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Abstract 

Zebrafish-based chemical screening has recently emerged as a rapid and efficient method to identify important compounds 
that modulate specific biological processes and to test the therapeutic efficacy in disease models, including cancer. In 
leukemia, the ablation of leukemia stem cells (LSCs) is necessary to permanently eradicate the leukemia cell population. 
However, because of the very small number of LSCs in leukemia cell populations, their use in xenotransplantation studies (in 
vivo) and the difficulties in functionally and pathophysiologically replicating clinical conditions in cell culture experiments (in 
vitro), the progress of drug discovery for LSC inhibitors has been painfully slow. In this study, we developed a novel 
phenotype-based in vivo screening method using LSCs xenotransplanted into zebrafish. Aldehyde dehydrogenase-positive 
(ALDH+) cells were purified from chronic myelogenous leukemia 1<562 cells tagged with a fluorescent protein (Kusabira-
orange) and then implanted in young zebrafish at 48 hours post-fertilization. Twenty-four hours after transplantation、the
animals were treated with one of eight different therapeutic agents (imatinib, dasatinib, parthenolide, TDZD-8, arsenic 
trioxide、niclosamide,salinomycin, and thioridazine). Cancer cell proliferation, and cell migration were determined by high-
content imaging. Of the eight compounds that were tested, all except imatinib and dasatinib selectively inhibited ALDH+ 
cell proliferation in zebrafish. In addition, these anti-LSC agents suppressed tumor cell migration in LSC-xenotransplants. 
Our approach offers a simple、rapid,and reliable in vivo screening system that facilitates the phenotype-driven discovery of 
drugs effective in suppressing LSCs. 
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Introduction 

Leukemia stem cells (LSCs) comprise a population of cancer 
stem cells (CSCs) in hematological malignancies. They possess 
characteristics similar to those of normal stem cells, specifically, the 
ability to serve as progenitor cells, but in this case they give rise to 
all cancer cell types, including chronic myelogenous leukemia 
(CML), rather than the cells of normal hematopoiesis [1-4). LSCs 
represent a m咄gnantreservoir of disease that is believed to drive 
relapse and res1Stance to chemotherapy [4). Imatinib mesylate, a 
BCR-ABL tyrosine kinase inhibitor, has revolutionized the 
treatment of CML and as such is a model for targeted therapy 
in other cancers. However, in recent years, the efficacy ofimatinib 
in disease eradication has been challenged [5] because of the 
resistance of LSCs [6, 7). Moreover, resistance to the newer 
tyrosine kinase inhibitors, such as dasatinib and nilotinib, has also 
been documented [8,9). Therapeutic failure in the permanent 
eradication of leukemia by anti-cancer drugs such as imatinib has 
stimulated interest in LSC-targeted drug discovery as a rational 
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cancer therapeutic strategy. Although the pathophysiological 
functions of LSCs cannot be demonstrated under culture 
conditions, compounds that inhibit their growth have recently 
been identified by in uitro screening (10]. Nonetheless, preclinical 
evaluation of their therapeutic potential is relatively slow mainly 

because of the very small population of LSCs available for testing 
in animal models [ 11-13]. 

Over the last few decades, a zebraflSh-based screening method 
has emerged as a high-throughput and cost-effective alternative to 
other animal models and as such has been used to assess the 
efficacy and toxicity of several chemical compounds (14,15]. 
Young zebraflSh can be easily raised in 96-well plates and the 
maintenance cost is less than 1 % of that of mice [ 16]. In addition, 
the transparent body wall of the fish enables phenotype-based 
screening offunctional internal organs, which can be imaged using 
fluorescent and/or luminescent probes (17,18]. As a cancer 
model, the immaturity of the young zebrafish immune system 
allows the xenotransplantation of human cancer cells into the flSh 
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as early as 48 h post-fertilization (hpQ [19]. The advantages of 
zebrafish xenotransplantation have been demonstrated in several 
studies in which in vivo fluorescent imaging was used to evaluate 
tumorigenesis, tumor angiogenesis, and metastatic phenotype (20-
22]. However, despite the advantages of this method, image 
acquisition and quantification are labor-intensive and thus not 
conducive for high-throughput chemical screening. Here, we 
describe a rapid and phenotype-based zebrafish xenotransplant 

assay that is compatible with automated high-content imaging in 
96-well plates. The method was tested by evaluating the efficacy of 
imatinib, dasatinib, parthenolide, TDZD-8, arsenic trioxide, 
niclosamide, salinomycin, and thioridazine in preventing LSC 
proliferation, tumor cell migration in vivo. 

Results 

Zebrafish xenotransplantation assay for screening LSC 

inhibitors 

A schematic representation of the experimental design is 
provided in Fig. I. Cultured K562 (K562-KOr) cells stably 
expressing Kusabira-orange (KOr) fluorescent protein were 
subjected to fluorescence-activated cell sorting (F ACS) to obtain 
aldehyde dehydrogenase-positive (ALDH+) cells and ALDH-cells, 
which were subsequently transplanted into the yolk sac of 48 hpf 
zebraf!Sh. The xenotransplantation procedures are depicted in the 
Supporting Information (Fig. SI and Movie SI). Twenty-four 
hours post-injection (hpi), cancer-positive fish with similar tumor 
mass were selected. The variation in Kusabira-orange integrated 
fluorescence intensity between the recipients at 72 hpf is shown in 
Fig. S2A. Xenotransplantation was successful in about 73% of the 
zebrafish. The average survival rate post transplantation at 72 hpf 
before treatment was above 84% throughout our study (Fig. S2B). 
The larvae were transferred to a 96-well plate and imaged under 
anesthesia using a high-content imager. The eight therapeutic test 

compounds were then added to the 96-well plate using an 
automated pipetting workstation. Forty-eight hours later, the 
larvae were imaged again and cancer progression, including tumor 
size and cell migration, was analyzed. 

ALDH+ K562-K0r cells have LSC properties 
K562 cells with high ALDH activity (ALDH+} comprised 
-3.8% of the total cell population (Fig. 2A), similar to the yield in 
a previous study [23]. The LSC properties of these ALDH+ cells 
were determined by qPCR analysis of CDl33 mRNA, a 
biomarker of CSCs [24]. CD133 expression was higher in 
ALDH+ than in ALDH-cells (P<0.01, Fig. 2B). FACS analyses 
of the two subpopulations for CD34, another CSC biomarker, 
showed that it was much more highly expressed in the ALDH+ 
(61.4%) than in the ALDH-(2.1 %) population (Fig. 2C). CD38 
and Lineage (Lin) were also negative in ALDH+ cells but not in 
ALDH-cells, as seen by immunofluorescent staining (Fig. 2D). In 
addition, the in vitro proliferation of ALDH+ cells was greater than 
that of ALDH-cells at 72 h (P<0.01, Fig. 2E). Six days after 
xenotransplantation (a relatively long duration for zebrafish}, 
ALDH+ cells were more tumorigenic than ALDH-cells (Fig. 3A 
and B) and exhibited greater distal migration to the tail region 

(Fig. 3C). 
To validate these LSC properties in the zebrafish xenografts, we 
conducted an in vivo limiting dilution assay. Transplanted zebrafish 
with single cancer cell in transplant site were collected and the two 
cell populations (ALDH-and ALDH+) were analyzed. ALDH+ 
cells were obseived to proliferate after 7 days while ALDH-cells 
were no longer detectable (Fig. 3D). Consistent with these findings, 
tumorigenesis capacity in zebrafish xenotransplanted with the 
ALDH+ population was also much higher than in fish xenotrans-
planted with ALDH-cells for 72 hpi (P<0.05, Fig. 4A and B). 
These results showed that the ALDH+ population of K562-KOr 

cells contained putative LSCs. 

(A) K562-KOr cells (E) 

↓ t FACS sorting 
(Bl ,/ ＼ (F) (G) 

ALDH- ALDH+ 

(C) l (D) l 
●●  
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Fertilization Cell injection Imaging Imaging 

Figure 1. Schematic representation of the experimental design for LSC inhibitor screening in zebrafish. (A) Cultured KS62 cells 
expressing a Kusabira-orange (KOr) fluorescent protein. Scale bar: SOμm. (B) Sorting of ALDH-and ALDH+ cell populations. (C) A preparation of 
zebrafish embryos. Scale bar: 500μm. (D) Xenotransplantation of ALDH-and ALDH+ cells into zebrafish at 48 hpf. Scale bar: 1.0 mm. (E, F) 
Xenografted zeb『afishwere transfe『redinto 96-well plates at 72 hpf, imaged using a high-content imaging system, and then treated with the test 
compounds. Scale bar: 1.0 mm. (G) At 120 h (4B h after treatment), the xenografted zebrafish were imaged again to evaluate the effects of the 
chemicals. Scale bar: 1.0 mm. 
doi:10.1371 /journal.pone.0085439.gOOl 

PLOS ONE J www.plosone.org 2
 

January 2014 I Volume 9 I Issue 1 I e85439 



LSC-lnhibitors Screening in a Zeb『afishModel 

Co, 市c; CD34紅 1わ吟.pe

A
 c

 
CooUol: (+DEAB) Test: 

gi4 ー
,＇．ー

，．＇

．
，
．一

（量
さ
る

r

、
3

5
 
L
 
A
 

予

moo

;. .,[ョ G] ~ 
に
..... 

園 ALOH令 i
" 

! 

me-• 

B 

'・" 
OJ 

I 0.1' 
!8 。,

.... 

"'°"・ Ill.OH・

D
 

CD38 

Lineage 

)
i-
i
i
 

E
 

LE .......... " "",l• .' "'",l• 
斥＾

ALDH- ALDH+ 

"-
5

3

5

2

5

1

5

 

9

5

9

9

0

 

• 
poo
uo今U
●

zo』
F
ピ
0
=
-O
n》

.<ll><- "I)ャ

Figure 2. ALDH+ K562-K0r cells showed LSC properties. (A) FACS analysis for ALDH+ cells (Pl and P2 indicate the ALDH+ and ALDH-
subpopulations, respectively). (B) qPCR for the CSC ma『kerCDl 33 in ALDH+ cells (C) CD34-positive cells in the ALDH+ cell population (n = 3), *P<0.05. 
(0) The negative of (038 and Lin in ALOH+ cells determined by immunofluorescent staining. Blue, nucleus; red, (038 or Lin. Scale bar: 20μm. (E) Cell 
proliferation at 72 h differed in ALOH-and ALOH+ cells (n = 3), **P<0.01. 
doi:10.1371/journal.pone.0085439.g002 

Treatment of zebrafish xenotransplants with LSC 

inhibitors 

The survival ratios of normal 3 days post-fertilization (dpり
zebrafish treated with the eight different therapeutic test 
compounds for 48 hare shown in Table I. These data show that 
imatinib, dasatinib, TDZD-8, and arsenic trioxide had the fewest 

side effects, based on median lethal doses (LD50) >IOμM, 
followed by parthenolide and thioridazine (LD50: IμM-10μM) 
and niclosamide and salinomycin (LD50: 0.5μM-1μM). Because 

at a concentration of 0.5μM none of the compounds caused 
obvious morphological changes, this concentration was chosen for 

use in the zebrafish xenografts. The efficacy of the chemicals in 
K562-xenotransplanted zebrafish was assessed based on the size of 
the main tumor as determined from its fluorescence intensity, 

which was measured using an automated imaging system. The size 
of the tumors formed by ALDH-and ALDH+ xenotransplants 

was significantly decreased by all of the tested chemicals compared 
to the non-treated control. Among them, imatinib was the weakest 
inhibitor of ALDH+ cells whereas dasatinib intensely inhibited 

both ALDH+ and ALDH-cells. However, ALDH+ cells were 
much more resistant than ALDH-cells to these two anti-cancer 

drugs. The other six CSC inhibitors (Table 2) were likewise 

screened for their selective inhibition of tumorigenesis in K562-
KOr cells (Fig. 4A and B). In addition to the main tumor formed 
by the LCS xenografts, we evaluated tumor cell migration (foci 

separated further from the ori如almass) within concentric rings at 
a defined distance from the mam tumor mass (Fig. 4C). Significant 

decreases in the size and number of migration spots (Fig. 4D) were 
obtained with all of the LSC inhibitors. 

To explore the relationship of ROS and the anti-LSC effect, we 

cultured ALDH+ cells with 10μM of the six LSC inhibitors except 
imatinib and dasatinib for 24 h. After treatment, the ALDH+ cell 
survival ratio decreased significantly (P<0.01, Fig. 5A). A 

determination of ROS status after chemical treatments showed 

that all six compounds induced the overproduction of ROS in 
匹 H+K562 cells (P<0.01, Fig. 5B and C). 

Discussion 

The advantages of therapeutically targeting the self-renewing 

LSC or CSC cell populations include less toxicity and fewer side 
effects. Moreover, this approach is more potent than standard 

chemotherapeutic agents, which non-discriminately target rapidly 

proliferating tumor cells but often fail to eliminate resistant cells. In 
this study, we developed a phenotype-driven in vi切 screening

method in which a zebrafish model is used to determine LSC 
inhibition. 

In previous studies, cell populations with high ALDH activity 
were shown in serial or secondary transplantation assays to exhibit 
CSC properties [25,26) and high ALDH activity has successfully 

been used to identify LSCs from clinical samples [27,28). The 
匹 H+ K562 cell population used in the present study expressed 

the putative CSC markers CDl33 and CD34 and in zebrafi呻
xenotransplants exhibited higher tumorigenesis and imatinib 

resistance than ALDH-cells, consistent with other reports [27,29). 
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Figure 3. LSC ability in zebrafish xenograft. (A) Typical images of cancer xenografts at 6 days post-injection (dpi). Scale bar: 1.0 mm. The 
implanted tumo『 isframed in yellow (the magnification shows the outlined area). (B) In 6-dpi xenografts, ALDH+ cells exhibited greater 
tumorigenicity than ALDH-cells.'P<0.05, based on 3 independent experiments. (C) The distal (tail region) migration of ALDH+ cells was greater than 
that of ALDH-cells.'P<0.05, based on 3 independent experiments. (D) In single cell xenotransplants, ALDH+ cells p『oliferatedat 7 dpi whereas ALDH-
cells were no longer detectable. Scale bar: 1.0 mm. The implanted tumor is framed in yellow (the magnification shows the outlined area). 
doi:10.1371/journal.pone.0085439.g003 

The LSC inhibition results support the fmdings of previous 

studies examining the efficacies and mechanisms of action of the 
tested compounds. The six that inhibited LSCs in our zebrafish 

model system are also potent inhibitors of CSCs, both in vitro and 
in rodent models [8, I I ,3か41).With the exception ofthioridazine, 

these compounds were reported to cause ROS overproduction 
and inactivate NF-KB [3G-41]. In CSCs, low ROS levels protect 

cells from DNA damage during tumor seeding, suggesting that 
LSCs are more sensitive to oxidative stress than normal leukemia 

cells [42]. Thus, in tumor cells treated with ROS-stimulating 
compounds, a disturbance of tl1e balance between ROS scaveng-
ing and production causes overwhelming ROS overproduction 

and in stem cell niches may trigger the differentiation of CSCs 

[43]. In the present study, ROS overproduction in ALDH+ K562 
cells also indicated its importance in the anti-LSC effect. 

Consistent with the results of our cancer cell migration analyses 
(Fig 4D), in a study of prostate cancer salinomycin was shown to 
inhibit CSC migration by inducing oxidative stress, as demon-

strated in a wound healing assay [3 7]. 
Cross-talk between ROS and NF-KB is well-established [44] 

and has been implicated in the mechanism of action of the NF-KB 
pathway inhibitor parthenolide, which preferentially inhibits the 

stem cell population of breast cancer cells [ 12]. The ability of 

thioridazine to block dopamine receptors may explain the reduced 
growth ofCSC malignancies achieved with this drug [40,45] and 
suggests a relationship between NF-KB and dopamine receptor 

signaling [46,47). 

A number of recent zebralish leukemia xenogi・afi studies 

indicated that zebrafish are a useful animal model in cancer 
research and chemotherapeutic drug screening [48-50]. Several 
methods have been developed for the in vitro evaluation of cell 

proliferation (MTT assay), metastasis (under-agarose migration 
assay), and angiogenesis (endothelial tube formation assay). Our 

zebrafish model provides an ideal platform for the simultaneous 
evaluation in 曲oof LSC proliferation, angiogenesis, and 
metastasis (migration) as well as drug-related side effects. The 

small number of cells (I 00-200 cells/injection) required for the 

assay and the high-throughput screening (in 96-well-plate format) 
overcome the bottlenecks that arise because of the limited number 
of CSCs (-0. I% of the total cancer cell population). In addition, 

with our zebrafish-based method multiple novel candidate anti-

L5C agents can be tested in small amounts (nM or凶
concentrations, 200μI volume per animal). Thus, imaging-based 
L5C xenotransplant screening in zebralish offers distinct advan-

tages over other animal models and can greatly accelerate the 

phenotype-driven discovery of anti-L5C agents. 

Materials and Methods 

Ethical approval 

All animal experiments were conducted according to the 
Animal Welfare and Management Act (Ministry of Environment 

of Japan) and complied with international guidelines. Ethical 

approval from the local Institutional Animal Care and Use 
Committee was not sought, since this law does not mandate the 
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Figure 4. The effects of the test compounds on tumor inhibition in LSC-xenografted zebrafish. (A) Typical images of xenotransplanted 
zebrafish either not treated or treated with the control d『ug(imatinib) or an LSC inhibitor (parthenolide). Scale bar: 1.0 mm. (B) Tumor proliferation in 
xenotransplanted zebrafish. The test compounds (0.5μM) were administered at 72-96 hpf. The ratio of the fluorescence intensity at 120 and 72 hpf 
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was calculated as an indicator of the increase in tumor size, i.e. tumor p『olife『ation(n = 15-25).'"P<0.01 vs. no drug; #P<0.05 and ##P<0.01 vs. 
ALDH-cells. (C) Representative image of the main tumor, angiogenesis, and cell migration. Scale bar. 1.0 mm. (D) Quantitative analysis of cell 
migration. The number of migrated tumors and their sizes (area) were measured within concentric rings at a defined distance from the main tumor 
and grouped accordingly. The LSC inhibitors decreased the size and the number of migrated tumors in LSC xenotransplants (n = 15-25). *P<0.05 
神 P<0.01vs. no drug. 
doi:10.1371/journal.pone.0085439.g004 

protection of fish. After the experiments, the fish were sacrificed at 
5 (or 8/9) dpf by an overdose of anesthesia. 

Chemicals 
All of the test compounds (imatinib, dasatinib, parthenolide, 
TDZD-8, arsenic trioxide, niclosamide, salinomycin, thioridazine) 

were purchased from Sigma-Aldrich (St. Louis, MO). Stock 
solutions (10 mM) were dissolved in dimethyl sulfoxide (DMSO; 

Sigma-Aldrich). For anesthesia, 100 ppm 2-phenoxyethanol (2-
PE; Wako Pure Chemical Industries, Osaka,Japan) was diluted in 
E3 medium (5 mM  NaCl, 0.17 mM  KCI, 0.4 mM  CaCl2, and 

0.16 mMMgSO心

Zebrafish 
The care and breeding of the zebrafish followed previously 

described protocols [51]. Because of the greater transparency of 
their bodies, which facilitates in vivo monitoring of tumor 

angiogenesis, nacre/rose/flil:egfp zebrafish, obtained by cross-

breeding nacre/rose mutants and£Iii :egfp transgenic zebrafish, 
were used in the experiments [52]. Three days before xenotrans-

plantation, individual female zebrafish were placed in mating 
tanks with males. The next morning, mating was initiated by light 
stimuli and the resulting fertilized eggs were collected. These eggs 

were incubated in E3 medium at 28℃, removing the dead eggs 
and replenishing the medium every day until the experiments were 

conducted. 

Preparation of K562-KOr cells 
K562 cells were obtained from the RIKEN Cell Bank (Tokyo, 

Japan) and pre-cultured in RPMl1640 medium (Life Technolo-
gies, Carlsbad, CA) supplemented with 10% heat inactivated fetal 
bovine serum (Life Technologies), 100 U penicillin G/ml and 

100μg streptomycin (Sigma-Aldrich)/ml at 37°C in 5% CO2. The 
cells were transfected with the Kusabira-orange (KOr) fluorescent 

protein expression vector phKOl-MNl (Amalgaam, Tokyo, 

Japan) using LipofectAMINE 2000 (Life Technologies) according 
to the manufacturer's instructions. Twenty-four hours after 

transfection, cells stably expressing KOr (K562-KOr cells) were 

selected in medium containing 800μg geneticin/ml (Roche 
Diagnostics, Mannheim, Germany). After one week of culture, 

the KOr心expressingcells were purified by FACSAria flow 
cytome切 (BDBiosciences, San Jose, CA) and further cultured. 

LSCs from K562-K0r cells 

K562-KOr cells positive or negative for ALDH were sorted in 
an ALDEFLUOR assay (StemCell Technologies, Vancouver, 
Canada) followed by FACSAria flow cytometry (BD Biosciences), 

according to the manufacturer's instructions. To confirm the LSC 
character of the ALDH+ cells, CD34 expression was assayed by 

incubating the cells with anti-CD34-phycoerythrin (PE)-conjugat-
ed antibody (Beckman Coulter, Krefeld, Germany) followed by 

FACSAria flow cytometry according to the manufacturer's 
instructions. CD38 and Lineage (Lin) expression was con伍med

using immunofluorescent staining with APC anti-human CD38 
antibody (BioLegend, San Diego, CA, USA) and AFC anti-human 

Lineage cocktail (BioLegend) according to the manufacturer's 

mstrucuons. 

Total RNA extraction, cDNA synthesis, and qPCR 

Total RNA was purified from the cells using the RNeasy mini 
kit (Qiagen, Hilden, Germany) according to the manufacturer's 
instructions. The first-strand cDNA was synthesized from 200 ng 
of total RNA using the SuperScript III cDNA synthesis kit (Life 
Technologies) with random primers (Life Technologies). RT-PCR 
was performed using Power SYBR Green Master Mix (Applied 
Biosystems, Foster City, CA) and a 7300 real-time PCR system 

(Applied Biosystems) as recommended by the manufacturer. The 
target gene was amplified using the primers CDI33 (5'-ATC TGC 
AGT GGA TCG AGT TCT CT -3'and 5'-ACA CAG AAA 
GAC ATC AAC AGC AGT AT-3'). The data were normalized 
with respect to the human housekeeping gene~-actin (ACTB), 
amplified with the primers 5'-TGT GCT ATC CCT GTA CGC 
CTC -3'and 5'-GTA GAT GGG CAC AGT GTG GGT GA -

3'. 

Cell proliferation assay 
Sorted ALDH+ and ALDH-cells were cultured in 96-well 

plates at a density of 3000 cells per well in RPMll 640 medium 
supplemented with I% heat inactivated fetal bovine serum, I 00 U 
penicillin G/ml and 100μg streptomycin ml at 37°C in 5% CO2. 
After treatment of the cells with the test compounds for 24 h, cell 
proliferation was measured using the CellTiter-Glo luminescent 
cell viability assay (Promega, Madison, WI, USA). Luminescence 
signals were measured in a Victor2 fluorescent plate reader 

(PerkinElmer Boston, MA, USA). 

Intracellular ROS quantification 

The cells were fluorescendy stained for intracellular ROS status 

by incubating them in 5μM CellROX Deep Red detection 
reagent (Life Technologies) for 30 min, followed by three washes 
in PBS. After nuclear staining with 40μg Hoechst 33342 dye 
(Dojin, Kumamoto,Japan)/ml for 5 min, images were captured to 
detect the intracellular ROS signal using the ImageXpress 
MICRO high content screening system (Molecular Devices, 

Sunnyvale, CA, USA). Cell fluorescence was quantified using 
the accompanying software. 

Leukemia cell xenotransplantation 

Just before xenotransplantation, 48-hpf zebraf!Sh were dechor-
ionized using 2 mg pronase (Roche Diagnostics)/ml as described 
previously [53], anesthetized, and arrayed on a holding sheet. 

6 ALDH+ and ALDH-cells (lxlO cells each) were separately 
suspended in 50μl of Hanks'balanced salt solution (Life 
Technologies). The glass needles used to inject the cells were 

made from a GD-I glass capillary (Narishige, Tokyo,Japan) using 
a PP-830 gravity puller (Narishige) and「ine-polishedwith an EG-

44 microforge (Narishige). The number of injected cells was 
counted microscopically by transferring the same volume of 
injected cells on glass slides using the same glass capillary tubes 
and injection pressure (FemtoJet, Eppendorf, Hamburg, Germany) 
in each experiment, as described in a previous study [54]. The 
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Table 1 Survival rate (%) of normal zebrafish treated with the test chemicals. 

Chemicals Concentratlons(μMI 

0.125 0.25 0.5 2.5 5 10 

No drug 100土0 100土0 100士0 100:!:0 100:!:0 100:!:0 100:!:0 

lmatinib 100士0 100土〇 100:!:0 100土0 100:!:0 100:.tO 100士0

Dasatinib 100士0 100士0 100:!:0 100:!:0 100土〇 100:!:0 100士0

Parthenolide 100:!:0 100:!:0 100:!:0 100:!:0 100:!:0 100:!:0 O:!:O 

TDZD-8 100士0 100:!:0 100:!:0 100:!:0 100土〇 100士0 100士0

Arsenic trioxide 100:!:0 100:!:0 100:!:0 100土〇 100::!:0 100:!:0 100:!:0 

Niclosamide 100土〇 100土0 100:!:0 0土〇 〇士0 O:!:O 0:!:0 

Salinomycin 100:!:0 100:!:0 100:!:0 O:!:O 〇士0 O:!:O O:!:O 

Thioridazine 100:!:0 100:!:0 100士0 100士0 100:!:0 O:!:O 0土〇

Zebrafish were exposed to different concentrations of the test compounds for 48 h from 72 hpf. Three independent experiments were performed (n; 1 O under each 
condition per test). 
doi:10.1371/journal.pone.0085439.tOOl 

avascular region of the yolk sac was then injected with a volume of 
the above-described suspension containing I 00-200 cells using the 

glass needles and the FemtoJet injection system (Eppendorf, 
Hamburg, Germany). The xenotransplanted zebrafish were 
subsequently maintained at 32℃ 

High-content imaging 

Twenty-four hours after xenotransplantation (72 hpQ, the 
successfully xenotransplanted zebrafish were transferred in 50μI 
of anesthetic solution into a 96-well imaging plate (353219; BD 
Biosciences). After gentle centrifugation (300 G, 30 s), the 
zebrafish were imaged live in an ImageXpressMICRO (Molecular 

Devices, Sunnyvale, CA) using the image acquisition program to 
automatically detect and image the f!Sh in each well as follows: 
The overall well was imaged by prescanning, with 4-view (9-views 
for 48 wells) photographs obtained using a FITC filter (Semrock, 

Rochester, NY) and a 2-power lens (Plan Apo; Nikon, Tokyo, 
Japan). The zebrafISh body was recognized based on the GFP 
intensity in the image and the stage was then moved such that the 
center of brightness was the center of view. Five images were taken 
continuously using a FITC filter and a 2-power lens, moving the 
system in the ,i; direction by 40μm each time. A composite image 
was then created from the best-focused images. For dual-

wavelength (EGFP and KOr) imaging, serial radiography was 
performed using the same tetramethylrhodarnine isothiocyanate 

(TRITC) method used for KOr and the best-focused composite 
image was created. A 4-power lens (S F1uor; Nikon) was used to 

obtain ten images, continuously moving the lens in the~direction 
by 20μm each time. The Cool SNAP HQ  (Roper Scientific, 
Tucson, AZ) CCD camera was used, with camera binning and 
gain both set to I. 

Chemical treatment 
After initial imaging of the f!Sh, a JANUS automated 
workstation (Perkin Elmer, USA) was used to replace the 
anesthetic solution with 100μI of the test compound in E3 
medium. The 96-well plate was shaken for 30 s on an MTS2 
shaker (IKA Labortechnik, Staufen, Germany) and then incubated 
at 32℃ as described above. After 24 h, the medium was replaced 
with fresh chemical-containing medium, again using a JANUS 

automated workstation. Forty-eight hours alter treatment 
(120 hp~, the zebrafish were imaged again as described above. 

Image analysis 

Tumor size, and cell migration were analyzed using an imaging-
based method and MetaXpress software (Molecular Devices). 

Table 2 Characteristics of the test chemicals. 

Compound Leukemia type Inhibited subpopulation 

lmatinib CML Normal leukemia cells 

Dasatinib CML CD34+C038-

Parthenolide AML,CML CD34+CD38-

TDZD-8 AML,CML,ALL CD34+CD38-

Arsenic trioxide APL,CML C034+CD38-

Niclosamide AML CD34+CD38-

Salinomycin CLL CD44+ 

Thioridazine AML CD45+CD33+ 

Main mechanism Model Reference 

Ty『osinekinase inhibitor Mouse, human [8,9] 

Inhibits CrKL phosphorylation Mouse, human (8,9] 

Inhibits NF・KB, activates p53, stimulates ROS production Mouse (30] 

Inhibits NF-KB, oxidative stress Mouse [31] 

Reduces PMしblocksNF-Kil, stimulates ROS production Mouse [32.35) 

Inactivates NF-KB、stimulatesROS production Mouse [36) 

Inhibits the Wnt pathway and NF-KB, induces oxidative stress Mouse [37,38] 

Inhibits DR signaling, antioxidant activity Mouse [39、40]

CML, chronic myelogenous leukemia; AML, acute myelogenous leukemia; ALL、acutelymphoblastic leukemia; APL, acute promyelocytic leukemia; CLL, chronic 
lymphocytic leukemia; ROS、reactiveoxygen species; PML, promyelocytic leukemia protein; DR, dopamine receptor. 
doi: 10.1371 /journal.pone.0085439.t002 

PLOS ONE I www.plosone.org 7
 

January 2014 I Volume 9 I Issue 1 I e85439 



LSC-lnhibitors Screening in a Zebrafish Model 

A
 

2

1

 

ー

＾`
 

8

6

 

0

0

0

 

含
!
Q
B
!
A

―-8

0.2 

J
 

~
ef 
忍

~
-

硲
ダ
ぶ

~

n

ぷ
ぐ
惑
⑰
 

n災。
ふ

：ロ
ン
ぐ
や

占
翌)袋r
ぐ

e

ー_
0も
念
。

＊＊ 
＊＊ 

＊＊ 

c
 

＞ 
・"'3500000 
色
~ 3000000 
C 

Q) 
u 2500000 
品
~2000000 

晋
コ1500000
;;:: 

て9
Ql 1000000 

芭
Ol 500000 

星

芯
忍`
eぶ終‘

、守

怠
〇
ぐ

ぶ
r

＊
 

心し
ぶ

＊
 

、さ

*
1

汐

.S
 

ぶ
)

＆・
ぷ
~

”-

i/
<や

。ヽゞ

0
 

心
ふ

0
、

ふ
◇
 

゜
B
 Drug(-) Parthenolide TDZD-8 Arsenic trioxide 

Niclosamide Salinomycin Thioridazine 

Figures. ROS overproduction by the LSC inhibitors. (A) LSC inhibitors (10μM) significantly inhibited the in vitro proliferation of ALDH+ cells 
24 h after treatment (n = 3), **P<0.01. (8) Typical images showing ROS production in ALDH+ cells. LSC inhibitors (10μM) significantly induced in vitro 
ROS production in cells treated for 24 h. Blue, nucleus; red, ROS. Scaie bar: SOμm. (C) Quantitative analysis of ROS in the cells (n = 4), **P<0.01. 
doi:10.1371 /journal.pone.0085439.gOOS 

From the transplanted tumor clusters, the main tumor was 

identified using a multi-wavelength cell scoring application module 

based on the KOrげRITCfilter) images, calculating the area, 
total luminance value, and average radius of the tumors. Blood 
vessels were distinguished based on the detection of cell bodies, as 

described in the tumor angiogenesis image analysis program. 

Metastatic tumors were identified using the Transfluor application 

module. Concentric circles with radii of 150μm, 300μm, and 
450μm were drawn from the center of brightness and the number 

and size (area) of the metastases (migration) were calculated with 

respect to their distance from the center (0-150μm, 150-300μm, 

300-450μm, and >450μm). 

Statistical analysis 

Data are expressed as the mean土 SEJ.¥.1.Differences between t¥vo 

groups were compared using Student's I-test. For multiple compari— 

sons, a one-way ANOV A followed by Dunnett's test for multiple 

comparisons was used. P<0.05 was considered statistically significant. 

Supporting Information 

Figure SI 

(TIF) 

Xenotransplantation procedures. 

Figure S2 Description of xenotransplantation results. 

(A) The average integrated fluorescence intensity (with respect to 

the volume of implanted cancer cells) of ALDH-and ALDH+ 

xenografis (24 hpi). There is no significant difference between the 

ALDH-and ALDH+ groups. NS, not significant. (B) Successful 

xenotransplantation and survival ratio. 

(TIF) 

Movie S1 

(WMV) 

Xenotransplantation procedures. 

Acknowledgments 

We thank S. Ichikawa for her assistance in the experiments, M. Ariyoshi 
for breeding the「ish,and R. lkeyama and Y. Tamura for secretarial 
assistance. 

Author Contributions 

Conceived and designed the experiments: YS TT. Performed the 
experiments: BZ YS JK NU YN. Analyzed the data: BZ YS JK NU 
YN. Contributed reagents/materials/analysis tools: BZ YS JK NU YN. 
Wrote the paper: BZ YS. 

PLOS ONE I www.plosone.org 8
 

January 2014 I Volume 9 I Issue 1 I e85439 



LSC-lnhibitors Screening in a Zebrafish Model 

References 

I. Savona M, Talpaz M (2008) Getting to tl1c stem of chronic mycloid lcukacm,a. 
Nat Rev Cancer 8: 341-350. 
2. Heaney NB, Holyoakc TL (2007) Therapeutic targets in chronic myeloid 
leukaemia. Hematol Oncol 25: 66-75. 
3. Yong AS, Keyvanfar K, Eniafe R, Savani BN, Rezvani K, et al. (2008) 
Hematopoietic stem cells and progenitors of chronic myeloid leukemia express 
leukemia-associated antigens: implications for the grafiトversus-leukemiaeffect 
and peptide vaccine-based immunotherapy. Leukemia 22: 1721-1727. 
4. Stuan SA, Minami Y, Wang JY (2009) The CML stem cell: evolution of the 
progenitor. Cell Cycle 8: 1338-1343. 
5. Rice KN, Jamieson CH (2010) Molecular pathways to CML stem cells. 
Imj Hematol 91: 748-752. 
6. Graham SM, Jorgensen HG, Allan E, Pearson C, Alcorn MJ, et al. (2002) 
Primitive, quiescent, Philadelphia-positive stem cells from patients、vitl1chronic 
myeloid leukemia are insensitive to STl57 I in vitro. Blood 99: 319-325. 
7. Ang,treich GR, Matsui W, Huff CA, Vala MS, Barber J, et al. (2005) Effects of 
imatinib and interferon on primitive chronic mycloid leukaemia progenitors. 
Br J Haematol 130: 373-381. 
8. Copland M, Hamilton A, Elrick I.J, BairdJW, Allan EK, et al. (2006) Dasatinib 
(BMS-354825) targets an earlier progenitor population than imatinib in primary 
CML but does not eliminate the quiescent fraction. Blood 107: 4532-4539. 
9. ・n,omas X (2012) Philadelphia chromosome-positive leukemia stem cells in 
acute lymphoblastic leukemia and tyrosine kinase inhibitor therapy. World] Stem 
Cells 4: 44-52. 
I 0. Pei S, Jordan CT (20 I 2) How close arc we to targeting die leukemia stem cell? 
Best Pract Res Clin Hacmatol 25: 415-418. 
11. Jordan Cl'(2007) The leukemic stem cell. Best Pract Res Clin Hacmatol 20: 13-
18. 
12. ZhouJ, Zhang H, Gu P, BaiJ, MargolickJB, et al. (2008) NF-kappaB pathway 
inhibitors preferentially inhibit breast cancer stem-like cells. Breast Cancer Res 
Treat 111: 419-427. 
13. Gupta PB, Onder Tr, Jiang G, Tao K, Kuper四邸rC, et al. (2009) 
Identification of selective inhibitors of cancer stem cells by high-cl1roughput 
screening. Cell 138: 645-659. 
14. Zon LI, Peterson RT (2005) In vivo dmg diseovery in the zebmfish. Nat Rev 
Drug Discov 4: 35-44. 
15. Jing L, Zon LI (2011) Zcbrafish as a moclel for normal and malignant 
hematopoiesis. Dis Model Mech 4: 433-438. 
16. Pichler FB, Laurenson S, Williams LC, Dodd A, Copp BR, et al. (2003) 
Chemical discovery and global gene cxpre函onanalysis in zebrafish. Nat 
Biotechnol 21: 879-883. 
17. Delvecchio C, TicfcnbachH J, Krause M (201 I) The zcbrafish: a powerful 
platform for in vivo, HTS dnig discovery. Assay Drug Dev Technol 9: 354-361. 
18. Snaar:Jagalska BE (2009) ZF-CANCER: developing high-throughput bioassays 
for human cancers in zebrafish. Zebrafi咄 6:441-443. 
19. Konantz M, Balci TB, Hamvig UF, Dcllaire G, Andre MC, et al. (2012) 
Zcbrafish xcnografts as a tool for in vivo studies on human cancer. Ann NY 
Acad Sci 1266: 124-137. 
20. Peal DS, Peterson RT, Milan D (2010) Small molecule screening in zcbrafish. 
J Cardiovasc Transl Res 3: 454-460. 
21. Nicoli S, Ribatti D, Cotclli F, Presta M (2007) Mammalian tumor xenografts 
induce ncov-•scularization in zcbrafish embryos. Cancer Res 67: 2927-2931. 
22. Marques U, We油 FU,Vlecken DH, Nitsche C, Bakkers J, ct al. (2009) 
Met匹taticbehaviour of primary human tumours in a zebrafoh xenotransplan-
tation moclel. BMC Cancer 9: 128. 
23. Nakamura S, Yokota D, Tan L, Nagata Y, Takemura T, ct al. (2012) Dmvn-
regulation ofThanatos-associated protein 11 by BCR-ABL promotes CML cell 
proliferation through c-Myc exprc函on.lntJ Cancer 130: 1046-1059. 
24. Koyama-Nasu R, Takahashi R, Yanagitla S, Nasu-Nishimura Y, Oyama M, et 
al. (2013)'llte Cancer Stem Cell Marker CD 133 Interacts、vitl,Plakoglobin and 
Controls Dcsmoglein-2 Protein Levels. PLOS One 8: c537 I 0. 
25. S1.abo AZ, Fong S, Yue L, Zhang K, Strachan LR, ct al. (2012) The CD44(+) 
ALDH(+) Population of Human Keratinocytes is Enriched for Epidermal Stem 
Cellsヽvitl,Long Term Repopulating Ability. Stem Cells 31:786-799. 
26. Hess DA, Wirthlin L, Craft TP, Herrbrich PE, Hohm SA, et al. (2006) Selection 
based on CD 133 and high aldehyde dehydrogenasc activity isolates long-term 
reconstituting human hcmatopoietic stem cells. Blood 107: 2162-2169. 
27. l~cischman AG (2012) ALDH marks leukemia stem cell. Blood 119: 3376-3377 
28. Gerber JM, Qjn L, Kowalski J, Smith BD, Griffin CA, et al. (2011) 
Characterization of chronic mycloid leukemia stem cells. Am J Hematol 86: 
31-37. 
29. Moreb JS, Ucar D, Han S, AmoryJK, Goldstein AS, ctal. (2012)'n,e enzymatic 
activity of human aldehyde dehydrogenases I A2 and 2 (ALDH I A2 and 

/I.LDH2) is detected by aldcfluor, inhibited by dicd1ylaminobcnzaldchydc and 
h匹 significantclfccts on cell proliferation and drug resistance. Chem Biol 
Interact I 95: 52-60. 
30. Guzman ML, Rossi RM, Karnischky L, Li X, Peterson DR, et al. (2005) The 
scsquitcrpenc lactonc parthenolidc induces apoptosis of human acute myclog-
enous leukemia stem and progenitor cells. Blood 105: 4163-4169. 
31. Gu,man ML, Ll X, Corbett C/1., Rossi RM, Bushnell T, ct al. (2007) Rapid and 
selective deatl, of leukemia stem and progenitor cells induced by the compound 
4-bcnzyl, 2-methyl, 1,2,4-thiadiazolidinc, 3,5 dionc (TDZD-8). Blood I IO: 
4436 1111. 
32. Davison K, Mann KK, Miller WH  Jr (2002) Arsenic trioxide: mechanisms of 
action. Semin Hematol 39 (2 Suppl 1): 3-7. 
33. Fuchs O (20 IO) Transcription factor NF-kappaB inhibitors as single therapeutic 
agents or in combination wid1 classical chemotherapeutic agents for如
treatment of hematologic malignancies. Curr Mol Pharmacol 3: 98-122. 
34. Ito K, Bernardi R, Moroni II., Matsuoka S, Saglio G, et al. (2008) PML targeting 
eradicates quiescent leukaemia-initiating cells. Nature 453: I 072-1078. 
35. Miller WHJr, &hipper HM, u:eJS, Singer J, Waxman S (2002) Mechanisms of 
action of arsenic trioxide. Cancer Res 62: 3893-3903. 
36. Jin Y, Lu Z, Ding K, Lij, Du X, et al. (20IO) A . nancoplasllc mecharusms of 
niclosamide in acute myelogcnous leukemia stem cells: inacti四 tionof the NF-
kappaB pathway and generation of reactive oxygen species. Cancer Res 70 
2516-2527. 
37. Ketola K, Hilvo M, Hyotylainen T, Vuoristo A, Ruskeepaa AL, et al. (2012) 
Salinomycin inhibits prostate cancer gro吼 hand migration via induction of 
oxidative stress. Br J Cancer I 06: 99-106. 
38. Lu D, Choi MY, YuJ, C四troJE,Kipps TJ, ct al. (201 I) Salinomycin inhibits 
Wnt signaling and selectively induces apoptosis in chronic lymphocytic leukemia 
cells. Proc Natl Acad Sci US/¥ 108: 13253-13257. 
39. Rodrigues T, Santos /1.C, Pigoso /I.II., Mingatto FE, Uyemura SA, et al. (2002) 
Thioridazine interacts、vitl,the membrane of mitochondria acquiring antiox-
idant activity toward apoptosis-potentially implicated mechanisms. 
Br J l~1armacol 136: 136-142. 
40. Sachlos E, Risueno RM, Laroncle S, Shapovalova Z, u:e JH, ct al. (2012) 
Identification of drugs including a dopamine receptor antagonist that selectively 
target cancer stem cells. Cell 149: 1284--1297. 
41. Zhelev Z, Ohba H, Bakalova R, Hadjimitova V, Ishikawa M, et al. (200り
Phenothiazines suppress proliferation and induce apoptosis in cultured leukemic 
cells vヽitl10utany influence on tl,e viability of normal lymphocytes. Cancer 
Chemother Pharrnacol 53: 267-275. 
42. Liu L, Chen R, Huang S, Wu Y, Li G, ct al. (2011) Knockd01vn of SODI 
sensitizes the CD34+ CML cells to imatinib therapy. Med Oncol 28: 835-839 
43. Abdel-Wahab 0, u:vine RL (2010) Metabolism and the leukemic stem cell 
J Exp Med 207: 677-680. 
44. Morgan MJ, Liu ZG (201 I) Crosstalk of reactive oxygen species and NF-kappaB 
signaling. Cell Res 21: 103-115. 
45. Yuan LB, He Q, Guo YM (2007) Mecha11ism of apoptosis如ducingeffects of 
dopamine on K562 leukemia cells. Journal of Zhejiang University (Medical 
Science) 36: 191-195. 
46. Zhen X, Zhang J, Johnson GP, Friedman E (2001) D(4) dopamine receptor 
differentially regulates /I.kt/nuclear factor-kappa b and extracellular signal-
regulated kinase pathways in D(4)MN9D cells. Mol Pharmacol 60: 857-864. 
47. Takeuchi Y, Fukunaga K (2004) Different effects of five dopamine receptor 
subtypes on nuclear factor-kappaB activity in NG I 08-15 cells and mouse br血
J Neurochem 88: 41-50. 
48. Corkery DP, Dellaire G, BcrrnanJN(2011) u:ukaemia xenotransplantation 111 
zcbrafish-chcmotherapy response傘 ayin vivo. Br J Haematol 153:786-789. 
49. Pruvot B,Jacquel A, Droin N, Aubc~r P, Bouscary D, et al. (201 I) u:ukemic 
cell xenograft in zebra「ishembryo for mvestigating drug cflicacy. Haematologica 
96:612-616. 
50. Smitl1en DA, Forrester AM, Corkery DP, Dcllairc G, Colpitts J, et al. (2013) 
lnvesti炉tionsregarding the utility of pr0<ligioscnes to treat leukemia. Org 
Biomol Chem 11: 62-68. 
51. Westerfield M (2007) The zcbrafish book: /1. guide for tl1e labortory use of 
7.ebrafish danio *(Branchydanio) rerio. Fifth edition: University of Oregon Press. 
52. Liu Z, Liu F (2012)Caurious use offlila:EGF'P transgenic zebrafish in四 scular
research. Biochem Biophys Res Commun 427: 223-226. 
53. Yang IH, u:e D, u:e SH, Kang JY (2008) Characterization of proteolytically 
digested zebrafish chorion匹 extracellularmatrix. Conf 1'1-oc IEEE Eng Med 
Biol Soc 2008: 1837-1840. 
54. Haldi M, Ton C, Seng WL, McGrad1 P (2006) Human melanoma cells 
transplanted into zebrafish proliferate, migrate, produce melanin, form m匹ses
and stimulate angiogenesis in zebrafish. /1.ngiogenesis 9:139-151. 

PLOS ONE I www.plosone.org 
，
 

January 2014 I Volume 9 I Issue 1 I e85439 




