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Diamond-Blackfan anemia (DBA) was the first ribosom-
opathy described and is a constitutional inherited bone
marrow failure syndrome. Erythroblastopenia is the major
characteristic of the disease, which is a model for ribosomal
diseases, related to a heterozygous allelic variation in 1 of
the 20 ribosomal protein genes of either the small or large
ribosomal subunit. The salient feature of classical DBA is a
defect in ribosomal RNA maturation that generates nu-
cleolar stress, leading to stabilization of p53 and activation
of its targets, resulting in cell-cycle arrest and apoptosis.
Although activation of p53 may not explain all aspects of
DBA erythroid tropism, involvement of GATA1/HSP70 and

globin/heme imbalance, with an excess of the toxic free
heme leading to reactive oxygen species production, ac-
count for defective erythropoiesis in DBA. Despite signif-
icant progress in defining the molecular basis of DBA and
increased understanding of themechanistic basis for DBA
pathophysiology, progress in developing new thera-
peutic options has been limited. However, recent ad-
vances in gene therapy, better outcomes with stem cell
transplantation, and discoveries of putative new drugs
through systematic drug screening using large chemical
libraries provide hope for improvement. (Blood. 2020;
136(11):1262-1273)

Introduction
Diamond-Blackfan anemia (DBA)1-3 is a rare congenital intrinsic
erythroid hypoplasia, identified in 20054 as the first human
ribosomopathy.5,6 Mutations in 20 ribosomal protein (RP) genes
associated with DBA have been identified to date.7 In all in-
stances, the RP gene mutations lead to defective ribosomal RNA
(rRNA) maturation, the signature feature of classical DBA.4,8 In-
deed, the definition of DBA has become somewhat problematic.
Rather than classical DBA with RP gene mutations, some patients
exhibit erythroblastopenia resulting from non-RP mutated genes
(GATA1,EPO,ADA2). Moreover, somepatients without any history
of anemia exhibit a pathogenous mutation in an RP gene associ-
ated with a malformative syndrome or preleukemic state.

Epidemiology
DBA is a rare congenital disease, with an incidence of 7 cases per
million live births. Diagnosis is established at a median age of 2
to 3 months, with 95% of DBA cases diagnosed before 2 years of
age and 99% before 5 years of age.9,10 DBA has also been di-
agnosed at birth in 13% to 16% of cases. However, progress in
molecular diagnosis is enablingDBAdiagnosis inmore patients with
unusual clinical presentation, such as unexplained anemia during
fetal life or hydrops fetalis,11-13 and adult patients with mild anemia.

Clinical presentation
In infants, DBA is revealed by signs of anemia, including pallor,
failure to thrive, and sucking difficulties during breast- or bottle
feeding. In addition to anemia, various congenital malformations

are reported in 50% of DBA-affected patients (Figure 1A-B).9,10

Premature birth occurs in 20% of cases, and hypotrophy at birth
and growth retardation have been documented in 28% and 22%,
respectively. Short stature noted during intrauterine life is part of
the malformative syndrome and is reported in ;22% of cases;
this progressively worsens because of adverse effects of treat-
ments such as steroid therapy and transfusion-induced iron
overload.14 Malformations are mostly localized in the cephalic
area (50% of patients) and extremities and include thumb
anomalies (38%) with pathognomonic triphalangeal thumb.
Moreover, the urogenital tract (39%) and heart (30%)15 are fre-
quently affected (Figure 1A-B).9,10

Differential diagnosis
DBA should be differentiated from the acquired erythro-
blastopenia that follows parvovirus B19 infection with severe
anemia in children with chronic hemolysis, during pregnancy or
in neonates, or in immunosuppressed individuals and from
transient erythroblastopenia of childhood, likely related to un-
identified viruses, which has a favorable outcome.10 The other
differential diagnoses with rarer occurrences include immune
erythroblastopenia and other inherited bone marrow failure
syndromes (IBMFSs), in which erythroid lineage is usually not the
only lineage involved.

Management and treatment
DBA patients need a multifaceted approach to care that evolves
with the age of the patient.16 For each age category, patient
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management must include hematological and extrahematological
follow-up. Extrahematological care includes management of
congenital anomalies (which will not be discussed in this review),
growth retardation in children, treatment adverse effects (eg,
iron overload in transfused patients, steroid toxicity), and long-
term complications, mainly in adult patients, such as B-cell im-
munodeficiency and malignancies.

Treatment of anemia
At birth and during infancy, hemoglobin (Hb) level may be either
normal or below normal, but the need for transfusion begins
before the age of 1 year in 90% of patients.9 The international
consensus is not to use glucocorticoids before the age of 1 year,
and this may be further delayed in children with severe growth
failure.10 The threshold for transfusion is 80 to 90 g/L.

In children.1 year of age, glucocorticoids must be tested at the
standard dose of 2 mg/kg.10 In responders, the rise in reticu-
locytes is seen at day;10, and Hb value will reach normal values
within 1 month. There is no clinical evidence to support pro-
longed treatment at this dose in responsive patients, and glu-
cocorticoids must be tapered after reticulocyte increase to
define the minimal active dose. Overall, 50% to 60% of patients

are long-term responders to steroids.9 Nevertheless, the quality
of response varies. Some patients achieve normal Hb level with a
very low dose of steroid (,0.15 mg/kg per day), and some need
a higher dose to maintain the Hb level just above the transfusion
threshold. In countries with good transfusion support, the
maximal tolerated dose of steroid is considered to be 0.3 mg/kg
per day, and patients requiring a higher dose should enter an
iterative transfusion program. This threshold may be increased
to 0.5 mg/kg per day in countries in which safe red cell trans-
fusions are not guaranteed. It should be noted that DBA is the
only human disease in which steroids are administered for years,
and both efficacy and adverse effects should be regularly
evaluated. Discontinuation of steroids must be considered in
instances such as the following: growth retardation in a pre-
adolescent child, because stopping of steroids will allow pu-
bertal growth and likely increase effectiveness of growth
hormone (GH) therapy if indicated; during pregnancy, where the
consensus is to revert to transfusions; and in patients, mainly
adults, in whom long-term adverse effects of steroids are en-
countered. Steroid resistance occurs in 35% of DBA cases.9

These patients show no or limited reticulocyte response and
nonclinically significant rises in reticulocyte counts with no sig-
nificant changes in Hb levels. These individuals should receive
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Figure 1. Congenital malformations in DBA. (A) Range
of congenital anomalies observed in Diamond-Blackfan
anemia. (B) Cephalic area malformations in detail.
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red cell transfusion therapy and are candidates for hemato-
poietic stem cell transplantation (HSCT).

For patients receiving transfusion, the main challenge is the risk
of iron overload,17 and a comparative study documented more
severe iron overload in DBA patients compared with patients
with thalassemia.18 Severe hemochromatosis has been docu-
mented in very young DBA patients, including severe cardiac
iron overload.19 Therefore, effective and intense chelation
therapy is warranted for DBA patients, even at a young age. In
Europe, chelation is started early, usually before the age of
2 years, depending on the age at which the first transfusion was
initiated and on the ferritin level (threshold to start, 500-1000mg/
L of ferritin). At this age, deferoxamine is the chelator of choice
(maximal dose, 30 mg/kg) because of a lack of data on defer-
asirox use in infants and toddlers. Deferasirox may be used in
children .2 years of age and if needed in association with
deferoxamine. The goal is to achieve ferritin levels of,500 mg/L
and normal liver iron status by magnetic resonance imaging,
which may be performed as soon as possible (under general
anesthesia if needed) in children with uncontrolled iron overload
and regularly monitored thereafter.

Erythropoietin (EPO) treatment is not effective. Other drugs,
such as ciclosporin, antithymocyte globulin, metoclopramide,20,21

leucine22,23 (registered at www.clinicaltrials.gov as #NCT01362595),24

and sotatercept (registered at www.clinicaltrials.gov as
#NCT01464164) have either no or limited efficacy.

HSCT is currently the only option to cure the erythroid defect of
DBA and must be considered early for children with transfusion
dependency.25-28 A recent report from French and German
groups included 68 children (median age, 5.2 years; range, 0.9-
16.8 years); donors were matched sibling (n 5 46), matched
unrelated (n5 13), or mismatched unrelated donors (n5 7 [HLA
9/10, n5 6; HLA 8/10, n5 1]). In this cohort, overall survival was
91%, with no difference by donor type.29 In this study, as in a
previous study from the Italian group,27 better outcomes were
noted when HSCT was performed at a young age (,10 years).
HSCT should be considered at the ages of 3 to 5 years, and
current indications in children are mainly a lack of good response
to steroids andmore rarely steroid toxicity, failure of chelation, or
severe associated neutropenia. HSCT should be considered with
caution in adolescents and adults with no clonal evolution.
Lastly, the oncogenic risk associated with transplantation re-
mains to be established. HSCT is likely to reduce the risk of
myelodysplastic syndrome and acute myelogenous leukemia;
however, the possibility of increased incidence of solid tumors in
engrafted patients, as reported for Fanconi anemia patients,
cannot be excluded.

Gene therapy is a potential therapeutic option in DBA.30 As in
other IBMFSs, somatic mosaicism associated with correction of
hematological phenotype has been reported.31 Current gene
therapy efforts are focused on the RPS19 gene, which has been
successful in a mouse model,32 but currently, there are no active
human trials. Under best circumstances, gene therapy will cure
the erythropoietic defect at a lower cost compared with HSCT, if
it can be performed without a myeloablative conditioning
regimen, with no transplantation-related mortality, and no risk of
graft-versus-host disease or oncogenic risk. However, this ap-
proach needs to be critically validated before implementation.

Other approaches, such as use of induced pluripotent stem cells
or genome editing, are also being considered.30

The availability of cell models, including fetal liver erythroid
progenitors from mice models or reprogrammed hematopoietic
progenitors, are making it possible to perform systematic drug
screening using large-scale chemical libraries. Such approaches
have identified different agents that are of potential clinical
interest, such as SMER28 (a small-molecule inducer of
autophagy),33 kinase inhibitors,34 and trifluoperazine, which is
currently in a clinical trial (registered at www.clinicaltrials.gov as
#NCT03966053).

Complication management
DBA patients need comprehensive multispecialty clinical care. In
children, growth is the main concern. Therapeutic approaches
include steroid use limitations; leucine, reported to be associ-
ated with growth acceleration; and GH. Treatment of 19 DBA
children with GH was reported to be effective.35 GH adminis-
tration should be considered for DBA children with major growth
retardation. However, caution is warranted, because 3 cases of
osteosarcoma were reported in DBA patients treated with GH.35

Adult DBA patients are at increased risk for severe complica-
tions. In themost recent analysis of data on 702 patients from the
DBA Registry of North America, the cumulative incidence of
death resulting from nonmalignant and malignant complications
was noted to be 25% by the age of 50 years.36 DBA individuals are
now formally recognized to have increased susceptibility for
malignancies.36-38 The observed/expected (O/E) ratio for all cancers
is 4.8 and the cumulative incidence of solid tumors and hemato-
logicalmalignancies is 13.7 by the age of 45 years.36 As expected for
an IBMFS, the risk is very high for myelodysplastic syndromes (O/E
ratio, 352.1) and myeloid leukemias (O/E ratio, 28.8). Among a
spectrum of reported solid tumors, the most significant risks are for
colon carcinoma (O/E ratio, 44.7) andosteogenic sarcoma (O/E ratio,
42.6).36,37 Solid tumors and myeloid malignancies rates increase at
ages ;30 and ;40 years, respectively. These results support tar-
geted cancer surveillance, such as colonoscopy for colon cancer.36

As in the other IBMFSs, immune deficiency is reported in DBA
patients, mainly in adult patients. Immunoglobulin levels must
be checked annually. In a cohort of 107 DBA patients, intrinsic
quantitative defects were demonstrated in the lymphocyte
count (mostly B and natural killer) and serum immunoglobulins.39

Finally, other concerns for adult patient include genetic coun-
seling and reproductive choice. No hypofertility has been re-
ported in male DBA patients. A study from French and German
registries reported 42 (66%) complicated pregnancies among
64 total pregnancies in 26 women age .18 years.40 This and
other reports show the importance of careful monitoring of
pregnancies.40,41 The current consensus is that women undergo
transfusion to maintain an Hb level .100 g/L.10

Biology and genetics
Complete blood count, reticulocytes, bone
marrow, and fetal Hb
DBA is diagnosed by documenting specific and characteristic
erythroblastopenia on bone marrow aspirates or bone marrow
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biopsies. Absence or ,5% of erythroid precursors on the bone
marrow smear (erythroblastopenia) or decreased erythroid
cellularity on the bonemarrow biopsy in otherwise normal bone
marrow (no sign of dysplasia, no defect in other cell lineage) is
diagnostic. Complete blood count and reticulocyte evaluation
reveal moderate to severe anemia that is normochromic and
usually macrocytic (mean corpuscular volume, .100 fL).
Reticulocytopenia is a major feature of DBA, with absence or
,20.109/L reticulocytes in patients with anemia. Neutrophil
and platelet counts are usually normal, but transient throm-
bocytosis (young children) and mild thrombocytopenia and
leukoneutropenia (25% of DBA cases) have been noted at
diagnosis or during DBA evolution. However, severity of
anemia is the most important feature, compared with other
cytopenias.

Fetal Hb levels are elevated in DBA, as in other IBMFSs, andmay
be helpful for DBA diagnosis. To be relevant, it should be
measured after the age of 6 months. Elevated EPO concen-
tration is nonspecific, and it has been suggested that the lack of
sufficient numbers of erythroid cells expressing EPO receptors in
hypoplastic erythroid bone marrow may contribute to higher
EPO levels.

eADA
Measurement of erythroid adenosine deaminase (eADA) activity
is helpful in the diagnosis of DBA, but it is mandatory for genetic
counseling and choice of a familial donor for HSCT to identify
potential silent DBA phenotypes.42-45 eADA activity is elevated
in 75%44 to 90%45 of nontransfused DBA patients, with a positive
or negative predictive value of 91%,44 and elevation of eADA in 1
parent is supportive of a familial form, with implications for DBA
genetic counseling.45 However, a link between eADA and DBA
has not yet been defined. eADA activity should be measured
before transfusion, and in the case of transfusion, it should be
measured at least 3 months posttransfusion. Limited access is a
challenge, with only a few laboratories performing eADA activity
measurement. However, if feasible, eADA measurement should
be accessible in at least 1 laboratory in every country.

Molecular diagnosis
Inheritance
DBA genotype, like phenotype, is very heterogeneous. In-
heritance is autosomal dominant (45% of cases) and sporadic or
familial, with seemingly different patterns of inheritance in the
remaining DBA cases. Some recessive (EPO genes)46 or X-linked
inheritances (GATA1,47 TSR248 genes) with DBA-like clinical
phenotypes have been identified (Table 149; Figure 2).

Penetrance of DBA is incomplete. Indeed, DBA exhibits varying
clinical severity, ranging from silent phenotypes with no anemia
to mild and severe DBA phenotypes with anemia. Silent phe-
notypes carry a mutation in an RP gene or exhibit limited bi-
ological features of the disease, such as isolated macrocytosis,
increased fetal Hb, or elevated eADA activity but no anemia.
Silent phenotype carriers have the same risk of transmission as
DBA parental carriers and thus should be identified for genetic
counseling or before selection as a stem cell donor.50 These
patients are also at risk for hematological events (late onset of
anemia or hematological malignancies) and solid tumors.

20 RP genes involved in DBA
The RPS19 gene was the first DBA gene identified,51 and sub-
sequent global studies in very large cohorts of patients found its
frequency to be ;25% in DBA-affected patients.52-55 This gene
was discovered in the late 1990s in the study of a typical case of
DBA in a 7-year-old Swedish girl who carried a balanced
chromosomal translocation [46, XX, (X;19)(p21;q13)] disrupting
the RPS19 gene.51,56 Subsequent comprehensive work in the
early 2000s led to the identification of mutations in a large set of
ribosomal genes encoding protein constituents of both small
and large ribosomal subunits. Indeed, the RPL5 (7% of DBA
cases),57-59 RPL11 (5%),57-59 RPL35a (3.5%),60 RPS24 (2.4%),61

RPS17 (1%),62,63 RPS10 (3%), and RPS26 (7%)64 genes have been
identified (Figure 2; Table 1). The RPS19 gene remains the most
frequently mutated gene. All identified mutations are hetero-
zygous, and homozygosity is considered to be lethal. Various

Table 1. Genes involved in DBA and DBA-like syndrome
from the most to least frequently mutated: reported
cases, incidence, and references

Mutated gene RP

Incidence
in DBA

population Reference

Genes involved in
DBA*
RPS19 eS19 25%-30% 7,51,53-55,102
Large deletions 10%-20% 60,66-69

RPL5 uL18 7%-12% 7,57-59
RPS26 eS26 6.6%-9% 7,64
RPL11 uL5 5%-7% 7,57-59
RPL35a eL33 2%-3% 7,60
RPS10 eS10 1%-3% 7,64
RPS24 eS24 2.4%-3% 7,61
RPS17 eS17 1%-3% 7,62,63
RPL15 eL15 1 case 12,73

6 cases
RPS28 eS28 2 families 48
RPS29 uS14 2 families 71
RPS7 eS7 1 case 58
RPS15 uS19 1 case 58
RPS27a eS31 1 case 58
RPS27 eS27 1 case 70
RPL9 uL6 1 case 58
RPL18 eL18 1 family 71
RPL26 uL24 1 case 74
RPL27 eL27 1 case 70
RPL31 eL31 1 case 75

TSR2 (X linked)† 1 family 48

Genes involved in
DBA-like diseases
GATA1 (X linked)‡ 5 families 47,77-80
EPO 1 case 46
ADA2§ 9 individuals 7

Data adapted.49

*Defect in rRNA maturation as the signature of DBA.

†Not an RP gene, but its protein product is involved in pre-rRNAmaturation processing and
binds to RPS26.

‡Whether GATA1 gene mutations are causative of DBA phenotypes is still being debated.

§The ADA2 gene is not a classical DBA gene because of its involvement in DADA2
syndrome. Because erythroblastopenia is often a feature of patients with a mutated ADA2
gene, various groups in the DBA field choose to include it.
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kinds of mutations have been identified, with some particular-
ities depending on the RP gene. Most mutations identified in
RPS19 gene are missense, whereas nonsense mutations, small
deletions or insertions, and splice site mutations are found in
RPL5 and RPL11. Large deletions have been found in ;20% of
DBA cases, mostly in the RPS17, RPL35a, and RPS19 genes,
using different techniques (quantitative polymerase chain reaction,
multiplex ligation-dependent probe amplification, comparative
genomic hybridization).65-69 Thus, at least 70% of DBA patients
carry an allelic variation, including large deletions in only 6 RP
genes: RPS19, RPL5, RPS26, RPL11, RPL35a, and RPS24. Multiple
pathogenic RP mutations have not been reported in any DBA

patients to date. Hotspot regions of mutations in DBA genes have
been reported only for the RPS19 gene from codons 52 to 62.55

Mutations in other RP genes have been found in very small subsets
of DBA-affected patients: RPS7, RPS15, RPS27,70 RPS27a,58

RPS28,48,71 RPS29,71 RPL9,72 RPL15,12,73 RPL18,71 RPL26,74 RPL27,70

and RPL3175 genes, each affecting ,1% of DBA patients. In total,
20 RP genes have been identified in association with DBA, rein-
forcing the concept that DBA is a bona fide human ribosomal
disease.49,76 Because defective maturation of rRNA is the signature
feature of DBA, definition ofDBA should bebased on identification
of an allelic variation that results in defective rRNA maturation and
impairment of ribosomal biogenesis (Figure 3).

Genes mutated in DBA and DBA-like cases
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Figure 2. Summary of DBA genotypes. Summary of the frequency of
various mutant RP genes in DBA-affected patients compiled from published
data from national registries. In ;20% of the DBA cases, no genotype was
identified after extensive sequencing (targeted next-generation sequenc-
ing) and screening for large deletions (quantitative polymerase chain re-
action, multiplex ligation-dependent probe amplification, comparative
genomic hybridization). It is anticipated that whole-exome sequencing or
whole-genome sequencing (WGS) may fill this gap.
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Figure 3. Phenotypic characteristics of patients affected by classical DBA, DBA-like conditions (erythroblastopenia unrelated to an RP gene mutation), and
GATA1 DBA-related conditions. Summary of the phenotypic characteristics of DBA-affected patients who fit the DBA definition of congenital erythroblastopenia, with an
allelic variation in a ribosomal gene leading to a defect in ribosomal biogenesis and in particular to a defect in rRNA maturation; DBA-like patients who exhibit a congenital
erythroblastopenia with some response to steroid but exhibit no defects in ribosomal biogenesis or rRNA maturation (genes ascribed to this phenotype to date are EPO and
ADA2); and DBA-like patients who carry a mutation in the GATA1 gene and exhibit some dyserythropoiesis/dysmegakaryopoiesis features in their hypocellular bone marrow.
MCV, mean corpuscular volume.
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Although some phenotype/genotype correlations have been
described, our current insights are far from comprehensive, and
the noted associations need to be critically validated. It has been
noted that DBA-affected patients carrying a mutation in the
RPS19 gene exhibit fewer malformations compared with other
patients. In contrast, patients carrying a mutation in the RPL5
gene exhibit an important malformative syndrome that includes
cleft palate and cardiac defects with multiple complications.58 A
triphalangeal thumb is a common feature of DBA patients with a
mutation in the RPL11 gene.58 Recently, congenital heart
anomalies have been related to a mutation in the RPS24 gene.15

Non-RP genes
Non-RP genes identified in association with a DBA-like phe-
notype include GATA1,47,77-80 TSR2,48 EPO,46 and ADA2 (also
known as CECR1).7 Although the TSR2 gene does not code for
an RP, it plays a role in ribosomal biogenesis through its in-
volvement in pre-rRNA processing and binds RPS26. The
GATA1 gene is the major erythroid transcription factor, and,10
patients to date have been described with a mutation in the
GATA1 gene and a DBA-like phenotype.47,77-80 The GATA1
mutation related to a DBA-like phenotype is located either in the
translational initiation codon, ATG, or close vicinity or in the exon
2 splicing site, leading to exon 2 skipping and loss of the

transactivating domain. This allelic variation has been previously
described in association with congenital dyserythropoiesis/
dysmegakaryopoiesis and not a classical DBA phenotype in the
hypocellular bone marrow of a Brazilian proband.81 There is,
however, strong evidence that GATA1 plays a major role in DBA
pathophysiology, because it has been found that DBA patients
carrying a mutation in an RP gene exhibit defects in GATA1
expression as a result of a specific defect in translation with a
two- to threefold reduction in GATA1 messenger RNA (mRNA)
abundance in polysomes.78

An EPO genemutation in association with a DBA-like phenotype
has been identified in a 1-year-old male infant from a consan-
guineous Turkish family by exome sequencing (homozygous mis-
senseallelic variation in exon5, g.100320,704G.A;p.Arg150Gln).46

The eADAactivitywas found tobe normal, and thepatient exhibited
some response to steroid therapy (Figure 3).

Erythroblastopenia is a feature of patients with a mutant ADA2
(CECR1) gene, responsible for deficiency of adenosine de-
aminase 2 (DADA2).82 These individuals have normal stature,
normal eADA, and no defect in rRNA maturation and exhibit
some response to steroid therapy. The features of DADA2 also
include hypogammaglobulinemia and risk for vascularitis and
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cycle arrest in G0/G1 phases.85,92 HSP70 has been identified as the key protein responsible for the observed dual DBAphenotypes.84 Normal levels of HSP70 expression are noted
in patients carrying a mutation in the RPS19 gene, whereas a large decrease in HSP70 expression is seen in patients who carry a mutation in the RPL5, RPL11, or RPS24 gene and
even in patients with no identified genotype. HSP70 has been shown to be proteasomally degraded after ubiquitinylation. Decreased expression of HSP70 leads to the cleavage
of GATA1 by caspase-3, which also leads to p53 stabilization, induction of apoptosis, and delayed erythroid differentiation. Apoptosis, delayed erythroid differentiation, and cell-
cycle arrest lead to the decreased erythroid proliferation and characteristic erythroblastopenia seen in DBA.
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autoinflammatory disease. The prognosis is poor, and such patients
require immediateHSCT.7,82 Immunoglobulin levelsmust be checked
in DBA-like patients to establish diagnosis of DADA2 syndrome.82

There is continued debate regarding the issue of whether patients
with erythroblastopenia phenotype resulting from genetic muta-
tions who show no evidence of an rRNA maturation defect should
be considered DBA patients. At a recent EURODBA consensus
meeting (Freiburg,Germany, June 2017, EURODBAcoordinator A.
MacInnes), it was agreed that all erythroblastopenia phenotypes
related to any gene mutation would be designated as DBA syn-
drome, and DBA designation would only be used for patients with
a gene mutation leading to an rRNA maturation defect (Figure 3).
Mutations identified in the ADA2 (P. E. Gleizes, M. F. O’Donohue,
EURODBA Consortium, manuscript in preparation) and GATA1
genes (P. E. Gleizes, M. F. O’Donohue, H. Gazda, Université de
Toulouse, personal communication, 15 December 2019) are not
associated with defective rRNA maturation (Figure 3).

To date, no mutation could be identified in 20% of DBA patients
by current screening strategies.76 In such cases, whole-exome
sequencing or WGS should be performed to determine if pro-
moter region or intronic mutations of known DBA genes (WGS)
that are not presently screened for account for DBA and to
identify new candidate genes.

Pathophysiology and research
perspectives
Erythroid tropism in DBA
The pathophysiology of DBA has not yet been fully defined, and
the major unresolved question is how a mutation in an RP gene,

leading to a defect in rRNA maturation and ribosomal bio-
genesis, leads to a specific erythroid defect. Two hundred billion
red blood cells are produced each day, and because RP genes
are primarily involved in mRNA translation, it can be hypothe-
sized that translation of some specific genes could be affected
by a defect in ribosomal biogenesis. Indeed, ribosome amounts
have been shown to be critical for cell lineage commitment. A
global reduction in ribosome levels in DBA was documented,
whereas ribosome composition was normal, leading to the al-
teration of the translation of specific RNA transcripts.83

Sankaran et al47 have shown that haploinsufficiency in some RP
genes (RPL11, RPL5, RPS24) and a splice site mutation in the
GATA1 gene are responsible for the disappearance of the short
form of GATA1, either because of a specific translational defect
in the GATA1 transcript78 or because of the direct effect of the
GATA1mutation on its mRNA translation and exon 2 skipping,47

respectively. In addition, in a nonexclusive and nonrestrictive
manner, HSP70, the chaperon of GATA1, which protects GATA1
from caspase-3 cleavage during terminal erythroid differentia-
tion upon EPO stimulation, has been shown to be involved as
well (Figure 4).84 Using an in vitro erythroid culture system,
depending on the mutated RP gene, 2 different erythroid DBA
phenotypes could be characterized based on differences in
extent of erythroid proliferation, erythroid differentiation, and
degree of apoptosis.85 HSP70, which plays a role in cell survival
and apoptosis, was shown to account for these dual phenotypes
(Figure 4).84

Any factor that affects GATA1 or HSP70 expression would be
deleterious in DBA. Indeed, it has been shown that as a result of
RP haploinsufficiency, some genes are translationally down-
regulated. One of them is ribonuclease inhibitor 1 (RNH1),86
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Figure 5. Regulation of heme synthesis and heme scavengers in erythroid precursors from DBA-affected patients to restore globin/heme imbalance.98 GATA1
expression has been found to be decreased in DBA-affected patients because of an impairment of its translation47,78,99 or as a consequence of caspase-3 cleavage during
terminal erythroid differentiation resulting from decreased levels of its chaperon, HSP70.84 As a consequence, there is decreased expression of GATA1 transcriptional targets,
including globin chains. There is also decreased expression of ALAS2, a GATA1 target, and ferrochelatase, the first and last heme biosynthesis enzymes, respectively, in the
mitochondria to limit excess heme and thereby restore globin/heme balance. At the same time, there is decreased expression of TfR1 to limit iron uptake. In DBA, particularly
DBA resulting from non-RPS19 mutations, there is also increased expression of heme exporter FLVCR1 (feline leukemia virus C receptor type 1), inactivation of HRI, and
proteasomal degradation of BACH1 after fixation of free heme to limit excess heme in the erythroid cells. Along with limiting excess free heme, DBA erythroid cells also attempt
to increase the level of globin chain translation by NRF2/Maf transcriptional activation of globin mRNA after BACH1 degradation and decreased EIF2a phosphorylation
following inactivation and hypophosphorylation of HRI. The failure of these regulatory mechanisms leads to unbalanced globin/heme equilibrium, with the resultant excess of
toxic heme with increased reactive oxygen species production leading to apoptosis and worsening the intrinsic defect of erythropoiesis in DBA.
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which binds to the 40S ribosome small subunit and plays a role in
ribosomal biogenesis. It also plays a role in translational control
of GATA1 mRNA.83 The HSP70/GATA1 complex and trans-
lational regulation lie at the center of DBA pathophysiology.

p53 stabilization
p53 also plays an important role in DBA pathophysiology.
Findings from various model systems, including zebrafish,87-89

mice,90,91 and primary human cells,85,92 have shown that hap-
loinsufficiency in the RPS19, RPL5, or RPL11 gene leads to
stabilization of p53, with increased phosphorylation of p53 and
activation of its transcriptional targets, including p21, bax, and
noxa. It has been shown that activation of p53 in DBA is related
to nucleolar stress and overexpression of some RPs (RPS3, RPS7,
RPS27, RPS27a, RPL5, RPL11, and RPL23), which are able to
directly bind MDM2 and release p53.93 However, some p53-
independent effects have also been reported in mouse embry-
onic stem cells.94 The relationship between p53 and GATA1 is well
established, with GATA1 inhibiting p53.95 Overexpression of wild-
type HSP70, by restoring GATA1, decreased p53 activation in
RPL5- and RPL11-depleted erythroid cells.84 Decreased expression
of GATA1 could thus also account for p53 activation in DBA
(Figure 4). In addition, 2 different gain-of-function mutations in
exon 10 of TP53 gene (NM_001126112; p.Ser362Alafs*8) were
recently reported in 2 DBA-like individuals with a borderline

phenotype between DBA and dyskeratosis congenita.96 These
findings reinforce the role of p53 in DBA pathophysiology.

Unbalanced globin/heme synthesis and cell
metabolism
Cell metabolism and cell toxicity may also play important roles,
as exemplified by the identification of unbalanced globin/heme
synthesis in DBA97; this imbalance results in excess free heme,
leading to production of reactive oxygen species, which is toxic
to cells and leads to cell death and apoptosis.98 The identifi-
cation of the deleterious effect of excess free heme in DBA was
further strengthened by the following findings: the increased
production of reactive oxygen species in primary cells from DBA
patients, the extent of excess being dependent on the RP
mutation; the importance of the GATA1/HSP70 complex in
primary DBA erythroid cells, controlling globin synthesis and
limiting heme synthesis by decreasing ALAS2 and ferrochelatase
to adjust the level of heme synthesis in the context of decreased
globin synthesis; and the attempt by erythroid DBA cells to
increase globin synthesis by repressing EIF2a phosphorylation
and thereby limiting free heme toxicity through increased ex-
pression of cell membrane heme exporter FLVCR1 (Figures 5
and 6).97,98 In addition, a recent study demonstrated autor-
egulated crosstalk between GATA1 and heme that induced
normal erythroid differentiation; GATA1 initiated heme (and
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globin) synthesis during normal erythroid maturation, but heme
suppressedGATA1 expression. Indeed, in Flvcr1 knockout mice,
heme increased RP transcripts in early erythroid cells to generate
effective ribosomal machinery and restore globin/heme bal-
ance. In more mature erythroid cells, however, excess heme
decreased expression of GATA1 and its targets by decreasing RP
transcripts.99 Free heme excess and globin/heme disequilibrium
resulting from a GATA1 defect, generated either by its specific
decreased translation or after caspase-3 cleavage caused by the
degradation of its chaperone, HSP70, may indeed be key factors
in DBA pathophysiology and modulators of DBA phenotypes.
Autophagy33,100 and cell metabolism101 may also play important
roles in modulating DBA phenotypes.

Discussion
DBA is an IBMFS that is characterized by erythroid tropism, with
macrocytic aregenerative anemia and high eADA levels. Mu-
tations in a large number of RP genes, leading to defective rRNA
maturation, have been shown to account for erythroblastopenia.
However, recent descriptions of patients with mutations in non-
RP genes exhibiting DBA-like erythroblastopenia and normo-
cytic hyporegenerative anemia with normal eADA levels and no
defects in rRNA maturation, a signature feature of DBA with RP
gene mutations, implies that DBA phenotypes are more com-
plicated than previously understood. Significant progress has
been made in DBA diagnosis using new molecular diagnostic
tools (next-generation sequencing, whole-exome sequencing,
WGS), which in turn has led to awareness of the higher preva-
lence of DBA than previously estimated. New genes are still
being discovered. The GATA1/HSP70 complex, at least in part
influenced by p53 stabilization and excess free heme, is a major
factor involved in the DBA pathophysiology and erythroid tro-
pism of the disease. In terms of treatment, there are continuous
improvements in the appropriate use of well-established steroid
therapy, transfusion support, and HSCT. Importantly, new
therapeutic approaches, including targeted drugs and gene
therapy, are being explored.
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