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ABSTRACT

Zebrafish were proposed as an alternative to mammalian
models to assess the efficacy and toxicity of anti-leukemic
drugs. Due to the limited number of transgenic zebrafish
leukemia models, we explored human leukemic cell xenograft
in zebrafish embryos. Human leukemic cell lines and blast
cells sorted from patients with acute myelogenous leukemia
were injected 48 hours post-fertilization and remained in the
circulation of zebrafish embryos for several days without
affecting their development. Imatinib and oxaphorines did not
demonstrate any toxicity on normal zebrafish embryos and
decreased the leukemic burden in animals xenografted with
sensitive leukemic cell lines. Two other molecules, all-trans
retinoic acid and the translation inhibitor 4EGI-1, demonstrat-
ed teratogenic effects at concentrations shown to be efficient

in vitro, which precluded investigation of their anti-leukemic
activity in such models. Altogether, xenografted leukemic cells
in zebrafish embryos are a pharmacologically relevant model
for screening non-teratogenic drugs.
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Introduction

Evaluation of new therapeutic regimen efficacy in acute
and chronic leukemia is a long and complex process that usu-
ally requires validation in animal models before clinical trials.
In recent years, zebrafish have been proposed as a cost-effec-
tive alternative to mammals such as rodents and dogs.'
Transgenic fish provide excellent models of transplantable T-
cell acute lymphoid leukemia® that could be used for assess-
ing drug efficacy.® Transgenic zebrafish models of acute or
chronic myeloid leukemia are still rare, and the models
obtained so far could not be used for drug screening.*® Tumor
cells xenografted in zebrafish embryos may constitute an
alternative to transgenic animals and were used to explore
angiogenesis’ or radiation sensitizers® whereas transplanta-
tion of tumor cells in transparent adult zebrafish was used to
characterize stem cell transplantation’ and tumor cell extrava-
sation'® and invasion." We explored leukemic cell xenograft
in zebrafish embryos as a model for studying anti-leukemic
drug efficacy.

Design and Methods

Animal care and xenograft procedure
A zebrafish (Danio rerio) breeding colony (wild-type AB strain) was

maintained at 28°C as previously described.12 The age of embryos was
indicated as hours post-fertilization (hpf) and days post-fertilization
(dpf). Dechorionated embryos, anesthetized with Tricaine methanesul-
fonate, were injected at 48 hpf through the yolk sac into the posterior
cardinal vein (PVC) with 50 to 200 human leukemic cells per embryo
using a Femtojet microinjector (Eppendorf, Hamburg, Germany). At 1
dpi, injected embryos (50 per point) were examined by fluorescence
microscopy to select for those that were morphologically normal and
bearing fluorescent cells (50-60% of the injected larvae). Twenty-five
positive embryos were transferred into E3 medium containing 0.3%
Phenylthiourea (PTU) (25 animals in each 100 mm Petri dish) and treat-
ed with indicated concentrations of drugs. Photographs and movies
were obtained using a Leica MZ FL Il Fluo Combi™ fluorescence stere-
omicroscope bearing appropriate filters and a fluorescence microscope
Leitz Aristoplan coupled with a Leica D-LUX 3 camera. Photoshop soft-
ware was used to process images.

Cell cultures and labeling

K562, Jurkat and NB4 human leukemia cell lines were obtained
from the American Tissue Culture Collection and grown in RPMI
1640 medium with glutamax-I (Lonza, Basel, Switzerland) supple-
mented with 10% (vol/vol) fetal bovine serum (Lonza). Imatinib-
resistant K562 cells (K562R) have been described previously.”® Human
umbilical cord blood was supplied by the Etablissement Francais du
Sang, and blast cells were sorted from peripheral blood samples col-
lected from patients with acute myeloid leukemia at diagnosis. These
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patients provided their informed consent according to recommen-
dations of the independent ethical board of Dijon Hospital. CD34*
cells were enriched by immunomagnetic methods (Miltenyi
Biotec, Koln, Germany) to obtain over 97% purity, and grown in
H3000 medium (StemCell) supplemented with 100 ng/mL SCE
100 ng/mL FLT3L, 20 ng/mL IL-3 and 20 ng/mL IL-6 for two days.
Before injection into zebrafish larvae, all cells were labeled with
CM-Di], a lipophilic fluorescent tracking dye (Invitrogen, Paisley,
UK) according to the manufacturer’s instruction.

Chemicals

Imatinib and all-trans retinoic were purchased from Enzo life
sciences, mafosmamide and cyclophosphamide from Sigma-
Aldrich. 4EGI-1 was synthesized by Chembridge and kindly pro-
vided by Dr Gerhard Wagner (Harvard Medical School, Boston,
MA, USA).

Whole-mount immunohistochemistry Embryos were fixed in
10% formalin, embedded in paraffin and whole-mount antibody
stained for Ki67 using an anti-human Ki67 mouse monoclonal
antibody (Abcam ab6526, Cambridge, MA, USA).

Reverse-transcription and real-time polymerase chain
reaction

Total RNA from mixtures of 25 embryos was isolated with
Trizol (Invitrogen, Cergy Pontoise, France) and reverse transcribed
by Moloney murine leukemia virus reverse transcriptase
(Promega, Madison, WI, USA) with random hexamers (Promega).
Specific forward and reverse primers are accessible upon request.
Real-time quantitative PCR (QPCR) was performed with
AmpliTag Gold polymerase in an Applied Biosystem 7500 Fast
thermocycler using the standard SyBr Green detection protocol
(Applied biosystems, Foster City, CA, USA). Briefly, 12 ng of total
cDNA, 50 nM (each) primers, and 1x SyBr Green mixture were
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used in a total volume of 20 uL. QPCR was performed in tripli-
cates and one representative out of three independent experi-
ments was shown.

Statistical analyses

The Kruskall Wallis test was used and significance was consid-
ered when P values were lower than 0.05. Results are expressed as
mean plus or minus SEM.

Results and Discussion

Zebrafish are usually maintained at 28°C, develop nor-
mally up to 34°C, and die before four days post-fertiliza-
tion (dpf) at higher temperature (Online Supplementary
Figure S1A). K562, Jurkat and NB4 human leukemic cell
lines are usually grown at 37°C in vitro and their survival
(data not shown), proliferation (Online Supplementary Figure
S1B), and drug sensitivity (Online Supplementary Figure
S1C) are poorly affected by decreasing the temperature to
34°C. These cells were labeled with CM-Dil and injected
into 2-day old zebrafish larvae that were incubated for 1 h
at 28°C, then at 34°C. Human metastatic melanoma cells
placed in zebrafish embryos survive, exhibit motility and
divide but do not form tumors, nor integrate into host
organs.” At one day post-injection (dpi), leukemic cells
were easily observed in the circulation, especially in the
caudal part, the heart and the head (data not shown). At 1
dpi, the presence of leukemic cells was observed in 12-15
out of the 25 injected embryos for each point (see movie
in Online Supplementary Figures S2 and S3). At 4 dpi (Figure
1A), fluorescent cells remain easily detectable in all the
animals, indicating their ability to survive. Ki67 labeling at

Cord blood CD34* Figure 1. Engraftment of human
leukemia cells in zebrafish embryos.
(A) Dechorionated embryos were
injected with 50-200 cells from indicat-
ed human leukemic cell lines (K562,
K562-R, Jurkat, NB4) and examined at
day 4 post-injection (dpi) by contrast
phase and fluorescence microscopy.
(B) Embryos were similarly injected
with CD34-positive and -negative blast
cells sorted from AML patient peripher-
al blood samples and examined a 4
dpi (one representative of 6 independ-
ent experiments). (C) RT-qPCR analysis
of L32 human gene expression, rela-
tive to zebrafish actin gene, in embryos
injected with medium (Control) or with
CD34-positive cells sorted from an
AML patient sample examined at indi-
cated days post-injection (Mean +/-
SEM of one representative of 6 inde-
pendent experiments).(D) Embryos
were injected with CD34-positive cells
sorted from human umbilical cord
blood and examined at 1 dpi as in A.
(E) RT-qPCR analysis of L32 human
gene expression, relative to zebrafish
actin gene, in non-injected (Control)
and in embryos injected with CD34-
positive cells sorted from human
umbilical cord blood. In each panel,
one representative experiment of at
least 3 is shown. For each experiment,
at least 25 homogenously injected or
control larvae were used per point.
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Cyclophosmamide Figure 2. Anti-leukemic drugs eliminate

xenografted leukemia cells. (A)
Xenogafted zebrafish embryos were
exposed to imatinib at 1 dpi and exam-
ined three days later by contrast phase
and fluorescence  microscopy. (B)
Percentage of larvae with remaining fluo-
rescent cells five days after the beginning
of drug treatment. (One representative of
3 experiments, mean + SEM of at least 25
larvae/point) (***P<0.001). Black bars:
embryos injected with K562 cells, gray
bars: K562R cells. (C) qRT-PCR analysis of
L32 and HPRT human gene expression,
relative to zebrafish actin gene, in
embryos injected with K562 and K562R
cells, treated when indicated with 3 uM
imatinib for five days (Mean + SEM of 3
experiments performed on 25
larvae/point). Control: embryos injected
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1dpi indicated the ability of injected cells to proliferate
after engraftment (Figure 1B). CD34-positive and -nega-
tive blast cells sorted from peripheral blood of patients
with acute myeloblastic leukemia (AML), were also
detected in injected larvae at 4 dpi (Figure 1C) and 6 dpi
(data not shown) and L32 human gene remained expressed
at 6 dpi (Figure 1D). Transplantation of metastatic
melanoma cells into zebrafish blastula-stage embryos
(between 2 and 5 hpf) disrupts development through
secretion of Nodal, a member of the TGFf superfamily
that promotes body axis duplication.”” Transplantation of
leukemic cells in later stage embryos (48 hpf) did not affect
the animal development, at least until 6 dpi (Figure 1A-D).

Normal human melanocytes transplanted in zebrafish
embryos are frequently found in the skin, indicating that
the embryo contains possible homing cues that can be
interpreted by normal human cells as their normal
microenvironment.'* CD34-positive hematopoietic cells
sorted from human cord blood and CM-Dil labeled are
detected by fluorescence microscopy in all injected larvae
at 1 dpi (Figure 1E), then rapidly disappear, as confirmed
by L32 gene expression analysis (Figure 1F). Thus,
zebrafish hematopoietic environment may not provide
efficient signals for homing of normal hematopoietic pro-
genitors.

The K562 cell line, established from the acute blastic
transformation of a chronic myelogenous leukemia
(CML), is a well-described model for testing the activity
of imatinib mesylate (Gleevec), a competitive inhibitor of
the ATP-binding site of the Bcr-Abl enzyme that charac-
terizes CML.”"® Zebrafish larvae are permeable to small
molecules.! Addition of 3 uM imatinib to the water of lar-

vae at 1dpi is non-toxic to control animals observed dur-
ing eight days, and induces a decrease in the number of
fluorescent cells detected in the fish, including the disap-
pearance of any fluorescent cell in 34.7+12.5 % of the ani-
mals at 4 and 6 dpi (Figure 2A and B). In the K562-
xenografted animals in which fluorescent cells were still
visible, imatinib induces a dramatic decrease in the num-
ber of fluorescent cells. Flow cytometry analysis was not
sensitive enough to reproducibly quantify the number of
CM-Dil labeled residual leukemic cells in dispersed
embryos (data not shown). Therefore, the ability of the
drugs to decrease the leukemic cell burden in the animals
with residual fluorescence was measured by examining
human L32 and HPRT gene expression, which strongly
decreased upon drug exposure (Figure 2C). Thus, the
model easily detects the ability of imatinib to decrease
the leukemic burden in fish larvae. Neither analysis of flu-
orescent animals (Figure 2A and B), nor analysis of human
gene expression (Figure 2C), could detect any efficacy of
imatinib on xenografted imatinib-resistant K562 cells.
The Jurkat cell line, established from a T-cell acute lym-
phoblastic leukemia, is sensitive to oxazaphorines.
Cyclophosphamide (10 ug/mlL), a prodrug that requires
conversion by cytochrome P450 into 4-hydroxy-
cyclophosphamide to become active, and mafosfamide
(10 ug/mL), an active compound, did not affect zebrafish
development and survival when tested alone (data not
shown) and improved the percentage of Jurkat-cell inject-
ed animals alive at day 5, indicating cyclophosphamide
metabolism. For example, 54.7+10.5 % untreated larvae
survived at day 5, compared to 82.7+8.2% and
90.7+3,8% in cyclophosphamide- and mafosfamide-




treated larvae, respectively. These drugs did not induce
the complete disappearance of the fluorescent cells in the
animals, which explains the low decrease in the percent-
age of positive embryos (Figure 2E). Therefore, the abili-
ty of the drugs to decrease the leukemic cell burden was
assessed by measuring human L32 and HPRT mRNA lev-
els (Figure 2F). As anticipated, imatimib mesylate did not
demonstrate any efficacy in this leukemia model.
Altogether, these results confirmed that leukemic cell
xenografted in zebrafish larvae could be used to explore
cytotoxic drug efficacy.

The NB4 cell line, derived from an acute promyelocytic
leukemia (APL) patient and expressing the PML-RARa
fusion protein, has been used to explore the responsive-
ness to retinoid/rexinoid that allow cells to embark on
neutrophil granulocyte terminal maturation.” A unique
exposure to all-trans retinoic acid (ATRA), up to 500 nM,
did not affect NB4 cell growth in zebrafish embryos,
whereas repeated exposure to ATRA for up to five days
demonstrated a dose-dependent teratogenic effect includ-
ing phenotypic alterations and death (Ounline
Supplementary Figure S4), which is a well-known effect of
this drug precluding identification of any anti-leukemic
activity in the model” The dose of ATRA inducing the
death of 50% of treated embryos (LD50, daily repeated
exposure) at day 4 was 0.24 uM. Similarly, xenografted
leukemia did not allow exploration in vivo of the efficacy
of a small molecule inhibitor of the translation initiating
complex elF4F, 4EGI-1.*' This molecule, which is one of
the drugs currently being developed that target signaling
pathways deregulated in AML cells,”” inhibits the
elF4E/elFAG interaction, mimics the 4E-BP1 translation
repressor activity, and prevents cap-dependent mRNA
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translation.” 4E-BP1 translation repressor activity decreas-
es the growth of leukemic progenitors and promotes blast
cell apoptosis with limited toxicity against normal
hematopoiesis when tested i vitro.® When added at 50 or
100 uM in the water of zebrafish embryo, which was the
efficient concentration in vitro, this molecule induced the
death of all embryos in less than 24 h. Experiments per-
formed at lower doses confirmed the teratogenic effect of
a unique exposure to the compound (LD50 1.2 uM when
measured at 96 h; Online Supplementary Figure S4E).

Recent studies have shown that chemicals had in many
cases very similar toxicological and teratological effects in
zebrafish embryos and humans.” Teratogenic indices cal-
culated in zebrafish embryos demonstrated an acceptable
level of predictivity when compared to previous studies
with other animals, supporting the application of
zebrafish embryos as an alternative method for develop-
mental toxicity studies that predict effects in mammals.”
Altogether, these results demonstrate that leukemia cells
xenografted in zebrafish embryos could be used to explore
the pharmacological activity of antileukemic drugs, pend-
ing the lack of teratogenic effect of the tested compound
when added to the water.
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