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Diamond-Blackfan anemia: pathogenesis, management
and development of future therapies

Introduction

Bone marrow failure syndromes consist of
diverse disorders characterized by the dys-
function of bone marrow to produce cells of
one or more blood lineages. In one-third of the
pediatric marrow failure cases the disease is
inherited involving a genetic component caus-
ing the bone marrow dysfunction1. Inherited
bone marrow failure syndromes (IBMFS) usu-
ally present in childhood and are associated
with physical abnormalities and cancer predis-
position. Recent progress in genetics and
molecular biology investigations has revolu-
tionized the understanding of IBMFS patho-
physiology. Many of the genes mutated in
these disorders encode components of funda-
mental cellular processes such as DNA dam-
age repair (Fanconi anemia) or telomere main-
tenance (Dyskeratosis congenita). Diamond-
Blackfan anemia (DBA) is a congenital bone
marrow failure syndrome that is emerging as a
paradigm for diseases associated with defects
in ribosome biogenesis and function. Similarly
to other IBMFS, physical abnormalities and
cancer predisposition are both characteristic
for DBA. However, why defects in ribosome
biogenesis result in anemia, a relatively tissue-
specific phenotype, is intriguing and not per-
fectly understood. 

Clinical symptoms and diagnosis

Diamond-Blackfan anemia is a congenital
bone marrow failure syndrome that manifests
early in life. It classically presents at 2-3
months of age, and the majority of patients
(approx. 90%) are diagnosed during their first
year of life. However, in some rare cases DBA
may present in adulthood.2,3 The main hema-
tology findings at presentation include macro-
cytic anemia, reticulocytopenia and selective
absence of erythroid precursors in an other-
wise normocellular bone marrow.4 Together
with the early onset of symptoms (<1 year),
these criteria have remained the accepted stan-
dard for DBA diagnosis. As a supporting
hematologic feature, the vast majority of
patients have elevated erythrocyte adenosine
deaminase (eADA) activity.5,6 Elevated fetal
hemoglobin is also often observed. Although
DBA is sometimes referred to as pure red cell
aplasia, this term may be misleading since
other hematopoietic lineages may be affected.
Some patients present with a modest neutrope-
nia, thrombocytosis or thrombocytopenia.2

Furthermore, neutropenia and thrombocytope-
nia become increasingly common during the
course of the disease.7

Similarly to other IBMFS, physical defects
and cancer predisposition are characteristic of

Bone marrow failure
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Diamond-Blackfan anemia (DBA) is an inherited bone marrow failure syndrome characterized by a
macrocytic anemia, reticulocytopenia and reduction in erythroid precursors in an otherwise normocel-
lular bone marrow. The disease usually presents before one year of age. Fifty percent of the patients
have congenital anomalies. The mainstay of current therapy is corticosteroids and if the patients do
not respond to steroids, chronic blood transfusion therapy is needed. The disease can be cured by allo-
geneic bone marrow transplantation. DBA is a genetic disorder and is inherited in an autosomal dom-
inant manner with variable penetrance in 50% of cases while the remainders represent new muta-
tions. To date, mutations have been identified in 60-70% of DBA patients. Practically all of these
patients have a mutation in or a deletion of, a ribosomal protein gene. Ten different ribosomal protein
genes have now been identified as DBA genes and recently a handful of patients have been found with
mutations in GATA1. Abnormal ribosome biogenesis and ribosomal stress leads to activation of the
tumor suppressor p53. The p53 response appears to be particularly prominent in erythroid progenitors
and may explain many features of the DBA phenotype and symptoms.

Learning goals

At the conclusion of this activity, participants should have:
- learnt the key clinical manifestations, diagnostic criteria and current treatment options for

Diamond-Blackfan anemia;
- got an insight into the molecular and cellular pathogenesis of Diamond-Blackfan anemia and how

mechanism-based therapies may be developed to reduce side effects or cure the disease.



DBA. Congenital abnormalities are present in approxi-
mately 40-50% of the patients.2,3,8,9 The majority of these
involve head and eyes, upper limbs, heart and the geni-
tourinary system. Furthermore, one-third of cases show
retarded growth. Patients with DBA have an increased risk
of developing cancer.10 The mechanism of increased car-
cinogenesis is unknown. The observed-to-expected ratio
of all cancers combined is 5.4-fold higher than in the gen-
eral population with the highest risk for myelodysplastic
syndrome (MDS, 287-fold), acute myeloid leukemia
(AML, 28-fold), colon carcinoma (36-fold) and
osteogenic sarcoma (33-fold). The cancer risks appear
lower than in Fanconi anemia and dyskeratosis
congenital.11 Specific cancer screening approaches may be
difficult to design in practice due to diversity of the can-
cers that develop in DBA. 

For diagnosis, laboratory blood analysis, bone marrow
analysis (aspiration and biopsy) and genotyping are
required (Table 1). The differential diagnosis of DBA
includes other IBMFS and several acquired disorders, for
example, transient erythroblastopenia of childhood and
infections by parvovirus B19.12 Findings from National
Patient Registries in North America and Europe have pro-
vided extensive clinical data and, together with the recent
advances in gene discovery, have provided key clinical
insights.2,3,8,9,13 Detailed and extensive descriptions of the
recommended approach to clinical diagnosis and manage-
ment of DBA have recently been described in the report
from the DBA Clinical Consensus Conference and a
scholarly written “How I Treat Diamond Blackfan ane-
mia” overview.12,13

Current treatment

Corticosteroids form the main therapeutic regimen in
DBA and approximately 80% of the patients initially
respond to this treatment. However, because of the pro-
gressive loss of response or unacceptable side effects, only
half of these patients (40% of total) can be sustained on
corticosteroids.3,13 If the patient responds to corticos-
teroids, an attempt is made to reduce the dose gradually to
reduce side effects that include slow growth rate, cataracts
and demineralization of bone leading to pathological frac-
tures. It is recommended to treat congenital anomalies by
surgery before steroid treatment starts to facilitate wound
healing.13 The remaining patients require chronic transfu-
sion therapy every 3-5 weeks to maintain sufficient hemo-
globin levels (>8 g/dL) that allows for adequate growth
and development, while not suppressing the endogenous
red blood cell production. Chronic transfusion therapy
must be combined with iron chelation to avoid the accu-
mulation of iron in the liver, heart and other organs.
Approximately 20% of the patients enter spontaneous
remission in which physiologically acceptable hemoglo-
bin level is maintained without therapeutic interventions. 

Allogeneic bone marrow transplantation is the only cur-
ative treatment for the hematopoietic manifestation of
DBA, and it is normally considered among the young
patients (<10 years) who are transfusion-dependent and
have access to a matched sibling donor.3,12 However,
although matched sibling donor bone marrow transplanta-
tions have been reported with satisfactory results, trans-
plantation using a matched alternative donor is associated

with a poor outcome.
Numerous alternative therapies (growth factors, pro-

lactin, immunosuppressants) have been applied in the
treatment of DBA but these are not routinely used since
they have either been ineffective or only found to be effec-
tive in rare cases.12,13 Of special interest is the recent case
report demonstrating a complete remission in response the
amino acid L-leucine.14 Supporting this report, therapeutic
experiments with L-leucine improved the erythroid defect
in zebrafish and mouse models for DBA.15,16 With the cur-
rent therapies, the overall survival at over 40 years is
75.1%.3 A high proportion of deaths are treatment-related
and corticosteroid-responsive patients have a significant
survival advantage compared to transfusion-dependent
patients.

Inheritance and genetics of DBA 

The incidence of DBA is estimated to be 5-7 cases per
million live births without ethnic predilection or biased
sex ratio.2,8,9 Almost 50% of DBA cases are familial and
inherited as an autosomal dominant trait with variable
penetrance.6 Family members who share a common genet-
ic alteration may show dramatic variation in the severity
of anemia and treatment response. 

Mutations in or deletions of genes encoding ribosomal
protein (RP) S19, RPS24, RPS17, RPL35a, RPL5, RPL11,
RPS7, RPS10, RPS26 and RPL26 collectively explain the
genetic basis for approximately 60-70% of DBA cases17-25

(Figure 1). Furthermore, alterations in additional RP genes
have been identified in isolated patients, although the
pathogenic significance of these rare variants is not
clear.21-23 All reported mutations are heterozygous, which
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Table 1. Diagnostic criteria, genetic analysis and current ther-
apeutic approaches for Diamond-Blackfan anemia. This is a
simplified overview based on the report from the DBA Clinical
Consensus Conference12 and a recent clinical review.13

Main diagnostic criteria
Age less than one year
Macrocytic anemia with no significant cytopenias
Reticulocytopenia
Normal marrow cellularity with a relatively low number of erythroid precursors

Minor diagnostic criteria
Elevated erythrocyte adenosine deaminase activity
Elevated fetal hemoglobin (HbF)
Congenital anomalies described in classical DBA

Inheritance and genetic analysis
Gene mutation in one of the ribosomal protein genes described in classical DBA
Positive family history (found in 50% of cases)

Differential diagnosis
Other IBMFS: Fanconi anemia, Schwachman Diamond Syndrome,  Dyskeratosis congenita
Acquired disorders: transient erythroblastopenia of childhood, Pearson syndrome
Viral infections, e.g. B19 parvovirus

Current therapies
The natural therapy: remission (20%)
Corticosteroids
Blood transfusion
Allogeneic transplantation (relatively rare, see text)



is consistent with the dominant inheritance pattern.
Twenty-five percent of the patients have mutations in

the gene coding for RPS19 making it the most common
DBA gene. More than 120 unique alterations have been
identified (Available from: www.dbagenes.unito.it
Accessed January 201326). The mutations may completely
disrupt the expression of RPS19, or interfere with the fold-
ing of RPS19 or its assembly into the 40S ribosomal sub-
unit, and thus result in a functional haploinsufficiency.

Nearly all mutations in the other DBA genes are predicted
to cause premature termination, splicing disruption, frame
shifting or complete deletion of one allele, supporting
functional haploinsufficiency as the basis for the disease
pathology.27-29

Recently, patients with GATA1 mutations were identi-
fied in two unrelated families.30 However, the identifica-
tion and phenotypic characterization of additional DBA
patients with GATA1 mutations will eventually determine
whether these patients present ‘classical’ DBA.

Erythropoiesis 

The erythrocyte is the most common cell type in blood.
Mature erythrocytes have a limited life span, approximate-
ly 120 days in humans and 40 days in mice, and they must
be continuously produced in order to renew the red cell
mass. The erythroid lineage consists of erythroid progeni-
tor and precursor cell compartments (Figure 2). Erythroid
progenitor cells are relatively infrequent and can be divid-
ed into the early and late progenitor cells based on their
colony-forming potential in vitro. The early progenitor
cells (burst-forming unit-erythroid, BFU-E) are the first
solely erythroid-restricted cells and give rise to large
multi-clustered colonies.32 BFU-Es also possess a limited
self-renewal capacity. The late progenitor cells (colony-
forming unit-erythroid, CFU-E) give rise to smaller
colonies than BFU-Es. The proliferation and survival of
BFU-Es is mainly dependent on stem cell factor (SCF)
and interleukin-3 (IL-3) signaling, while erythropoietin
(Epo) alone is sufficient to support CFU-Es. CFU-Es dif-
ferentiate into morphologically distinguishable erythroid
precursor cells. The first recognizable precursor, proery-
throblast, undergoes 3-5 cell divisions giving rise to
basophilic, polychromatic and orthochromatic erythrob-
lasts. These differentiation divisions are characterized by a
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Figure 1. The ribosomal proteins mutated in DBA, their fre-
quency and distribution within the ribosomal subunits. The
figure shows the two ribosomal subunits, the large 60S
and the small 40S subunit. Approximately half of the ribo-
somal mass consists of the ribosomal RNA and the other
half of the ribosomal proteins, which are referred to as the
RPL when they are found in the large 60S subunit and RPS
in the small 40S subunit. In approximately 30-40% of
patients the mutation is unknown. RPS19 is by far the
most common disease gene and it is found mutated in
25% of patients. GATA1 mutations are not shown here
since GATA1 is a transcription factor and these mutations
are rare.

Figure 2. Erythroid development and differentiation. Cells of the erythroid lineage can be divided into erythroid progenitor
and precursor cells. Erythroid progenitor cells are distinguished based on their differential growth factor requirements
and colony-forming capacity in vitro. BFU-E progenitor cells are dependent on SCF and IL-3 signaling, while CFU-E progen-
itor cells are solely dependent on Epo. In contrast to the erythroid progenitor cells, erythroid precursor cells are recognized
based on their morphology, which reflects the accumulation of erythroid-specific proteins, decrease in size and nuclear
condensation. Scientific evidence suggests that although there is a proliferation deficiency throughout the hierarchy
including at the level of hematopoietic stem cells and early progenitors, the main deficiency is at the level of the CFU-E
- proerythroblast transition. The arrows indicate at which level of the hierarchy the different treatment modalities act.
Blood and marrow transplantation rebuilds the hematopoietic system from the level of the stem cells and is curative if
successful whereas chronic red cell transfusions just treat the anemia temporarily.  It is known that corticosteroids
increase the self-renewal of BFU-Es and thereby increase the total erythroid output but they may also have additional
DBA-specific mechanisms of action. More detailed knowledge about the mechanism of action may allow a reduction in
the corticosteroid dose by using other drugs that synergize with corticosteroids in combination.31



rapid G1 cell cycle phase, which results in a progressive
decrease in the cell size.33 Simultaneously, maturating pre-
cursor cells undergo alterations in morphology that reflect
the accumulation of erythroid-specific proteins and
nuclear condensation. Orthochromatic erythroblasts with-
draw from the cell cycle and form reticulocytes by extrud-
ing their nuclei. Reticulocytes loose their mitochondria
and ribosomes within a couple of days and mature into
erythrocytes.32 The main intrinsic regulator of erythro-
poiesis apart from the Epo receptor and c-Kit (SCF recep-
tor) is the transcription factor GATA-1.34,35

The hematopoietic defect and cellular 
mechanisms in DBA

The success of bone marrow transplantation and studies
using cultured cells from patients demonstrate the intrinsic
cell nature of the hematopoietic defect in DBA. Erythroid
progenitor cells are usually present, often in normal num-
bers, in the marrow of young patients suggesting that the
main erythroid failure of DBA results from impaired ter-
minal differentiation of erythroid progenitor cells rather
than from their absence.36,37 Consistent with these studies,
Ohene-Abuakwa et al. used a liquid erythroid culture sys-
tem in order to locate the erythroid defect at the onset of
Epo-dependent terminal erythroid differentiation.38

Furthermore, recent studies using mouse models for
RPS19-deficient DBA located the most severe erythroid
defect at the CFU-E-proerythroblast transition, corrobo-
rating the previous findings.39 Some patients develop
hypocellular bone marrow over time and this is often asso-
ciated with neutropenia and thrombocytopenia.7 Although
the frequency of immature hematopoietic stem and pro-
genitor cells in patients appears normal, their proliferative
capacity is significantly lower compared to controls.7,41

These findings suggest that the hematopoietic defect in
DBA involves hematopoietic progenitors or even
hematopoietic stem cells (HSCs) resulting in bone marrow
failure. Supporting these conclusions are recent findings
from an inducible Rps19-deficient mouse model.39 In this
study, transplantation of HSCs derived from mice that had
been transiently exposed to Rps19 deficiency led to signif-
icantly reduced engraftment in the peripheral blood,
demonstrating the irreversible exhaustion of HSCs.39

Disease severity and spontaneous remission

Despite recent advances in understanding the molecular
basis of DBA, the natural course of the disease remains
largely unpredictable. Approximately 20% of the patients
enter spontaneous remission, often during the first decade
of life, in which physiologically acceptable hemoglobin
level is maintained without therapeutic intervention.
Interestingly, there appears to be no clear correlation
between the chance of remission and the type and duration
of the therapy. The failure of the genotype to predict the
hematopoietic phenotype is highlighted by the variable
penetrance of genetic lesions in DBA pedigrees. However,
there is a genotype-phenotype relationship when it comes
to orofacial clefts since these are found in patients with
RPL5 and RPL11 mutations and not in patients with mutat-

ed RPS19.13,29

It is of interest that the vast majority of patients in remis-
sion continue to exhibit elevated eADA and
macrocytosis.2,6 These findings suggest a continuous pres-
ence of the erythroid defect, which is compensated
through extrinsic factors that stimulate the hematopoietic
stem and progenitor cells, leading to increased influx of
cells into the Epo-responsive stage. Indeed, Ohene-
Abuakwa et al. demonstrated a consistent erythroid defect
of patient cells in vitro regardless of the clinical severity.38

Intriguingly, a similar defect was observed when culturing
cells from asymptomatic first-degree relatives who shared
the genetic lesion. Relapses tend to occur under conditions
of hematopoietic stress, such as pregnancy, indicating the
importance of the dynamics of the hematopoietic system
in determining whether the patient is symptomatic or not.41

Presentation of anemia in DBA normally coincides with
the neonatal decline in HSC turnover.42 Dynamics of the
hematopoietic system could also directly influence the
severity of the cellular defect of DBA. This is supported
by the fact that the chance of relapse in remitted patients
appears low, except during stress conditions.

5q minus syndrome

MDS comprise a heterogeneous group of clonal disor-
ders characterized by dysplastic bone marrow and periph-
eral cytopenia. The 5q- syndrome is a distinct subtype of
MDS, defined by an isolated interstitial deletion of chro-
mosome 5q, and is characterized by macrocytic anemia,
normal or elevated platelet counts, dysplastic megakary-
ocytes and elevated risk of AML.43 Most patients respond
to the treatment with lenalidomide, resulting in reduced
transfusion requirement that is often combined with a
complete cytogenetic response.44 The 5q- common deleted
region encompasses forty protein-coding genes.45 By a
systematic targeting of each gene using the short hairpin
RNA (shRNA) technology, Ebert et al. identified RPS14
as the critical gene for the erythroid phenotype.46

Therefore, a similar mechanism underlies the erythroid
phenotype in both 5q minus syndrome and DBA.

The molecular pathology in DBA

With the exception of a few DBA patients with GATA1
mutations, all the identified mutations in DBA are found
in ribosomal proteins. Therefore, defects in ribosome bio-
genesis are considered the key pathogenic mechanism in
DBA. However, it is still not yet fully understood why the
main phenotype, ineffective erythropoiesis, is relatively
tissue-specific since ribosomal proteins have a generic
function in all cell types. Below, we will discuss ribosomal
stress, a possible role for p53, and the regulation of protein
translation as possible molecular mechanisms causing the
DBA phenotype.
Ribosome biogenesis and ribosomal stress

Ribosome biogenesis takes place in a specialized
nuclear compartment, the nucleolus, which is formed
around the actively transcribed rRNA genes. Transcription
of rRNA genes by RNA polymerase I gives rise to a 47S
precursor rRNA (pre-rRNA), which simultaneously asso-
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ciates with trans-acting factors to form the 90S pre-ribo-
some. After a series of remodeling and pre-rRNA process-
ing, 90S pre-ribosome splits into pre-40S and pre-60S
subunits that are exported into the cytoplasm where the
final maturation steps occur.47,48 The modified pre-rRNA
undergoes hierarchical endonucleolytic and exonucleolyt-
ic cleavages, eventually giving rise to 18S, 28S and 5.8S
mature rRNAs.47 Ribosomal proteins assemble with pre-
rRNA in a hierarchical manner and facilitate its process-
ing, nuclear export and cytoplasmic maturation, and defi-
ciency of ribosomal proteins impairs the rRNA processing
at distinct stages.49-51 Perturbations to the dynamics and
flow of this process have been associated with alterations
in the regulation of cell size and cell cycle progression,
leading to developmental defects and increased cancer
susceptibility.52 Pharmacological or genetic disruption of
rRNA transcription and processing has shown to result in
the activation of the tumor suppressor p53.53-56 Similarly,
numerous studies have demonstrated the activation of p53
in response to ribosomal protein deficiencies.57,58 During
normal growth conditions, the activity of p53 is kept low
by the oncoprotein mouse double minute 2 (Mdm2). In the
absence of stress, Mdm2 binds to p53 and functions as an

ubiquitin ligase, targeting p53 for proteosomal degrada-
tion. Various cellular stresses disrupt the interaction
between Mdm2 and p53, resulting in the stabilization and
activation of p53. In case of ribosomal stress, impaired
rRNA synthesis or processing leads to nuclear accumula-
tion of free ribosomal proteins, which are able to bind to
Mdm2 and inhibit its ubiquitin ligase function, resulting in
the accumulation of p53 (Figure 3). Although multiple
ribosomal proteins have been shown to interact with
Mdm2, the recent evidence suggests that only RPL5 and
RPL11, in a mutually dependent manner, are required for
Mdm2 inhibition.58

Disease models suggest a role for p53
Several animal models with reduced expression of ribo-

somal proteins have been generated to define the role of
ribosomal proteins in hematopoiesis and generate model
systems for DBA (reviewed in McGowan and Mason59).
rps19-deficient zebrafish models were generated using
morpholino technology.60,61 These models showed devel-
opmental and hematologic abnormalities. Furthermore,
the loss of p53 rescued the phenotypic abnormalities
observed upon rps19 haploinsufficiency.60 In 2008,
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Figure 3. Ribosome biogenesis, ribosomal stress and development of possible mechanism-based therapies. Transcription
of rDNA by RNA polymerase I gives rise to a 47S rRNA precursor, which associates with trans-acting factors that mediate
a series of chemical modifications and nucleolytic cleavages. This results in the formation of pre-40S and pre-60S ribo-
somal subunits that are exported into the cytoplasm where the final maturation takes place. Ribosomal proteins asso-
ciate with pre-rRNA in a hierarchical manner and facilitate its processing, nuclear export and maturation. Deficiency of
ribosomal proteins impairs rRNA processing (indicated by the red X). Ribosomal stress is believed to be a key pathogenic
mechanism in DBA. During steady state conditions, the levels of p53 are kept low through proteosomal degradation by
Mdm2. Impaired rRNA synthesis or processing leads to nuclear accumulation of free ribosomal proteins, which are able
to bind to Mdm2 and inhibit its ubiquitin ligase function, resulting in the accumulation of p53.58 The figure also shows
three possible mechanistic approaches to treat DBA. Gene replacement therapy will cure the hematologic disease.
Reduction in p53 activity will improve erythropoiesis in DBA although p53 reduction is not without risks. L-Leucine can
activate the mTORC1 pathway. mTORC1 regulates ribosome biogenesis by promoting rRNA and ribosomal protein syn-
thesis and enhancing translation initiation and elongation. Of these three possible approaches, L-Leucine therapy is least
likely to cause severe side effects. Clinical trials using L-Leucine are under way.



McGowan et al. reported a novel mouse model for RPS19-
deficient DBA that presents a missense mutation resulting
in a single amino acid substitution in the Rps19 protein.62

This mutation was embryonic lethal in a homozygous set-
ting. However, the heterozygous mice exhibited dark skin,
retarded growth and a mild macrocytic anemia with a
reduction in erythrocyte number. Importantly, all of these
features were rescued in a p53-deficient background.
RPS19 can be down-regulated in hematopoietic cells
using knockdown technology to generate a DBA-like phe-
notype in vitro.63-65 This approach was taken to generate
mouse models with inducible and graded downregulation
of Rps19.38 Depending on the level of Rps19 downregula-
tion, mice with mild to lethal macrocytic anemia could be
generated. Strikingly, crossing these mice into p53-defi-
cient background almost fully corrected the lethal
hematopoietic phenotype.38

As the studies using DBA animal models demonstrate
an activation of p53 in response to ribosomal protein defi-
ciencies, it is tempting to speculate that the erythroid fail-
ure in DBA patients is caused through p53-dependent
mechanisms. Recently, downregulation of RPS19 or
RPS14 in primary human bone marrow cells was shown to
result in the erythroid-pronounced activation of p53.66

Furthermore, the treatment of bone marrow cells with nut-
lin-3, a compound that activates p53 by preventing its
interaction with Mdm2, led to an erythroid-biased activa-
tion of p53. Finally, inhibition of p53 with a small mole-
cule pifithrin alpha rescued the erythroid defect in RPS19-
deficient and RPS14-deficient human bone marrow cell
cultures. Immunohistochemistry for p53 in the bone mar-
row biopsies from DBA patients demonstrated elevated
levels of p53, although variation was observed in terms of
the intensity and cell type-specificity of p53 staining.66

However, a generic defect in ribosomal biogenesis may
influence the translational apparatus in cells and influence
other regulatory pathways than just p53. 
Translational defects

Ribosomal protein haploinsufficiency has been shown
to result in reduced rate of protein synthesis.67 However,
whether the global reduction in translation contributes to
the severe anemia of DBA is not known. Studies in mice
deficient for Flvcr, a heme exporter protein, have led to a
hypothesis that defective globin synthesis contributes to
the erythroid defect of DBA.68 These findings suggest that
the accumulation of free heme in proerythroblasts is toxic,
raising a hypothesis that the dysregulation of heme synthe-
sis and globin translation, resulting in a transient excess of
free heme, could in part explain the erythroid defect of
DBA.  

Development of future therapies

Lenalidomide
Lenalidomide has proven to be highly effective in the

treatment of patients with 5q- syndrome, causing both
hematologic and cytogenetic responses.44 Although the
underlying mechanism remains elusive, lenalidomide has
been reported to promote the erythroid differentiation of
human CD34-positive bone marrow cells and the produc-
tion of fetal hemoglobin.69 This is due to its ability to stim-
ulate CFU-E progenitor cells, possibly through the modu-

lation the Epo receptor turnover.70.71 As corticosteroids and
lenalidomide promote erythropoiesis at distinct stages, use
of these agents in combination could provide a more pro-
found therapeutic effect in DBA.70

L-Leucine
Recently, based on the theory of inefficient translation

as the underlying cause for the severe anemia in DBA,
Pospisilova et al. reported one patient who became trans-
fusion-independent in response to treatment with the
amino acid L-leucine.14 Similarly, L-leucine administra-
tion alleviated the developmental defects and in some
cases also the anemia of rps19-deficient and rps14-defi-
cient zebrafish models.15 Furthermore, dietary L-leucine
was shown to improve the anemia of Rps19-deficient
mice.16 L-leucine is an essential branched chain amino
acid that plays an important role in the regulation of pro-
tein synthesis, and this response involves the mam-
malian/mechanistic target of rapamycin complex 1
(mTORC1) pathway.72 Thus the enhanced translation of
ribosomal proteins could underlie the therapeutic effect of
L-leucine. Irrespective of the mechanism, several large
clinical trials are now ongoing or about to start. The future
outcome of these trials could be exciting since the side
effects of L-Leucine, if used in the correct dose, are
expected to be relatively modest compared to the potential
toxic effects of corticosteroids. 
Targeting the p53 pathway

Based on the current experimental findings, it is tempt-
ing to speculate that the erythroid defect in DBA is largely
caused through a p53-dependent mechanism. The identifi-
cation of p53 could provide a novel therapeutic avenue for
the treatment of DBA and related disorders. Inhibition of
p53 with a small molecule pifithrin alpha rescues the ery-
throid defect of RPS19-deficient and RPS14-deficient
human bone marrow cell cultures.66 Indeed, a transient
dampening of the p53 pathway could provide a therapeutic
benefit in patients. However, direct interference with p53
raises concerns because of its role as a tumor suppressor.
Strategies targeting disease-specific factors either
upstream or downstream of p53 could provide a more
promising alternative. 
Gene therapy

Gene therapy is the only approach apart from allogeneic
transplantation that can cure the hematopoietic defect in
DBA. In a recent proof-of-principle experiment, the lethal
bone marrow failure in Rps19-deficient mice could be cured
by gene therapy.73 However, as the current therapies, espe-
cially those with corticosteroids, have a relatively good out-
come, moving gene therapy to the clinic will require a care-
ful assessment of the risk-benefit ratio for this approach. We
envisage that the first clinical trials could be applied to
patients with a chronic transfusion-dependent DBA.
Lentiviral vectors, in which the potent spleen focus-forming
vector (SFFV) promoter drives the expression of codon-
optimized human RPS19 cDNA, were used to correct the
DBA phenotype in mice.73 However, for future clinical
application, more moderate cellular promoters must be vali-
dated, as they are potentially safer with regards to the prob-
ability of insertional mutagenesis. Clinical trials for Fanconi
anemia employing similar lentiviral vectors, in which the
PGK promoter drives the expression of FANCA cDNA, are
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being conducted.74 However, the elongation factor 1α
(EF1α) short promoter may prove to be an even more viable
alternative.75 Furthermore, a lentiviral vector utilizing the
EF1α promoter combined with the locus control region of β-
globin has been shown to allow a constitutive but erythroid-
pronounced transgene expression.76 The safety and efficacy
of ongoing clinical trials using lentiviral vectors to treat dis-
orders other than DBA will largely determine the future of
DBA gene therapy. Although the follow-up time for these tri-
als is still relatively short, no severe genotoxic side effects
have been reported.77 The development of a human gene
therapy protocol for RPS19-deficient DBA is estimated to
take approximately five years
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