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SUMMARY
Cell transplantation into immunodeficient recipients is a widely used approach to study stem cell and cancer biology; however, studying

cell states post transplantation in vivo is inconvenient in mammals. Here, we generated a foxn1/Casper mutant zebrafish that is trans-

parent and exhibits T cell deficiency. By employing the line for hematopoietic stem cell (HSC) transplantation (HSCT), we could achieve

nonconditioned transplantation. Meanwhile, we found that fetal HSCs from 3 days post fertilization zebrafish embryos produce a better

transplant outcome in foxn1/Casper mutants, compared with adult HSCs. In addition to HSCT, the foxn1/Casper mutant is feasible for

allografts of myelodysplastic syndrome-like andmuscle cells, as well as xenografts of medakamuscle cells. In summary, foxn1/Caspermu-

tants permit the nonconditioned engraftment of multiple cell types and visualized characterization of transplanted cells in vivo.
INTRODUCTION

Cell transplantation is a well-established method to study

various biological events in development, immunology,

cancer biology, and regenerative medicine (Li et al., 2011;

Moore and Langenau, 2016; Trounson and McDonald,

2015). Hematopoietic stem cell (HSC) transplantation

(HSCT) is a widely used paradigm of cell transplantation

to study HSC properties and treat patients with hematolog-

ical malignancies in current clinical therapy settings (Bar-

riga et al., 2012; Jill et al., 2011; Mantel et al., 2015). Given

that the unmatched polymorphic major histocompatibili-

ty between donors and recipients can result in noneffective

HSCT (Tay et al., 1995; Thomas et al., 1971), studying the

relationship between donors and recipients has long been

regarded as a central issue in this field (Becker et al., 1963;

Wu et al., 1967). Initially, irradiated mice and zebrafish

were used to receive engrafted HSCs, because irradiation

was able to suppress immune rejection and cleared the

endogenous HSC compartment for the engraftment of

donor HSCs in recipients (Traver et al., 2004). However,

irradiation not only eliminates the immune cells, but also

damages the HSC niche (Kapp et al., 2018; Zhou et al.,

2017), which is required for successful reconstitution of

the hematopoietic system. Therefore, immunodeficient re-

cipients, such as forkhead box N1 (Foxn1)-null mice (nude

mice) (Fogh et al., 1977) and nonobese diabetic, DNA-acti-

vated catalytic peptide-null, interleukin receptor 2 gamma
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chain-nullmice (NSGmice) (Shultz et al., 2007), were gener-

ated for allograft and xenograft of HSCs and solid tumor

cells. Although the immunodeficient mouse models have

been extensively utilized for cell transplantation, it is still

not convenient to directly observe the transplanted cells

in real time in vivo.

The zebrafish has been an excellent vertebrate model for

cell transplantation, owing to the generation of a trans-

parent adult zebrafish, Casper, which allows for direct

observation of fluorescence-labeled cells post transplanta-

tion (White et al., 2008). Through outcrossing of Casper

with immunodeficient lines, several transplantation plat-

forms in zebrafish have been established and applied to

allograft or xenograft of normal andmalignant cancer cells

(Moore et al., 2016; Yan et al., 2019). However, these studies

were limited in what they revealed of the stage-dependent

characteristics of developmental cells. Our previous study

demonstrated that zebrafish embryos with the foxn1muta-

tion displayed deficient T cell development, largely due to

deficient thymic epithelial cell development (Ma et al.,

2012). Therefore, we asked whether foxn1/Casper mutant

zebrafish could be used as recipients for studying stage-spe-

cific characteristics of developmental cells and identifying

optimized transplantation strategies.

In this study, we describe a foxn1/Casper mutant zebra-

fish, a new type of transparent and immunodeficient line,

which can be used as recipients for HSCT without irradia-

tion. In addition, our newly generated homozygous
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foxn1/Casper mutants exhibited a higher survival rate, and

the female homozygous foxn1/Casper mutants are fertile

comparedwith previously reported immunodeficient lines,

such as rag2�/� (Tang et al., 2014) and prkdc�/� (Moore

et al., 2016). Because of these complementary advantages

of foxn1/Casper models, we can perform large-scale trans-

plantation experiments. More importantly, the foxn1/

Caspermutant line permits real-time visualization of trans-

planted cells in vivo. With the help of this mutant line, we

uncovered the important characteristics of HSCs post

transplantation and provided a new tool for studying the

function of HSCs.
RESULTS

Generation and Characterization of foxn1 Mutant

Zebrafish

Previously, nude mice with the Foxn1 mutation have been

shown to be a convenient tool for HSCT and solid tumor

cell transplantation (Fogh et al., 1977; Szadvari et al.,

2016). To address whether zebrafish with the foxn1 muta-

tion could be used as recipients for transplantation, we

generated a foxn1 mutant zebrafish with the zinc finger

nuclease technique (Kim et al., 2010). The 7 > 6 bp transi-

tion in the third exon of the foxn1 gene induced a frame-

shift mutation, which leads to a premature stop codon (Fig-

ures 1A, S1A, and S1B). To determinewhether themutation

is missense in the mutant line, the Foxn1 protein in

maternal-zygotic (MZ) mutants was detected, and the pro-

tein level was markedly decreased in the MZ mutants (Fig-

ures 1B and 1C). Consistently, quantitative real-time PCR

(qRT-PCR) results also showed that the mRNA level of

foxn1 was significantly decreased in the MZ mutants (Fig-

ure 1D). Compared with the wild-type (WT) or heterozy-

gous siblings, the adult foxn1/Casper mutants are easily

distinguished by their smaller body size, especially for the

males (Figures S1C and S1D). Importantly, the survival

rate of foxn1/Casper mutants can reach approximately

60% under nonantibiotic conditions and even 86% under

antibiotic-supplemented conditions (Figure S1E).

Previous studies revealed T cell defects in mice and hu-

mans with the Foxn1 mutation (Romano et al., 2012).

Moreover, our previous study also reported that defects in

T cell development are readily observed in foxn1 knock-

down zebrafish embryos (Ma et al., 2012). Thus, we first

wondered whether T cell development was indeed affected

in foxn1 mutant embryos. The expression of T cell related

genes recombination activating 1 (rag1), chemokine (C-C

motif) receptor 9a (ccr9a), and lymphocyte-specific pro-

tein-tyrosine kinase (lck) was decreased in the thymus of

foxn1 mutant embryos (Figure 1E). Consistently, the num-

ber of rag2-dsRed+ cells was decreased in the thymus of
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foxn1 MZ mutant embryos at 5 days post fertilization

(dpf) (Figure S1F). Histological analysis of 3-month-old

adult zebrafish showed that the thymus was atrophic in

foxn1mutants comparedwithWT (Figure 1F). These results

showed that T cell development and thymic structure were

impaired after foxn1 deletion.

Next, we detected the expression level of differentiated

hematopoietic cell markers in the kidney marrow (KM) of

adult fish by qRT-PCR. Although the expression of the T

and B cell receptor rearrangement genes rag1 and rag2

was not changed, the expression of mature T cell markers

such as lck, T cell receptor a (tcra), and T cell receptor b

(tcrb) was reduced significantly, whereas the expression of

themature B cell markers immunoglobulin heavy constant

m (igm), immunoglobulin heavy constant z (igz), paired box

5 (pax5), and CD37 molecule (cd37) was increased signifi-

cantly (Figure 1G). Moreover, the natural killer (NK) cell

marker interleukin-2 receptor b (il2rb) and the myelocyte

markers lysozyme C (lyz) and myeloid-specific peroxidase

(mpo) showed normal expression in foxn1 mutants, indi-

cating that the NK cell and myelocyte differentiation was

not altered upon loss of foxn1 (Figure 1G). Furthermore,

we performed flow-cytometric analysis of KM, and the

four major blood lineages (I, erythrocyte; II, myelocyte;

III, lymphocyte; and IV, precursor) were distinguished by

light scatter characteristics and morphology (Figures 1H

and S1G) (Traver et al., 2003). The results revealed amarked

reduction of lymphocyte number in foxn1 mutants

compared with that in WT or heterozygous siblings (Fig-

ure 1I and Table S1).We further assessed the tcrb and igm re-

arrangements (Tang et al., 2014) and found that T cells in

foxn1 mutants displayed incomplete tcrb rearrangements,

while the igm rearrangements of B cells were not affected,

indicating that the T cell receptor repertoire in foxn1 mu-

tants is different from that of WT (Figure 1J). Taken

together, similar to the impaired T cell development in

nude mice, foxn1 mutant zebrafish also present T cell de-

fects and thus might be suitable for cell transplantation.

Direct Imaging of Transplanted HSCs In Vivo Using

foxn1/Casper Mutants

To assess whether the foxn1/Casper mutants serve as cell

transplantation recipients properly, HSCT (Pugach et al.,

2009) was performed in Casper, 25-Gy-irradiated Casper,

nonirradiated foxn1/Casper, and 15-Gy-irradiated foxn1/

Casper recipients (Figure 2A). In brief, KM was isolated

from 3-month-old Tg (CD41:GFP) zebrafish (Figure S2A)

and dispersed in single-cell suspensions for cell sorting.

Then, CD41-GFPlo HSCs (Ma et al., 2011) were confirmed

under fluorescence microscopy (Figures S2B and S2C) and

transplanted into recipients irradiated 2 days before. The

effects of irradiation on survival rate were monitored

dynamically under HSCT and non-HSCT conditions



Figure 1. Generation and Characterization of foxn1 Mutant Zebrafish
(A) Schematics of foxn1 mutant DNA and protein sequences. The nucleotide sequence (top) shows that the wild-type (WT) sequence
-TCTACAA- was mutated to -ATCAGC-, followed by the early termination of translation (bottom). The red letters denote the mutated protein
sequence and red asterisk indicates the stop coding.
(B) The protein level of Foxn1 in 5 dpf WT and foxn1 mutant (foxn1�/�) embryos.
(C) Quantification of protein levels in (B) (mean ± SD, t test; ***p < 0.001, n = 3 in each group).
(D) The foxn1 mRNA level in 5 dpf WT, foxn1+/�, and foxn1�/� embryos was detected by qRT-PCR (mean ± SD, one-way ANOVA, Tukey’s;
N.S., nonsignificant; ***p < 0.001; n = 3 in each group).
(E) Whole-mount in situ hybridization data showing the developmental phenotype of early T cells, marked by rag1, ccr9a, and lck. The red
circles and red arrows indicate the lateral and dorsal views of the thymus region, respectively. Scale bar, 100 mm.
(F) H&E staining of 3-month-old thymus sections. The blue arrows and dashed lines denote the thymus region. Original magnification: left
(43), right (103). Scale bar, 100 mm.
(G) QRT-PCR analysis to detect the expression of differentiated hematopoietic cell markers in the kidney marrow (KM). T and B cell receptor
rearrangement genes rag1 and rag2; mature T cell markers lck, tcra, and tcrb; mature B cell markers igm, igz, pax5, and cd37; natural killer
cell marker il2rb; myeloid markers lyz and mpo (mean ± SD, t test; N.S., nonsignificant; *p < 0.05, **p < 0.01; n = 3 in each group).
(H) Flow-cytometric analysis of different blood cell types in adult WT, foxn1+/�, and foxn1�/� KMs. Each circle and percentage represents a
different cell lineage (I, erythrocyte; II, myelocyte; III, lymphocyte; and IV, precursor). Total cell numbers in whole KMs are indicated
(mean ± SD, n [WT] = 5, n [foxn1+/�] = 6, n [foxn1�/�] = 5).

(legend continued on next page)
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(Figures 2B and S2D and Table S2). At 2 h post transplanta-

tion, CD41-GFPlo cells were readily observed in the head

and tail region (Figure S2E).

The engraftment efficiency of CD41-GFPlo HSCs was

evaluated at 60 days post transplantation (dpt), and the

GFP+ cells could be directly observed in the KM of foxn1/

Casper mutants, but not in Casper recipients (Figure 2C).

In addition, in the tail region, the individual CD41-GFPhi

and CD41-GFPlo cells could be also visualized by confocal

imaging (Figure 2D). Moreover, the flow-cytometric anal-

ysis showed that the engrafted CD41-GFP+ cells could be

detected in recipient KM (Figure 2E). The analysis of the

percentage of CD41-GFP+ cells in KM at 60 dpt showed

that HSC engraftment efficiencies in irradiated Casper and

nonirradiated foxn1/Casper mutants were comparable, but

were both higher than that in Casper, indicating that the

nonirradiated foxn1/Casper mutant recipient is feasible for

HSCT (Figure 2F). Finally, to compare the lineage distribu-

tions in irradiatedCasper andnonconditioned foxn1/Casper

after HSCT, we performed HSCT with ubi-dsRed+/CD41-

GFP+ cells. We found that the frequency of erythroid,

myeloid, and precursor lineages, but not lymphocytes, in

nonconditioned foxn1/Casper was comparable to that in

irradiated Casper after transplantation, indicating that the

lymphoid population failed to reestablish due to the defec-

tive thymus (Figures S2F and S2G). Taken together, the

foxn1/Casper mutant without irradiation can be used to

observe donor-derived cells in vivo post transplantation.

Therefore, our following studies involved in cell transplan-

tation employed Casper and nonirradiated foxn1/Casper

mutants as recipients.

Fetal HSCs Possess More Robust Engraftment Ability

Than Adult HSCs

Given that the fetal- and adult-derived HSCs displayed sub-

stantial differences in self-renewal, lineage distribution,

and gene expression (Bowie et al., 2007), HSCs at different

stagesmay have distinct transplant outcomes in clinical tri-

als. To compare the engraftment abilities of HSCs derived

from different developmental stages, we transplanted fetal

HSCs (3 dpf trunk region) and adult KM HSCs (3 months

post fertilization [mpf]) into adult Casper and foxn1/Casper

mutants, respectively (Figure 3A). The fetal and adult ubi-

dsRed+/CD41-GFPlo HSCs were harvested from Tg

(ubi:dsRed/CD41:GFP) (Figure S3A). After transplantation

of 1 3 104 donor-derived ubi-dsRed+/CD41-GFPlo HSCs
(I) Quantification of different blood lineages in the KMs based on (H
n [WT] = 4, n [foxn1+/�] = 5, n [foxn1�/�] = 3).
(J) Reverse-transcription PCR analysis of tcrb and igm rearrangements o
regions of tcrb transcripts and the variable H (VH) and constant mu
Elongation factor 1 alpha (elf1a) is a positive control. n (WT) = 2, n
See also Figure S1.
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into corresponding recipients for 2 months, the transplant

outcomes were evaluated (Table S3). The results showed

that the percentage of fetal HSC-derived cells (ubi-dsRed+

cells) was significantly higher than that of adult HSC-

derived cells (ubi-dsRed+ cells) in foxn1/Casper recipients

(Figures 3B and 3C). We also analyzed the long-term trans-

plantation outcomes of fetal and adult HSCs at 90 dpt, and

the result showed a higher engraftment efficiency of fetal

HSCs compared with adult HSCs (Figure S3B). Importantly,

the percentage of fetal-derived ubi-dsRed+/CD41-GFP+ cells

in recipient KMwas higher than that of adult-derived cells,

indicating a robust self-renewal ability of fetal HSCs (Fig-

ures 3D and 3E). However, the erythroid, myeloid, and

lymphoid differentiation of engrafted fetal HSCs was com-

parable to that of adult HSCs (Figures S3B–S3D). Notably,

zebrafish fetal HSCs showed higher engraftment efficiency

than adult HSCs, which was consistent with previous find-

ings in mouse (Arora et al., 2014; Bowie et al., 2007).

To study the underlying mechanism, we analyzed our

recent bulk RNA-sequencing (RNA-seq) data of sorted fetal

and adult HSCs (Xue et al., 2019). The analytic results

showed that 3,158 and 1,342 genes were upregulated and

downregulated in fetal HSCs, respectively (Figures S3E

and S3F). Heatmap analysis revealed that the expression

of genes related to cell proliferation and cell-cycle progres-

sion in fetal HSCswasmuch higher than that in adult HSCs

(Figure 3F). In addition, gene ontology analysis indicated

that most upregulated genes were enriched in ‘‘cell cycle’’

and ‘‘cell division’’ terms (Figure S3G). To further validate

this result, we detected the expression of cell-cycle genes

in sorted fetal and adult CD41-GFPlo HSCs by qRT-PCR.

Compared with adult HSCs, the fetal HSCs displayed

higher expression levels of cell-cycle-promoting genes

(ccna1, ccnb1, ccne, ccnd1, ccnh, cdk1, cdk2, ckd7, cdc20,

and pcna), but lower expression levels of cell-cycle-inhibit-

ing genes (cdkn1a and cdkn1b) (Figure 3G). Taken together,

these results showed that fetal HSCs harbor stronger cell-

cycle activity than adult HSCs, partially explaining why

fetal HSCs exhibit higher engraftment efficiency than adult

HSCs.

Allograft and Xenograft of Muscle Cells in foxn1/

Casper Mutants

To study whether the foxn1/Casper mutants can engraft

other cells than HSCs, we tried to transplant muscle cells

into the mutants. First, zebrafish muscle cells were isolated
) (mean ± SD, one-way ANOVA, Tukey’s; *p < 0.05, ***p < 0.001;

f KM cells in WT and foxn1mutant. The variable (V) and constant (C)
(Cm) regions of igm transcripts were detected by specific primers.
(foxn1�/�) = 6.



Figure 2. foxn1/Casper Mutant Engrafts HSCs without Irradiation
(A) Schematic representation of the workflow of HSC transplantation. CD41-GFPlo cells were sorted from the KM of Tg (CD41:GFP), and 13 104

CD41-GFPlo cells were injected into each recipient (Casper, 25-Gy-irradiated Casper, foxn1/Casper, and 15-Gy-irradiated foxn1/Casper).
(B) The survival rate of each recipient at 60 days post transplantation (dpt). The irradiated foxn1/Casper showed a low survival rate after
transplantation (data presented as days-percentage survival, t test; *p < 0.05, **p < 0.01; n (CD41-GFPlo > Casper) = 10, n (CD41-GFPlo >
irradiated Casper) = 19, n (CD41-GFPlo > foxn1/Casper) = 23, and n (CD41-GFPlo > irradiated foxn1/Casper) = 18).
(C) Imaging of representative recipients at 60 dpt. CD41-GFP+ cells could be visualized under a GFP field in the KM of nonirradiated foxn1/
Casper mutant. The red dashed lines indicate the KM regions. n = 5; scale bar, 1 mm (kidney).
(D) Confocal imaging of engrafted CD41-GFP+ cells at 60 dpt in tail region. White arrows indicate the CD41-GFPhi and CD41-GFPlo cells
(top), and two magnified pictures show the CD41-GFPhi and CD41-GFPlo cells, respectively (bottom). Scale bar, 100 mm (top), 10 mm
(bottom).
(E) Representative flow-cytometric analysis of recipient KM at 60 dpt. The dots in the rectangles indicate engrafted CD41-GFP+ cells (mean
± SD, n [CD41-GFPlo > Casper] = 10, n [CD41-GFPlo > irradiated Casper] = 8, n [CD41-GFPlo > foxn1/Casper] = 8, and n [CD41-GFPlo > irradiated
foxn1/Casper] = 4).
(F) The statistical analysis of (E) (mean ± SD, one-way ANOVA, Tukey’s; N.S., nonsignificant; *p < 0.05, **p < 0.01).
See also Figure S2.
from Tg (ubi:dsRed/fmyhc2:GFP) and transplanted into

Casper and foxn1/Casper mutants by intramuscular injec-

tion. The ubi-dsRed+/fmyhc2-GFP+ cells could be detected
at 15 and 30 dpt in foxn1/Caspermutants, but not in Casper

recipients (Figures S4A–S4C). Moreover, the transplanted

muscle cells could also be imaged at 60 dpt in foxn1/Casper
Stem Cell Reports j Vol. 15 j 749–760 j September 8, 2020 753



Figure 3. The Comparison of Transplant Outcomes in Fetal and Adult HSCs
(A) A schematic of the fetal and adult HSC transplantation assay. Fetal and adult donor HSCs were derived from Tg (ubi:dsRed/CD41:GFP) at
3 dpf in the trunk region and 3 mpf in the KM region, respectively. Recipients were 3-month-old Casper and foxn1/Casper mutants.
(B) Flow-cytometric analysis of engrafted ubi-dsRed+ cells in the recipient KM at 60 dpt (mean ± SD; n [WT] = 5, n [fetal HSCs > Casper] = 6,
n [fetal HSCs > foxn1/Casper] = 12, n [adult HSCs > Casper] = 7, and n [adult HSCs > foxn1/Casper] = 9).

(legend continued on next page)
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recipients (Figure S4D). Collectively, the data showed that

the foxn1/Caspermutant can engraft allogeneicmuscle cells

and serve as a great model for direct visualization of trans-

planted cells in vivo.

Given that the foxn1/Casper mutant is an efficient trans-

plantation platform for allogeneic cells, we wondered

whether the foxn1/Casper mutant is also suitable for xeno-

graft. Medaka, which has a distant evolutionary relation-

ship with zebrafish, was selected as a xenograft donor.

Equivalent numbers of muscle cells derived from medaka

Tg (ubi:mCherry) were transplanted into Casper and

foxn1/Casper mutants, respectively. The results showed

that themedakamCherry+muscle cells remained engrafted

beyond 30 days and the muscle fibers could be observed

directly (Figures S4E and S4F). Taken together, the results

show that the foxn1/Casper mutant can be engrafted with

medaka muscle, suggesting that it is a feasible tool for xen-

ografting in future study.
Allograft of MDS-like Cells in foxn1/Casper Mutants

Cell transplantation has been applied to monitor the dy-

namic changes of malignant cells (Yan et al., 2019). To

demonstrate whether the foxn1/Casper mutant permits

the transplantation of malignant cells, we transplanted

myelodysplastic syndrome-like (MDS-like) cells from adult

Tg (cmybhyper:GFP) zebrafish (Liu et al., 2017). TheMDS-like

zebrafish were first selected based on their pathologic

external features at 24 mpf (Figure 4A). Flow-cytometric

analysis showed that the percentage of myelocytes in

MDS-like zebrafish KM was significantly higher than that

in WT (no transgenic background) and siblings, whereas

other blood lineages showed a decrease in MDS-like zebra-

fish KM (Figures 4B and 4C), indicating a myelodysplasia

phenotype. Next, KM cells were harvested from siblings

and MDS-like zebrafish for transplantation. At 30 dpt, the

MDS-like cmybhyper-GFP+ cells proliferated robustly in

foxn1/Casper mutants, while they could not be detected

in Casper recipients (Figure 4D). We also studied the sur-

vival of MDS-like cell-transplanted foxn1/Casper recipients,

and the survival rates were 43.3% (26/60), 20% (12/60),

and 8.3% (5/60) at 30, 45, and 60 dpt, respectively. To

further characterize the MDS-like phenotype of the en-

grafted cells, we analyzed recipient KM and detected a

significantly higher percentage of myelocytes in MDS-like
(C) Statistical analysis of (B) (mean ± SD, two-way ANOVA, Tukey’s;
(D) Flow-cytometric analysis of engrafted fetal and adult HSC in recip
HSCs > foxn1/Casper] = 12, n [adult HSCs > Casper] = 7, and n [adult
(E) The statistical analysis of engraftment efficiency in (D) (mean ±
(F) Heatmap analysis of selected genes based on transcriptome data
(G) QRT-PCR analysis of the expression level of cell-cycle genes in feta
*p < 0.05, **p < 0.01; n = 3 in each group).
See also Figure S3.
cmybhyper-GFP+ cell-engrafted KM compared with that in

sibling cmybhyper-GFP+ cell-engrafted KM (Figure 4E). More-

over, we performed cytological analysis of recipient KM us-

ing Wright-Giemsa staining, and the results showed that

myelocytes exhibited enlarged cell size and increased cell

granularity, which resembled theMDS-like phenotype (Fig-

ure 4F). These data suggest that foxn1/Caspermutants could

be engrafted with allogeneic MDS-like cells.
DISCUSSION

Here we established a foxn1/Casper zebrafish mutant with

the characteristics of immunodeficiency and optical trans-

parency. By comparing the HSC engraftment efficiency of

foxn1/Casper mutants with irradiated Casper and irradiated

foxn1/Casper mutants, we found that the foxn1/Casper mu-

tants displayed engraftment efficiency comparable to that

of irradiated Casper. Although irradiated foxn1/Casper mu-

tants exhibited the highest engraftment efficiency, their

low survival rate makes them unsuitable for serving as re-

cipients. Moreover, we found that fetal HSCs gave rise to

higher transplant outcomes than adult HSCs, and the

conserved transplant outcome of fetal HSCs between zebra-

fish and mice (Arora et al., 2014) demonstrated that fetal

HSCs are more suitable for transplantation compared

with adult HSCs. Furthermore, we could directly observe

the transplanted MDS-like and muscle cells in real time in

living foxn1/Casper mutants, which provides a potential

platform to study therapeutic strategies for blood disease

and solid tumors.

The engraftment ability is a gold standard for the func-

tional evaluation of HSCs, and HSCT is a widely used

approach for this purpose. In mammals, the donor HSCs

used in primary HSCT are often from the adult bone

marrow (BM). Later, fetal HSCs were also shown to be

capable of long-term multilineage engraftment ability, yet

the engraftment efficiency was low (Bertrand et al., 2005;

North et al., 2002). Previous studies have compared the

functional differences between fetal and adult HSCs and

the results demonstrated that fetal HSCs reconstitute

more efficiently than BM HSCs in adult recipients (Arora

et al., 2014; Bowie et al., 2007). In the present study, we

found that the engraftment efficiency of fetal HSCs was

higher in adult recipients than that of adult HSCs,
**p < 0.01, ***p < 0.001).
ient KM (mean ± SD; n [WT] = 5, n [fetal HSCs > Casper] = 6, n [fetal
HSCs > foxn1/Casper] = 9).
SD, two-way ANOVA, Tukey’s; **p < 0.01, ***p < 0.001).
of fetal and adult CD41-GFPlo cells.
l and adult CD41-GFPlo cells (mean ± SD, t test; N.S., nonsignificant;
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Figure 4. Allogeneic MDS-like Cell Transplantation with Tg (cmybhyper:GFP)
(A) The pathologic external features of zebrafish Tg (cmybhyper:GFP). Some of the transgenic zebrafish display MDS-like phenotypes
(exophthalmos, cachexia, and abdominal mass). The red arrows denote diseased areas. Scale bar, 1 mm.
(B) Flow-cytometric analysis of 24-month-old WT (no transgenic background) and Tg (cmybhyper:GFP) KM. The representative percentages
of myelocytes in WT, siblings, and MDS-like zebrafish are indicated. Total cell numbers in whole KM are indicated (mean ± SD; n [WT] = 3,
n [siblings] = 7, n [MDS-like zebrafish] = 6).
(C) Statistical analysis of the percentage of different blood lineages in (B) (mean ± SD, one-way ANOVA, Tukey’s; *p < 0.05, **p < 0.01,
n [WT] = 3, n [siblings] = 7, n [MDS-like zebrafish] = 6).
(D) Direct observation of engrafted MDS-like cells. At 30 dpt, MDS-like cmybhyper-GFP+ cells could be visualized in foxn1/Casper recipient
KM, not in the Casper. The red dashed lines indicate the KM regions. The red arrow indicates the engrafted MDS-like cmybhyper-GFP+ cells in
the head. n (Casper) = 0/10, n (foxn1/Casper) = 9/12. Scale bar, 1 mm.
(E) Statistical analysis of the percentage of different blood lineages in MDS-like and sibling cmybhyper-GFP+ cell-engrafted KMs. The
cmybhyper-GFP+ cells in recipient KM were gated for analysis (mean ± SD, t test; N.S., non-significant; *p < 0.05; n > 3 in each group).
(F) Wright-Giemsa staining of blood cells in recipient KM after MDS-like and sibling cmybhyper-GFP+ cell transplantation. The red arrows
indicate the MDS-like myelocytes in recipients. Scale bar, 5 mm.
consistent with the finding inmice. According to our RNA-

seq data and qRT-PCR results, the cell-cycle activity was

much higher in fetal HSCs than in adult HSCs, indicating
756 Stem Cell Reports j Vol. 15 j 749–760 j September 8, 2020
that the proliferating fetal HSCs are responsible for rapid

reconstitution in HSCT. Taken together, these findings in

zebrafish and mice might serve as a potential guideline in



that fetal HSCs are a preferential choice for successful

HSCT.

In adult zebrafish, the opaque features limit its applica-

tion for direct imaging of cell migration and other behav-

iors in vivo. Therefore, the widely used pigmentation

mutant Casper is an optimized model to overcome this

obstacle. The in vivo cell tracing post transplantation can

be realized using the foxn1/Casper mutant. In this work,

we could easily observe the fluorescence-labeled hemato-

poietic cells at 60 dpt. Dynamic changes in hematopoietic

and muscle cells could be visualized, supporting that

tracing cell migration in live adult zebrafish is feasible.

Furthermore, we demonstrated that the allogeneic MDS-

like cells could engraft efficiently in this newly generated

foxn1/Casper mutant, supporting that it would be useful

for tumor cell engraftment in the future, such as muscle-

cell-related human rhabdomyosarcoma and sarcoma and

blood-cell-related human acute myeloid leukemia and

acute lymphoid leukemia. More importantly, the medaka

muscle cells engrafted successfully in foxn1/Casper mu-

tants, which indicates that the foxn1/Casper mutant could

be used as an optimized xenograft model like the nude

mouse. Unexpectedly, when we performed mouse HSCT

using foxn1/Casper mutants, there was no detection of suc-

cessful engraftment. We reasoned that this might be due to

the incomplete immune deficiency of this mutant (still

retaining B and NK cells), the distinct HSC niche, or the

unmatched physiological temperatures (Yan et al., 2019)

between mice and zebrafish.

In summary, we have demonstrated that the foxn1/Casper

mutant is a feasible model to permit transplantation of

HSCs, muscle cells, and MDS-like cells without irradiation

preconditioning. Given the immunodeficiency and trans-

parency of the foxn1/Casper mutant, this model can be

further applied to study the physiological and pathological

events of normal and malignant cells in vivo.
EXPERIMENTAL PROCEDURES

Zebrafish Lines
Zebrafish embryos were obtained via the natural spawning of adult

zebrafish. Zebrafish adults were raised at 28.5�C in system water

(conductivity at 500–550 ms/cm and pH at 7.0–7.5), and the Tg

(rag2:dsRed) line was kindly provided by Zilong Wen (Hong

Kong University of Science and Technology, Hong Kong, China);

Tg (CD41:GFP) (Ma et al., 2011), Tg (cmybhyper:GFP) (Liu et al.,

2017), Tg (fmyhc2:GFP) (Qiu et al., 2016), and Tg (ubi:loxP-

dsRed-loxP-GFP) (here referred to Tg (ubi:dsRed)) lines (gifts from

J.W. Xiong, PekingUniversity, Beijing, China)were used as donors.

The medaka Tg (ubi:mCherry) line (National BioResource Project,

Medaka; unpublished) was used for xenografts. The foxn1/Casper

mutant was obtained through outcrossing a foxn1 mutant with

the Casper line (White et al., 2008). Casper, irradiated Casper, and
foxn1/Casper were used as transplant recipients. Genotyped

foxn1/Casper mutants and all the transplanted recipients were

kept in sterilized fish water supplemented with penicillin (100

units/mL) and streptomycin (100 mg/mL) (Gibco, 15140122).

The double-transgenic lines Tg (ubi:dsRed/CD41:GFP) and Tg

(ubi:dsRed/fmyhc2:GFP) were obtained through outcrossing of sin-

gle-transgenic lines. This studywas approved by the Ethical Review

Committee of the Institute of Zoology, Chinese Academy of Sci-

ences, China.
Foxn1 Mutant Generation and Genotyping
Target-specific ZFN vectors for foxn1 (Genebank: BX663513) were

designed and synthesized as previously described (Kim et al.,

2010). The target site sequence was CCATCAGTCCTCTACAA-

CACCA. ZFN vectors were linearized with PvuII and capped

mRNAs were synthesized using T7 RNA polymerase. Two to three

nanograms of ZFN mRNA was injected into one-cell-stage em-

bryos. For identification and genotyping of the foxn1 mutant, we

used the endonuclease MnlI (New England Biolabs, R0163S) to

detect heteroduplex formation after DNA denaturation and an-

nealing. Primers used for genotyping were foxn1 forward (50-TTA-
CACTTTCTAAAGAGGCTTG-30) and foxn1 reverse (50-TGACC-

CAGTAAATGCAGCCTTG-30).
Hematopoietic Stem Cell Transplantation
The donor cells (3-month-old adult HSCs) were obtained from the

KM of Tg (ubi:dsRed/CD41:GFP). The detailed procedure was fol-

lowed as previously reported (Tang et al., 2014). In this study, we

utilized WT AB zebrafish whole KM cells as a negative control to

gate ubi-dsRed+/CD41-GFPlo HSCs based on fluorescent colors.

Staining with propidium iodide was used to exclude dead cells.

Briefly, the donor fish were anesthetized with 0.01% tricaine

(Sigma-Aldrich, A5040), and then theKMwas taken out andplaced

in 1.5 mL tubes that contained 13 PBS with 5% serum (Gibco,

10438026). The KM was dissected using 1 mL pipette tips. Then

the cell suspensionwas filtered through 40 mmfilteringmembrane

and centrifuged for 8 min (1,000 rpm) before cell sorting and anal-

ysis. For fetal HSC collection, the trunk region of 3 dpf embryos

was obtained from Tg (ubi:dsRed/CD41:GFP) using a 2 mL injec-

tion syringe and dispersed to a single-cell suspension using 0.5%

trypsin. Then the cell suspension was filtered through a 40 mm

filtering membrane and centrifuged for 8 min (1,000 rpm) before

cell sorting. The sorted cells were centrifuged for 8 min

(1,000 rpm) and resuspended in proper volumes for transplanta-

tion. Recipient fish (3-month-old Casper, irradiated Casper, foxn1/

Casper mutants, and irradiated foxn1/Casper) were first anesthe-

tized with 0.01% tricaine and then irradiated using 25 Gy (Casper)

or 15 Gy (foxn1/Casper). After 2 days, irradiated fish were used for

transplantation. The cells were injected into recipients using a

26s-gauge Hamilton 80,366 syringe (Sigma-Aldrich, 20779) by ret-

roorbital injection (Pugach et al., 2009).

The engraftment efficiency was assessed at 60 dpt. The photo-

graphs of whole adult fish were first taken using a Nikon

SMZ1500, and the images of blood cells were taken using Nikon

A1 confocal microscopy. Subsequently, the KM of recipients was

analyzed using MoFlo XDP (Beckman) and the results were pro-

cessed using FlowJo (10.5.0) and Summit (5.1.0) software.
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FlowSight (Merck Millipore) was used for analysis of different he-

matopoietic lineages. The numbers of transplanted cells and recip-

ients are provided in Tables S2 and S3.

MDS-like Cell Transplantation
ForMDS-like cell collection, the cells were obtained from the KMof

Tg (cmybhyper:GFP). The 24-month-old MDS-like fish were selected

based on their pathologic external features, and thewhole KMcells

of Tg (cmybhyper:GFP) were collected as described above. The whole

KM cells were mixed from eight donors and centrifuged for 8 min

(1,000 rpm) and resuspended. About 5 3 105 cells were injected

into each recipient using a 26s-gauge Hamilton 80,366 syringe

by retroorbital injection. The 3-month-oldCasper and foxn1/Casper

mutant were used as recipients. Photographs of whole adult fish

and KM were taken at 45 dpt using a Nikon SMZ1500. The KM

of recipients was analyzed usingMoFlo XDP (Beckman) and the re-

sults were processed using FlowJo and Summit software.

Muscle Cell Transplantation
For muscle cell collection, the dorsal musculature was excised from

anesthetized 3-month-old adult Tg (ubi:dsRed/fmyhc2:GFP) and

medaka Tg (ubi:mCherry). The muscle tissue was obtained from

10 donors and dissected by maceration using razor blade and surgi-

cal scissors in 13 PBS with 5% serum and then suspended with a

5 mL serological pipette repeatedly. The cell suspension was filtered

through a 40 mm filtering membrane and centrifuged for 8 min

(1,000 rpm) twice and resuspended. The cell number was calculated

by Trypan blue staining and hemocytometer counts. About 13 106

(2–3 mL)muscle cells were injected into recipients using a 26s-gauge

Hamilton 80,366 syringe (Sigma-Aldrich, 20779) by intramuscular

injection (Tenente et al., 2014). The 3-month-old Casper and

foxn1/Caspermutant were used as recipients. At 15 and 30 dpt, pho-

tographs of whole adult fish andmuscle cells were taken using a Ni-

kon SMZ1500 and Nikon A1 confocal microscopy.

RNA-Seq and Gene Ontology Analysis
The caudal hematopoietic tissue region (3 dpf) and adult KM (3

mpf) were dissociated to single cells, and CD41-GFPlo cells were

sorted by MoFlo XDP (Beckman). The total RNA of the sorted

CD41-GFPlo cells was extracted and subjected to RNA-seq. The

deep-sequencing service and gene ontology analysis were provided

by Shanghai Institutes for Biological Sciences, Chinese Academyof

Sciences.

Data and Code Availability
The accession numbers for the data reported in this paper are GEO:

GSM3403648, GSM3403649, GSM3403658, and GSM3403659.

Whole-Mount In Situ Hybridization and Western

Blotting
The zebrafish embryos (5 dpf) were collected and whole-mount in

situ hybridization (WISH) was performed using a ZF-A4 in situ hy-

bridizationmachine (Zfand, China) with probes of rag1, ccr9a, and

lck as previously described (Ma et al., 2012). The photographs of

WISH were taken using a Nikon SMZ1500. The thymus region of

WT and foxn1 mutants at 5 dpf were collected for protein sample
758 Stem Cell Reports j Vol. 15 j 749–760 j September 8, 2020
extraction. Foxn1 protein level was detected using the Foxn1 anti-

body (AbMax, DWS008) recognizing the RESDPYSQKSAERFRR-

SEPQESSEE peptide and following the protocol as previously

described (Ma et al., 2012).

Quantitative Real-Time PCR
Total RNA used for qRT-PCRwas extracted from 5 dpf zebrafish em-

bryos and 3-month-old adult KM. Total RNA was extracted using

TRIzol reagent (Invitrogen, 15596018) and was reverse transcribed

(Promega, GoScript Reverse Transcription System kit A5000). The

mRNA levels of target genes were analyzed in this assay. The

qRT-PCR primers were used as previously reported (Tang et al.,

2014) and are listed in Table S3.

Tcrb and igm Rearrangement Assessment
The total RNAwas collected from 3-month-old adult KM and then

reverse transcribed (Promega, GoScript Reverse Transcription Sys-

tem kit A5000). The PCR primers used for detection and the ampli-

fication procedure were previously reported (Tang et al., 2014).

Here elf1a was a positive control. The zebrafish numbers of WT

and foxn1 mutants for each group were 2 and 6, respectively.

Wright-Giemsa Staining and Hematoxylin and Eosin

Staining
Zebrafish blood cells were collected from KM or peripheral blood

and were smeared on the slides. The slides were dried at 37�C over-

night. Wright-Giemsa staining was carried out to label different

blood cell lineages according to the standard protocol. The adult

tissues were fixed with 4% polyformaldehyde overnight and dehy-

drated using anhydrous ethanol. Then the tissues were embedded

in paraffin. The paraffin sections of kidney and thymus were cut

using a LEICA RM2255 and the thickness of each section was

10 mm. Then the H&E staining of thymus was performed as

described previously (Zhang et al., 2015). TheH&E stainingwas ac-

quired using a Nikon ECLIPSE 80i.

Statistical Analysis
Original photos were transformed into 8-bit grayscale images by

ImageJ 1.8.0, and the area of the digitized region was analyzed.

Data in each chart are presented as the mean ± SD (standard devi-

ation), and Student’s t test, one-way ANOVA (Tukey’s), and two-

way ANOVA (Tukey’s) were used for statistical analysis; p < 0.05

was statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).

All statistical analysis was carried out using SPSS 20.0 and Prism

7.05.
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