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ABSTRACT

evere congenital neutropenia is a rare heterogeneous group of diseases,

characterized by an arrest of granulocyte maturation. Autosomal reces-

sive mutations in the HAX7 gene are frequently detected in affected
individuals. However, the precise role of HAX1 during neutrophil differen-
tiation is poorly understood. To date, no reliable animal model has been
established to study HAX7-associated congenital neutropenia. Here we
show that knockdown of zebrafish hax1 impairs neutrophil development
without affecting other myeloid cells and erythrocytes. Furthermore, we
found that interference with Hax1 function decreases the expression level of
key target genes of the granulocyte colony-stimulating factor signaling path-
way. The reduced neutrophil numbers in the morphants could be reversed
by granulocyte colony-stimulating factor, which is also the main therapeutic
intervention for patients who have congenital neutropenia. Our results
demonstrate that the zebrafish is a suitable model for H/AX7-associated neu-
tropenia. We anticipate that this model will serve as an in vivo platform to
identify new avenues for developing tailored therapeutic strategies for
patients with congenital neutropenia, particularly for those individuals who
do not respond to granulocyte colony-stimulating factor treatment.

Introduction

Severe congenital neutropenia (CN) is a rare hematologic disorder, which is char-
acterized by impaired maturation of neutrophil granulocytes."® Mutations in vari-
ous genes, including ELANE, HAX1, G6PC3, CXCR4 and G-CSFR are associated
with CN." Affected individuals are prone to life-threatening infections that begin in
their first months of life unless treated by human granulocyte colony-stimulating
factor (G-CSE encoded by the CSF3 gene) or bone marrow transplantation.”” CN is
also a preleukemic syndrome and patients are predisposed to develop myelodyspla-
sia or acute myeloid leukemia after a long period of time.”® However, the severity
of neutropenia and the risk of leukemia vary between individuals with distinct
genetic aberrations, and a group of CN patients do not respond to the G-CSF ther-
apy. The cumulative incidence of leukemia in less responsive patients is 40% after
15 years, in comparison to 20% in responsive patients,” although, the underlying
mechanisms are poorly understood.

HAX1 is ubiquitously expressed among human tissues.'*" It acts as a binding part-
ner of multiple proteins and is involved in various signaling pathways and cellular
processes.””™ For example, HAX1 interacts with the mitochondrial proteases PARL
and HTRA2 and is involved in anti-apoptotic signaling.”’It interacts with PKD2 pro-
tein and is associated with the actin cytoskeleton.'” HAX1 plays a role in BCR-medi-
ated internalization through binding to the cytoplasmic domain of B-cell receptors.”
In hematopoietic progenitors, upon activation of the G-CSF receptor (G-CSFR), the
cytoplasmic HAX1 binds to the HCSL1 and LEF-1 proteins, transporting LEF-1 into
the nucleus. This transcription factor then activates target genes of the G-CSF signal-
ing pathway including CEBPA and HCLS1.® Taking into account that HAX1 is
involved in diverse subcellular processes, it remains unclear why patients who lack
functional HAX1 display predominantly impaired neutrophil differentiation.

Our current knowledge on the role of HAX1 in granulopoiesis is predominantly
derived from in vitro studies and clinical observations."” To date, no faithful animal
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model has been established and, therefore, the experi-
mental model system is based on in vitro neutrophil dif-
ferentiation of induced pluripotent stem cells from
patients with HAX1-associated CN."* Mice lacking Hax1
display normal granulopoiesis and their predominant
phenotype is post-natal lethality due to neuronal apopto-
sis.” Hence, there is an urgent need for an in vivo model to
study the role of HAX1 in granulopoiesis and leukemoge-
nesis. Here, we chose to use zebrafish (Danio rerio) as a
vertebrate model because cellular and molecular mecha-
nisms underlying granulopoiesis are largely conserved
between zebrafish and humans,”* and 82% of disease-
causing human genes have an orthologue in zebrafish.**”
For example, zebrafish harboring mutations in g-csfr,
cxer4,” and gbpc3” display impaired neutrophil develop-
ment, mimicking CN patients who lack the correspon-
ding orthologue gene. Thus far, it was unknown whether
hax1 is involved in zebrafish granulopoiesis. Here, we
show that this gene is expressed in zebrafish hematopoi-
etic cells and is indispensable for neutrophil development,
which makes zebrafish a suitable model for studying
HAX1-associated neutropenia.

23,24

Methods
Zebrafish

Zebrafish lines were maintained according to standard proto-
cols and handled in accordance with European Union animal
protection directive 2010/63/EU and approved by the local gov-
ernment (Tierschutzgesetz §11, Abs. 1, Nr. 1, husbandry permit
35/9185.46/Uni TU). All experiments described in the present
study were conducted on embryos younger than 5 days post-fer-
tilization (dpf). In this study, we used the wild-type TE strain of
zebrafish. The transgenic (tg) reporter lines tg(mpo:gfy) and
tg(lyz:dsRED) have been described previously.**®

Injection of morpholino, single-guide RNA
and messenger RNA

Three morpholinos (GeneTools) targeting the /ax1 gene were
used in this study (Online Supplementary Table S1). For the rescue
experiment, full-length complementary DNA (cDNA) of
zebrafish hax1 was isolated and cloned into the pMC vector.”
Capped messenger RNA (mRNA) was synthesized using the
mMESSAGE mMACHINE SP6 kit (Ambion). Morpholino and 5-
10 ng/uL of hax1 mRNA were co-injected into one-cell stage
zebrafish embryos. To perform transient CRISPR-Cas9 targeting
of the hax1 gene, single guide RNA (sgRNA) target site (5-
GGGTTTTTCGGGATTCCCGG-8') was predicted and evaluat-
ed for off-target site by using the CCTop web tool.* sgRNA (15
ng/ul) and 150 ng/ul of Cas9 mRNA (a kind gift from J.
Wittbrodt, Heidelberg University) were co-injected into one-cell
stage transgenic tg(mpo:gfy) embryos.

Heat-inducible g-csfa construct

The full-length cDNA of zebrafish g-csfa (or csf3a) was isolat-
ed and cloned into the pTGH2 plasmid containing a bi-direction-
al heat-inducible promoter® flanked by Tol2 binding sites. The
resulting plasmids were then injected at a dose of 20 ng/uL with
10 ng/pL mRNA of To/2 transposase into one-cell-stage embryos.
Injected embryos at 1 dpf were heat treated at 39°C for 1 h.
Green fluorescent protein-positive (GFP*) embryos were select-
ed for subsequent whole mount in situ hybridization (WISH)
analysis.

Whole mount in situ hybridization

RNA i situ hybridization of zebrafish embryos was performed
as described previously® using digoxigenin-labeled RNA antisense
probes, which are listed in Online Supplementary Table S2.

Statistical analysis

GraphPad Prism software (version 8) was used to produce
graphs and for the statistical analysis. In this study, an unpaired,
two-tailed Wilcoxon-Mann-Whitney test was used to compare
the means of different data sets.

Additional details of the material and methods are available in

the Online Supplementary Material and Methods.

Results

Zebrafish hax1 is expressed in hematopoietic cells

An in silico analysis was carried out to characterize
zebrafish hax1. A high degree of synteny was found
between human and zebrafish hax1 with the upab2] and
pygo2 genes upstream, and agp10b and cks1b genes down-
stream in the corresponding genomic loci (Figure 1A).
Multiple alignment and phylogenetic analysis revealed
strong amino acid similarities over the entire coding
region of Hax1 protein between zebrafish and its ortho-
logues in other vertebrates (Figure 1B, Ounline
Supplementary Figure S1). To elucidate whether hax1 is
expressed in zebrafish hematopoietic cells, we first
searched for hax1 in two single-cell RNA-sequencing data-
bases® of adult zebrafish whole kidney marrow (akin to
mammalian bone marrow). In both databases, hax1 was
found to be expressed in neutrophils, macrophages, and
erythrocytes, albeit at low levels (data not shown). WISH
was performed to determine the hax1 spatial expression
patterns during embryonic development, revealing that
hax1 is ubiquitously expressed throughout gastrulation
and early embryonic segmentation (Figure 1C). At later
stages, the hax1 transcript was detected in the posterior
intermediate cell mass and caudal hematopoietic tissue
(Figure 1C-F, black arrows), which are the sites of primi-
tive and definitive hematopoiesis, respectively, in
zebrafish embryos.®® The expression of hax/ in
hematopoietic cells was also confirmed by double fluores-
cent in situ hybridization analysis, revealing co-localiza-
tion of hax1 and cmyb, a marker of hematopoietic stem
cells (Figure 1D). Notably, hax1 transcript was also detect-
ed in the brain at 4 dpf (Figure 1G, arrow).

Loss-of-function of Hax1 leads to reduced neutrophil
numbers in zebrafish embryos

To determine whether hax1 has a role in zebrafish
hematopoiesis, a morpholino (MO)-mediated gene knock-
down strategy was used. Specifically, three MO targeting
the hax1 gene were used (Online Supplementary Figure
S24). One MO was designed against the ATG start codon
site (hereafter named atg-MO), whereas the other two
blocked the correct splicing of either exon 1 (hereafter
named e1-MO) or exon 2 (hereafter named e2-MO), lead-
ing to a truncated Hax1 protein (Online Supplementary
Figure S2B-E). Quantitative analysis showed that wild-
type hax4 transcript levels decreased to 90% and 70% in
the embryos injected with e1-MO and e2-MO, respective-
ly (Figure 2A, Online Supplementary Figure S2F and G).
Notably, injection of MO did not result in embryonic mal-
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Figure 1. Characterization of zebrafish hax1. (A) Schematic comparison showing syntenic conservation of the hax1 loci in humans and zebrafish. (B) A neighbor-join-
ing phylogenetic tree of Hax1 proteins, which was performed with 1,000 bootstrap replications. Am, Astyanax mexicanus; Bt, Bos taurus; Ci, Ciona intestinalis; Dr,
Danio rerio; Hs, Homo sapiens; Mm, Mus musculus; Ol, Oryzias latipes; Pt, Pan troglodytes; Rn, Rattus norvegicus; Ss, Salmo salar. (C) Spatial hax1 expression by
whole mount in situ hybridization analysis from 5 to 20 hours post-fertilization (hpf). (D) Confocal image of double fluorescent in situ hybridization of hax1 (magenta)
and cmyb (green) at 20 hpf. (E-G) Spatial hax1 expression at 24 (E), 48 (F) and 96 (G) hpf. Arrows in C, E, and F indicate hax1 expression in the hematopoietic site.
A sense probe was used as a negative control (E, right panel). Note that the images shown in E are two images stitched together. y: yolk; ye: yolk extension. Scale

bars: 100 um (C, E-G), 50 um (D).

formation (Online Supplementary Figure S3). To determine
whether hax1 knockdown impairs neutrophil develop-
ment, two different approaches were used. First, cells
expressing the neutrophil-specific marker myeloid peroxi-
dase (mpo) were stained in MO-injected embryos (here-
after called morphants) using WISH. Compared to wild-
type embryos, the number of mpo* cells was significantly
reduced in all three morphants (Figure 2B). As a second
approach, MO were injected separately into the zebrafish
transgenic tg(mpo:gfy) embryos in which GFP is expressed
under the control of mpo promoter.® Consistent with
WISH data, in all three morphants, the numbers of GFP*
cells were reduced in comparison to the numbers in unin-
jected siblings (Figure 2C) and no significant difference
was observed when a control MO was injected (Online
Supplementary Figure S4). To test the specificity of the
MO, full-length mRNA of zebrafish hax1 was co-injected
with either e1-MO or e2-MO, showing that overexpres-
sion of hax1 rescued the reduced neutrophil numbers in
both morphants (Figure 2D). In addition to MO-mediated
gene knockdown, transient CRISPR-Cas9 targeting of the
hax1 gene in the tg(mpo:gfp) line was performed.
Compared with the non-injected siblings, hax1 crispants
showed significantly fewer GFP* cells in the trunk region
at 2 dpf (Online Supplementary Figure S5). Collectively, our
findings suggest that hax1 has a role in zebrafish neu-
trophil development.

Normal phagocytic activity and migratory behavior of
neutrophils in hax1 morphants

Given that Hax1 is able to interact with proteins asso-
ciated with cytoskeleton machinery and is involved in the
migration of cancer cells in vitro,*® we tested to what
extent Hax1 loss-of-function impairs the migratory
behavior of neutrophils in vivo. One way to induce an
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inflammatory response and chemotaxis is to inject bacte-
ria into the notochord of zebrafish embryos.” We, there-
fore, injected Alexa 594-conjugated Staphylococcus aureus
debris into this region (Figure 3A) and then embryos were
analyzed using confocal microscopy. We found a similar
accumulation of neutrophils in the infected site between
wild-type (Figure 3B, top panels) and hax1 morphants
(Figure 3B, bottom panels). Time-lapse in vivo imaging
revealed that hax1 knockdown did not substantially
affect the migration or phagocytic activity of neutrophils
(Figure 3C).

Normal erythropoiesis and monopoiesis in hax1
morphants

Based on single-cell RNA sequencing databases of
zebrafish hematopoietic cells,**” hax1 is also expressed in
erythrocytes and macrophages. We, therefore, performed
tests to determine whether loss-of-function of Hax1 could
affect erythropoiesis or the development of macrophages.
WISH analysis showed that there were no detectable dif-
ferences in the expression patterns of gatat and hemoglobin
alpha embryonic 1.1 (hbae1.1) in the morphants when com-
pared to wild-type embryos at 1 dpf (Figure 4A and B).
These results and the presence of circulating red blood
cells in the morphants (data not shown) suggest that hax1 is
dispensable for embryonic erythropoiesis.

We next examined to what extent the development of
myeloid cells was affected in hax1 morphants. We tested
the expression of pu.1, a regulator of monocytic differen-
tiation.*” In 2 dpf hax1 MO-injected embryos, the number
of pu.1* cells appeared comparable with that in the wild-
type fish (Figure 4C), which mimics data from CN
patients.” Analysis with markers of mature myeloid cells
demonstrated a substantial decrease in [-plastin® leuko-
cytes (Figure 4D), lyz* neutrophils (Figure 4E) and g-csfr




cells (Figure 4F). The last gene is expressed in monocytes
and neutrophils. In contrast, mpeg1.1* macrophages* were
not affected (Figure 4G). With regard to definitive
hematopoiesis, no difference was observed in the expres-
sion of the hematopoietic stem cell marker cmyb between
wild-type and hax41 morphants at 2 dpf (Figure 4H).
Together, these results indicate that hax1 is dispensable
for embryonic erythropoiesis and monopoiesis.

Interference with Hax1 function enhances apoptosis in
embryos but not in neutrophils

We next sought to determine the underlying molecular
basis for the role of Hax1 in neutrophil development. To
date, two main observations associated with HAX1 defi-
ciency in CN patients are increased apoptosis of myeloid
progenitors,® and decreased activity of the G-CSF signal
transduction pathway.'® Based on these findings, we
examined to what extent cellular viability and the G-CSE
signaling pathway were affected in hax1 morphants. We
used three approaches to identify apoptotic cells. First, a
terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay was performed to detect apoptot-
ic cells. Compared to their wild-type counterparts, hax1
morphants exhibited increased apoptosis at 1 dpf (Figure
5A and B). The increased apoptosis at 1 dpf was specific
to the hax1 knockdown fish because no significant differ-
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ence was observed when a control MO was injected
(Figure 5B). By 2 dpf, the number of apoptotic cells was
comparable between morphants and uninjected embryos
(Figure 5C, Ounline Supplementary Figure S6). As a second
approach, we stained wild-type embryos and hax1 mor-
phants with the fluorescent dye acridine orange (Figure
5D). Similar to the TUNEL assay, this showed that the
number of apoptotic cells was increased in the hax1 mor-
phants at 1 dpf (Figure 5E), but not at 2 dpf (Figure 5F).
Strikingly, apoptotic cells stained with acridine orange as
well as TUNEL were scattered throughout the embryo
and not preferentially associated with sites of
hematopoiesis. In support of this notion, we incubated
wild-type and hax1-injected tg(lyz:dsRED) embryos with
a caspase 3/7 reporter, which produces a green fluoro-
genic response upon cleavage by activated caspase-3 or
caspase-/. Confocal imaging of 2 dpf transgenic
tg(lyz:dsRED) embryos (Figure 5G) showed that the fre-
quency of dsRED" cells stained with the caspase 3/7
reporter was comparable in the wild-type and hax1 mor-
phants at 2 dpf (Figure 5H). It is also worth noting that
interference with Hax1 function did not affect cell prolif-
eration in embryos (Online Supplementary Figure S7).
These findings, therefore, indicate that hax1 knockdown
enhances apoptosis in zebrafish embryos at early stages,
but not in neutrophils.
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Figure 2. Knockdown of hax1 impairs neutrophil development. (A) Relative change of wild-type hax1 transcript in the hax1 morphants compared with wild-type (WT)
using quantitative polymerase chain reaction. N indicates number of biological replicates. (B) Representative images of mpo-stained cells in WT and e1-MO injected
embryos (left panel). Note that each stained cell represents a neutrophil. The right panel shows numbers of mpo stained cells in the trunk region at 24 hours post-
fertilization (hpf). (C) Injection of hax1 morpholinos (MO) in the tg(mpo:gfp) line. The left panel shows representative images of uninjected (WT) and hax1 e1-MO
injected transgenic embryos at 48 hpf. The right panel shows numbers of green fluorescent protein-positive cells in the trunk region. (D) Co-injection of e1-MO or €2-
MO morpholinos with hax1 mRNA rescued the reduced neutrophil numbers in the tg(mpo:gfp) line. Scale bars indicate 100 um. Each dot represents an individual
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Granulocyte colony-stimulating factor rescues reduced of cebplb was upregulated in the hax1 morphants (Figure
neutrophil numbers in the hax1 morphants 6A). As a second approach, cells expressing cebpa or cebpb

Next, two approaches were used to evaluate the were stained using WISH. Similarly, the number of cebpa*
expression of hcls1, cebpa and cebpb, which are activated  cells was reduced (Figure 6B), while the number of cebpb*
by G-CSE First, total RNA was isolated from morphants cells was increased (Figure 6C) in the hax/ morphants.
and uninjected embryos at 2 dpf. Quantitative reverse These findings raised the question of whether overex-
transcriptase polymerase chain reaction analysis was per-  pression of g-csf is sufficient to rescue the reduced num-
formed to determine the levels of expression of hcls1, ber of neutrophils in hax1 morphants. To address this
cebpa and cebpb. This revealed a downregulation of the question, a heat-inducible promoter* was used to ectopi-
expression levels of hcls1 and cebpa, while the expression cally express zebrafish g-csfa at 1 dpf (Figure 6D).
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Figure 3. Migration and phagocytosis of neu-
trophils in the hax1 morphants. (A) Experimental
design. (B) Injection of Alexa-594 conjugated
Staphylococcus aureus debris into the noto-
chord of tg(mpo:gfp) embryos at 2 days post-fer-
tilization (dpf). Arrows indicate the injected site.
Dashed lines indicate the position of the noto-
chord. (C) Still photographs from a time-lapse
recording illustrating the migration and phago-
cytic activity of neutrophils (arrows) in the hax1
morphants. Numbers indicate time in minutes.
Scale bars, 40 um (B) and 10 um (C). GFP: green
fluorescent protein; nc: notochord.
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* Consistent with a previous study,” an average 1.7-fold 1 dpfand GFP* embryos were selected for WISH analysis.
increase of mpo* cells was observed when g-csfa was As expected, embryos injected with el-MO displayed
ectopically expressed in wild-type embryos (Figure 6E). reduced neutrophil numbers. However, when g-csfa was
Next, the g-csfa inducible construct was co-injected with  induced in the morphants, we observed that the number
hax1 e1-MO into embryos. Heat shock was performed at  of neutrophils was increased to a level which was compa-
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Figure 4. Normal development of erythrocytes, macrophages and hematopoietic stem cells in the hax1 morphants. (A-H) Left panels show representative images
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hax1 e1-MO injected embryos at 24 hours post-fertilization (hpf) (A,B) or 48 hpf (C-H). Right panels show quantitative numbers of stained cells in the trunk region.
Scale bars indicate 100 um. Each dot in C-G represents an individual embryo. Data are means + standard deviation.
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rable with that in the control group (Figure 6E), indicating
that g-csfa is sufficient to reverse the reduced neutrophil
numbers in hax1 morphants.

Discussion

In this study, we show that hax1 is indispensable for
zebrafish granulopoiesis. This is the first study demon-
strating that hax1 is required for neutrophil development
in a vertebrate other than humans. Our data revealed that
knockdown of hax1 reduces the expression of cebpa and
hcls1 genes, two downstream target genes of the G-csf sig-
naling pathway. This result is in agreement with our pre-
vious in vitro study, in which knockdown of HAX1 in
CD34" progenitor cells impaired granulocytic differentia-
tion by reducing the levels of CEBPA and HCLS1 expres-
sion.” Similarly, CEBPA expression is severely diminished
in CN patients with HAX1 deficiency. C/EBPa is a tran-
scription factor involved in steady-state granulopoiesis,
and regulates G-CSFR expression through a positive feed-
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back loop.” This regulatory relationship between C/EBPa,
and G-CSFR appears to be evolutionarily conserved
between zebrafish and humans because zebrafish cebpa
mutants also display reduced g-csfr expression.” Although
we did not provide a direct assessment of G-CSF signaling
in zebrafish hax1-deficient neutrophils, the reduced levels
of expression of hcls1 and cebpa, two direct target genes of
G-CSF signaling, together with decreased g-csfr* cells in
the morphants support the notion that hax1 has a role in
G-CSF signaling, which is in agreement with previous in
vitro data.”It is, however, important to stress that our data
do not rule out the possibility that hax? knockdown
reduced the number of cebpa-expressing cells rather than
decreasing the cebpa expression level in each myeloid cell.
Nevertheless, the expression of cebpb was increased in the
hax1 morphants. C/EBPp functions as the main transcrip-
tional regulator for emergency granulopoiesis,”® and CN
patients with HAX1 deficiency also show an elevated level
of CEBPB expression.'**

Previous studies have shown that HAX1 has an anti-
apoptotic function and interacts with a variety of intracel-
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Figure 5. Enhanced apoptosis by hax1 knockdown. (A) Representative images of TU

NEL-positive cells in wild-type (WT) and hax1 morphants (MO) at 1 day post-fer-

tilization (dpf). (B, C) Quantitative numbers of TUNEL-positive cells in the trunk region at 1 dpf (B) and 2 dpf (C). Note injection of control (CT) morpholino did not sig-
nificantly increase the number of TUNEL-positive cells. (D) Representative images of acridine orange-stained cells in WT and hax1 MO at 1 dpf. (E, F) Quantitative
numbers of acridine orange-stained cells in the trunk region at 1 dpf (E) and 2 dpf (F). (G) Representative images from the head (top panel) and trunk region (bottom
panel) of the tg(lyz:dsRED) embryos injected with hax1 MO showing cells stained with caspase-3/7 reporter (yellow) and neutrophils (red) at 2 dpf. (H) Frequency of
caspase-3/7 and dsRED double positive cells in WT and hax1 morphants. n indicates number of dsRED" cells counted from three wild-type embryos (WT) and 10
morphants (MO) at 2 dpf. Each dot in B, C, E and F represents an individual embryo. Data are means + standard deviation. Scale bars: 100 um (A, D) and 50 um

(G). ov: otic vesicle; ye: yolk extension.
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Figure 6. G-csfa induction rescued the reduced neutrophil numbers in the hax1 morphants. (A) Relative expression of hcls1, cebpa, cebpb in wild-type (WT) and
morphants (MO) at 2 days post-fertilization (dpf). The B-actin gene was used as an internal control for normalization. N indicates number of biological replicates. (B,
C) Quantitative numbers of cebpa- and cebpb-expressing cells in the trunk region of WT and MO at 2 dpf. (D) The top panel illustrates the bi-directional construct
(pTGH-g-csfa) used to ectopically induce the zebrafish g-csfa cDNA. Note that green fluorescent protein (GFP) expression was used as a positive control for induction
(4 representative embryos are shown in the right panel). The lower panel outlines the timing of the experiment. (E) Fold change of mpo* cells in the trunk region of
embryos at 25 hours post-fertilization (hpf). Each dot represents an individual embryo. N indicates number of embryos. Data are means + standard deviation.

lular apoptosis-related proteins.”** Consequently, Hax1-
deficient mice display neuronal apoptosis.”” Increased
apoptosis was also observed in the bone marrow myeloid
progenitor cells of CN patients with a HAX1 mutation.®
Knockdown of zebrafish hax1 increased apoptosis at 1 dpf,
as determined by a TUNEL assay and acridine orange
staining. However, cell death was not associated with the
hematopoietic tissue. Furthermore, knockdown of hax1
did not enhance apoptosis in neutrophils. Hence, zebrafish
Hax1 has an anti-apoptotic role during early embryonic
development, but increased cell death is most likely not the
main reason for the reduced neutrophil numbers. These
results contradict previous data indicating that autosomal
recessive mutations in the human HAX1 gene are associat-
ed with increased apoptosis in myeloid cells.®

In human, two alternatively spliced isoforms of HAX1
have been identified." Patients with HAX1 mutations
affecting the full-length transcript or the splice variant I
develop CN, whereas patients with mutations affecting
the splice isoforms I and II develop CN with neurological
abnormalities.” The isoform II uses an alternate in-frame

splice site producing a shortened exon 2, and is expressed
in the brain but not in the bone marrow." In zebrafish, a
sole hax4 transcript was identified by amplification from
the embryonic cDNA. Interestingly, hax{ transcript was
also detected in a brain region where newbormn neurons
are continuously added and contribute to sensory infor-
mation processing, akin to the superior colliculus in mam-
mals.” Nevertheless, the role of Hax1 in zebrafish neuro-
genesis remains to be elucidated.

Collectively, our data have established zebrafish as an in
vivo model for HAX1-associated neutropenia, filling the
gap between in vitro models and clinical assessment. Given
that the zebrafish is a valuable model for studying driver
mutations underlying disease pathogenesis in acute
myeloid leukemia and myelodysplastic syndromes,* a sta-
ble hax1-deficient zebrafish line will help investigations
into the leukemogenic role of Hax1, alone and in combi-
nation with other gene mutations.” Besides being an
important cancer model, the zebrafish also represents a
reliable platform to perform screens of large compounds
and assess their therapeutic relevance.” Therefore, we



anticipate that our model will serve as a platform to iden-
tify new avenues for developing tailored therapeutic

strategies for patients with CN.
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