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ABSTRACT

I

nherited bone marrow failure syndromes are experiments of nature
characterized by impaired hematopoiesis with cancer and leukemia
predisposition. The mutations associated with inherited bone marrow
failure syndromes affect fundamental cellular pathways, such as DNA
repair, telomere maintenance, or proteostasis. How these disturbed pathways fail to produce sufficient blood cells and lead to leukemogenesis are
not understood. The rarity of inherited cytopenias, the paucity of affected primary human hematopoietic cells, and the sometime inadequacy of
murine or induced pluripotential stem cell models mean it is difficult to
acquire a greater understanding of them. Zebrafish offer a model organism to study gene functions. As vertebrates, zebrafish share with
humans many orthologous genes involved in blood disorders. As a model
organism, zebrafish provide advantages that include rapid development
of transparent embryos, high fecundity (providing large numbers of
mutant and normal siblings), and a large collection of mutant and transgenic lines useful for investigating the blood system and other tissues during development. Importantly, recent advances in genomic editing in
zebrafish can speedily validate the new genes or novel variants discovered in clinical investigation as causes for marrow failure. Here we review
zebrafish as a model organism that phenocopies Fanconi anemia,
Diamond-Blackfan anemia, dyskeratosis congenita, ShwachmanDiamond syndrome, congenital amegakaryocytic thrombocytopenia,
and severe congenital neutropenia. Two important insights, provided by
modeling inherited cytopenias in zebrafish, widen understanding of ribosome biogenesis and TP53 in mediating marrow failure and non-hematologic defects. They suggest that TP53-independent pathways contribute to marrow failure. In addition, zebrafish provide an attractive
model organism for drug development.
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Introduction
The inherited bone marrow failure syndromes (IBMFs) comprise a diverse group
of rare monogenic disorders that are phenotypically heterogeneous. They may
involve a single or multiple lineage(s). The classic disorders are: Fanconi anemia
(FA), Diamond-Blackfan anemia (DBA), Shwachman-Diamond syndrome (SDS),
dyskeratosis congenita (DC), severe congenital neutropenia (SCN), and congenital
amegakaryocytic thrombocytopenia (CAMT). Besides their phenotypic characterizations, these syndromes correlate strongly with mutations involving a specific
pathway. FA results from mutations in genes encoding components of the DNA
damage response,1 DC in telomere maintenance,2 and DBA in ribosome function.3
haematologica | 2019; 104(1)
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SDS is emerging as a disorder in proteostasis and ribosome maturation (Table 1).4 The molecular basis for how
these phenotypically and genotypically heterogeneous
conditions result in single or multiple cytopenias remains
poorly understood. No common pathway has yet been
established, but zebrafish studies have suggested TP53
responses. Activation of the TP53 pathway in mediating
marrow failure has been reported for DC,5 FA,6 and a
novel bone marrow failure syndrome.7 The TP53 pathway has been suggested to mediate marrow failure for
other inherited neutropenias such as SCN and SDS.8
Environmental exposures can accelerate marrow failure,
for example, aldehydes producing DNA crosslinks in FA.9
How epigenetics and genetic co-modifiers contribute to
these diseases is even less understood. Investigating the
molecular basis of the IBMFS will lead to a greater understanding of hematopoiesis, and development and maintenance of non-hematologic tissues. Since the IBMFS constitute leukemia or cancer predisposition syndromes,
insights into their pathophysiology will also benefit our
understanding, prevention, and perhaps treatment of cancer and age-related genetic changes.

Zebrafish model to study inherited bone marrow
failure syndromes
Zebrafish (Danio rerio) have gained popularity as a
model organism for a number of reasons. Approximately
70% of all human genes have a zebrafish ortholog.10
Genes are orthologs if they evolved from a common gene,
and orthologs typically share similar function. (The

Human Genome Organization has adopted a nomenclature for gene and protein expression among different
species, which we show using SDS as an example in Table
2.) In addition to lower maintenance and breeding costs,
zebrafish provide major advantages to mice: their large
clutch size of externally fertilized eggs, transparent
embryos, quicker development (all major organs develop
and begin functioning during the first 5 days), and short
generational time to gamete formation.11 A high degree of
genetic and morphological similarity in hematopoiesis
between zebrafish and humans suggests that zebrafish
can provide valuable insights into the pathogenesis of
IBMFS. Developmental hematopoiesis in the zebrafish is
comparable to that observed in mice or humans (Figure
1).12-15 One notable difference is that the site of definitive
hematopoiesis lies in the zebrafish kidney perivascular
space, not the bone marrow. Since the hematopoietic
stem cell (HSC) niche provides protection and regulation
of self-renewal and differentiation of HSC into blood cells,
this difference may be important in non-cell autonomous
processes.
Studies using zebrafish have facilitated our understanding of vertebrate hematopoiesis and aberrant
hematopoiesis in diseases. Hematopoietic and nonhematopoietic lineage-specific transgenic reporter strains
are available. They have been useful for the identification
and characterization of genes for embryonic
hematopoiesis, erythropoiesis, and modeling of human
blood diseases (Table 3).16-19 In addition to a collection of
zebrafish mutants induced by N-ethyl-N-nitrosourea or

Table 1. Inherited bone marrow failure syndromes.

Disease

Prevalence Male-to-female
per 1,000,000
ratio

Diamond-Blackfan
anemia (DBA)

Symptoms

Genes involved and their
estimated frequency

Cancer
predisposition

Erythroid failure, congenital
malformations, growth retardation,
short stature. Thumbs, upper limbs,
hands, and craniofacial, urogenital,
and cardiovascular anomalies are
also common
Abnormal skin pigmentation,
nail dystrophy, mucosal leukoplakia,
pulmonary fibrosis, and bone
marrow failure

RPS19 (25%), RPL5 (7%), RPS26 (6.6),
RPL11 (5%), RPL35a (3%), RPS10 (3%),
RPS24 (2.4%), RPS17 (1%), RPL15,
RPS28, RPS29, RPS7, RPS15, RPS27a,
RPS27, RPL9, RPL18, RPL26, RPL27,
RPL31, TSR2, GATA1, EPO
DKC1 (17-36%), TERC (6-10%),
TERT(1-7%), NHP2 (<1%),
NOP10 (<1%), CTC1 (1-3%),
WRAP53 (3%) and TINF2 (11-24%),
ACD, PARN, RTEL1, USB1, TCAB1,
POT1, TPP1, WRD79, TR, NOLA2, NOLA3
FANCA (65%), FANCB (<1%),
FANCC (14%), FANCG (10%),
FANCD1/BRCA2 (<1%), FANCD2 (<1%),
FANCE (4%), FANCF (4%), RAD51,
FANCC1, FANL, FANCL, FANC, PALPB2,
RADC51C, SLX4, FANCQ. BRCA1, FANCT
SBDS (90%)
DNAJC21
EFL1, SRP54
MPL

AML, MDS, ALL, Hodgkin and
non-Hodgkin lymphomas,
osteogenic sarcoma, breast
cancer, hepatocellular carcinoma,
melanoma, fibrohistiocytoma,
gastric cancer, colon cancer
AML, solid tumors

ELANE, GFI1, HAX1, G6PC3,
VPS45, JAG1, CSF3R, WAS, SRP54

AML, MDS

5-7

1:1

Dyskeratosis
congenita (DC)

1

3:1

Fanconi anemia (FA)

3

1.2:1

Developmental abnormalities
in a number of organ systems
and bone marrow failure

Shwachman-Diamond
syndrome (SDS)

13

1.7:1

Exocrine pancreatic insufficiency,
bone marrow dysfunction and
skeletal abnormalities
Thrombocytopenia and
megakaryocytopenia

Congenital
amegakaryocytic
thrombocytopenia
(CAMT)
Severe congenital
neutropenia (SCN)

Unknown
(less than
100 cases
reported)
5

Neutropenia

AML, solid tumors

AML, MDS

AML, MDS

AML: acute myeloid leukemia; ALL: acute lymphocytic leukemia; MDS: myelodysplastic syndromes.

14

haematologica | 2019; 104(1)

IBMFS in zebrafish

viral insertion,20,21 gene function can be studied by transgenic expression or genome editing by transcription activator-like effector nucleases (TALEN) or Cas nucleases acting on clustered, regularly interspaced, short palindromic
repeats (CRISPR). Gene expression can be silenced temporarily and early during development by injection of
morpholino antisense nucleotides (MO).
Zebrafish have provided a useful model organism for a
quick validation and study of human disease candidate
genes, including those involved in the pathophysiology of
IBMFS (Table 4). MO-mediated knockdown was widely
used to probe gene function, though this method has limitations. Phenotype of morphants (MO-injected animals)
can differ and is often more severe than those of the corresponding mutants. There could be different reasons for
this: 1) phenotypic rescue of zygotic mutants by maternal
wild-type mRNA; 2) off-target effects of the MO; 3) hypomorphic nature of the mutant allele analyzed; or 4) genetic
compensation in mutants but not in morphants (see
Stainier et al.22). Moreover, injection of MO can cause Tp53
activation and cell death.23 In some instances, cell death
can be prevented by simultaneous blocking of p53 by a
second MO. This may lead to a misinterpretation of

results, particularly in processes that depend on the Tp53
DNA damage response pathway (reviewed below). In
some cases, results of MO knockdowns were not recapitulated with the genome editing techniques.24 Close examination of the differences in gene expression revealed a
novel compensation mechanism that operates only after
mutation but not after MO knockdown (Table 5).25

Diamond-Blackfan anemia
Diamond-Blackfan anemia is characterized by red cell
hypoplasia, erythroid macrocytosis, and markedly
reduced erythroid precursors in the bone marrow. Other
hematopoietic lineages are usually normal at birth,26 but
they may be affected later in childhood/adolescence.27 In

Table 2. Gene and protein nomenclature among species
Human
Mouse
Zebrafish

Gene symbol

Protein symbol

sbds
sbds
sbds

SBDS
SBDS
Sbds

Figure 1. Comparison of developmental hematopoiesis in humans and zebrafish. Primitive and definitive hematopoiesis occurs in both species. In human,
hematopoietic stem cells (HSC) originate in aorta-gonad-mesonephros (AGM) and placenta, from where they colonize fetal liver and finally the bone marrow. In
zebrafish, primitive hematopoiesis starts after hemangioblast formation around 12 hpf in the anterior lateral mesoderm (ALM) and posterior lateral mesoderm (PLM).
Later, HSCs originate in the AGM and then mobilize to caudal hematopoietic tissue (CHT) prior to their final destination of the kidney (modified from Teittinen et al.12
and de Jong and Zon14).
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addition to severe anemia, individuals with DBA may display physical anomalies that include thumb, upper limb,
craniofacial, cardiovascular and kidney malformations,
and short stature. DBA patients have a 25% higher risk of
developing myelodysplastic syndromes (MDS), acute
myeloid leukemia (AML), and osteosarcoma.
Diamond-Blackfan anemia is an autosomal dominant
disorder with a disease incidence of 5-7 per million live
births, equally distributed between genders.28 DBA
patients have mutations in approximately 20 genes encoding ribosomal proteins; the most common (25%) is
RPS19.29 Frameshift, splice defects, intragenic deletions
and insertions, nonsense, as well as missense mutations
have all been identified. Mutations involve other ribosomal genes: RPL5 (7%), RPL26 (6.6%), RPL11 (5%), RPS10
(3%), RPS26 (3%), RPL35A (3%), RPS24 (2.4%), RPS17
(1%), RPL15, RPS28, RPS29, RPS7, RPS15, RPS27a, RPS,
RPL9, RPL18, RPL26, RPL27, RPL31.3 These findings support DBA as a disorder of ribosomal biogenesis and/or
function. Mutations in three non-ribosomal proteins,
GATA1, TSR2, and EPO, are also associated to DBA.3,29 It
is hypothesized that DBA results from apoptosis due to
aberrant activation of TP53 that induces cell cycle arrest or
apoptosis in response to ribosomal stress.30 Some of the
reports implicating TP53, as reviewed below, are based on
MO-mediated effects.
In two different studies, rps19-deficient zebrafish were

created using MO. Knockdown of rps19 in zebrafish recapitulates the hematopoietic and developmental phenotypes of DBA, including erythropoietic failure with severe
anemia, with cell cycle arrest and increased apoptosis,
with p53 upregulation. The rps19-deficient phenotype
was rescued by injection of zebrafish rps19 mRNA.31-33
Moreover, these phenotypes were not rescued by expressing rps19 mRNAs with a missense or nonsense mutation
found in DBA patients.32 Co-injection of MOs against
rps19 and p53, showed a complete rescue of the morphological abnormalities, but did not rescue the hematologic
defects. These results suggest that there is an erythroid
specificity in Rps19 deficiency in zebrafish, independently
of Tp53 activity. (See below for further discussion on
Tp53 in DBA pathogenesis).34
Chakraborty et al. analyzed the effect of MO-mediated
loss of rpl11 in zebrafish. Knockdown of rpl11 led to morphological defects in the developing brain, head, and eyes,
and pericardial edema. These phenotypes appear specific
as the investigators were able to suppress the morphant
by co-injection of MO-resistant rpl11 mRNA. Similar to
the loss of Rsp19 function, knockdown of rpl11 resulted in
an upregulation of tp53 and mdm2. Moreover, co-injection
of rpl11 and tp53 MO rescued the developmental defects
and reduced apoptosis, suggesting that ribosomal dysfunction due to the loss of Rpl11 activates a Tp53-dependent response to prevent faulty embryonic development.

Table 3. Comparison of human, mouse and zebrafish blood systems.
Adult HSC
Blood cell types
Erythrocytes
(life span)
Platelets
(life span)
Neutrophils
(life span)

Primitive myelopoiesis

Human

Mouse

Zebrafish

Bone marrow
Erythrocytes, granulocytes,
lymphocytes and platelets
Without nucleus
(115 days)
Platelets
(8-9 days)
Segmented nuclei with up
to four lobes
mpo-expressing cells
(5.4 days)
Yolk sac, AGM, fetal liver

Bone marrow
Erythrocytes, granulocytes,
lymphocytes and platelets
Without nucleus
(60 days)
Platelets
(4 days)
Twisted toroid with a central hole
mpo expressing cell
(12.5 hours)

Kidney marrow
Erythrocytes, granulocytes, lymphocytes
and thrombocytes
With nucleus
(at least 10 days)
Thrombocytes
(4 days)
Segmented nuclei with
two or three lobes
mpo expressing cells (3.5 days)

Yolk sac (E7.25-E10), AGM, fetal liver
(after E9.5)
Fetal liver (E9.5)
Bone marrow
Yolk sac
(E7.0)
Yolk sac (E9.5),
fetal liver (E12.5) and then
bone marrow
Begins at E8.5
N/A
Bone marrow
AGM next fetal liver and
finally bone marrow
Bone marrow
Thymus
(E10-12)

ALM (~11 hpf) and CHT (~24 hpf)

Definitive myelopoiesis Fetal liver and bone marrow
Primitive erythropoiesis

Yolk sac
(3-4 weeks)
Definitive erythopoiesis
Yolk sac (4 weeks)
Fetal liver (5-6 weeks) and
then bone marrow
Circulation
Begins at 8 weeks
Primitive thrombopoiesis
N/A
Definitive thrombopoiesis
Bone marrow
Developmental
AGM next fetal liver and
HSC
finally bone marrow
B cells
Bone marrow
T-cell
Thymus
maturation
(8-9 weeks)

Kidney
(~HSC starts seeding at 4 dpf)
ICM
(~12 hpf)
CHT (2-6 dpf) and then
kidney marrow (4 dpf)
Begins at 24 hpf
CHT (~48 hpf)
Kidney marrow (~5 dpf)
AGM next CHT and finally kidney marrow
Kidney marrow
Thymus
(7 dpf)

AGM: aorta-gonadal-mesonephros; ALM: anterior lateral mesoderm; CHT: caudal hematopoietic tissue; dpf: days post fertilization; ICM: intermediate cell mass.
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Table 4. Comparison of mouse and zebrafish models for inherited bone marrow failure syndromes.

Disease
DBA

Phenotype of mouse model
Mouse protein similarity with human protein (%)

Zebrafish protein with similarity
with human protein (%)

RPS19 (99%)

Phenotype zebrafish morphant
Rps19 (86%)

Rps19 KO: embryonic lethal,
heterozygous fully compensated

rps19 mutants. Erythroid defects, compensated
for the loss of one Rps19 allele developmental
defect and tp53 activation, fully compensated
in heterozygous. Decreased HSCs.30,90

rps19 morphant. Severe anemia and
developmentala bnormalities. Dysregulation
of delta Np63 and tp53.31

Rps19 with ENU-induced missense mutation:
embryonic lethality in homozygous. Heterozygous,
mild anemia and growth retardation. L-leucine
improved the anemia.
Rps19 deficiency (transgenic line): anemia,
leukopenia and bone marrow failure. Loss of p53
rescued the phenotype.91

RPL11 (100%)

Rpl11 (96%)

Rpl11 KO embryonic lethal. Heterozygous,
haploinsufficiency: anemia, decreased
erythroid progenitors.92

rps11 mutants. Erythroid defects, developmental
defects and tp53 activation. Decrease HSCs.30,36,38

RPS29 (100%)

rpl11 morphant. Morphological defects in the
developing brain, small head and eyes
and pericardial edema. Upregulation of tp53
and mdm2.35

Rps29 (96%)

N/A

rps29 mutant. Severe anemia and increased
rps29 morphant. Defects in red blood cell
apoptosis. P53 mutations near completely rescued development and an increase in apoptotic cells.45
rps29 morphological and hematopoietic phenotype.93

RPL5 (98%)

Rpl5 (88%)

Rpl5 KO embryonic lethal.
Heterozygous fully compensated.96

N/A

RPS24 (90%)

rpl5 morphant. Primitive and definitive
hematopoiesis affected and morphological
abnormalities.

Rps24 (87%)

Rps24 KO embryonic lethal. Heterozygous
fully compensated.91

N/A

RPL35 (98%)

rps24 morphant. Morphological defects: aplasia
in the brain, a bent tail and reduced size.
Severe anemia, in a tp53-independent manner.42

Rpl35 (92%)

N/A

rpl35 mutant very high tumor
incidence (100%).37,43

RPL14 (94%)

Rpl14 (72%)

Conditional deletion of Rps14
(and 8 other genes): anemia, bone marrow
apoptosis.91

rpl14 mutant: high number of tumors (74%)43

RPS7 (100%)
V156G

rps7 mutant. Hematopoietic and
developmental defect. High tumor
incidence (47%).36,37,43

RPL35A (99%)

RPS11 (92%)
N/A

rps7 morphant. Impaired hematopoiesis
and tp53 activation.40

Rpl35a (90%)
N/A

RPS27 (100%)
N/A

rpl14 morphant. Severe anemia45
and morphological abnormalities.98

RRps7 (96%)
Y177S

Rps7 mutations (RPS7 and RPS7 ):
small size, abnormal skeleton
and eye malformation. No anemia.94
N/A

rpl35a morphants. Morphological defects:
aplasia in the brain, a bent tail and reduced size.
Severe anemia, in a tp53-independent manner.42

rpl35a morphants. Morphological defects: aplasia
in the brain, a bent tail and reduced size. Severe
anemia, in a tp53-independent manner.42,95

Rps27 (98%)
N/A

rps27 morphant. Defective erythropoiesis and
morphological abnormalities.99

Rps11 (91%)
rps11 mutants. Erythroid defects and tp53 activation.

N/A

continued on the next page
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DC

DKC1 (91%)

Dkc1 (80%)

Hypomorphic Dkc1 mutant recapitulate
in the first and second generations (G1 and G2)
the clinical features of DC.96
Δ15
Dkc1 mice: growth retardation, increased
DNA damage response via ATM/p53 pathway. 97

N/A

dkc1 morphant. Reduced hematopoiesis,
increased tp53 expression, and defective
ribosomal biogenesis, no detectable
changes in telomerase function.50

NOLA1 (96%)

Nola1 (91%)

N/A

nola1 mutant. Reduced hematopoiesis, increased
tp53 expression, and defective ribosomal biogenesis,
no detectable changes in telomerase function.50

TERT (62%)

Tert (33%)

Transgenic line over-expressing TERT:
short telomeres and increased
DNA damage.98

FA

tert mutant. Tissue atrophy, premature death,
sarcopenia, impaired cell proliferation and
accumulation of senescence cells.55,57

FANCD2 (65%)
N/A

fancd2 morphant. Shortened body length,
microcephaly and abnormally small eyes,
which are due to extensive cellular apoptosis.
Upregulation of tp53.63,64

BRCA2 (57%)

Brca2 (41%)

BRCA2 mutant: embryonic lethality

100

brca2 mutants. Genomic instability.

RAD51 (98%)

N/A

Rad51 (93%)

Rad51 mutants. Decreased cell proliferation,
embryonic lethal.101

rad51 mutants. Only infertile males, size
reduction, hypocellular kidney marrow.
Double mutants for Rad51 and P53 rescued
HSPC defect but showed higher tumor incidence.66

SBDS (97%)
Sbds KO: embryonic lethal.

sbds mutant. Size reduction, liver, pancreas
and digestive tract atrophy and reduction of
neutrophils.78

MPL (80%)
CSF3R (73%)
Csf3R KO. Low number of neutrophils
in peripheral blood.
Expression of truncated Csf3r confers a strong
clonal advantage to HSCs.104

sbds morphant. Loss of neutrophils, abnormal
skeletal architecture and pancreatic
hypoplasia. Sbds knockdown phenotype
not rescued by loss of tp53.76,77

Mpl (23%)

c-Mpl KO. Decrease platelets and megakaryocytes mpl mutant. Low number of thrombocytes.83

SCN

N/A

Sbds (87%)
102

CAMT

N/A

Fancd2 (53%)

FancD2 KO: reduced fertility, growth
retardation and increased incidence
of tumors.99

SDS

N/A

Mpl morphant. Low number of thrombocytes.103

Csf3r (44%)
csf3r mutant. Reduction in neutrophils and
myeloid cells in the kidney marrow.87

SRP54 (99%)
N/A

N/A

Srp54 (95%)
N/A

srp54 morphant. Loss of neutrophils and
chemotaxis, diminished exocrine pancreas.88

*Morphant: an organism that has been treated with a morpholino antisense to temporarily knockdown the expression of a gene.

An increase in tp53 expression and its target genes, cdkn1a
and mdm2, was observed in rpl11 morphants. Genes
involved in apoptosis (bik, bax, puma, and noxa) were also
up-regulated.35 Danilova et al. demonstrated that developmental and hematopoietic defects, and lower expression
of α-E1 globin and hbae1.1 in Rps19-deficient fish were
mediated by Tp53 upregulation. Upregulation of tp53 also
occurred in zebrafish mutants for rps8, rps11 and rps18.31
Danilova et al. used a zebrafish rpl11 mutant to characterize the molecular pathways associated with ribosomal
deficiency.36 This mutant showed anemia, decreased
18

HSCs, and activation of the Tp53 pathway with altered
expression in genes involved in cell cycle arrest (cdkn1a
and ccng1) and apoptosis (bax and puma). Moreover, abnormal regulation of metabolic pathways with a shift from
glycolysis to aerobic respiration, upregulation of genes
involved in gluconeogenesis and insulin levels, decreased
biosynthesis, and increased catabolism were observed.
Nucleotide metabolism was affected by upregulation of
adenosine
deaminase
(ada)
and
xanthine
dehydrogenase/oxidase (xdh).33,37 They showed that treatment of mutant embryos with an exogenous supply of
haematologica | 2019; 104(1)
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nucleosides resulted in downregulation of tp53 and its targets with normalization of ada and xdh levels.
Interestingly, DBA patients show increased erythrocyte
adenosine deaminase activity.38
Zhang et al. generated two zebrafish mutants using
TALENs for rps19 and rps11. The knockout of both rps19
and rps11 resulted in the erythroid defects similar to DBA,
such as lack of mature red blood cells (RBCs) and Tp53
activation. The mutants had significantly reduced production of globin proteins accompanied by either increased or
unaffected level of mRNA transcripts. Furthermore, they
observed decreased HSCs at 3 dpf in rps19 mutants and
hemoglobin levels by 4 dpf. The authors concluded that
this reduction in RBCs may be caused by a decreased cell
survival and/or production of definitive HSCs.30 Similarly,
Rowel et al. created a 5 bp deletion in rps19 zebrafish
mutant using TALENs. Homozygous rps19 mutants
showed developmental anomalies and anemia, and were
dead by 5 days post fertilization (dpf). However, rps19
heterozygotes showed no difference to their wild-type
siblings. Interestingly, exposure to cold stress during the
first dpf resulted in a reduced number of RBCs.
To further investigate the biological functions of RPS7,
Duan et al. used MO to knockdown rps7 in zebrafish.39 In
rps7-deficient embryos, mdm2 and tp53 were activated,
inducing the expression of downstream target genes
involved in p53 pathway (bik, bax and puma, cdkn1a, and
ccng1). rps7 morphants showed severe anemia with
reduced expression of gata1 and the mature erythroid
marker αe3 at 24 hours post fertilization (hpf). A marked
suppression of hemoglobin at 48 hpf was observed, indicating that the deficiency of Rps7 might cause abnormal
proliferation and/or differentiation of erythroid progenitors. There were also severe defects (short body length,
tissue necrosis, and curved tail). Furthermore, simultaneous knockdown of the tp53 by co-injecting a tp53 MO

resulted in partial rescue of morphological abnormalities.
The lower levels of gata1 and α-E1 globin were partially
rescued in the co-injected embryos, even though tp53,
cdk1a, and mdm2 were still up-regulated.39
The contribution of tp53 to the pathological development of bone marrow failure syndromes may be tissueand mutation-specific. Antunes et al. studied the effect of
different rps7 and rpl11 mutations in zebrafish. rps7
mutant showed a stronger phenotype due to less maternal contribution of rps7 comparing to rpl11 mutant. Both
mutants had severe anemia, morphological abnormalities, and increased apoptosis. Injection of p53 MOs rescued the apoptosis and the morphological phenotypes;
however, it was unable to rescue anemia.40 Taylor et al.
showed that rps29 mutants had defects in RBC development and increased apoptosis. Mutant embryos showed
upregulation of tp53 and cdk1a expression. Mutation of
tp53 in homozygous rps29 mutant embryos reversed the
apoptotic and hematologic phenotypes. However, mutated tp53 did not fully rescue the embryonic lethality of
rps29 mutants, suggesting that tp53-independent mechanisms were affected by rps29 knockdown.41 Yadav et al.
knocked down five ribosomal protein genes (two DBAassociated, rpl35a and rps24, and three non-DBA-associated, rps3, rpl35 and rplp1), and analyzed these deficiencies
on morphology and erythrocyte number in the presence
and absence of p53 using MOs. They showed that any
ribosomal protein deficiency led to anemia in zebrafish.
Elimination of Tp53 function did not significantly affect
the anemia, despite improving non-hematopoetic phenotypes.42 DBA zebrafish models have helped identify
MDM2-ribosomal protein interactions, which may interfere with MDM2 inhibition to p53 function. p53 rescue of
severe anemia in ribosomal protein deficiency zebrafish
models varies (Table 6).31,35,43,44 Altogether, these findings
suggest that there are p53-independent mechanisms

Table 5. Comparison between morphants and mutants.22-24

Morphants versus mutants
Morphant
Effect
Affects
Phenotype
Time to create
Side effects
Genetic compensation
p53 pathway

Knock down
RNA transcripts
More severe maternal mRNA block by MO
1-3 days
More off-target effects
No
Affected

Mutant
Permanent changes in DNA
Genomic DNA
Less severe maternal mRNA
6-8 months
Less off target effects
Yes
Non-affected

Table 6. RP deficiency and p53 rescue in zebrafish models.

RP

Severe anemia

Developmental
malformations

Type of
p53 rescue

p53 rescue of anemia

p53 rescue of
other phenotypes

Ref

Yes
N/A
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes

p53 MO
p53 MO
p53 MO
p53 MO
p53M214K
p53M214K

No
N/A
Partial
No
Yes
No

Yes
Yes
Partial
Yes
Yes
Yes

32

rps19 morphant
rpl11 morphant
rps7 morphant
Rps7 mutant
Rps29 mutant
rps24 & rpl35a morphants
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involved in bone marrow failure. One p53-independent
effect may be translational dysfunction. Zebrafish can
provide a model organism to identify Tp53-independent
pathways that contribute to marrow failure mice or
humans.
Zebrafish may also be a valuable model organism for
drug development for DBA treatment. Several groups
have tested the hypothesis that L-leucine and L-arginine
can stimulate translation via the mTOR pathway and rescue affected DBA fish. Treatment of rpl19 and rpl14
zebrafish morphants with L-leucine improved developmental defects and hemoglobin levels.45 Yadav et al. rescued the morphological defects of Rpl35a-deficient
embryos and were able to improve erythroid cell
number.42 They concluded that translation deficit, not
Tp53 activation, is the primary defect perturbing erythropoiesis.42 While there have been anecdotal reports of
leucine stimulation of erythropoiesis in DBA patients,46
definitive clinical trial results are still pending. Another
study found that RAP-011, an activin receptor ligand trap,
partially restored erythropoiesis in rpl11 morphants as
well as rpl11 and rpl19 mutants.47 Zebrafish also provided
an in vivo model for further drug development of
SMER28, a small molecule inducer of ATG5-dependent
autophagy.48 Given these results, we await clinical translation of SMER28 as a potential treatment for DBA.

Dyskeratosis congenita
Dyskeratosis congenita is associated with abnormal
skin pigmentation, nail dystrophy, and oral leukoplakia.
DC patients may have other organ involvement, including
the pulmonary, gastrointestinal, skeletal, neurological,
immunological, and ophthalmological systems. Eightyfive percent of DC patients experience bone marrow failure, which accounts for much of the DC-related mortality.
Other causes of mortality include infections, pulmonary
complications, and hematologic and non-hematologic
malignancies.49-51
Dyskeratosis congenita is a genetically heterogeneous
disorder, showing autosomal recessive, autosomal dominant, and X-linked inheritance. So far, at least 21 mutated
genes have been identified that can cause DC: DKC1,
TERC, TERT, NHP2, NOP10, CTC1, WRD79, TR,
NOLA2, NOLA3, PARN, TPP1, POT1, CTC1, USB1,
TCAB1, RTEL1, ACD, PARN, WRAP53 and TINF2
(http://telomerase.asu.edu/diseases.html).51-53 The X-linked
DKC1 has a more severe phenotype compared with the
autosomal dominant forms. Although there is a broad
consensus that DC results from stem cell renewal failure
due to defective telomere maintenance, some mutated
genes (e.g. TERT, TERC, and DKC1) are required for prerRNA processing.2,49,50,54 How telomerase activity and
impaired ribosomal biogenesis contribute to the pathophysiology of DC is still not known. Telomeres are complex DNA-protein structures at the end of chromosomes,
and they shorten with each cell division. When telomeres become critically short, a DNA damage response is
activated, causing cell cycle arrest or death. In humans,
telomerase-based telomere elongation is the major
mechanism that counteracts this process of continuous
telomere shortening. In peripheral white blood cells,
rapid telomere shortening occurs within the first year of
life, followed by a more gradual decline over time.49
Genetic diseases that cause telomerase deficiency are
associated with premature aging and cancer susceptibili20

ty. As in humans, zebrafish chromosomes possess telomeres that progressively decline with age, reaching lengths
in old age comparable to those observed when telomerase is mutated.55 Several studies have helped to characterize its well-conserved molecular and cellular physiology. Different zebrafish mutants and morphants for
telomere and telomerase research showed shorter lifespan, shorter telomeres, and different affected tissues
(mainly brain, blood, gut and testes). These results make
zebrafish an excellent model to unravel the connection
between telomere shortening, tissue regeneration, aging
and disease.55,56
Amsterdam et al. isolated the nop10hi2578 mutant allele
where a viral insertion within the first intron resulted in
nop10 decreased expression. This mutation is homozygously lethal by 5 dpf.21 nop10 encodes for a protein
involved in 18S rRNA processing and is also part of the
telomerase complex. Pereboom et al. observed that nop10
loss in this mutant line resulted in a failure of the 18S
rRNA to be properly processed, which led to the instability of the 40S ribosomal subunit. Due to the loss of 18S
RNA, ribosomal proteins cannot be incorporated into a
ribosome subunit and interact with other proteins, including the E3 ubiquitin ligase Mdm2. Mdm2 regulates Tp53
by promoting its ubiquitination and degradation. By binding to Mdm2, Rps7 enhances the E3 ubiquitin ligase activity of Mdm2 that promotes the degradation of Rps7.
Furthermore, they observed that an increase in Tp53-specific apoptosis is coupled to the increased binding of
Mdm2 to the Rps7. They observed that nop10 mutants
failed to form HSCs, a phenotype that is rescued by introducing a loss-of-function tp53 mutation. However, they
detected no changes in telomere length in nop10 mutants.53
They concluded that the cytopenia(s) of DC could be the
result of ribosome biogenesis defects. This would lead to
Tp53-mediated apoptosis of HSCs during early development, caused partially by the association of Rps7 with
Mdm2.53
Two different approaches were used by Zhang et al. to
study DC in zebrafish. First, MO-mediated knockdown
was used to study the mechanisms whereby dkc1 morphants result in HSC failure. Second, they performed
retroviral-insertional mutagenesis of nola1. NOLA1
encodes for GAR1, involved in rRNA maturation, and is
also a key component telomerase complex. No mutations
in NOLA1 have been described in DC patients so far, but
suspicion should be aroused in individuals with unexplained marrow failure or fibrosis. Both zebrafish models
resulted in reduced hematopoiesis with reduction in runx1
and c-myb, increased tp53 expression, and defective ribosomal biogenesis without detectable changes in telomerase function. Their findings suggest that a telomeraseindependent, Tp53-dependent mechanism contribute to
hematopoietic failure in DC.50
Henriques et al. and Anchelin et al. studied the zebrafish
telomerase reverse transcriptase tert mutant. These
mutants develop normally for the first six months, but
progressively develop tissue degeneration (gastrointestinal
atrophy, loss of body mass, inflammation, a decrease in
total blood cells and cell proliferation), and die prematurely. They also observed a Tp53-dependent response with
increased transcripts of puma, cdkn1a, and ccng1a.
Upregulation of cell cycle arrest inhibitors led to a G1
arrest and senescence. To study the effect of Tp53 in tert
mutants, they created a double mutant tert-/-, tp53-/- and
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observed rescue of cell proliferation, which partially suppressed the degenerative phenotypes.55,57 In another study,
Kishi et al. studied the effect of ablation of terfa; they
found multiple malformations mainly in brain, spinal
cord, and eye.58
Recently, 2 patients with a phenotype overlapping with
DBA and DC (pure red cell aplasia, hypogammaglobulinemia, growth retardation, and microcephaly) harbored
a de novo TP53 germline mutation that caused a C-terminal
truncation in the last exon. This resulted in enhanced p53mediated transcriptional activity. Using an MO that targets the 3’ splice site of intron 10, Toki et al. developed a
zebrafish that displayed reduced number of erythrocytes,
severe developmental defects, and died at 96 hpf.7

Fanconi anemia
Fanconi anemia is mostly an autosomal recessive condition characterized by congenital abnormalities, progressive bone marrow failure, chromosome fragility, and an
early onset of cancers such as myelodysplastic syndromes
(MDS) /acute myeloid leukemia (AML) and epithelial
malignancies. FA is characterized by non-hematologic
phenotype, including short stature, microcephaly,
microphthalmia, hypogonadism, and infertility. The
mechanisms by which FA leads to developmental anomalies in blood, skeleton, eyes, and gonads are poorly
understood; however, genotoxic stress by chemicals,
mutagens, and viruses may contribute.59,60
Mutations in at least 20 genes can cause FA. However,
since some cases of FA cannot be assigned to any of these
genes, additional genes still have to be identified.1,59
Proteins encoded by these genes constitute the FA pathway required for the efficient repair of damaged DNA.
The FA core complex consists of at least 8 proteins:
FANCA, FANCB, FANCC, FANCE, FANCF, FANCG
FANCL, and FANCM. These proteins function as an E3
ligase and mediate the activation of the FANCD2 and
FANCI (ID) complex. Once monoubiquitinated, the ID
complex interacts with a third group of FANC proteins,
including BRCA2 (FANCD1), FANCJ (BRIP1), FANCN
(PALB2), FANCO (RAD51C), FANCP (SLX4), BRCA1,
FAN1, histone H2AX, and RAD51, thereby contributing to
DNA repair via homologous recombination.1,59,61,62 Until
now, 20 genes have been associated with causing FA:
FANCA, FANCB, FANCC, BRCA2, FANCD2, FANCE,
FANCF, FANCG, FANCI, FANCJ, FANCL, FANCN,
FANCP, FANCQ, RAD51, BRCA1, FANCT, FANCU,
FANCV and FANCW. Information about all these genes is
available on the public Fanconi Anemia Mutation
Database (http://www.rockefeller.edu/fanconi/).
Although zebrafish contain the full complement of FA
family members found in humans,63 loss-of-function models have been described for only a few. Liu et al. analyzed
the zebrafish ortholog of the human FANCD2 gene using
MO.64 They demonstrated developmental defects that
arose during embryogenesis after fancd2 knockdown, phenocopying the reduction in body length, and smaller head
and eyes, which are frequently observed among FA
patients. This suggests that the FA pathway plays a similar
role in zebrafish and humans. They showed that the
defects in fancd2-deficient embryos were the result of
inappropriate and selective activation of Tp53-mediated
apoptotic pathways in highly proliferative cells.64
Titus et al. characterized the developmental and tissuespecific expression of FA pathway genes in zebrafish.63
haematologica | 2019; 104(1)

They found maternal deposition of mRNA fanc genes can
provide Fanc proteins to repair DNA damage encountered
in rapid cleavage divisions. Zebrafish fancl mutants develop only as sterile males but without hematopoietic
defects. The sex reversal was due to abnormal increase of
germ cell apoptosis that compromises survival of developing oocytes and masculinizes the gonads. Interestingly,
when the tp53 mutation was introduced, the sex reversal
phenotype could be rescued.65 Botthoff et al. created a
rad51 knockout zebrafish mutant. In this model, zebrafish
lacking rad51 survived to adulthood, but they were all
infertile males with fewer HSPCs in the kidney. In earlier
stages (2 and 4 dpf), they found that rad51-/- embryos also
had a lower number, increased apoptosis, and reduced
proliferation of HSPCs compared with their wild-type siblings. To study the role of p53 in the rad51 mutants, they
generated a zebrafish with mutations in both genes. After
four months post fertilization, HSPCs were the same in
wild-type and double mutants. The sex reversal was also
corrected, but neither females nor male double mutants
were fertile.66

Shwachman-Diamond syndrome
Shwachman-Diamond syndrome is an autosomal recessive disorder characterized by exocrine pancreatic insufficiency, bone marrow dysfunction, and skeletal abnormalities. Hematologic abnormalities are a major cause of morbidity and mortality, and include cytopenia(s), MDS, and
AML. Neutropenia occurs in approximately 90% of
patients and occurs as early as the neonatal period. Skeletal
abnormalities, such as metaphyseal chondrodysplasia, thoracic dystrophy, and short stature are common in SDS. In
2003, mutations in the Shwachman–Bodian-Diamond syndrome (SBDS) gene were identified.70 In approximately
90% of cases, SDS is caused by two common mutations in
exon 2 of SBDS: 183-184TA→CT introduces an in-frame
stop codon (K62X) and 258+2T>C (C84Cfs) disrupts the
donor splice site of intron 2, allowing a hypomorph to be
produced.67 Fifty percent of cases are compound heterozygotes with respect to these two mutations. Boocock et al.
found that both changes correspond to sequences that
occur normally in the pseudogene. Both mutations can also
occur in the same allele.67 Studies have identified additional
changes in the coding sequence of SBDS that led to
frameshift and missense mutations.
In 2007, Menne et al. characterized the function of the
yeast SBDS ortholog Sdo1 in 60S maturation and translational activation of ribosomes.68 SBDS is a protein with a
well-documented role in the later steps of ribosome biogenesis. SBDS interacts with the GTPase EFL1 to trigger
release of eIF6 from the 60S ribosomal subunit. EIF6 is critical for biogenesis and nuclear export of pre-60S subunits
and prevents ribosomal subunit association. Removal of
eIF6 is a prerequisite for the association of the 60S with the
40S subunit, and thus for the formation of an actively functioning ribosome.4 Recently, mutations in DNAJC2169,70 and
EFL171 have been identified in individuals with SDS-like
conditions. All of the SDS-associated mutant genes affect
ribosome maturation. These important discoveries
advance the concept of SDS as a ribosomopathy, and beg
the question as to how ribosomopathies like DBA, SDS, or
del (5q) can result in different defects in hematopoietic and
non-hematopoietic tissues.
There have been no reports of homozygosity for SBDS
null alleles, suggesting that human SBDS is essential and
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that SDS patients carry at least one hypomorphic SBDS
allele.67,72-75 This is consistent with the finding that mice
homozygous for null alleles of sbds exhibit early embryonic lethality, indicating that SBDS function is an essential for
life.30 While conditional knock-outs for sbds have been
made, this approach is limited, costly, and time-consuming
to generate. Thus, we and others have turned to the
zebrafish also to study SDS. Venkatasubramani and Mayer
used MO to knockdown sbds in zebrafish embryos, and
study the effect in pancreas and myeloid development
(Table 4). They observed an alteration in the spatial relationship between endocrine and exocrine pancreas. They
also documented abnormal neutrophil distribution in the
knockdown zebrafish model.76 In a subsequent study, also
using MO, Provost et al. observed that their model fully
recapitulated the spectrum of developmental abnormalities
observed in SDS patients: loss of neutrophils, skeletal
defects, and pancreatic hypoplasia, as well as changes in
the ribosomal subunit ratio. In this case, loss of Tp53 did
not rescue the developmental defects associated with loss
of sbds in zebrafish morphants.77 Our recent work showed
that sbds mutants obtained by CRISPR/Cas9 editing phenocopied SDS and displayed neutropenia, growth retardation, and atrophy of the pancreas.78

Congenital amegakaryocytic thrombocytopenia
Congenital amegakaryocytic thrombocytopenia is a rare
autosomal recessive condition characterized by thrombocytopenia, absence of megakaryocytes, and occasional
evolution to aplastic anemia or leukemia.79,80 Mutations in
MPL have been described as the cause of CAMT.81 MPL
gene encodes for myeloproliferative leukemia protein
(CD110), the receptor for thrombopoietin. Mice with
genetic ablation of Mpl showed normal development but
a deficiency in megakaryocytes and severe thrombocytopenia.82 In zebrafish, disruption of mpl caused a severe
reduction in thrombocytes (platelet equivalents), bleeding,
and a decrease in HSCs. By phenocopying the human disease, affected zebrafish provide an accurate model to
study this disease and for drug screening.83 Reduction in
HSCs and repopulation defects in affected zebrafish
demonstrate that c-Mpl function in hematopoiesis is highly conserved. Moreover, the partial rescue of thrombocyte
number by IL-11 provides a model to finely dissect
JAK/STAT signaling in thrombopoiesis.

Severe congenital neutropenia
Severe congenital neutropenia is a group of heterogeneous genetic disorders characterized by a maturation
arrest at the promyelocyte stage of granulopoiesis and a
high propensity to develop MDS/AML.84 Over the past
eighteen years, the following mutations have been identi-
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Despite the identification of specific gene mutations and
pathway involvement for the great majority of patients
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is known about co-operating mutations that effect transformation to MDS, AML, or solid tumors. Patient-based
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biogenesis, and advanced the hypothesis that the TP53
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