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Exploring the Genetic Mechanisms Underlying
Diamond-Blackfan Anemia
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Diamond-Blackfan Anemia (DBA) is a rare congenital bone marrow failure syndrome primarily characterized by erythroblastope-
nia and macrocytic anemia. This disorder results from mutations in ribosomal protein (RP) genes, which lead to defective ribo-
somal RNA maturation, nucleolar stress, and impaired erythropoiesis. Mutations in RP genes have been identified, with RPS79
being the most commonly affected gene, accounting for approximately 25% of all cases. Other frequently mutated genes include
RPL5, RPL11, and RPS26. These mutations are mostly heterozygous and cause defective ribosome assembly and biogenesis,
which activates the p53 pathway, resulting in cell cycle arrest and apoptosis. In addition, non-RP gene mutations, such as those
in GATA1, TSR2, or HEATRS3, have been linked to DBA-like phenotypes, further complicating the genetic landscape. Congenital
malformations, particularly craniofacial anomalies, thumb abnormalities, and cardiac defects, are common in patients with spe-
cific RP gene mutations, such as RPL5 and RPL11. Advances in next-generation sequencing have improved the identification of
novel mutations; however, approximately 20-25% of DBA cases remain genetically unexplained. In this review, we explore the
genetic landscape of DBA and provide insights into the underlying mutations and their contributions to disease pathophysiology.
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Diamond-Blackfan Anemia (DBA) is a congenital bone marrow (BM) failure
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precursors to apoptosis, resulting in impaired erythropoiesis and subsequent
erythropoietic failure [1]. The incidence of DBA is estimated to be approximately
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7 cases per million live births, with most diagnoses occurring within the first year
of life [1]. Clinically, DBA presents with congenital malformations in approxi-
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mately 50% of patients, including craniofacial, skeletal, genitourinary, cardiac,
and ophthalmologic anomalies [2]. Laboratory findings typically reveal normo-
chromic macrocytic anemia, reticulocytopenia, and reduced levels of erythroid
precursors in the BM, whereas other hematopoietic lineages are usually unaffect-
ed [2].

This disorder is primarily caused by heterozygous mutations in ribosomal pro-
tein (RP) genes, leading to defective ribosome biogenesis and ribosomal RNA
(rRNA) processing [3]. Recent studies using next-generation sequencing have
identified additional RP and non-RP genes, such as GATAT [4], TSR2 [5], and
HEATR3 [6]. RP gene mutations explain 50-60% of DBA cases, and mutations in
non-RP genes account for less than 1% [3]. Approximately 20%-25% of DBA cas-
es remain genetically unexplained |3]. The most commonly affected gene, RPS19,
accounts for approximately 25% of DBA cases [7]. These findings have significant-
ly expanded our understanding of the genetic heterogeneity and molecular patho-
physiology of DBA, paving the way for more accurate diagnosis and potential new
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therapeutic strategies. In this review, we focus on the genetic
framework of DBA and offer insights into the associated muta-
tions and their roles in the pathogenesis of the disease. The
genes are listed in the order of their discovery.

RP genes and p53 pathway activation

Approximately 75% of DBA cases are caused by loss-of-
function mutations in RP genes, typically affecting only one
allele [3]. Ribosomes, which are composed of the 40S small
subunit (containing RPS proteins) and the 60S large subunit
(containing RPL proteins), are essential for translating mRNA
into proteins, a process crucial for cell function and growth [8].
Mutations in RPS or RPL genes compromise functional ribo-
some production, resulting in defective rRNA processing and
impaired subunit assembly [9,10]. RPS gene mutations in the
408 subunit disrupt 18S rRNA processing, leading to incom-
plete or nonfunctional small ribosomal subunits [10]. In the
60S subunit, RPL gene mutations impair the maturation of
28S and 5.8S rRNA, thus disrupting the assembly of the large
subunit [9]. Although ribosomes are essential for all cell types,
erythroid progenitor cells are particularly sensitive to defects in
ribosome biogenesis [11]. This heightened sensitivity is due to
the increased demand for protein synthesis during red blood
cell (RBC) production [11]. Impaired ribosome production
triggers a cellular stress response, particularly through the acti-
vation of the p53 pathway [11]. In DBA, RP mutations lead to
the accumulation of free RPs that bind to and inhibit MDM2,
a negative regulator of p53 [11]. This inhibition stabilizes and
activates p53, resulting in increased apoptosis of erythroid
progenitor cells in the BM [11].

40S Small Ribosomal Subunit (RPS genes)
RPS19 (Autosomal dominant [AD))

The RPS19 gene is the first gene identified in relation to
DBA and remains the most commonly mutated gene among
affected individuals [12]. Draptchinskaia et al. [13] reported
that in a female patient with DBA and a de novo balanced
translocation t(X;19)(p21;q13), the RPS19 gene was disrupted
within its third intron. In a study screening for RPS19 muta-
tions in 40 unrelated individuals with DBA, Draptchinskaia et
al. [13] identified nine distinct mutations in 10 patients. All
individuals with mutations were heterozygous for these altera-
tions, and no additional sequence variations were observed in
the protein-coding region [13]. Willig et al. [14] examined 190
patients with DBA and discovered RPS19 sequence alterations
in approximately 24% of cases. Mutations in RPS19 critically

http://isgm.kr

disrupt the maturation of the 3" end of 18S rRNA, which is es-
sential for the formation of the 40S ribosomal subunit [10].
This disruption leads to defects in ribosome assembly and ul-
timately activates the p53 pathway, resulting in apoptosis and
impaired differentiation of erythroid progenitor cells [15].

RPS24 (AD)

Gazda et al. [16] conducted whole-exome sequencing (WES)
and genetic linkage analysis on a cohort of patients with DBA
and identified multiple mutations in RPS24, which interfered
with its function and ultimately resulted in the failure of RBC
production. This study emphasized the importance of ribo-
somal dysfunction in DBA, positioning RPS24 alongside other
RP genes involved in the disease [16]. The clinical features of
patients with RPS24 mutations typically include macrocytic
anemia, with some cases presenting with congenital anoma-
lies, such as growth retardation and craniofacial malforma-
tions [16]. Additionally, Choesmel et al. [17] demonstrated
that RPS24 mutations impair the maturation of 18S rRNA, a
critical step in the formation of functional ribosomes, leading
to defects in ribosome biogenesis and the disruption of eryth-
ropoiesis. Their experiments further revealed that RPS24 muta-
tions cause delayed pre-rRNA processing and failure to proper-
ly assemble the small ribosomal subunit [17]. Furthermore,
this study highlights the functional interaction between RPS19
and RPS24, suggesting that defects in multiple RPs may con-
tribute to the disease’s pathogenesis [17].

RPS17 (AD)

Cmejla et al. [18] discovered a de novo mutation in the
RPS17 gene in patients with DBA, macrocytic anemia, cranio-
facial dysmorphism, thumb/neck anomalies, congenital heart
defects, urogenital malformations, and short stature [18].
Functional analyses have demonstrated that these mutations
interfere with proper ribosomal assembly and prevent efficient
translation, ultimately leading to the failure of RBC produc-
tion [18]. The study further highlighted that a mutation in the
RPS17 gene, particularly affecting the start codon, significantly
disrupts protein translation, thereby impacting ribosomal bio-
genesis [18].

RPS7 (AD)

Watkins-Chow et al. [19] demonstrated that RPS7 muta-
tions in mouse models caused developmental abnormalities,
including reduced body size and neuroanatomical defects. In-
terestingly, unlike human RPS7 mutations linked to anemia in
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DBA, mouse models do not exhibit blood cell defects, high-
lighting potential species-specific differences in RP function
[19]. Akram et al [20]. recently reported a novel RPS7 variant
that causes aberrant splicing, leading to DBA in mother and
daughter. The mother experienced spontaneous remission of
transfusion-dependent anemia at the age of 13 years, while her
daughter was born with an occipital meningocele and later di-
agnosed with DBA [20]. This study expands the genotype-phe-
notype correlations in DBA, linking RPS7 haploinsufficiency
to hematologic abnormalities as well as neuroanatomical de-
fects, such as meningocele [20].

RPS10 (AD)

Dobherty et al. [21] identified three distinct mutations in
RPS10 in five patients: missense, nonsense, and frameshift mu-
tations. These mutations affect the production of rRNA, partic-
ularly 18S rRNA, which is essential for the assembly of ribo-
somal small subunits [21]. Further analysis using pre-rRNA
processing in patient-derived cells revealed that mutations in
RPS10 led to an abnormal accumulation of 18S-E pre-rRNA,
impairing ribosomal biogenesis [21]. This is consistent with
observations from knockdown studies in HeLa cells, in which
reduced expression of RPS10 caused similar defects in rRNA
maturation, ultimately disrupting normal ribosomal function
[21]. This study also used high-throughput sequencing to con-
firm that loss-of-function mutations in RPS10 are major fac-
tors in DBA pathogenesis [22].

RPS26 (AD)

Doherty et al. [21] identified two unrelated DBA families
with RPS26 mutations, one affecting mRNA splicing and the
other causing protein truncation. These mutations impair ri-
bosome biogenesis by accumulating 18S-E pre-TRNA, leading
to defective ribosome function and disrupted erythropoiesis,
which contributes directly to the pathogenesis of DBA [21].
Gripp et al. [5] also reported two unrelated DBA families that
carried RPS26 mutations, one of which affected mRNA splic-
ing, leading to improper gene expression, whereas the other
caused protein truncation, disrupting ribosome biogenesis.
These mutations are linked to defective ribosome assembly, a
hallmark of DBA pathophysiology that impairs RBC produc-
tion [5].

RPS29 (AD)

Mirabello et al. [23] identified two novel non-synonymous
mutations in RPS29 in two large families affected by DBA.
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These mutations result in the haploinsufficiency of RPS29,
leading to defects in pre-rRNA processing and impaired ribo-
some biogenesis [23]. Functional studies using a zebrafish
model showed that mutant RPS29 failed to rescue defective
erythropoiesis, confirming the pathogenic role of these muta-
tions in DBA [23].

RPS28 (AD)

Gripp et al. [5] identified RPS28 as a novel gene implicated
in DBA and mandibulofacial dysostosis (MFD), including mi-
crotia or cleft palate, through WES. Two unrelated probands
carried a de novo mutation affecting the start codon of the
RPS28 gene [5]. This mutation severely disrupts protein trans-
lation, leading to haploinsufficiency and impaired ribosome
biogenesis [5]. This study also noted that experimental deple-
tion of RPS28 using siRNA resulted in reduced levels of other
RPs, similar to the knockdown of RPS19 [5].

RPS15A (AD)

Tkeda et al. [24] identified a splicing mutation in RPS15A
(c.213G> A, p.K71K) in a DBA-affected family that caused ab-
errant splicing and production of a truncated transcript. The
proband was diagnosed with DBA at 3 months of age, and BM
study revealed severe erythroid hypoplasia (0%) with other-
wise normal cellularity [24]. She had a total anomalous pul-
monary venous connection and bilateral acetabular dysplasia
[24]. There was a family history of anemia, as both her mother
and older sister had experienced anemia during childhood, al-
though there were no physical abnormalities [24]. The pro-
band responded to corticosteroid therapy and eventually be-
came steroid-independent [24]. Functional studies using
CRISPR/Cas9 in human erythroid cells have shown that RP-
S15A haploinsufficiency disrupts 18S-E pre-TRNA processing
and impairs 408 subunit assembly [24]. Zebrafish models fur-
ther confirmed that rps15a knockdown leads to developmental
defects, particularly impaired erythropoiesis, highlighting its
role in DBA pathogenesis [24].

RPS27 (AD)

Wang et al. [25] identified loss-of-function mutations in the
RPS27 gene through WES in patients with DBA. A single nu-
cleotide deletion in the RPS27 gene led to a frameshift muta-
tion, producing a premature stop codon, which causes defec-
tive ribosome biogenesis and impairs the pre-TRNA processing
necessary for normal RBC production [25]. Functional studies
using zebrafish models with rps27 knockdown revealed devel-
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opmental defects, including impaired erythropoiesis, further
confirming the role of RPS27 mutations in DBA pathogenesis
[25].

60S Large Ribosomal Subunit (RPL genes)
RPL5 (AD)

Gazda et al. [26] found that RPL5 mutations disrupt the
maturation of pre-rRNA, particularly affecting the processing
of 28S and 5.8S rRNA, which are essential for the assembly of
the large ribosomal subunit. This disruption of ribosome bio-
genesis impairs erythropoiesis and contributes to the clinical
manifestations of DBA [26]. RPL5 mutations are frequently as-
sociated with distinct craniofacial and skeletal abnormalities,
including cleft palate, thumb abnormalities, and congenital
heart defects [26]. In a study of 196 patients with DBA, RPL5
mutations were found in a subset of patients, many of whom
exhibited these malformations, highlighting a strong geno-
type-phenotype correlation [26]. Furthermore, RPL5 muta-
tions tend to result in a more severe phenotype than muta-
tions in other RP genes, such as RPS19 [3]. Approximately
70% of patients with DBA with RPL5 mutations present with
congenital malformations, and cleft lip or palate is significant-
ly more common in these patients than in those with other
mutations [3].

RPL11 (AD)

Gazda et al. [26] have reported that individuals with RPLI1
mutations display a characteristic phenotype that includes
both congenital abnormalities and DBA. Notably, RPL1I mu-
tations are predominantly associated with isolated thumb
malformations, whereas RPL5 mutations lead to a broader
spectrum of physical abnormalities, including cleft palate and
heart anomalies [26].

RPL35A (AD)

Farrar et al. [27] found that RPL35A is associated with DBA
through high-resolution genomic mapping and gene expres-
sion microarray analyses. Researchers have identified RPL35A
as a candidate gene in patients with DBA with chromosome
3q deletions and confirmed mutations in additional patients
through sequence analysis [27]. Patients with RPL35A muta-
tions exhibit both hematological and congenital features typi-
cal of DBA, including anemia in infancy and congenital
anomalies affecting the craniofacial region, heart, genitouri-
nary system, and upper limbs [27]. Some patients also display
neutropenia, thrombocytopenia, and a heightened risk of de-
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veloping hematological malignancies and osteosarcoma [27].

RPL26 (AD)

Gazda et al. [28] identified RPL26 as a gene associated with
DBA through largescale screening of RP genes in a cohort of
96 patients. Researchers have reported that a patient with an
RPL26 frameshift mutation exhibited DBA and multiple physi-
cal abnormalities, including craniofacial, upper limb, and car-
diac malformations [28]. Interestingly, this mutation leads to
defective ribosome biogenesis, affecting both small and large
ribosomal subunits and disrupting the maturation of 18S and
28S rRNAs [28]. Additionally, the patient presented with mac-
rocytic anemia and elevated erythrocyte adenosine deaminase
levels [28].

RPL15 (AD)

Landowski et al. [29] identified a novel RPL15 deletion in a
patient with DBA that disrupted the formation of the 60S sub-
unit and impaired pre-TRNA processing, particularly affecting
the maturation of the 28S and 5.8S rRNAs. This leads to re-
duced ribosome production and impaired erythropoiesis [29].
Similarly, Wlodarski et al. [30] reported truncating mutations
in RPL15 in patients with severe hydrops fetalis, who later
achieved spontaneous remission [30]. These mutations cause
defects in ribosome assembly, resulting in decreased cell pro-
liferation, delayed erythroid differentiation, and TP53-mediat-
ed apoptosis of hematopoietic cells [30]. Overall, RPL15 mu-
tations are linked not only to the development of DBA but
also to unique clinical outcomes, such as spontaneous remis-
sion and treatment independence [30].

RPL27 (AD)

Using WES, Wang et al. [25] identified a splicing mutation
in RPL27 in a patient with DBA having an atrial septal defect
and pulmonary stenosis, leading to defective ribosome bio-
genesis. Functional analysis using knockdown experiments in
human erythroid cells revealed that depletion of RPL27 im-
paired pre-rRNA processing, specifically affecting the matura-
tion of 28S rRNA, which is essential for the proper formation
of the 60S ribosomal subunit [25]. Moreover, zebrafish mod-
els with RPL27 knockdown exhibited abnormal development,
including reduced erythropoiesis, mimicking the anemia ob-
served in patients with DBA [25].

RPL18 (AD)
Mirabello et al. [31] identified a non-synonymous RPL18
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variant in two DBA-affected family members. One proband
presented with anemia at 8 months of age and was steroid-re-
sponsive [31]. Another patient, the proband’s child, exhibited
mild anemia at birth, which later recurred at the age of one
and also responded to steroid therapy [31]. None of the pa-
tients exhibited dysmorphic features, but both had intermit-
tent neutropenia from birth [31]. This mutation causes the ac-
cumulation of 36S pre-TRNA, disrupts the maturation of 28
TRNA, and impairs the assembly of the 60S subunit, which
hinders ribosome biogenesis and leads to defective erythro-
poiesis, contributing to the clinical symptoms of DBA [31].

RPL35 (AD)

Mirabello et al. [31] also identified a non-synonymous vari-
ant of RPL35 in a family with DBA. The proband developed
anemia at 2 months of age, which spontaneously resolved by
18 years of age without any known relapse [31]. BM evalua-
tion at 3 months revealed erythroid hypoplasia, leading to the
diagnosis of DBA [31]. The proband’s daughter presented with
anemia at 1 month of age, which was responsive to steroid
therapy [31]. However, at age 15, she developed ulcerative coli-
tis, and during treatment, her blood count dropped, leaving
her dependent on RBC transfusions [31]. This mutation im-
pairs pre-rRNA processing, leading to the accumulation of 328
pre-rTRNA and defective 28S rRNA maturation, which disrupts
the 60S subunit assembly and contributes to the clinical fea-
tures of DBA [31].

Non-RP genes
GATAT (X-linked recessive)

GATAI plays a crucial role in regulating gene expression and
the maturation of erythroid cells; in its absence, erythroid pro-
genitors are unable to differentiate properly and ultimately
undergo apoptosis [32]. Although important insights into
GATA1 function have been derived from animal models, the
discovery that rare red cell disorders, such as DBA, are associat-
ed with GATAT mutations has provided a deeper understand-
ing [32]. GATAI was recognized as the first non-RP mutation
in DBA using WES [4]. A recent study in human cells revealed
that the reduced translation of GATA1 due to RP haploinsuffi-
ciency, a common cause of DBA, plays a key role in the ery-
throid abnormalities observed in this disorder [33,34]. Ludwig
et al. demonstrated that GATAI mRNA has a high threshold
for translation initiation, making it particularly susceptible to
defects in RP levels [34]. In patients with DBA having RPS19
mutations, despite unchanged GATAT mRNA levels, the activi-
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ty of GATAI target genes is significantly diminished, indicating
a translational defect [34]. The study also examined the effect
of reducing RPLI11, RPL5, and RPS24 and found that these re-
ductions similarly decreased GATA1 protein levels, suggesting a
general mechanism [34]. This study offers strong evidence that
impaired translation of GATAI mRNA, resulting from RP hap-
loinsufficiency, plays a crucial role in the erythroid defects ob-
served in DBA [33]. This aligns with the discovery that rare mu-
tations in the GATAI gene itself can lead to disease, effectively
linking the two mechanisms [33]. These insights could poten-
tially be harnessed therapeutically, possibly by focusing on en-
hancing GATA1 protein production to alleviate anemia associ-
ated with DBA [33]. Additionally, Rio et al. [35] demonstrated
that decreased HSP70 levels lead to a reduction in GATAL,
causing an imbalance between globin and heme synthesis in
DBA. This imbalance results in excess free heme, increased re-
active oxygen species, and enhanced apoptosis of erythroid
cells. The study shows that restoring HSP70 expression can re-
balance globin and heme synthesis, reduce free heme toxicity,
and improve erythropoiesis in DBA [35].

TSR2 (X-linked recessive)

Gripp et al. [5] explored the genetic basis of DBA combined
with MFD in seven individuals from six unrelated families us-
ing WES of these individuals and their family members. They
identified mutations in known DBA genes, such as RPS26,
along with novel mutations in TSR2 and RPS28 [5]. Specifical-
ly, the TSR2 hemizygous mutation has been analyzed for its ef-
fect on RP interactions and RNA processing, with researchers
confirming that the mutation impairs the ability of the protein
to bind to RPS26, a key step in ribosome assembly [5]. This
study highlights the genetic heterogeneity of the combined
DBA and MFD phenotypes, suggesting that disrupted ribo-
somal function may underlie the diverse clinical manifesta-
tions observed across different ribosomopathies [5]. A recent
study by Yang and Karbstein [36] demonstrated that the chap-
erone TSR2 plays a crucial role in managing the release and re-
integration of RPS26 from mature ribosomes, facilitating a re-
versible response to stress. Under stressful conditions, RPS26
dissociates from fully assembled ribosomes and triggers a tar-
geted translational response [36]. TSR2 is essential for this pro-
cess, aiding the release of RPS26 during stress and its reintegra-
tion into ribosomes once normal conditions are restored [36].
This mechanism enables ribosomes to swiftly adapt to envi-
ronmental changes with minimal energy use, without com-
promising quality control [36]. Moreover, this study identified
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a specific residue in RPS26 linked to DBA that influences the
sodium stress response, highlighting the significance of this ri-
bosome remodeling mechanism in ribosomopathies [36]. To-
gether, these findings enhance our understanding of ribosomal
heterogeneity and its role in stress responses and provide valu-
able insights into the development of DBA and related disor-
ders [36].

HEATR3 (Autosomal recessive)

A recent study by O’Donohue et al. [6] showed that DBA
can also be caused by biallelic mutations in the HEATR3 gene.
Six individuals from four families with biallelic mutations in
HEATR3 showed BM failure with selective erythroid hypopla-
sia, short stature, facial dysmorphism, limb deformities, cardi-
ac defects, and intellectual disability [6]. HEATR3 mutations
destabilize a protein that is crucial for importing the RPs uL5
(RPL11) and uL18 (RPL5) into the nucleus, which are essential
for ribosome assembly and p53 stabilization [6]. This study
demonstrated that HEATR3 mutations or reduced HEATR3 ex-
pression led to impaired cell growth, differentiation, and ribo-
some subunit formation, mimicking the effects of mutations
in large subunit RP genes associated with DBA [6]. Further-
more, HEATR3-deficient cells exhibit decreased nuclear accu-
mulation of RPL5 and abnormal erythrocyte maturation, in-
dependent of p53 activation [6]. Appropriate ribosome bio-
genesis is essential for the proliferation and differentiation of
erythroid progenitors into RBCs [37]. In normal erythroid
progenitors within the BM, HEATR3 functions as a transport
factor moving RPL5 from the cytoplasm to the nucleus [37].
After entering the nucleus, RPL5 binds with RPL11 and 5S
rRNA to form the 5S ribonucleoprotein complex, which is
subsequently incorporated into the assembly of large ribo-
somal subunits, contributing to the formation of the central
protuberance [37]. However, biallelic HEATR3 mutations dis-
rupt this process, leading to defects in pre-RNA processing, re-
duced 608 ribosomal subunits, and failure in erythropoiesis,
which clinically manifests as DBA [37].

CONLCLUSION

In summary, this review highlights significant advances in
understanding the genetic underpinnings of DBA, particularly
the role of mutations in RP genes. These findings underscore
the critical role of ribosomal dysfunction in DBA pathogenesis,
which contributes to defective ribosomal biogenesis, p53
pathway activation, and impaired erythropoiesis. In addition,
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the identification of non-RP gene mutations broadens the ge-
netic landscape of DBA and suggests that ribosomal stress and
erythroid-specific defects may arise from a wider array of ge-
netic abnormalities. This reinforces the complexity of DBA as a
ribosomopathy and highlights the need for further exploration
of non-RP gene mutations.
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