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Key Points

e Two Gcsf ligands function
redundantly through the
Gesf receptor to promote
myelopoiesis in zebrafish.

e Gcsf signaling is required for
HSPC emergence and
expansion in zebrafish.

Granulocyte colony-stimulating factor (Gcesf) drives the proliferation and differentiation of
granulocytes, monocytes, and macrophages (m¢s) from hematopoietic stem and pro-
genitor cells (HSPCs). Analysis of the zebrafish genome indicates the presence of 2 Gesf
ligands, likely resulting from a duplication event in teleost evolution. Although Gesfa and
Gcsfb share low sequence conservation, they share significant similarity in their predicted
ligand/receptor interaction sites and structure. Each ligand displays differential temporal
expression patterns during embryogenesis and spatial expression patterns in adult
animals. To determine the functions of each ligand, we performed loss- and gain-of-
function experiments. Both ligands signal through the Gesf receptor to expand primitive
neutrophils and mes, as well as definitive granulocytes. To further address their functions,

we generated recombinant versions and tested them in clonal progenitor assays. These sensitive in vitro techniques indicated similar
functional attributes in supporting HSPC growth and differentiation. Finally, in addition to supporting myeloid differentiation, zebrafish
Gesf is required for the specification and proliferation of hematopoietic stem cells, suggesting that Gesf represents an ancestral
cytokine responsible for the broad support of HSPCs. These findings may inform how hematopoietic cytokines evolved following the
diversification of teleosts and mammals from a common ancestor. (Blood. 2013;122(24):3918-3928)

Introduction

Granulocyte colony-stimulating factor (Gcsf), also known as
colony-stimulating factor 3 (Csf3), is a cytokine responsible for
the proliferation, survival, function, and differentiation of neu-
trophilic granulocytes, monocytes, macrophages (mes), and their
respective progenitors.'™ Gesf exerts these actions through bind-
ing to its cognate receptor, Gesfr, activating downstream signaling
cascades important for the survival, migration, proliferation, and differ-
entiation of neutrophils during steady-state and emergency hematopoi-
esis.® Gesf is predominantly produced by cells of the monocyte/me
lineage but is also produced by endothelial cells,’ fibroblasts,® and
mesothelial cells’ under proper stimulatory conditions. Importantly,
Gosfr is present on a variety of hematopoietic cells, including
myeloid progenitors, mature neutrophils, monocytes, B cells, and
T cells.®

Gest /7" and Gesfr™'~2 mice have reduced levels of myeloid
progenitors and show defective granulopoiesis resulting in chronic
neutropenia. In humans, a number of GCSFR mutations have
been characterized in patients with severe congenital neutrope-
nia, and blastic cells containing these mutations can progress
to myelodysplastic syndrome and acute myeloid leukemia.'

Importantly, GCSF is used therapeutically to stimulate granulopoiesis
in patients with congenital, chemotherapy-induced, and radiation-
induced neutropenia to prevent life-threatening infections, as well
as for mobilization of hematopoietic stem and progenitor cells
(HSPCs) from their niche in the bone marrow for harvesting and
transplantation.'’

Gesf was first purified and characterized in mice®> and sub-
sequently identified in a number of other nonmammalian vertebrates,
including chicken (Gallus gallus),12 Japanese flounder (Paralichthys
olivaceus),'* fugu (Takifugu rubipes),'? green spotted pufferfish
(Tetraodon nigrovin’dis),12 and zebrafish (Danio rerio)."> Additionally,
Gesfr is present in goldfish (Carassius auratus L.)."* Gesf ligands show
significant conservation in their structure, binding domains, and synteny
across species. Because of a whole-genome duplication event that
occurred early in teleost evolution, fugu and green spotted pufferfish
have 2 copies of Gesf that likely arose from a single common ancestral
gene. An additional copy of Gesf that we identified in zebrafish was not
detected in these homology-based studies. Although few functional
studies have been performed in other teleosts,'>'* Gesf signaling

promotes myelopoiesis and myeloid cell functions'*'” in zebrafish.
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Table 1. MOs used in study

Amount Volume
Name Sequence (5'-3') injected injected
Goesfr-MO'® 5-TTTGTCTTTACAGATCCGCCAGTTC-3' 8.3 ng 1nL
Gcesfa-MO 5'-AAAAACCTCTTGGAACTCACCAGAC-3' 8.3 ng 1nL
Gcesfb-MO 5'-CAGGTGTTAGTGTGTATTTACCAGT-3' 4.1 ng 1nL
Scrambled-MO  5'-CCTCTTACCTCAGTTACAATTTATA-3’ 8.3ng 1nL

Zebrafish possess the same major blood lineages found in
mammals, enabling comparative studies of hematopoiesis among
vertebrate phyla. Zebrafish, like all other vertebrate animals studied
to date, possess sequential waves of blood cell formation during
development. Our laboratory and others have demonstrated that
hematopoiesis proceeds through 4 independent phases. The first
initiates before 24 hours post fertilization (hpf) with the generation
of primitive mes'® and granulocytes'” from cephalic mesoderm.
Primitive erythroid cells develop in the intermediate cell mass,
which enter circulation ~26 hpf. These first blood cell types have
been termed “primitive” because each lineage arises only transiently
during embryogenesis without passaging through a multipotent
progenitor. Multipotency is first observed in erythromyeloid pro-
genitors (EMPs), which arise in the posterior blood island (PBI) at 26
to 30 hpf."® The EMP is a transient definitive precursor responsible for
generating adult-type myeloid and erythroid cells in the zebrafish'®"°
and mouse®®?' embryo. Finally, hematopoietic stem cells (HSCs) arise
from the transdifferentiation of ventral aortic endothelium between
36 and 72 hpf,?** generating erythroid, myeloid, and lymphoid
cells for the remainder of life. The signals that regulate specification
and maturation of each wave are incompletely understood.

In this manuscript, we have determined the roles of Gesf signaling
during development of the zebrafish hematopoietic system and
during steady-state hematopoiesis in the adult animal. We report the
identification and characterization of the second Gesf ligand present
in the zebrafish genome. Comparison of these 2 ligands elucidated
several similarities and some important differences. Both copies of
Gosf stimulate primitive and definitive hematopoiesis by signaling
through a single Gesfr. However, each cytokine shows distinct tem-
poral expression during embryogenesis and distinct spatial patterns in
the adult animal, suggesting that the duplication of Gesf has provided
additional mechanisms of transcriptional control over genes with
apparently redundant functions. Finally, zebrafish Gesf is also
required for the specification and proliferation of HSCs. This novel
finding suggests that Gesf represents an ancient cytokine whose
functions were diversified into new gene families following gene
duplication events over evolution.

Materials and methods

MOs and mRNA injection

Four antisense splice-site—targeting morpholinos (MOs) (Table 1; Gene Tools)
were resuspended in diethyl pyrocarbonate—treated water and injected at the
1-cell stage of development. In vitro—transcribed messenger RNAs (mRNAs)
were generated with mMessage mMachine (Life Technologies); 1 ng of mRNA
resuspended in diethyl pyrocarbonate—treated water at a concentration of
1 mg/mL was injected at the 1-cell stage of development. Zebrafish were
mated, staged, and raised in accordance with University of California at
San Diego Institutional Animal Care and Use Committee guidelines.

Clonal assays

Unfractionated whole kidney marrow (WKM) was isolated from gatal:DsRed,
mpx:GFP fish and plated in methylcellulose as described”® at 2.5 X 10* cells
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per mL. Complete media®® contained 0.1% carp serum, 10% bovine serum
albumin in Iscove’s Modified Dulbecco’s Media (Stemcell Technologies),
0.1 pg/mL zebrafish Epo, and Gesfa or Gestb. Colonies were enumerated and
photographed after 7 days on a fluorescent microscope (Leica DMI-6000;
Wetzlar, Germany). Images were processed as described.?’

Enumeration of myeloid cells and HSCs

Animals were anesthetized with tricane,28 and fluorescent images collected at
developmental time points. Manual counts of fluorescent cells were performed.
To image and enumerate HSCs, confocal microscopy was performed.*
Z-sections were taken and manually counted to avoid enumerating multi-
ciliated cells within pronephric tubules.”?

Zebrafish stocks and embryos

Zebrafish were mated, staged, and raised as described?® and maintained in
accordance with University of California at San Diego Institutional Animal
Care and Use Committee guidelines. Various transgenics were used
(Table 2).%%

Flow cytometry and FACS

Embryos were dechorionated at 24 hpf and maintained in E3 with phen-
ylthiourea to prevent pigmentation.”® Each sample contained 5 embryos,
digested with Liberase (Roche) according to manufacturer’s instructions.
Samples were triturated, rinsed with phosphate-buffered saline (PBS),
and filtered. SYTOXR®! (Life Technologies) was added to exclude dead
cells. Fluorescence-activated cell sorting (FACS) to isolate hematopoi-
etic cell populations was performed as described.?’

Quantitative reverse-transcription polymerase chain
reaction analysis

RNA was isolated from tissues with RNeasy (Qiagen), and complementary
DNA generated with gScript Supermix (Quanta BioSciences). Primers to
detect zebrafish efloz23 and csf3r (gcsfr)32 have been described. The gcsfa
and gcesfb primers are listed in Table 3. Relative expression levels of
genes were calculated by the following formula: relative expression =

2—(C1[gene of interest] — Ct[efla])
Generation of recombinant cytokines

Generation and purification of Gesfa and Gesfb are shown in supplemental
Figure 1 (supplemental Materials and methods, available on the Blood Web site).

Results
Identification of Gcsfb

Although other teleosts possess 2 copies of Gesf,'? only 1 copy of
Gesf was annotated in zebrafish.'® To identify other potential Gesf
genes, we performed synteny analyses with Basic Local Alignment
Search Tool (National Center for Biotechnology Information). As

Table 2. Transgenic animals used in study

Transgenic line Cell type labeled Reference
Tg(mpx:eGFP)* Neutrophils 30
Tg(gata1:DsRed)*%; Tg(Imo2:eGFP)*"? EMPs 18, 31, 32
Tg(kdrl:HsHRAS-mCherry)*®%, HSCs 22
Tg(cmyb:eGFP)?1%°
To(lyz:GFP)™#""7 Neutrophils 37
Tg(mpeg1:6GFP)92? mes 38
Tg(lyz:DsRed)"?%° Neutrophils 37
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Table 3. Primers used for qRT-PCR
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Gene Forward primer 5'-3’ Reverse primer 5'-3’ Product size Gene annotation
gesfa AACTACATCTGAACCTCCTG (exon 7) GACTGCTCTTCTGATGTCTG (exon 8) 165 bp NM_001145242.1
gcesfb GGAGCTCTGCGCACCCAACA (exon 2) GGCAGGGCTCCAGCAGCTTC (exon 4) 184 bp EU267077.1

shown in Figure 1A, Gesf shows a high degree of synteny across
vertebrate phyla, with Stard3 and Psmd3 upstream, and Med24 and
Top2A downstream. This synteny is maintained in zebrafish, with
the previously described Gesf ligand (which we refer to as Gesfa)
present on chromosome 12, upstream of Med24 and Top2A.'? The
newly discovered Gesf ligand (Gesfb) is located on chromosome
19, downstream of Stard3 and Psmd3. Gestb is a 558-bp mRNA
that encodes a 185-amino-acid protein with 5 exons, similar to reported

Gesf ligands. Whereas Gesfa and Gesfb show little sequence similarity
(Figure 1B), they share a similar predicted structure (Figure 1C).

Expression of Gesfr, Gesfa, and Gesfb in zebrafish embryos
and adults

To determine if Gesf signaling was important for zebrafish hema-
topoietic development, we performed reverse-transcription polymerase

A Human —STARD3 --PSMD3{qgpp-“MED24--<TOP2A-  chr 17
Mouse —STARD3 --PSMD3 -[Jipp MED24-- TOP2A-  chr 11
Opossum —STARD3"--PSMD3 {Sep> “MED24--<TOP2A-  chr2
Chicken —STARD3--PSMD3 {Seripp>MED24- ?
Zebrafinch —STARD3»--PSMD3 -@ MED24--<TOP2A-  chr27
Anole lizard —STARD3--PSMD3 {elertpp-MED24--<TOP2A-  chr 6
—STARD3 -- PSMD3- o> chr 19
Zebrafish
i > MED24--TOP2A»-  chr 12
[ il 2
Green spotted PSMD3 @ ’
ufferfish
. - TOP2A{eg»> MED24- chr 2
-PSMD3 > ?
Fugu
- TOP2AJegg»> MED24- ?
human MAGPATOSPMKLMALQLLL == ===~ WHSALWTVQEATPLGPASSLP====== QSFLLKCLE 49
mouse MAQLSAQRRMKLMALQLLL====~ H’DSRIMSGRERVPLVTVSRL?]‘SLPLPRSFLLKSLB 55
zebrafish-b =  ==————aa MKTCCLLLLH====~ LCVCQLLCVPLOQPQLTHTHTE == === === 38
zebrafish-a I‘.)‘.GLCYWSLVIVLLCFLIGV}\I"ﬁN?QAQFFFTLVGIWSAPV‘POEDIHHKDTIEQAHS 60
human QVRKIQGDGAALQEKLVSECATYKLCHPEELVLLGHSLGIPWAPLSSCPSQALQLAGCLS 109
mouse QVRKIQASGSVLLEQL-~~CATYKLCHPEELVLLGHSLGIPKASLSGCSSQALQQTQCLS 112
zebrafish-b AL DI P AVOEL oo APNTGLS SSTEEFL S SEFOTPTLPLLKS-~EDLTLEERVD 92
zebrafish-a LISKTL EE;gnzmmrx—ﬁxsum;sswx{ﬁﬂgxmf fsaf‘fwsl’t?rssw'rcf.u 118
human QLHSGLFLYQGLLOALEGIS-PELGPTLDTLQLDVADFATTIWQOMEELGMAPALQPTOG 168
mouse QLHSGLCLYQGLLOALSGIS=! PRLAPTLDLWLDVANI'RTTIWQO}E“LGVAPTVDPTOS 1711
zebrafish-b RMLI! LELHHRVL[.KLLEPC RPEN===== G-~PQVLPHTH 144
human AMP==~ ==AFASAFQRRAGGVLVASHLOSFLEVSYRVLRHLAQP=~ 207
mouse 1 APTSAFQRRMGVLAISYLQGPLE"‘ARLALHHLA---- 208
zebrafish-b TL! R R
zebrafish-a
A
C L
-

Figure 1. Gesfa and Gesfb are paralogous genes
that arose from a gene duplication event early in
teleost evolution. (A) Synteny analysis of Gesf ligands
across species. Data from chicken, green spotted
pufferfish, and fugu are adapted from Santos et al.'?
(B) Alignment of human, mouse, and zebrafish Gesfa
and Gesfb with Clustal Omega (EMBL-European Bio-
informatics Institute). Predicted a-helical regions are
underlined, modeled on the structure of human GCSF.
(C) Proposed structure of Gesfa and Gesfb, modeled on
the structure of human GCSF; a-helical regions of Gesfa
and Gesfb are underlined in panel B.
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Figure 2. Expression levels of gcsfr, gcsfa, and gcsfb in embryonic and adult zebrafish. (A) gRT-PCR analysis of gcsfr in pooled whole zebrafish embryos at
developmental stages listed along x-axis. (B) gRT-PCR analysis of gcsf ligands (gcsfa, black bars; gesfb, gray bars) in pooled whole zebrafish embryos at developmental
stages listed along x-axis. (C) qRT-PCR analysis of gesfrin adult zebrafish tissues listed along x-axis. Lymphoid, myeloid, and precursor cells are different cell populations
isolated by FACS from the adult WKM. (D) gRT-PCR analysis of gcsfa (black bars) and gcsfb (gray bars) in adult zebrafish tissues listed along x-axis. Lymphoid, myeloid, and
precursor cells are different cell populations isolated by FACS from the adult WKM. Expression levels are relative to the housekeeping gene effa. All embryonic samples are
biological triplicate preparations of at least 10 embryos per time point. All adult tissue samples are biological triplicate preparations from individual adult fish. All bars represent

the mean of the samples, and error bars represent standard deviation.

chain reaction (QRT-PCR) analysis on embryos. gcsfr was ex-
pressed as early as 6 hpf, increased at 24 hpf, and maintained at
similar levels when assayed up to 72 hpf, indicating that Gesf
signaling is active during both primitive and definitive hematopoiesis
(Figure 2A). To investigate if gcsf ligands were expressed dif-
ferentially during these time windows, we examined expression
of gesfa and gesfb. gesfa was expressed at low levels in 6 hpf
embryos, with levels increasing over time (Figure 2B). In contrast,
expression of gesfb was more dynamic (Figure 2B). Notably, gcsfb

was expressed at higher levels early in development, decreasing at 24
hpf, then returning to higher levels by 60 hpf. To investigate if these
ligands showed different spatial expression patterns in the developing
embryo, whole mount in situ hybridization (WISH) was performed.
Similar to previous studies,'® and likely because of their low
expression, WISH analyses were uninformative.

Because Gesf signaling is essential for the continual production
of myeloid cells from progenitors, we assessed where gcsfr and its
ligands were expressed in adult fish. We found that gcsfr was
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Figure 3. Gesfa and Gesfb ligands both expand
primitive neutrophils and mes in the zebrafish
embryo. (A) Fluorescence images of 24-hpf lyzGFP

g embryos injected at the 1-cell stage of development

*%

mock

504

+gcsfa

with PBS (mock) and either gcsfa or gcsfb mRNA.
Fluorescent images taken on a Leica DMI-6000 inverted
fluorescent scope with a Hamamatsu Photonics Orca
3CCD color digital camera (Hamamatsu, Japan)
at x50 and processed by Volocity (Perkin Elmer, MA)
and Photoshop (Adobe Systems, San Jose, CA)

software. (B) Numbers of lyzGFP* cells at 22 to 24
hpf (y-axis) after injection of scrambled MO (mock,
circles) and in vitro transcribed gcsfa (squares) or
gcesfb (triangles) mMRNA. Mean (dashed red line) with
4 95% confidence interval (red error bars) and level
. of statistical significance. *P < .02; **P < .0001. (C)
Percentage of mpeg1:GFP™" cells at 22 to 24 hpf
(y-axis) after injection of PBS (mock, circles) or in vitro
transcribed gcsfa (squares) or gesfb (triangles) mRNA.

lyz:GFP+ cells per embryo at 22-24 hpf

+gcsfb

*k

Each data point corresponds to 5 embryos pooled
together before digestion and flow cytometry. Mean
(dashed red line) with 95% confidence interval (red
error bars) and level of statistical significance. *P < .02;
**P < .001. N.S., no significance. (D) Primitive mes
and neutrophils express the gcsf receptor. qRT-PCR
analysis of gcsfrin FACS-isolated primitive mes (mpeg1:
GFP™ cells at 20-24 hpf), primitive neutrophils (mpx:

0.59

Relative expression level

Percent mpeg1:GFP+ cells

0.0-

expressed highly in the kidney, the main site of hematopoiesis in
adult teleosts®® (Figure 2C), and fractionation of WKM by light
scatter characteristics®' indicated that gesfr was highly expressed
in mature myeloid cells. Additionally, gcsfr was expressed in the
“precursor” population, likely because of the presence of myeloid
progenitors in this scatter fraction,”*” including putative common
myeloid progenitors and granulocyte-monocyte progenitors.*
gesfr was also detected in the spleen and skin, likely because of the
presence of neutrophils. Examination of gcsfa and gesfb showed
differential expression among various tissues (Figure 2D). gcsfb was
expressed highly in gills, skin, and testes. gcsfa was also present in
these organs, but highly expressed in the heart. Both gesfa and gesfb
were expressed in the kidney, but gcsfb was expressed at much
higher levels in the lymphoid, myeloid, and precursor scatter fractions.
Because of the differences in the expression patterns of these Gesf
ligands, we hypothesized that each likely played differential roles in
hematopoietic development and homeostasis.

Gcesf signaling promotes primitive myelopoiesis

To examine if each ligand showed differential effects on primitive
myelopoiesis, we first performed gain-of-function experiments, inject-
ing in vitro—transcribed mRNA into lyz: GFP transgenic embryos
whereby green fluorescent protein (GFP) marks primitive mes>> and

GFP"' and lyzGFP" cells at 20-24 hpf), and adult
zebrafish kidney (Whole Kidney). Levels are relative to
the housekeeping gene efla. All samples are at least
biological duplicate preparations. Bars represent the
mean, and error bars represent standard error of the
mean (SEM). *P < .05.

W gcsfr

neutrophils®® at 22 to 24 hpf. Both gesfa and gesfb significantly
expanded lyz:GFP" cells when compared with mock-injected embryos
(Figure 3A-B). To examine if gcsfs specifically expanded primitive
mes, we used me-specific mpegl:GFP transgenics.’® Because the
fluorescence from these fish is weak, we analyzed embryos by flow
cytometry. We observed that gesfa and gesfb significantly expanded
the numbers of primitive mes in developing embryos (Figure 3C). In
agreement with these data, we observed that FACS-isolated subsets of
primitive mes and neutrophils both expressed high levels of gcsfr
(Figure 3D).

To examine if Gesf ligands signaled through Gesfr to promote
primitive hematopoiesis, we used an MO designed against gesfr."
Injection of gcsfr-MO caused a reduction in lyz:GFP™ cells when
compared with embryos injected with a control MO (supplemental
Figure 2). To determine if Gesta and Gestb were signaling through
Gosfr, we attempted to rescue the knockdown of myeloid cells by
coinjecting individual ligands with gcsfr-MO. In agreement with
previous studies,'® we found that Gesfa was signaling through Gesfr
based on the inability of excess ligand to rescue the knockdown
phenotype (supplemental Figure 2). We obtained similar results with
Gcstb, suggesting that it also signals through the Gesfr. Taken together,
these data indicate that both ligands function in a redundant manner,
signaling through Gesfr to expand primitive myeloid cells in zebrafish.
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Figure 4. Gesfa and Gesfb expand definitive neu- A
trophils and mes in the zebrafish embryo. (A)
Fluorescence images of 72 hpf mpx:GFP transgenic
zebrafish injected with PBS (mock) and either in
vitro—transcribed gcsfa or gcsfb mRNA. Fluorescent
images taken on a Leica DMI-6000 inverted fluores-
cent scope with a Hamamatsu Photonics Orca 3CCD
color digital camera at X50 and processed by Volocity
(Perkin Elmer) and Photoshop (Adobe Systems) soft-
ware. Images shown are 2 images stitched together.
(B) Numbers of mpx:GFP* cells at 72 hpf (y-axis)
after injection of PBS (mock, circles) and gcsfa
(squares) or gcsfb (triangles) mRNA at the single-
cell stage of development. Mean (dashed red line)
with 95% confidence interval (red error bars) and level
of statistical significance. *P < .0001. (C) Percentage
of mpeg1.GFP* cells at 72 hpf (y-axis) after injection
of PBS (mock, circles) and gcsfa (squares) or gesfb
(triangles) mRNA. Each data point corresponds to
5 embryos pooled together before digestion and flow

cytometry. Mean (dashed red line) with 95% confi- C
dence interval (red error bars) and level of statistical

significance. *P < .003; **P < .0006; ***P < .0001. (D)

At 72 hpf, mes and neutrophils express gesfr. qRT-
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N.S.

600+ *

4004

200

mpx:GFP+ cells per embryo at 72hpf

PCR analysis of gesfrin FACS-isolated macrophages
(mpeg1:GFP™ cells at 72 hpf), neutrophils (mpx:GFP™*
cells at 72 hpf), and adult zebrafish kidney (Whole
Kidney) shown for reference. Levels are relative to
the housekeeping gene effa. All samples are at least
biological duplicate preparations. Bars represent the
mean, and error bars represent SEM. *P < .0001.
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Gesf signaling promotes definitive myelopoiesis

To investigate if Gesf ligands were capable of expanding mye-
loid cells originating from definitive, multilineage precursors, we
examined later developmental time points. We performed these
studies at 72 hpf, a time whereby the majority of blood cells are
derived from definitive HSPCs. We observed that gesfa and gesfb
significantly expanded the number of mpx:GFP™ myeloid cells
present at 72 hpf (Figure 4A-B). To ensure that this was not
transgene specific, we also performed these experiments in lyz:
DsRed transgenic animals, recapitulating the neutrophil expansion
(data not shown). We also observed a significant expansion of
mpegl:GFP' mes in injected embryos (Figure 4C). FACS-isolated
neutrophils and mes both expressed gcsfr (Figure 4D). Finally, we
observed that Gesfa and Gesfb failed to rescue the knockdown of
neutrophils induced by gcsfr-MO (supplemental Figure 3), in-
dicating that the ligands were signaling through Gesfr at later time
points in myeloid development.

Gcesf signaling expands HSCs

To investigate if Gesf signaling regulated the specification and ex-
pansion of embryonic HSPCs, we again performed gain-of-function
experiments and analyzed the number of HSCs and EMPs present.
Surprisingly, both ligands caused expansion of runx! * HSCs at 24 hpf
when analyzed by WISH (Figure SA), and quantitation of runx1 " cells
along the dorsal aorta and in the PBI indicated significant expansion
(Figure 5B). Knockdown of Gesf signaling resulted in a significant
reduction of runxI™ cells that exogenous ligand could not rescue
(supplemental Figure 4). Further analysis of cells expressing the HSC

xogjg 2

@ ©
0‘9

marker cmyb along the dorsal aorta and caudal hematopoietic tissue
(CHT) at 36 hpf confirmed that both ligands were expanding HSCs
(Figure 5C-D). We next analyzed the effect of increased Gesf
signaling on EMPs, transient definitive progenitors that lack lymphoid
potential. Whereas enforced Gesf expression significantly expanded
HSCs, neither ligand showed significant effects on Imo2:GFP™;
gatal:DsRed” EMPs when analyzed by flow cytometry (Figure 5E).
To examine if these 2 progenitor subtypes could respond to Gesf
signaling, we examined their gesfrr expression. Although FACS-
isolated HSCs expressed significant levels of gcsfr, EMPs expressed
significantly less gcsfi- than HSCs (Figure SF), potentially explaining
their inability to respond to Gesf signaling.

To investigate if Gesf ligands were directly responsible for the
expansion of HSCs, we visualized the emergence of individual
cmyb:GFP™; flkl:mCherry*t HSCs along the aortic floor at 48
hpf.?* In agreement with our previous data, we observed that gcsf
ligand injections significantly increased HSCs along the dorsal
aorta (Figure 6A-B). We also investigated the CHT region of these
embryos because this area has been suggested to be the first site of
HSC expansion following emergence from aortic endothelium.?
The CHT also showed significant increases in HSCs (Figure 6C-D).
To investigate if Gesf signaling was responsible for this expansion,
we again used gesfr-MO, which caused significant decreases in HSCs
(Figure 6B,D). Injection of gcsfa and gesfb mRNA failed to rescue
this reduction, indicating that both ligands were signaling through the
Gosfr to expand HSCs. To further investigate, we generated ligand-
specific MOs to see if the depletion of either ligand would have
similar effects. The knockdown of either gcsfa or gesfb (supplemental
Figure 5) significantly reduced the amount of myeloid cells at 72 hpf
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Figure 5. Gesfa and Gesfb expand HSCs but not
EMPs in the zebrafish embryo. (A) WISH of 24 hpf
* embryos for runx1 after injection of PBS (mock) or in

N.S.

mock + gesfa

+ gestb

—~h

HSCs per embryo at 24hpf
(9]
2

vitro—transcribed gcsfa or gcsfb mRNA at the single-
cell stage of development. Bright field images taken on
iy i a Leica M165C upright dissecting scope with a Leica
DFC295 color digital camera at X6 and processed by
Photoshop (Adobe Systems) software. (B) Numbers of
" N runx1™ cells along the dorsal aorta and PBI region
quantitated from 3 independent experiments as in
panel A. Mean (dashed red line) with 95% confidence
interval (red error bars) and level of statistical sig-
nificance. *P < .0001. (C) WISH of 36 hpf embryos

150 4

for cmyb after injection of PBS (mock) or in vitro—
transcribed gcsfa or gcsfb mRNA at the single-cell
stage of development. Bright field images taken on

* a Leica M165C upright dissecting scope with a Leica
. DFC295 color digital camera at X8 and processed by

100 1

50 -

HSCs per embryo at 36hpf

*%

Photoshop (Adobe Systems) software. (D) Numbers of
cmyb* cells along the dorsal aorta and CHT region
quantitated from 3 independent experiments as in
A panel C. Mean (dashed red line) with 95% confidence
dagah, interval (red error bars) and level of statistical sig-
nificance. *P < .02; **P < .0001. (E) Percentage of
Imo2:GFP™; gata1:DsRed” EMPs at 30 to 32 hpf
(y-axis) after injection of PBS (mock, circles) or in
vitro—transcribed gcsfa (squares) or gesfb (triangles)
mRNA at the single-cell stage of development. Each
data point corresponds to 5 embryos pooled together

N.S.
0.84

N.S.

before digestion and flow cytometry. Mean (dashed red
line) with 95% confidence interval (red error bars) and
level of statistical significance. (F) gRT-PCR analysis
of gesfr in FACS-isolated HSCs (cmyb:GFP*; flk1:
DsRed" cells at 48 hpf), EMPs (Imo2:GFP*; gatat:
* DsRed* cells at 30 hpf), and adult zebrafish kidney
(Whole Kidney). Levels are relative to the house-

0.64

0.4

Relative expression level

0.2

Percent EMPs at 30-32hpf

0.0-

(supplemental Figure 3B) and HSCs in the aorta (Figure 6A-B) and
CHT (Figure 6C-D) at 48 hpf, indicating that both ligands play a role
in the emergence and expansion of myeloid cells and HSCs in the
embryo. We were able to rescue the depletion of Gesfa by injecting
either gesfa or gesfb mRNA, indicating not only that was this effect
directly attributable to Gesf signaling, but also that these ligands
function redundantly (supplemental Figure 3B; Figure 6B,D). The
same results were achieved when Gesfb was depleted and rescued
(supplemental Figure 3B; Figure 6B,D). Confirmation that these
ligands function redundantly vs synergistically is demonstrated by
the finding that adding both ligands failed to cause a statistically
significant increase in HSCs (Figure 6B,D). Taken together, these
data indicate that embryonic HSCs are responsive to Gesf signaling,
and that this signaling is essential for their expansion.

Gcsfa is more efficient than Gesfb at differentiating
adult HSPCs

To determine if each Gesf ligand had redundant effects on adult HSPC
differentiation, we produced recombinant versions of Gesfa and Gesfb

keeping gene effa. All samples are at least biological
duplicate preparations. *P < .05; **P < .0003.

Il gcsir

ligands (supplemental Figure 1), performing in vitro assays to quan-
titatively and functionally assess their proliferative and differentiation
activity. First, we used these recombinant ligands to validate that
Gcsfa and Gesfb were responsible for HSPC proliferation, adding
ligands to WKM labeled with the membrane dye PKH-26, which
indicated that HSPCs were expanded (supplemental Figure 6). To
analyze erythromyeloid differentiation, we plated WKM from mpx:
GFP"; gatal:DsRed " adult fish, adding carp serum, zebrafish Epo,
and increasing concentrations of Gesf ligands. Gesfb encouraged
slightly more colony formation at 5 and 10 ng/mL, but between 10 and
100 ng/mL, Gesfa encouraged significantly more colony formation
(Figure 7A). At 500 ng/mL, both Gcesf ligands encouraged similar
numbers of colony growth. To assess whether there were functional
differences in the maturation of these colonies, we enumerated myeloid
colonies marked by the myeloid-specific mpx:GFP transgene. Ad-
ditionally, we enumerated erythroid colonies marked by the erythroid-
specific gatal:DsRed transgene to determine if Gesf ligands
skewed the differentiation of EMPs. Finally, we observed and
enumerated “mixed” colonies that contained erythroid and my-
eloid cells that putatively arose from multilineage EMP cells
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Figure 6. Gesfa and Gesfb expand HSCs in the
zebrafish embryo. (A) Maximum projection of multiple
z-stack images of the dorsal aorta region of 48 hpf
cmyb:GFP™; flk:mCherry" transgenic animals after
injection of PBS (mock, top), gcsfa-MO, gcsfb-MO, and
gesfr-MO, in vitro-transcribed gcsfa, and in vitro
transcribed gcsfb at the single-cell stage of develop-
ment. White arrowheads (yellow cells) denote double-
positive HSCs located between the dorsal aorta and
cardinal vein. Fluorescence images taken on a Leica
TCS SP5 inverted confocal system at X250 and
processed by Volocity (Perkin Elmer) and Photoshop
(Adobe Systems) software. (B) Numbers of HSCs
(cmyb:GFP™; flk1:mCherry™) were enumerated from
individual confocal z-stacks from the dorsal aorta
region of 48 hpf cmyb:GFP™; flk1:mCherry™ transgenic
animals as shown in panel A. Mean (dashed red line)
with 95% confidence interval (red error bars) and
level of statistical significance. *P < .05; **P < .01;
***P < .0002. (C) Maximum projection of multiple
z-stack images of the CHT region of embryos shown
in panel A. White arrowheads (yellow cells) denote
double-positive HSCs located in contact with the
vascular plexus of the CHT. Fluorescence images
taken on a Leica TCS SP5 inverted confocal system
at X250 and processed by Volocity (Perkin Elmer)
and Photoshop (Adobe Systems) software. (D) Numbers
of HSCs (cmyb:GFP™; flk1:mCherry™) were enumerated
from individual confocal z-stacks from the CHT region of
48 hpf cmyb:GFP™; flk1:mCherry™ transgenic animals
as shown in panel C. Mean (dashed red line) with
95% confidence interval (red error bars) and level
of statistical significance. *P < .003; **P < .006;
***P < .0004; ****P < .0001.

mock >

gesfr-MO  gesfb-MO  gesfa-MO

+gcsfa

+gcsfb

mock (9]

gcsfb-MO  gesfa-MO

+gcsfa gesfr-MO

+gcsfb

(Figure 7B). Gesfa and Gesfb both stimulated GFP' ruffled
myeloid colonies (composed mainly of neutrophils),?® as well as
spread GFP* colonies (composed of neutrophils, monocytes, and
mcps)26 (Figure 7C). There were no differences in colony size,
indicating that the 2 ligands induced no measurable difference
in progenitor proliferation capacity. Neither Gesfa nor Gestb
prevented or skewed the differentiation of erythroid colonies
(Figure 7B-C). To confirm that Gesfa and Gestb had differential
biological activities, we stably transfected Baf3 murine cells with
zebrafish Gcesfr and found that both proteins stimulated the
survival of these cells in a ligand-dependent manner (supple-
mental Figure 7). Importantly, these studies indicated that Gesfa
stimulated survival at lower concentrations than Gesfb, indicating
higher biological activity. Overall, these data confirm that Gesfa and
Gesfb possess redundant roles in the differentiation of myelomono-
cytic cells, although Gcesfa has higher colony forming unit (CFU)-
promoting capabilities and biological activity.
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Discussion

Zebrafish are an increasingly popular model for understanding
vertebrate hematopoiesis. Although functional assays in the zebrafish
have been designed to investigate the differentiation and proliferation
of embryonic'®'? and adult HSPCs,>*%” the specific roles of cytokine
signaling in these processes have yet to be defined. To refine and
further develop these assays, we set out to more fully characterize
cytokine signaling important in hematopoietic development and
maintenance.

Here we report and characterize for the first time the second copy
of Gesf in the zebrafish genome. Although duplicate copies of Gesf
had been identified in other teleosts,'? only 1 copy had been described
in the zebrafish.'® Because multiple copies of other myeloid cytokines
had been described in zebrafish,”” we began an extensive synteny
analysis of the genome to look for Gesf paralogues. We discovered
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Figure 7. Gcsfa is more efficient than Gesfb at
expanding erythromyeloid HSPCs cells in the adult
zebrafish. (A) Numbers of CFUs (combined erythroid,
myeloid, and mixed) per 100000 cells plated from
unfractionated WKM grown with Gcsfa (black line,
circles) and Gcesfb (gray line, squares) cytokine con-
centrations as listed along the x-axis. Each point
represents the mean of biological triplicate experiments,
and error bars represent the SEM of those triplicate
experiments. Statistical significance represents the
difference between Gcesfa and Gesfb effects. *P < .08;
**P < .03. (B) Breakdown of different CFU types per
100000 cells plated from unfractionated WKM grown
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with 100 ng/mL of Gesfa and Gesfb in the presence of
Epo. Green bars represent Mpx:GFP* ruffled and
spread colonies (Mpx™), red bars represent Gatat:
DsRed" compact colonies (Gata1®), and green/red
checkered bars represent colonies with Mpx:GFP* and
Gata1:DsRED" cells both present (Mixed). Bars repre-
sent the mean of biological duplicate experiments, and

brightfield

gatai:DsRed mpx:GFP

a duplicate copy of Gesf, which we have designated Gesfb, that
shares extensive upstream genomic synteny with human chromo-
some 17 and murine chromosome 11. The previously described
copy of Gesf shares extensive downstream synteny with human and
mouse, implying that the chromosomal regions harboring these 2
zebrafish paralogues share a common ancestral origin. Additionally,
this synteny suggests that the zebrafish Gesf paralogues resulted
from a chromosome/genome duplication event.

Interestingly, zebrafish Gesfa and Gesfb seem to possess only
partially orthologous functions with their mammalian counterparts.
As in mammals, both zebrafish paralogues stimulate granulocytic
differentiation,* along with the differentiation of monocytes/mes.*®
However, Gesf signaling appears to play a broader role in zebrafish
hematopoiesis. Our studies demonstrate that Gesf signaling is
required for HSC specification and expansion, roles that have not
been described for mammalian Gesf. One possible explanation is
that, during vertebrate evolution, the Gesf signaling pathway initially
functioned to broadly support many levels of hematopoiesis. Fol-
lowing the radiation of mammals, other cytokines likely evolved
to take on more specialized roles following gene duplication
events. 34

Supporting this idea, zebrafish lack several members of the class I
cytokine signaling pathway, which regulate hematopoiesis and im-
mune cell function.*! Extensive searches in the zebrafish genome
indicate that zebrafish lack both the ligands and receptors for the
interleukin-3 (IL-3) subfamily, which includes IL-5, Gmcsf, and IL-3.
In mammals, these cytokines encourage the production and main-
tenance of myelomonocytic lineages, including neutrophils, mono-
cytes/mes, and eosinophils. That each of these lineages exists and
functions in teleosts without these cytokines indicates that the
ancestral requirements for these specialized cytokines were less

error bars represent the SEM of those experiments.
Statistical significance represents the difference be-
tween Gcesfa and Gesfb effects. *P < .09; **P < .04. (C)
Images of representative colonies derived from unfrac-
tionated WKM after stimulation with 100 ng/mL of Gesfa
(left half of panel) or Gesfb (right half of panel). All
cultures also had carp serum, 10% bovine serum
albumin, and Epo added. Brightfield (top row), mpx:
GFP (middle row), and gatai:DsRed (bottom row)
images are shown to illustrate representative colonies
seen with these different growth conditions. Mixed
colonies are not shown but were present in both
cultures. Brightfield and fluorescent images taken on
a Leica DMI-6000 inverted fluorescent scope with
a Hamamatsu Photonics Orca 3CCD color digital
camera at X400 and processed by Volocity (Perkin
Elmer) and Photoshop (Adobe Systems) software.

complex. Our findings, in addition to phylogenetic analyses, suggest
that Gesf possesses many functions that became diversified over
evolution through modification of the Gesf paradigm. Phylogenetic
predictions indicate that identified teleost Gcesfs form a single
evolutionary clade outside other related class I cytokine families
such as IL-6, leukemia inhibitory factor, and oncostatin M, suggesting
that all of these cytokines are orthologous and arose from a common
ancestral source.'” Synteny analyses have identified the highly
homologous IL-3, IL-4, IL-5, IL-13, and Gmcsf genes clustered on
chicken chromosome 13, murine chromosome 11, and human
chromosome 5, implying that each of these genes likely arose from
a duplication event from a common gene ancestor.*® Supporting
this postulate, many of these cytokines have overlapping roles in
hematopoiesis that can be compensated for by other family members.
For instance, IL-3, originally named multi-CSF for its ability to
stimulate the proliferation and differentiation of multiple hematopoi-
etic cell types in vitro,*>* is dispensable for normal hematopoiesis in
vivo.* Thus, the diversification of class I cytokines appears to have
resulted in specialization to fine-tune cytokine signaling present in
our common ancestors.

Prior to this report, Gesf had never been shown to directly stimulate
HSC specification or proliferation, although it had been implicated in
the production and differentiation of myeloid progenitors.'>*
Gesfr '~ mice have similar numbers of long-term culture-initiating
cells,* and although radiolabeled Gesf*® and biotinylated GCSF*’
bind to the surface of HSCs, they have very few Gesf receptors relative
to more mature myeloid progenitors*® and GCSFR mRNA levels are
barely detectable on sorted HSCs.*®

Another difference between teleosts and mammals is the du-
plication of gcsf. We found that gcsfa and gesfb are differentially
expressed temporally during development and spatially in adult
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fish. We observed that gcsfa was expressed at low levels early in
development but increased over time, whereas gesfb was initially
expressed at high levels and decreased later in development.
Although we hypothesized that the dynamic expression of each Gesf
ligand may reflect different roles during development, overex-
pression of either showed redundant functions. The possibility
exists that these ligands are expressed in different locations of the
embryo and have distinct, specific roles in different tissues, even
though WISH analysis was inconclusive, likely because of the low
expression of these ligands in the embryo. Interestingly, gcsfb was
expressed highly in the kidney, the main site of hematopoiesis in the
zebrafish, as well as the testes, skin, and gills. gcsfa was also present
in all of these tissues, but at lower levels. The only 2 tissues where
gesfa levels were significantly higher in the adult zebrafish were
the heart and spleen. However, both of these ligands stimulated
granulocytic and monocyte/me differentiation from WKM in vitro,
indicating that even though gcsfa was not highly expressed in the
kidney, it still retains the ability to differentiate myeloid progenitors.

These studies are the first to compare the functional ability of
recombinant zebrafish cytokines to differentiate HSPCs. Although
Gesfa stimulated myeloid progenitors in vitro,?® we were inter-
ested to see if Gestb would have the same functional effect. Inter-
estingly, we found that the 2 ligands had redundant functions in
vitro, both generating myeloid colonies. We found that the 2 Gesf
ligands stimulated colony formation at different concentrations;
at low concentrations, Gesfb encouraged slightly more CFUs, but
between 10 and 100 ng/mL, Gesfa stimulated significantly more
colonies. Additionally, Gesfa stimulated the survival of Baf3 cells
transfected with zebrafish Gesfr, indicating that it possessed higher
biological activity. Further biochemical studies are required to
investigate the reasons behind the differential activities of these 2
ligands.

In conclusion, we have identified Gesf as a broadly required
cytokine in the formation and function of the zebrafish hematopoietic
system. Unlike its mammalian counterpart, Gesf signaling is required
for HSC specification. In contrast, Gesf signaling is dispensable for
the formation and function of EMPs, the first multipotent progenitors
generated in the embryo. Similar to its role in mammals, Gesf is
important in the support of myelomonocytic cells, whether derived
from the first primitive waves of the embryo or from definitive
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precursors. The importance of the Gesf signaling axis in hematopoi-
etic development is highlighted by the observation that reduction of
individual Gesf ligands caused an increase in the other functionally
redundant ligand. It will be of interest in future studies to determine if
the signals elaborated by the zebrafish Gesfr are conserved with its
mammalian counterparts. Nevertheless, our findings suggest that Gesf
represents an ancient cytokine whose functions were diversified into
new gene families following gene duplication events over evolution.

Acknowledgments

The authors thank Jifi Brynda for structural predictions of Gcesfa
and Gestb, Roger Rainville and Lisa Phelps for animal care, and
Karen Ong for laboratory management.

This work was supported by grants from the National Institutes
of Health, National Institute of Diabetes and Digestive and Kidney
Diseases (K01-DK087814-01A1) (D.L.S.), 305/10/0953 projects
and Fullbright Scholars award (P.B.), California Institute of Regen-
erative Medicine New Faculty Award (1-00575-1), American Heart
Association Innovative Science Award (#12PILT12860010), and
National Institutes of Health, National Institute of Diabetes and
Digestive and Kidney Diseases (RO1-DK074482) (D.T.).

Authorship

Contribution: D.L.S., O.S., P.B.,, RPL., R.EE.-P., and C.A.C.
performed research; D.L.S., P.B., O.S., and D.T. designed the
research; D.L.S. and D.T. wrote the manuscript; and P.B. and L.1.Z.
provided critical reagents for the work, as well as suggestions on
experimental design.

Conflict-of-interest disclosure: L.I.Z. is a founder and stockholder
of Fate Inc. and a scientific advisor for Stemgent. The remaining
authors declare no competing financial interests.

Correspondence: David Traver, Department of Cellular and
Molecular Medicine, University of California at San Diego, La
Jolla, CA, 92093-0380; e-mail: dtraver@ucsd.edu.

References

1. Lieschke GJ, Grail D, Hodgson G, et al. Mice 6. Touw IP, van de Geijn GJ. Granulocyte colony- 12. Santos MD, Yasuike M, Hirono I, Aoki T. The
lacking granulocyte colony-stimulating factor stimulating factor and its receptor in normal granulocyte colony-stimulating factors (CSF3s) of
have chronic neutropenia, granulocyte and myeloid cell development, leukemia and related fish and chicken. Immunogenetics. 2006;58(5-6):
macrophage progenitor cell deficiency, and blood cell disorders. Front Biosci. 2007;12: 422-432.
impaired neutrophil mobilization. Blood. 1994; 800-815. 13. Liongue C, Hall CJ, O'Connell BA, Crosier P,
84(6):1737-1746. 7. Zsebo KM, Yuschenkoff VN, Schiffer S, et al. Ward AC. Zebrafish granulocyte colony-

2. Liu F, Wu HY, Wesselschmidt R, Kornaga T, Link Vascular endothelial cells and granulopoiesis: stimulating factor receptor signaling promotes
DC. Impaired production and increased apoptosis interleukin-1 stimulates release of G-CSF and myelopoiesis and myeloid cell migration. Blood.
of neutrophils in granulocyte colony-stimulating GM-CSF. Blood. 1988;71(1):99-103. 2009;113(11):2535-2546.
factor receptor-deficient mice. Immunity. 1996; 8. Koeffler HP, Gasson J, Ranyard J, Souza L, 14. Katzenback BA, Belosevic M. Characterization of
5(5):491-501. Shepard M, Munker R. Recombinant human TNF granulocyte colony stimulating factor receptor of

3. Nicola NA, Metcalf D, Matsumoto M, Johnson GR. alpha stimulates production of granulocyte colony- the goldfish (Carassius auratus L.). Dev Comp
Purification of a factor inducing differentiation stimulating factor. Blood. 1987;70(1):55-59. Immunol. 2012;36(1):199-207.
in murine myelomonocytic leukemia cells. 9. Demetri GD, Zenzie BW, Rheinwald JG, Griffin 15. Hall CJ, Flores MV, Oehlers SH, et al.
Identification as granulocyte colony-stimulating JD. Expression of colony-stimulating factor genes Infection-responsive expansion of the
factor. J Biol Chem. 1983;258(14):9017-9023. by normal human mesothelial cells and human hematopoietic stem and progenitor cell

4. Nicola NA, Begley CG, Metcalf D. Identification of malignant mesothelioma cells lines in vitro. Blood. f:ompfartmelntl in ngraﬁsh is dependent upon
the human analogue of a regulator that induces 1989;74(3):940-946. inducible nitric oxide. Cell Stem Cell. 2012;
differentiation in murine leukaemic cells. Nature. 10. Ward AC. The role of the granulocyte colony- 10(2):198-209.
1985;314(6012):625-628. stimulating factor receptor (G-CSF-R) in disease. 16. Herbomel P, Thisse B, Thisse C. Ontogeny and

5. Metcalf D, Nicola NA. Proliferative effects of Front Biosci. 2007;12:608-618. behaviour of early macrophages in the zebrafish
purified granulocyte colony-stimulating factor 11. Sung L, Dror Y. Clinical applications of embryo. Development. 1999;126(17):3735-3745.
(G-CSF) on normal mouse hemopoietic cells. granulocyte-colony stimulating factor. Front 17. Le Guyader D, Redd MJ, Colucci-Guyon E,

J Cell Physiol. 1983;116(2):198-206.

Biosci. 2007;12:1988-2002.

et al. Origins and unconventional behavior of


mailto:dtraver@ucsd.edu
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

3928

20.

21.

22.

23.

24.

25.

26.

27.

28.

From www.bloodjournal.org by guest on June 9, 2019. For personal use only.

STACHURA et al

neutrophils in developing zebrafish. Blood. 2008;
111(1):132-141.

. Bertrand JY, Kim AD, Violette EP, Stachura DL,

Cisson JL, Traver D. Definitive hematopoiesis
initiates through a committed erythromyeloid
progenitor in the zebrafish embryo. Development.
2007;134(23):4147-4156.

. Bertrand JY, Cisson JL, Stachura DL, Traver D.

Notch signaling distinguishes 2 waves of definitive
hematopoiesis in the zebrafish embryo. Blood.
2010;115(14):2777-27883.

Bertrand JY, Giroux S, Golub R, et al.
Characterization of purified intraembryonic
hematopoietic stem cells as a tool to define their
site of origin. Proc Natl Acad Sci USA. 2005;
102(1):134-139.

Yokota T, Huang J, Tavian M, et al.
Tracing the first waves of lymphopoiesis in mice.
Development. 2006;133(10):2041-2051.

Bertrand JY, Chi NC, Santoso B, Teng S, Stainier
DY, Traver D. Haematopoietic stem cells derive
directly from aortic endothelium during
development. Nature. 2010;464(7285):108-111.

Bertrand JY, Kim AD, Teng S, Traver D.

CD41+ cmyb+ precursors colonize the zebrafish
pronephros by a novel migration route to initiate
adult hematopoiesis. Development. 2008;
135(10):1853-1862.

North TE, Goessling W, Walkley CR,

et al. Prostaglandin E2 regulates vertebrate
haematopoietic stem cell homeostasis. Nature.
2007;447(7147):1007-1011.

Kissa K, Murayama E, Zapata A, et al. Live imaging
of emerging hematopoietic stem cells and early
thymus colonization. Blood. 2008;111(3):1147-1156.

Stachura DL, Svoboda O, Lau RP, et al. Clonal
analysis of hematopoietic progenitor cells in the
zebrafish. Blood. 2011;118(5):1274-1282.

Stachura DL, Reyes JR, Bartunek P, Paw BH,
Zon LI, Traver D. Zebrafish kidney stromal cell
lines support multilineage hematopoiesis. Blood.
2009;114(2):279-289.

Westerfield M. The Zebrafish Book. A Guide for
the Laboratory Use of Zebrafish (Danio rerio). 4th
ed. Eugene: University of Oregon Press; 2000.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

BLOOD, 5 DECEMBER 2013 - VOLUME 122, NUMBER 24

Renshaw SA, Loynes CA, Trushell DM, Elworthy
S, Ingham PW, Whyte MK. A transgenic zebrafish
model of neutrophilic inflammation. Blood. 2006;
108(13):3976-3978.

Zhu H, Traver D, Davidson AJ, et al. Regulation of
the Imo2 promoter during hematopoietic and
vascular development in zebrafish. Dev Biol.
2005;281(2):256-269.

Traver D, Paw BH, Poss KD, Penberthy WT, Lin
S, Zon LI. Transplantation and in vivo imaging of
multilineage engraftment in zebrafish bloodless
mutants. Nat Immunol. 2003;4(12):1238-1246.

Balla KM, Lugo-Villarino G, Spitsbergen JM, et al.
Eosinophils in the zebrafish: prospective isolation,
characterization, and eosinophilia induction by
helminth determinants. Blood. 2010;116(19):
3944-3954.

Zapata A. Ultrastructural study of the teleost fish
kidney. Dev Comp Immunol. 1979;3(1):55-65.

Wittamer V, Bertrand JY, Gutschow PW, Traver
D. Characterization of the mononuclear
phagocyte system in zebrafish. Blood. 2011;
117(26):7126-7135.

Hall C, Flores MV, Storm T, Crosier K, Crosier P.
The zebrafish lysozyme C promoter drives
myeloid-specific expression in transgenic fish.
BMC Dev Biol. 2007;7:42.

Ellett F, Pase L, Hayman JW, Andrianopoulos A,
Lieschke GJ. mpeg1 promoter transgenes direct
macrophage-lineage expression in zebrafish.
Blood. 2011;117(4):e49-e56.

Wang T, Hanington PC, Belosevic M, Secombes
CJ. Two macrophage colony-stimulating factor
genes exist in fish that differ in gene organization
and are differentially expressed. J Immunol. 2008;
181(5):3310-3322.

Migliaccio G, Migliaccio AR, Adamson JW. In vitro
differentiation of human granulocyte/macrophage
and erythroid progenitors: comparative analysis
of the influence of recombinant human
erythropoietin, G-CSF, GM-CSF, and IL-3 in
serum-supplemented and serum-deprived
cultures. Blood. 1988;72(1):248-256.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Huising MO, Kruiswijk CP, Flik G. Phylogeny and
evolution of class-1 helical cytokines. J Endocrinol.
2006;189(1):1-25.

Avery S, Rothwell L, Degen WD, et al.
Characterization of the first nonmammalian

T2 cytokine gene cluster: the cluster contains
functional single-copy genes for IL-3, IL-4, IL-13,
and GM-CSF, a gene for IL-5 that appears to be
a pseudogene, and a gene encoding another
cytokinelike transcript, KK34. J Interferon
Cytokine Res. 2004;24(10):600-610.

Liongue C, Ward AC. Evolution of Class | cytokine
receptors. BMC Evol Biol. 2007;7:120.

Rennick DM, Lee FD, Yokota T, Arai Kl, Cantor H,
Nabel GJ. A cloned MCGF cDNA encodes

a multilineage hematopoietic growth factor:
multiple activities of interleukin 3. J Immunol.
1985;134(2):910-914.

Caux C, Vanbervliet B, Massacrier C, Durand |,
Banchereau J. Interleukin-3 cooperates with
tumor necrosis factor alpha for the development
of human dendritic/Langerhans cells from cord
blood CD34+ hematopoietic progenitor cells.
Blood. 1996;87(6):2376-2385.

Mach N, Lantz CS, Galli SJ, et al. Involvement of
interleukin-3 in delayed-type hypersensitivity.
Blood. 1998;91(3):778-783.

Richards MK, Liu F, Iwasaki H, Akashi K, Link DC.
Pivotal role of granulocyte colony-stimulating factor
in the development of progenitors in the common

myeloid pathway. Blood. 2003;102(10):3562-3568.

McKinstry WJ, Li CL, Rasko JE, Nicola NA,
Johnson GR, Metcalf D. Cytokine receptor
expression on hematopoietic stem and progenitor
cells. Blood. 1997;89(1):65-71.

Ebihara Y, Xu MJ, Manabe A, et al. Exclusive
expression of G-CSF receptor on myeloid
progenitors in bone marrow CD34+ cells. Br J
Haematol. 2000;109(1):153-161.

Ashihara E, Vannucchi AM, Migliaccio G,
Migliaccio AR. Growth factor receptor expression
during in vitro differentiation of partially purified
populations containing murine stem cells. J Cell
Physiol. 1997;171(3):343-356.


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on June 9, 2019. For personal use only.

qj(\i.'l Y O A/{ ®
(¥
9. 2013 122: 3918-3928
(D d0i:10.1182/blood-2012-12-475392 originally published
w online October 15, 2013

The zebrafish granulocyte colony-stimulating factors (Gcsfs): 2
paralogous cytokines and their roles in hematopoietic development and
maintenance

NERICAN
030198

David L. Stachura, Ondrej Svoboda, Clyde A. Campbell, Raquel Espin-Palazén, Ryan P. Lau,
Leonard I. Zon, Petr Bartunek and David Traver

Updated information and services can be found at:
http://www.bloodjournal.org/content/122/24/3918.full.html

Articles on similar topics can be found in the following Blood collections
Hematopoiesis and Stem Cells (3579 articles)
Phagocytes, Granulocytes, and Myelopoiesis (704 articles)

Information about reproducing this article in parts or in its entirety may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests

Information about ordering reprints may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints

Information about subscriptions and ASH membership may be found online at:
http://www.bloodjournal.org/site/subscriptions/index.xhtml

Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society
of Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Copyright 2011 by The American Society of Hematology; all rights reserved.


http://www.bloodjournal.org/content/122/24/3918.full.html
http://www.bloodjournal.org/cgi/collection/hematopoiesis_and_stem_cells
http://www.bloodjournal.org/cgi/collection/granulocytes_phagocytes_myelopoiesis
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
http://www.bloodjournal.org/site/subscriptions/index.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml
http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

