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Abstract

Purpose of Review—Diamond Blackfan anemia (DBA) is an inherited bone marrow failure
syndrome characterized by erythroid failure, congenital anomalies and predisposition to cancer.
Recently, the notion of DBA as a disorder of ribosome biogenesis has been clarified. Correlations
between molecular underpinnings and disease pathophysiology while elusive are beginning to
emerge. Advances in these areas will be explored in this review

Recent Findings—All known genes mutated in DBA encode ribosomal proteins associated with
either the small (RPS) or large (RPL) subunit and in these cases ribosomal protein haploinsufficiency
gives rise to the disease. The number of genes affected, their potential interactions with the
environment and modifier genes, and the myriad of potential signaling pathways linking abortive
ribosome synthesis to cell cycle regulators may all contribute to disease heterogeneity. Genotype/
phenotype relationships emerging over the past year promise to shed light on these complex
interrelationships and their role in DBA pathophysiology.

Summary—The nosology of DBA has recently expanded to include two distinct disease categories;
a classical inherited bone marrow failure syndrome and a “ribosomopathy”. The description of DBA
as a ribosomopathy has provided a context for scientific inquiry analogous to the description of
Fanconi anemia as a disorder of DNA repair.
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Introduction

The ribosome once thought to be too large and too complicated for a complete understanding
of its molecular underpinnings and too ubiquitous and too vital to cellular processes to be a
primary factor in disease etiology, has undergone a remarkable transformation over the past
decade. In the past year alone we have witnessed the Nobel Prize in Chemistry awarded to
three scientists involved in deducing the three dimensional structure of the ribosome
(nobelprize.org/nobel_prizes/chemistry/laureates). Furthermore there is now widespread
recognition that defects in the synthesis of this extraordinary organelle are the underlying cause
of the disease Diamond Blackfan anemia and also contribute to the pathophysiology of a
number of other human diseases.

Diamond Blackfan anemia (DBA; MIM #105650) is one of a rare group of genetic disorders,
known as the inherited bone marrow failure syndromes (IBMFS). These disorders have in
common pro-apoptotic hematopoiesis, bone marrow failure, birth defects 2 and in the majority
a predisposition to cancer 3. The study of the IBMFS has revealed significant new and in many
cases unanticipated molecular events in development and cellular function. In particular DBA
has revealed itself as a “ribosomopathy” (reviewed in 4).

The purpose of this review is not to provide a nearly 75 year chronology of DBA discovery
from the initial description by Josephs in 1936 ® and eponymously by Diamond and Blackfan
in 1938 6. We will not dwell on, but mention, the clinical aspects of DBA only as they relate
to improvements in diagnosis, corticosteroid therapy, hematopoietic stem cell transplantion
and the management of transfusions and transfusion acquired iron overload, all of which having
been recently reviewed 7. Rather, we will concentrate on scientific advances that have moved
the field over the past year. These advances are slowly connecting the dots between ribosomal
protein haploinsufficiency, faulty ribosome biogenesis, diminished translational capacity,
nucleolar stress, cell cycle regulatory events, and accelerated apoptosis that ultimately result
in erythroid failure, birth defects and cancer predisposition.

The diagnostic criteria for classical DBA published in 1976 consist of; presentation of anemia
prior to the first birthday with near normal or slightly decreased neutrophil counts, variable
platelet counts, reticulocytopenia, macrocytosis and normal marrow cellularity with a paucity
of red cell marrow precursors 8. These criteria have, until recently, remained the accepted
standard . With the discovery of the first gene mutated in DBA ? it became evident that the
penetrance of autosomal dominant DBA is quite variable with regard to both hematologic and
non-hematologic manifestations. Indeed, as a consequence of more recent RPS19 mutational
analysis in family members of probands the estimated incidence of familial, autosomal
dominant DBA has increased from approximately 10-15% to 45% 10. Thus, although the
diagnostic criteria for classical DBA remain unchanged, there are numerous patients not
meeting these criteria for whom a “non-classical” DBA diagnosis is appropriate 11 (Table 1).
Indeed, in 2008 a consensus document developed by a cadre of international experts carefully
re-defined DBA on the basis of new laboratory and clinical research . Consequently, a
diagnosis of DBA (or if a re-appellation were ever to be considered, Diamond Blackfan
syndrome) may now be suitable for example, in individuals with tri-lineage hypoplasia, little
or no anemia, macrocytosis only, a presentation in adulthood, a phenotypically normal parent
of an affected offspring, as well as individuals with congenital anomalies or short stature
consistent with DBA and minimal or no evidence of abnormal erythropoiesis /+1112, In the
absence of all four classical criteria (Table 1) a patient may be diagnosed as having non-
classical DBA if a known DBA gene mutation is confirmed. In the absence of an identifying
mutation a diagnosis of probable DBA, with variable degrees of certitude, is appropriate!1.
Thus, recent advances in the understanding of DBA, in part as a result of data from international
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Diamond Blackfan anemia registries, are resulting in more sophisticated diagnostic criteriaand
improvements in clinical care.

Robust gene discovery as a consequence of modern technology and well-characterized patient
databases is not without clinical pitfalls. Not all polymorphisms, or sequence changes from a
reference norm, represent pathogenic mutations responsible for disease pathology. The
identification of causative mutations is particularly challenging for a rare disease like DBA
which typically lack extensive familial transmission that permit investigators to show the
segregation of a particular polymorphism with disease state. This analysis is further
complicated by the low penetrance of disease causing mutations as outlined above. Thus
extreme care is still warranted in trying to establish the underlying genetic lesion in DBA except
for a small number of well characterized genes. Mutational analysis for these genes is routinely
provided by CLIA approved laboratories. For those patients lacking mutations in these well
characterized genes the best approach to understand the underlying genetic basis for the their
disease is to enter into a gene discovery research study where potential pathogenic mutations
can be analyzed at a number of levels to establish their potential role in disease etiology. When
included in such a study, the patient and family should be notified in a timely fashion that a
strong potential candidate gene has been identified. Further studies may however be necessary
before such a mutation may be used for clinical and reproductive decision making. Providing
clinically useful information to the patient and family is the responsibility of the primary
hematologist drawing upon available information from the research community. An
understanding of the responsibility of the research scientist, both laboratory and clinical, to the
patient has become quite complex and must be under constant re-evaluation.

Genetics and Pathophysiology

With the discovery of three new DBA genes over the past year 13:14, the total number of
ribosomal protein genes affected in DBA was raised to six 9:15:16 accounting for approximately
50% of DBA cases. The finding that the refractory anemia associated with 5q~ syndrome is
linked to haploinsufficiency for a ribosomal protein gene leaves little doubt that ribosome
synthesis is the target of pathogenic lesions in DBA 7. A common feature of all these studies
is that reduced expression of structural proteins of the ribosome interferes with the assembly
of ribosomal subunits. Recent work by Robledo and colleagues 18 demonstrates that ribosome
synthesis can be affected when expression of many of the 80 human ribosomal proteins is
reduced. Thus, there are many candidate ribosomal protein genes that have not as yet been
analyzed which could account for DBA in patients where the affected gene is currently
unknown.

These findings do not however provide insight into how disrupting the synthesis of ribosomes,
a ubiquitous feature of all cell types, gives rise to the defining clinical characteristics of DBA.
Animal models of DBA described over the past year promise to shed light on the tissue specific
manifestations of ribosomal protein haploinsufficiency. Zebrafish models relevant to DBA
have been published from three laboratories. The model closest genotypically to DBA, where
one copy of 28 different ribosomal genes is inactivated by insertional mutagenesis, give rise
to fish with growth impairment and in many instances a specific class of neural sheath tumors
19, The growth impairment observed in these fish is reminiscent of Drosophila minute
mutations which also fall in ribosomal protein genes 2% and could potentially phenocopy the
poor growth characteristics of DBA patients. The lack of a hematological phenotype in this
zebrafish model limits its utility in understanding the erythroid failure in DBA. In contrast,
zebrafish models where ribosomal protein expression is reduced by antisense oligonucleotides
have elicited hematological phenotypes in addition to other developmental abnormalities 2
22 Although these models are limited by the transient nature of the way gene expression is
reduced and the extent to which the expression of ribosomal proteins expression is reduced,

Curr Opin Pediatr. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lipton and Ellis

Page 4

they have led to the important observation that the aberrant phenotypes observed can be rescued
by mutations in p53. A similar result was reported for a recent mouse model for DBA which
arose unexpectedly from a screen for genes affecting skin pigmentation in mice 2. RPS19 and
RPS20 were both identified as genes that when mutated give rise to a dark skin phenotype in
mice. More importantly from the DBA perspective is that these mice also exhibit a mild
erythroid hypoplasia. Both phenotypes reported for these mice were rescued by mutations in
p53 23,

Supplied with better investigative tools there are two testable mechanisms we can reasonably
hypothesize to describe the DBA phenotype. It seems quite logical that ribosomal protein
haploinsufficiency will affect protein synthesis through a global translational defect, but it
remains to be determined if there are selective effects on the synthesis of one or more critical
proteins required for erythroid development 24 (Fig. 1). Supporting this viewpoint, a
remarkable treatise published by Lodish provided evidence that reductions in general
components of the translational machinery could have selective effects on the translation of
specific mMRNAs 25, One such candidate mRNA relevant to DBA encodes the feline leukemia,
subgroup C, receptor (FLVCR) whose loss of function in mice gives rise to many clinical
features observed in DBA patients 26. FLVVCR is responsible for the export of toxic free heme
from developing red cells and FLVCR null mice have reduced erythropoiesis as well as limb
and craniofacial anomalies. The search for mutations in the FLVCR genes in DBA patients
has so far proved negative 2, suggesting that affects on FLVVCR expression in DBA may be
more indirect. In this regard, Rey et al. 28 have recently shown that splicing of FLVCR
transcripts is affected in cells derived from the bone marrow of DBA patients with mutations
in RPS19. One explanation for this aberrant splicing is that alterations in translation brought
about by RPS19 haploinsufficiency affect the expression of one or more factors that regulate
FLVCR splicing.

A proviso to this “translational readout hypothesis” is that the critical protein or proteins whose
translation is affected would have to be affected by reduced levels of either ribosomal subunit
as genes for proteins of both subunits have now been identified in DBA. This stipulation, if
true, may guide proteomic approaches to identify these proteins. A more global effect of
ribosomal protein haploinsufficiency on translation may also explain other aspects of DBA
pathophysiology. The provocative anecdote that DBA patients accumulate tissue iron
disproportionately to their transfusion burden when compared to equally transfused patients
with thalassemia has been buttressed with more data2®. This observation is counter-intuitive
as thalassemia is characterized by markedly ineffective erythropoiesis, not a feature of DBA,
suggesting a defect in a specific and as yet undermined protein critical to iron transport in DBA.

However the affect of ribosomal protein haploinsufficiency on translation cannot readily
account for the observation that phenotypes reported for zebrafish and mouse models of DBA
can be partially or fully rescued by mutations in p53, a finding which strongly suggests that
p53 stabilization and activation plays an important role in the pro-apoptotic phenotype of cells
with ribosomal protein haploinsufficiency. Thus considerable attention has been directed
toward a second theory, the “ribosomal stress hypothesis” reviewed recently by Dianzani and
Loreni # in which disruption of ribosome assembly by ribosomal protein haploinsufficiency
activates p53 or other cell cycle regulatory proteins, inducing downstream events resulting in
cell cycle arrest and/or apoptosis 3C. This in turn could result in the DBA phenotype of anemia,
poor growth and congenital malformations. Furthermore, the relationship of the nucleolus and
defective ribosome synthesis to p53-mediated apoptosis suggests a role for interdicting
mutations in p53 and distal pathways in oncogenesis in DBA 31,

As mentioned, in addition to RPS19 five other ribosomal protein genes have been shown to be
mutated in patients with DBA 11714 Mutations in these genes account for approximately 50%
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of DBA cases. Work being done by investigators in collaboration with the NHLBI
Resequencing and Genotyping Service (http://rsng.nhlbi.nih.gov/scripts/about.cfm) to
sequence each of the 80 ribosomal protein genes in patients from the North American DBA
registry (DBAR) will no doubt identify additional DBA genes. The identified genes published
to date encode proteins of both the 40S ribosomal subunit (RPS17, RPS19, and RPS24) and
the 60S subunit (RPL5, RPL11, and RPL35A). Boria et al. 32 have recently created a database
for mutations in the 40S ribosomal genes listed above. This database includes both the nature
of mutations linked to DBA and clinical outcomes in the patients affected. Although no
genotype/phenotype correlations were made from this data set, more recent data suggest that
certain proteins affected in DBA may indeed be linked to distinct phenotypes. In this regard,
the majority of patients with mutations in RPL5 have cleft palates or lip whereas patients with
mutations in RPS19 lack these malformations 13. These emerging relationships may be a
reflection of alternative mechanisms by which different ribosomal protein deficiencies signal
to cellular stress responses suggesting perhaps that both theories, operative to a greater or lesser
degree, determine important phenotypic differences between genotypes.

Much of the initial interest in the ribosome stress hypothesis centered on the observed
interaction of certain ribosomal proteins with MDM2 (Murine Double Minute) a potent
regulator of p53 levels and activity. MDMZ2 is a RING finger ubiquitin ligase that interacts
with and promotes the degradation of p53. Three proteins of the 60S subunit, RPL5, RPL11,
and RPL23 have been shown to bind to MDM2 reducing its ubiquitin ligase activity, which in
turn results in p53 stabilization 33737, Thus, a defect that interferes with the incorporation of
these proteins into 60S subunits could promote their interaction with MDM2 resulting in p53
activation and downstream effects on cell cycle progression and apoptosis. Intriguingly, p53
activation as aresult of deficiencies in 40S ribosomal proteins also requires Rpl11, even though
the assembly of 40S and 60S subunits occurs relatively independently of one another 38, In
this case, signaling through Rpl11 is somewhat more indirect through an effect mediated at the
translational level. In their studies, Fumagali et al. 38 show that when 40S subunit biogenesis
is disrupted TOP (Terminal OligoPyrimidine tract) mMRNAs are translationally up-regulated.
TOP mRNAs are known to encode components of the translational machinery including many
ribosomal proteins 39, Translational up-regulation of Rpl11 mRNA presumably results in the
synthesis of excess Rpl11 making it (and possibly Rpl5) available for interactions with MDM2.
This pathway (Figure 2) makes the point that the “translational readout” and “ribosome stress”
mechanisms are not mutually exclusive and that components of each likely contribute to the
diverse clinical phenotypes observed in DBA.

The pathways outlined above employ Rpl11 and Rpl5 as central regulators of MDM2 function
linking ribosome stress to p53 activation. If these pathways are critical elements of DBA
pathophysiology one might therefore predict that mutations in these genes would not give rise
to DBA. And yet, both have been shown to be DBA genes 13. This paradox is apparently
resolved by the association of specific types of physical anomalies with mutations in these
genes implying one or more additional pathways may participate in ribosome stress signaling
to other cellular processes. In this regard, recent studies have identified ribosomal protein S7
as another interacting partner with MDM2 that mediates cellular responses to a wide range of
cellular stresses 40. The view that ribosomal proteins liberated as a consequence of defects in
ribosome assembly are critical signaling components of the ribosome stress hypothesis raises
the specter that genes encoding many of the non-structural factors involved in ribosome
assembly may also harbor pathogenic mutations in DBA making the already daunting task of
gene discovery for this disease even more challenging.
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Relationship of DBA to other diseases linked to defects in ribosome

synthesis

The difficulties encountered in establishing genotype/phenotype relationships in DBA is
further complicated when considering other human diseases linked to defects in ribosome
synthesis. DBA exhibits certain phenotypic overlap with Treacher Collins Syndrome (TCS),
a disease characterized by craniofacial anomalies 4. The gene affected in TCS is TCOF1,
which encodes a protein involved in ribosomal RNA transcription and base modification 42.
Mouse models of TCS, like their counterparts for DBA, are rescued by mutations in p53 43.
Despite these similarities only a subset of DBA patients exhibit the characteristic craniofacial
abnormalities observed in TCS, and individuals with TCS do not exhibit any hematological
abnormalities. Understanding the molecular underpinnings linking the craniofacial anomalies
observed in DBA patients with mutations in RPL5 with TCS patients with mutations in TCOF1
promise to shed light on these issues. Similarly, a recent publication compared 60S subunit
biogenesis defects in yeast models of DBA and Shwachman Diamond Syndrome with an eye
towards understanding how differences in the mechanisms by which ribosome synthesis is
affected can give rise to distinct clinical phenotypes #4. This theme of comparing and
contrasting different disease states linked to ribosome biogenesis defects was also evident in
studies examining telomere length changes in different bone marrow failure syndromes 4°.

Conclusions

The growing identification of non-classical cases of DBA driven by low penetrance of disease-
causing mutations and the potential influence of environment factors and modifier genes
strongly suggests that classical features of DBA are really only the tip of the iceberg in terms
of phenotypic outcomes when ribosome synthesis is disrupted. The finding that 59~ syndrome
may be considered as an acquired form of DBA indicates that abortive ribosome synthesis may
play a much broader role in disease pathophysiology and not be restricted to rare congenital
disorders. Since many of the pathways involved in signaling abortive ribosome synthesis to
cell fate decisions have also been implicated in tumorigenesis, a more thorough description of
their involvement in DBA and their contribution to cancer predisposition in this disorder should
open up new avenues in cancer research.

Many features of DBA pathophysiology remain unanswered. In particular, the unusual
sensitivity of the erythron to defects in ribosome synthesis and why primitive erythropoiesis
is spared and erythroid failure is not, in most cases, a feature of fetal development. Likewise
unexplained, is that as many as 20% of patients with DBA will remit from either transfusion
support or steroid treatment? Finally, it remains to be seen whether mutations in genes encoding
ribosomal proteins will account for all clinically defined cases of DBA or if the identification
of non-ribosomal genes will help clarify some of these outstanding issues.

In addition to DBA, other hematologic disorders involving defects in ribosome assembly and
or function; cartilage hair hypoplasia, Shwachman Diamond syndrome and dyskeratosis
congenita have also been described (reviewed in 46) and a new nosology of human disease is
emerging. Motivated by newly recognized clinical relevance the study of ribosome
biosynthesis and function is attracting more interested scientists.

Our understanding of the molecular basis of DBA has also pointed the way to new potential
therapies. And while p53 inhibitors would appear to pose an unacceptable risk for cancer in
patients with DBA perhaps small molecules inhibitors of the signaling pathways linking
abortive ribosome assembly to p53 activation could provide clinical benefit without increasing
cancer risk. The recent observation that the loss of a small subunit ribosomal protein gene,
RPS14, is responsible for the refractory anemia in 5q~ syndrome has also raised the possibility
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the lenalidomide may have some potential clinical benefit in DBA 17, A recent study has shown
that leucine stimulates protein synthesis in lymphoblasts derived from DBA patients 47. This
study led to the only published work on the effects of leucine supplementation in a DBA patient
48 Administration of leucine correlated with the resolution of the anemia for this DBA patient.
This finding suggests that an improvement in global translation may ameliorate the red cell
failure in DBA. A review of the effects of leucine administration on the protein synthetic
machinery has been published 4°. A clinical trial has been designed to test the hypothesis that
leucine administration will provide clinical benefits to DBA patients. This trial will open in
2010. Finally, preliminary work setting the stage for gene therapy trials is ongoing °C.

The study of DBA, since its first description nearly 75 years ago, has yielded extraordinary
opportunities to understand the biology of hematopoiesis, oncogenesis and morphogenesis. As
important, significant improvements in patient care have emerged and should continue with a
greater knowledge of disease mechanism.
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Figure 1. Hypothetical features of the translational readout hypothesis for DBA pathophysiology
Left panel, proteins translated when subunit synthesis is balanced. Proteins labeled in red show
asevere reduction in synthesis under conditions of increased mRNA competition for translation
when either subunit level is decreased (middle and right panel). Middle panel, decreased 40S
production. The general reduction in protein synthesis brought about by reduced amounts of
40S subunits is shown by dashed grey lines. Translation of some mMRNAs (TOP mRNAS) is
specifically enhanced when 40S subunit production is reduced. Proteins in red in left panel are
severely reduced in amount when 40S subunits are depleted. Right panel, decreased 60S
subunit production. It is expected that the translation of certain mMRNA may be preferentially
affected by the subunit affected. Here certain proteins with enhanced expression when 40S
subunits are depleted show reduced expression when 60S subunits are depleted. Other proteins
may exhibit enhanced expression when 60S subunits are depleted relative to 40S subunit
depletion. Finally, mRNAs for proteins shown in red in the left panel may be preferentially
affected by reduced amounts 60S as well as 40S subunits. These proteins could be of interest
as critical factors responsible for generic features of DBA common to haploinsufficiency for
proteins of either ribosomal subunit.
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Figure 2. Models of ribosomal stress

2a Balanced subunits, schematic represents the normal state with the balanced production of
40S and 60S subunits. Immature subunits are shown in the nucleolus/nucleus with colored
glows. Mature subunits in the cytoplasm are either free or engaged in translation as polysomes
on the black line representing mRNA. Under these conditions there is insufficient free ternary
complexes of Rpl5, Rpl11 and 5S rRNA to bind MDMZ2 and block its interaction with p53.
Thus, p53 levels are relatively low. 2b shows the situation when essential large subunit
ribosomal proteins other than Rpl5 and Rpl11 are depleted. Under these conditions large
subunit assembly is disrupted and the RpI5/Rpl11/5S rRNA ternary complex is free to interact
with MDM2. Interaction of the ternary complex with MDM2 interferes with the ability of
MDM2 to interact with p53 resulting in p53 stabilization. The third panel shows the situation
when essential 40S ribosomal subunit proteins are depleted. Under these conditions it is shown
that TOP mRNAs including Rpl11 are upregulated. Excess Rpl11, presumably in complex
with Rpl5and 5S rRNA is then available for interaction with MDM2 resulting in p53 activation.
In this manner, signaling through large subunit ribosomal components is possible even though
it is the small subunit, whose assembly is disrupted. Finally, the last panel shows the situation
when either Rpl5 or Rpl11 is depleted. Here accumulation of the ternary complex signaling
module is lost creating a situation where alternative means of signaling ribosome stress must
be employed. These alternative signaling mechanisms may be less effective and give rise to
distinct and more severe clinical phenotypes.
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Table |

Diagnosing Diamond Blackfan Anemia

Classical Diagnostic criteria
Age less than 1 year
Macrocytic anemia with no other significant cytopenias
Reticulocytopenia
Normal marrow cellularity with a paucity of erythroid precursors
Supporting criteria
Major
Gene mutation described in “classical” DBA (currently RPS19, 24 and17 and RPL35a, 5 and 11)
Positive family history
Minor
Elevated erythrocyte adenosine deaminase (eADA) activity
Congenital anomalies described in “classical” DBA
Elevated fetal hemoglobin

No evidence of another inherited bone marrow failure syndrome
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