografted embryos were treated with 0.78, 12.5, and 50 nM
paclitaxel. At 4 dpi, the number of embryos exhibiting cancer cell dissemination was counted by microscopic observation (24 larvae/group). Data
are average  SD of three independent assays. * = P o 0.05. # = P o 0.01. (C) Representative ﬂuorescent images and merged DIC: ﬂuorescent
images. Bar = 200 mm.

Anti-diabetic agents have been shown to possess anti-cancer
activity.28,29 Thus, we tested the anti-cancer potential of AP-I-h7
in our xenograft model. AP-I-h7 can reduce cancer cell viability
in a dose-dependent manner (supplementary Fig. S6 B). In
addition, treatment of human cancer cell xenografted embryos
with 10 mM AP-I-h7 inhibited cell dissemination (supplementary
Fig. S6 C i and ii).
Chemical library screening in xenografted embryos to discover
novel anti-cancer candidates
To validate our xenograft model system, we screened a chemical
library of tagged triazine molecules.30 As shown in Fig. 6Bi,
hundreds of xenografted embryos were pooled in a petri dish,
randomly distributed into 24 well plates (10 embryos/well),
and treated with 200 triazine-based library compounds for the
screening. The 1st round of screening was performed using
20 mM of each compound. ‘Hit’ compounds were identiﬁed as
those which produced Z 30% reduction in the number
of embryos exhibiting cancer cell dissemination (similar to
paclitaxel treatment). 22 hit compounds were identiﬁed. For
the 2nd round of screening, the hit compounds were re-tested
at lower concentrations (5 mM and 10 mM). This resulted in the
identiﬁcation of two compounds (termed BIII-B2 and BII-B9)
that showed signiﬁcant inhibitory eﬀects at the lowest
Mol. BioSyst.

concentration tested (5 mM) and dose-dependent responses
(supplementary Fig. S7 A and B). We conﬁrmed the eﬀect of
BII-B9 on xenografted cell dissemination using increased
numbers of embryos (24 larvae/group, n = 3), as shown in
Fig. 6Bii. Furthermore, we found that the drug dramatically
reduced cancer cell invasion (20% of control) at 2.5 mM and
decreased cell viability by 20% at the higher concentration
(10 mM; Fig. 6Biii). The identiﬁcation of BII-B9 as a novel
anti-cancer candidate indicates that our zebraﬁsh model can
be useful for screening to discover potent anti-invasive drugs.

Discussion
Drug discovery for cancer is expensive and time-consuming.
The National Cancer Institute estimated that it costs between
$0.8–$1.7 billion dollars and takes up to 15 years of research
and development to bring a new drug to the market.31 Thus,
new strategies are required to speed-up the drug discovery
process. Animal testing is a crucial part of drug discovery. Our
study described the use of zebraﬁsh to establish a rapid and
reproducible human tumor xenograft model. We also demonstrated the usefulness for our xenograft model by demonstrating the discovery of novel anti-invasive/anti-migratory
drug candidates by screening a triazine library of compounds.
This journal is
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Fig. 5 Eﬀect of an anti-migratory anti-cancer drug, LY294002. (A) Eﬀect of LY294002, a PI3K inhibitor, on cancer cell migration in vitro. 1.25,
2.5, or 5 mM LY294002 were treated to YD10B cells for 18 h in a 24 transwell plate. DMSO served as a control. Data are representative of three
independent assays (average  SD of triplicate assays). *=P o 0.05. # = P o 0.01. (B) Eﬀect of LY294002 on in vitro cancer cell proliferation.
YD10B cells were seeded in a 96 well plate and incubated overnight. The culture media was changed to serum-free media prior to drug treatment.
After 18 h of drug treatment, cell proliferation was assessed by MTT assay. DMSO served as a control. Data are representative of three
independent assays (average  SD of triplicate assays). * = P o 0.05. (C) Eﬀect of LY294002 on xenografted cancer cell dissemination.
Approximately one hundred YD10B cells were injected into the yolk sac of embryos. 2.5 mM LY294002 was treated to the xenografted embryos.
(i) Representative ﬂuorescent images and merged DIC:ﬂuorescent images. Bar = 200 mm. (ii) At 4dpi, the number of embryos exhibiting cancer cell
dissemination was counted by microscopic observation (24 larvae/group). Data are average  SD of three independent assays. # = P o 0.01.

We tested diﬀerent temperatures (28, 31, and 35 1C) for
incubating the zebraﬁsh embryo xenografted with human
carcinoma cells and observed the migratory behavior of the
xenografted cancer cells. As incubation temperature increased,
more numbers of zebraﬁsh xenografts showed cell dissemination (Fig. 1B). However, the survival rate of xenografted
embryos at 35 1C was decreased by 20% compared to 31 1C
(Supplementary Fig. S2). Zebraﬁsh are usually maintained at
28 1C, around 9 degrees lower than human body temperature.9
However, zebraﬁsh embryogenesis can only proceed normally
within the temperature range 24 1C to 32 1C.32 Thus, we
believe that our choice of 31 1C as the incubation temperature
represents a rational compromise; allowing xenografted cancer
cells to migrate within the host while maintaining normal
larvae health and development, which is important when
testing the eﬀects of anti-cancer drugs.
In our study, the yolk was chosen for the injection site,
because it can retain a large number of injected cells (up to
approximately 300 cells or more) without expulsion and
can support cell proliferation. In addition, the migration of
xenografted cells into the vasculature from the yolk is not
likely to occur by passive transport.12,19 Lee et al. reported
that ﬁbroblasts transplanted into zebraﬁsh larvae were less
migratory than tumor cells. We also observed that xenografted
cancer cells displayed much higher dissemination rates compare
to their stromal ﬁbroblasts extracted from adjacent sites in the
patient biopsy (Fig. 1C). These results support the notion that
This journal is
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dissemination of xenografted cancer cells involves active migration and invasion processes, rather than passive-distribution.
Furthermore, we found that ﬂuorescent beads (diameter: 15 mm)
did not disseminate into the zebraﬁsh vessels after injection into
the yolk (supplementary Fig. S1 C).
Furthermore, an important parameter to consider when
establishing the zebraﬁsh xenograft model is injected cell
number. However, a standardized test to determine optimal
cell injection number has not been reported. Our results
showed that injected cell number into the yolk is remarkably
consistent (Fig. 2A and B): for example, predicted injection of
100 and 200 cells (estimated number) were subsequently
assessed to be 116  27 and 234  14 (xenografted number),
respectively. In addition, increasing injected cell number
increased the number of embryos showing cancer cell dissemination (Fig. 2C and D). Approximately 100 cells of YD10B
were chosen as an optimum cell number for grafting for drug
testing, because it showed suﬃcient cell dissemination rates,
ranging from 60% to 80%, at 4 dpi.
Diﬀerent cancer cell types display diﬀerent characteristics,
such as varying rates of migration and proliferation. An
important test for a new animal model to study cancer is the
demonstration that these diﬀerences are reﬂected in vivo after
grafting. Our results have shown that cancer cells with low
rates of proliferation and/or migration show less cell dissemination in the zebraﬁsh larvae (Fig. 3). This ﬁnding increased
our conﬁdence that the zebraﬁsh xenograft model could
Mol. BioSyst.
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Fig. 6 Eﬀects of Hsp90 inhibitors and a novel triazine on xenografted cancer cell dissemination. (A) Eﬀects of Hsp90 inhibitors on cancer cell
dissemination. Approximately one hundred YD10B cells were injected into the yolk sac of embryos. After distributing the embryos in 96 well
plates, xenografted embryos were treated with 1 mM GM or 1 mM 17-DMAG for 4 days. (i) Representative ﬂuorescent images and merged
DIC:ﬂuorescent images. Bar = 200 mm. (ii) At 4dpi, the number of embryos exhibiting cancer cell dissemination was counted by microscopic
observation (24 larvae/group). Data are average  SD of three independent assays. * = P o 0.05. # = P o 0.01. (iii) Eﬀect of Hsp90 inhibitors on
in vitro cancer cell proliferation. YD10B cells were seeded in a 96 well plate and incubated overnight. The culture media was changed to serum-free
media prior to drug treatment. After 48 h of drug treatment, cell proliferation was assessed by MTT assay. DMSO served as a control. Data are
representative of three independent assays (average  SD of triplicate assays). (B) Application of our xenograft model to screen 200 triazine library
compounds for anti-cancer activity. (i) Schematic of the screening procedure. Injected cancer cells are visible (as indicated by a red arrow) in the
yolk of transparent embryos using light microscopy. (ii) Approximately one hundred YD10B cells were injected into the yolk sac of embryos. The
xenografted embryos were treated with 20 mM BII-B9 for 4 days. At 4dpi, the number of embryos exhibiting cancer cell dissemination was counted
by microscopic observation (24 larvae/group). DMSO and 50 nM paclitaxel served as negative and positive controls, respectively. Data are average
 SD of three independent assays. # = P o 0.01. (iii) Eﬀects of BII-B9 on in vitro cancer cell proliferation and invasion. To assess cell
proliferation, MTT assay was performed after 48h of drug treatment (2.5, 5, 10 or 20 mM BII-B9) to YD10B cells. To assess cell invasion, collagencoated 24 transwell plates were employed. Brieﬂy, CAF (1  104/well) were seeded in the bottom wells for inducing cancer cell invasion. YD10B
cells (1  104/well) were placed in the upper transwell chambers and various concentrations of BII-B9 were treated to the upper wells for 48 h. The
cancer cells that penetrated the ﬁlter were ﬁxed and stained for counting under microscopic observation. DMSO served as a control. Data are
representative of three independent assays (average  SD of triplicate assays).

provide rapid and reliable testing of various anti-cancer
candidates that inhibit cancer cell proliferation and/or
migration.
We have carried out extensive tests of anti-cancer drugs in
our zebraﬁsh xenograft model (Fig. 4–6). Paclitaxel was
eﬀective at reducing cancer cell dissemination and could
be used at a much reduced dose compared to mouse studies
Mol. BioSyst.

(50 nM compared to 2 mM). Thus, novel candidate anti-cancer
agents can be tested in relatively small amounts in the zebraﬁsh
xenograft model. This oﬀers a distinct advantage over the
murine-based tests when one considers that novel molecules
fractionated from natural materials may only be available
in small quantities for preliminary testing. Anti-cancer
drugs possessing diﬀerent modes of action, such as tubulin
This journal is
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stabilization or destabilization, PI3K inhibition or Hsp90
inhibition, could all reduce cancer cell dissemination in the
larvae at doses that did not induce nonspeciﬁc toxicity
(Fig. 4–6A and supplementary Fig. S4 and 5). Thus, our
zebraﬁsh xenograft model can be used to test a range of
anti-cancer drugs using the same experimental parameter,
cancer cell dissemination, to assess eﬀectiveness.
Medicinal chemistry approaches are used to increase anticancer drug eﬃcacy. In this study, we have shown that our
zebraﬁsh xenograft model can be used to test drug modiﬁcations. Chemical modiﬁcations to improve drug solubility,
such as modiﬁcation of the widely studied HSP90 inhibitor,
geldanamycin,33 to produce the 17-DMAG derivative,22 could
be measured in the zebraﬁsh.
The major advantage of our zebraﬁsh human tumor xenograft model is the convenient and rapid identiﬁcation of novel
anti-cancer agents. Using our xenograft model to screen a
triazine-based chemical library, we have discovered novel anticancer drug candidates exhibiting potent anti-invasive eﬀects
(Fig. 6B and supplementary Fig. S7). In addition, we demonstrated that this zebraﬁsh model can be used for validating novel
anti-cancer drugs selected from in vitro assays (Supplementary
Fig. S6). To the best of our knowledge, this is the ﬁrst
demonstration that a zebraﬁsh xenograft model can be used
for screening to identify novel-anti-cancer candidate compounds. Although we only measure cancer cell dissemination
in our xenograft model, we also believe that our model is
applicable for discovering compounds that inhibit cancer cell
metastasis. This is because our novel hit compound BII-B9
demonstrated a potent inhibitory eﬀect on cancer cell migration/
invasion, which are early, but essential, steps for metastasis.
Most recently, two recent reports have described the drug
sensitivity of leukemia xenografts in the early zebraﬁsh embryo.34,35
However, our study presented herein signiﬁcantly expands
upon those studies. We extensively tested a number of experimental conditions for optimizing the xenografts, such as
injected cell number, incubation temperature, and appropriate
time for imaging recipient larvae. In addition, we assessed the
migratory behavior of a range of tumor cell types after
grafting and shown that cancer cell behavior in vitro can be
recapitulated in the zebraﬁsh model. We have also tested
a range of anti-cancer drugs possessing diﬀerent chemical
modiﬁcations and mechanisms of action. Moreover, we
successfully demonstrated that our xenograft model is a very
useful, vertebrate-based platform for screening and validating
novel anti-cancer drug candidates. Overall, we believe that our
zebraﬁsh tumor xenograft model oﬀers distinct advantages
over other animal models of cancer progression and has the
potential to signiﬁcantly contribute to the discovery of novel
anti-cancer agents.

Experimental
Reagents
17-dimethylaminoethylamino-17-demethoxygeldanamycin
(17-DMAG), Ethyl 3-aminobenzoate methanesulfonate salt
(tricaine), LY294002, paclitaxel and vincristine were purchased
from Sigma. Geldanamycin was purchased from Cell Signaling.
This journal is
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1, 1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethyl-indocarbocyanine perchlorate (DiI) was purchased from Invitrogen.
Cell culture
YD10B and HSC-2 human oral squamous cell carcinoma
(OSCC) cell lines were grown in F-media (Dulbecco’s Modiﬁed
Eagle’s Medium (DMEM) and F-12 media in a ratio of
3 : 1, supplemented with 10% fetal bovine serum (FBS) and
50 units mL1 penicillin and 50 mg mL1 streptomycin (PenStrep).
YD10B was obtained from the Korean Cell line Bank (Seoul,
Korea) and HSC-2 was obtained from the Japanese Collection
of Research Bioresources (JCRB). HCT116 human colorectal
carcinoma cells were cultured in DMEM supplemented with
10% FBS and PenStrep. DLD-1 human colorectal adenocarcinoma cells were cultured in RPMI 1640 supplemented
with 10% FBS and PenStrep. HCT116 and DLD-1 were
obtained from the American Type Culture Collection. Carcinoma
associated ﬁbroblasts (CAF) were derived from an OSCC patient
as previously described.36 Informed consent for this study was
obtained by Yonsei University College of Dentistry, Seoul. All
cells were cultured in a humidiﬁed atmosphere containing 0.5%
CO2 and maintained at 37 1C.
MTT assay for cell viability
Cells were seeded in 96-well plates at a density of 4  103 cells
per well and incubated overnight. Culture media was changed
to serum-free media prior to drug treatment. Cells were treated
with drug for 48 h. 100 mL 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide, a tetrazole (MTT) reagent
was added to the cells for 3 h. The supernatant was removed
and 50 mL DMSO (Generay biotech) per well was added to the
cells with shaking for 10 min. The absorbance at 570 nm was
measured by microplate reader (VERSA max, Molecular
Devices, USA).
Transwell migration assay
Twenty four transwell plates equipped with 8 mm-pore ﬁlters
(Corning, NY) were used for the migration assay after coating
the ﬁlters with ﬁbronectin (10 mg/50 mL, R&D, Minneapolis,
USA). CAF were seeded in the bottom wells for inducing
cancer cell migration. Culture media were changed to serumfree media after overnight incubation. Subsequently, cancer
cells were placed in the upper transwell chambers and allowed
to migrate for 12–18 h. The cancer cells that penetrated the
ﬁlter (pore size: 8 mm) were ﬁxed and stained with 0.25%
crystal violet. Cell migration was quantiﬁed by counting the
transmigrated cells, which were counted in ﬁve separate
microscopic ﬁelds (50X magniﬁcation) per ﬁlter. The mean
migration values per ﬁlter (SD) were calculated from three
replicate ﬁlters.
Transwell invasion assay
Type I collagen (45 mg/30 mL, Sigma, MO) was used for
coating 8 mm-pore ﬁlters (Corning, NY) in 24 transwell plates.
CAF were seeded in the bottom wells and incubated overnight.
After changing media to serum-free media, cancer cells were
placed in the upper transwell chambers and incubated for 48 h.
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Fixation, staining, and counting procedures were same as
those for the transwell migration assay, described above.
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Tumor cell xenograft and microscopy
Zebraﬁsh were maintained in accordance with standard
guidelines.37 Care and treatment of zebraﬁsh were conducted
in accordance with guidelines established by the Animal Care
and Ethics Committees of the Gwangju Institute of Science
and Technology, Republic of Korea. Zebraﬁsh embryos were
obtained using standard mating conditions and staged for cell
xenoplantation at 48 h post fertilization. After staining of
cancer cells, embryos were de-chorionized using micro-forceps
and anesthetized with 0.0016% tricaine and positioned on
their right side on a wet 1.0% agarose pad. Tumor cells were
detached from culture dishes using 0.05% trypsin-EDTA and
washed twice with PBS at room temperature. Cells were
stained with 2 mg ml1 DiI diluted in PBS and washed four
times: once with FBS, twice with PBS and then once with 10%
FBS diluted in PBS. Cells were kept on ice before injection.
Cancer cells were counted by microscopy, suspended in 10%
FBS and injected into the center of yolk sac using an injector
(PV820 pneumatic picopump, World Precision Instruments)
equipped with borosilicate glass capillaries (World Precision
Instruments, FL, USA).
Injected embryos were transferred to a 96-well plate (one
embryo/well) containing drug of interest diluted in 200 mL E3
media (without methylene blue) and maintained at the
pre-selected incubation temperature. The number of embryos
exhibiting cancer cell dissemination from the injection site was
counted by upright microscopy (Leica DM2500 Microscope,
Germany). Representative pictures were also captured using
upright microscopy.
Quantiﬁcation of xenografted cancer cells
To quantify the proliferation of cancer cells in zebraﬁsh larvae,
zebraﬁsh embryos were used at 0 and 4 dpi, incubated in
50 mL protease solution (2 units/ml collagenase (Roche) and
60 units/ml dispase (Roche) in DMEM) for 2 h at 37 1C. Cells
were gently dispersed with pipetting to dissociate transplanted
embryo to a single cell suspension. 50 mL of 8% paraformaldehyde solution was added directly to the wells in order to ﬁx
the dissociated cells. The cells were counted and imaged by
inverted ﬂuorescent microscopy.
Statistics
The student’s t test was used for comparison between experimental groups (Microsoft Excel). P values of o0.05 were
considered signiﬁcant.
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