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Introduction

Every day, approximately 150 billion red blood cells are
produced by the erythroid compartment of bone marrow.
During this dynamic multistep process, called erythropoiesis,
cell amplification and differentiation are inversely co-ordinat-
ed. Dyserythropoiesis is due to a derangement of this process
caused by a maturation arrest and a consequent reduction of
daily red cell production. If this phenomenon is severe it
could result in anemia. 
Dyserythropoiesis is a subtype of bone marrow failure syn-

dromes characterized by monolineage involvement and mor-
phological abnormalities in erythroid precursor cells. The
microscopic morphological evaluation justifies the hetero-
geneity of these syndromes (Figure 1). The term ‘dyserythro-
poiesis’ was first used by Crookston,1 for cases later classified
as congenital dyserythropoietic anemia (CDA) type II, and by
Wendt and Heimpel2, for cases later classified as CDA I. The
three classical types of CDAs have been defined on the basis
of bone marrow morphology. This working classification is
still used in clinical practice. CDA types I and II are autosomal
recessive diseases. Whereas CDA I displays abnormalities in
chromatin structure, CDA II patients have a marked increase
in bi- and multi-nucleated erythroblasts in their bone marrow

(Table 1). Conversely, CDA type III is an autosomal dominant
disease with giant multi-nucleated erythroblasts in bone mar-
row. CDA type III was first reported in 1962 in a large
Swedish family accounting for 34 patients.3 This allowed for
the mapping of the gene on chromosome 15.4,5 Very few addi-
tional cases have been published and these do not provide
any further molecular information. There are, however, fam-
ilies that fall within the general definition of the CDAs, but
do not conform to any of the three classical types. CDA type
IV, a CDA type II with negative serum tests, sharing similar
bone marrow morphology to CDA type III (multi-nucleated
erythroblasts), was originally listed in the group of the CDA
variants, as proposed by Wickramasinghe. This group also
comprises: CDA with prominent erythroblastosis after
splenectomy, CDA with intraerythrocytic inclusions, CDA
with thrombocytopenia and, finally, the very rare form of
CDA without dysplasia.6

Dyserythropoiesis appears to be a morphological phenom-
enon common to several inherited and acquired conditions,
and this could account for the difficulties in diagnosing these
syndromes. Furthermore, in many families there is only one
single affected individual, which makes determination of the
inheritance pattern very difficult. Indeed recessive inheri-
tance, de novomutation and low expression alleles are difficult
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to distinguish without molecular evaluation.7,8
Recent identification of several causative genes could

help reclassify these disorders (Table 1). Variant forms are
very rare and this, up to now, has compromised further
molecular studies. Linkage studies had previously been
the main tool to clarify the genetics of Mendelian disor-
ders; however, extremely rare disorders or sporadic cases
caused by de novo variants are not appropriate for this type
of study design. Exome sequencing is now becoming tech-
nically feasible and more cost-effective due to the recent
advances in high-throughput sequence capture methods

and next-generation sequencing technologies that have
offered new opportunities for research into Mendelian dis-
orders.9 We suggest that the use of these new technologies
will lead to the identification of new causative genes in
CDA variants in the near future. In particular, this review
will deal with new insights on the two most frequent
forms of CDAs: types I and II.

Epidemiology of CDAs
Until December 2011, 712 cases from 614 families were

included in the German CDA Registry,10,11 whereas 206
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Table 1. Characteristic features of different types of congenital dyserythropoietic anemias.
CDA type I II III IV Variants

Inheritance Autosomal recessive Autosomal recessive Autosomal dominant Autosomal dominant Autosomal 
recessive/X-linked

Case reported ~ 150 ~ 370 3 families < 20 > 20
Morphology Abnormal chromatin Bi- or multi-nuclearity Giant Multi-nucleated CDA I-like

structure, chromatin of mature multi-nucleated erythroblasts CDA II-like
bridges erythroblasts erythroblasts Others

Gene Codanin SEC23B Unknown KLF1 Unknown/ GATA1
Chromosome 15q15.1.3 20p11.23 15q21-25 19p13.2 Unknown/ Xp11.23
Associated dysmorphology Skeleton, others Variable, rare B cells, retina Variable CNS, thrombocytopenia
Therapy INF-α, Splenectomy, None Unknown Unknown

iron depletion iron depletion

Modified from Heimpel3 PMID: 15278299.

Figure 1. Flow diagram for dif-
ferential diagnosis of CDAs.
This diagram shows the main
steps that allow the differential
diagnosis of CDA subtypes
among the hypoproliferative
anemias, based on clinical, bio-
chemical and molecular find-
ings. The key stages to the
diagnosis of CDAs are high-
lighted in dark blue. CBC: com-
plete blood count; BMF: bone
marrow failure; FA: Fanconi’s
anemia; AA: aplastic anemia;
PNH: paroxysmal nocturnal
hemoglobinuria; MDS:
myelodysplastic syndromes;
DBA: Diamond-Blackfan ane-
mia.
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cases from 183 families were enrolled in the Italian CDA
registry (A Iolascon, unpublished data, 2011). In particular,
169 cases from 143 families with CDA I, and 454 cases
from 356 families with CDA II worldwide were recorded
in the literature. Hence, CDA I appears to be approximate-
ly 3 times less frequent than CDA II. Most families were
from Western European and Middle-East countries, but
single cases were also reported from the USA, India, Japan
and China.10,12-14 The estimated cumulative incidence of
CDA I and CDA II cases in Europe is approximately 0.24
and 0.71 cases/million, respectively. No significant differ-
ences according to ethnic origin or sex ratios have been
observed. There are large differences in frequency of both
types of CDAs between European countries, with an aver-
age of approximately one case per million inhabitants.
Italy shows a much higher incidence compared to all other
European countries, with approximately 2.49 cases⁄million
reported; this is only because of the large number of cases
with CDA II.10,15 Although CDA II patients are to be found
right across the Italian peninsula, the majority of ancestors
came from Southern Italy, where a founder effect has been
observed.13 The wide variation in CDA incidence among
European regions could be due to genetic reasons and also
to the presence of reference centers with advanced diag-
nostic procedures available for the diagnosis of CDAs.10
The true frequency of CDA types I and II is most probably
higher than that estimated. This could be due to clinical
heterogeneity and diagnostic difficulties, as demonstrated
by the observation that in these congenital diseases the
correct diagnosis is often delayed until adulthood.

Clinical and laboratory findings
Dyserythropoietic anemia could be suspected in the

presence of symptoms and signs of increased hemoglobin
(Hb) turnover, such as mild jaundice, and low or absent
haptoglobin, as in hemolytic anemias, with a reticulocyto-
sis that does not correspond to the degree of anemia. The
bone marrow is always hypercellular, exclusively due to a
pronounced increase of erythroblasts, with increased ery-
thropoietic/granulopoietic ratio. Extramedullary
hematopoiesis presenting as paravertebral bulks may be
observed in all types of CDAs.7,8
The clinical picture of CDA I includes variable degrees

of anemia, sometimes with neonatal symptoms, jaundice,
splenomegaly, hepatomegaly, frequent and diverse dys-
morphisms (4-14% of cases), predominantly affecting the
digits (syndactyly in hands or feet, absence of nails or
supernumerary toes),7,8,16 and a progressive build up of iron
overload. Retinal angioid streaks and macular abnormali-
ties are also reported.17 Most patients have life-long ane-
mia with Hb concentration between 7-11 g/dL.
Occasionally, there are severe cases requiring transfusion
in utero18 or immediately after birth, and regular blood
transfusions during childhood and adolescence.16 Anemia
is usually macrocytic with mean cell volume (MCV)
between 100-120 fL, but may be normocytic during child-
hood.16,19,20 Bone marrow examination shows 30-60% of
early and late polychromatic erythroblasts with extreme
abnormalities of nuclear shape and size, but proerythrob-
lasts and immature basophilic erythroblasts usually appear
normal. There are large polyploid cells and a small number
of cells are bi- or multi-nucleated; in contrast to CDA II,
nuclei are of different sizes and stains. The hallmark of
CDA I is incompletely divided cells with thin chromatin
bridges between pairs of erythroblasts, which may also be

seen between two nuclei in a single cell. These abnormal-
ities are the most specific changes, usually present in more
than 20% of these cells.2 Electron microscopy (EM) studies
demonstrated that heterochromatin is denser than normal
and forms sharply delineated clumps with small translu-
cent vacuoles, giving rise to the description of a ‘Swiss
cheese’ appearance, and cytoplasm may penetrate
through widened pores of the nuclear envelope.21
CDA II is an autosomal recessive disorder in which the

severity of anemia varies from mild to severe, and approx-
imately 7% of CDA II cases are transfusion-dependent. In
several of these cases there could be co-inheritance of
another intra-erythrocyte defect (such as beta- or alpha-
thalassemia) (A Iolascon, personal communication, 2012)
and this could account for the severity of the clinical out-
come.22 Very few cases are characterized by clinical mani-
festations during intrauterine life. Hydrops fetalis has been
described in 6 atypical cases which were characterized by
erythroblastic multinuclearity but did not fulfil the CDA II
diagnostic criteria.7,8,23 Severe molecular defects in the
causative gene SEC23B seem to be the possible cause of
this condition, but further studies are requested to demon-
strate this.23 Although this disorder is considered to be
congenital, it is interesting that this type of anemia can be
diagnosed in all age groups. Diagnosis of CDA II is usually
made later in life compared with CDA I, because the
symptoms can be milder (Figure 2).24 Furthermore, this
condition could be misdiagnosed as hereditary spherocy-
tosis (HS) because of the similarity in clinical findings. A
correct evaluation of reticulocyte number versus Hb level
and soluble transferrin receptor (usually higher in CDAs
than HS) could resolve the problem of suspected diagno-
sis. CDA II patients may come to medical attention
because of anemia combined with jaundice (90% of
cases), splenomegaly (70%) or hepatomegaly (45%). The
presence of posterior mediastinal or paravertebral masses
consisting of extramedullary hemopoietic tissue can be
observed.25-31 The anemia of CDA II is normocytic, Hb lev-
els are somewhat lower in children than in later life, rang-
ing between 8-11 g/dL with a normal or slightly increased
MCV (Figure 2), and peripheral blood smear shows aniso-
poikilocytosis without specific types of poikilocytes, with
basophilic stippling of cells and few occasionally binucle-
ated mature erythroblasts. Relative reticulocyte counts are
normal or moderately increased (Figure 2). The bone mar-
row is hypercellular with erythroid hyperplasia but, con-
trary to CDA I, is of normoblastic appearance with a large
number of binucleate (10-35%) and rarely multinucleate
late polychromatic erythroblasts (Figure 1).32 On electron
microscopy (EM) examination, vesicles loaded with pro-
teins of the endoplasmic reticulum (ER), such as calretic-
ulin, glucose regulated protein (GRP78) and protein disul-
fide isomerase (PDI),33-36 appear to be running beneath the
plasma membrane. Erythrocytes of CDA II patients lyse in
acidified serum (Ham test) because of an IgM class anti-
body that recognizes an antigen present on CDA II cells
but that is absent on normal cells. So, the acronym
HEMPAS (hemolytic anemia with a positive acidified
serum test) was commonly used as a synonym for CDA II.
The technical difficulty of this test, and the fact that cross-
testing of more than 30 normal sera is needed to obtain a
reliable result, has undermined its usefulness.7 The diag-
nostic hallmark of CDA II is the analysis of erythrocyte
membrane proteins by sodium dodecyl sulphate polyacry-
lamide gel electrophoresis (SDS-PAGE) identifying the

a. Iolascon et al.
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narrower band size and faster migration of erythrocyte
anion transporter (EA1), or band 3, and band-4.5 pro-
teins.37-40 The increased destruction of red blood cells in
CDA II has been associated to hypoglycosylation of band
3, which causes an increased clusterization of this protein
on the red cell surface and amplified destruction in the
spleen.41 Exceptional cases that do not show the character-
istic SDS-PAGE pattern have been reported, but it is rec-
ommended that these should be considered as CDA II-like
conditions. Research on the abnormalities found in CDA
II red blood cells has yielded several additional tests, such
as Western blotting analysis of ER proteins of red blood
cells (GRP-78, calreticulin, PDI).33

Complications and therapeutic approaches
Cholelithiasis, splenomegaly and iron overload are the

most prevalent complications of CDA types I and II. The
co-inheritance of UGT1A (TA)7/(TA)7 genotype, i.e.
Gilbert syndrome, could account for an increased rate of
gallstones.42 In both CDA I and in CDA II, as well as in all
ineffective erythropoiesis conditions, secondary
hemochromatosis is the most important long-term com-
plication. Hemochromatosis can lead to organ damage if
not recognized and appropriately treated. Molecular
mechanisms of iron overload have been recently charac-
terized.43,44 In both conditions, iron loading is not depend-
ent on transfusions (but could be increased by them). Iron
loading may be alleviated by ongoing iron loss, such as
menstrual bleeding or pregnancies. The study by Tamary
on iron overload pathogenesis in CDA I patients supports
the notion that high levels of GDF15 contribute to this
pathology that,44 because of its overexpression, occurs
together with ineffective erythropoiesis and positively
correlates with ferritin levels in adults. In 2011, Casanovas
demonstrated that serum hepcidin to ferritin ratio is
strongly decreased in CDA patients compared to control
subjects; thus showing that serum hepcidin concentra-
tions are inappropriately low. Taken together, these data
support a role for GDF15 in limiting hepcidin expression
in response to iron overload, and increasing iron absorp-
tion under erythropoietic stress conditions. However,
GDF15 concentrations are significantly lower in CDA II
compared to CDA I patients, despite a similar degree of
iron overload in both patient groups. We can speculate
that additional signals may determine hepatic hepcidin
expression and the degree of iron overload in CDA II (i.e.

TWSG1, SMAD7).43
Decision-making depends on age, CDA type, severity of

expression and comorbidity. Most CDA patients have
only mild or moderate anemia and do not require medical
intervention. About 50% and 10% of neonates with CDA
I45 and CDA II,46 respectively, need at least one erythrocyte
transfusion, and some remain transfusion-dependent in
the following years. In most adolescents and adults, the
need for transfusions is limited to aplastic crises, pregnan-
cy, severe infections or major operations. Furthermore, the
co-inheritance of other red cell defects, such as alpha or
beta thalassemia and G6PD deficiency, worsens the clini-
cal phenotype to a severe and/or transfusion-dependent
condition.47,48 Transfusions contribute to iron overload,
and this risk has to be individually weighed against the
failure to thrive in infants and children with severe ane-
mia.
With regard to the distinct erythroid hyperplasia, vita-

min B12 and folic acid supplements are frequently used,
although without any evidence of efficacy. Use of erythro-
poietin formulations also appear to be ineffective.
Interferon (IFN)-α seems to be effective in improving the
chronic anemia and splenomegaly in CDA I, but whether
this shows efficacy in other types of CDAs remains uncer-
tain. As in other types of IFN-α therapy, it is possible to
hypothesize that several polymorphisms could modulate
the IFN-α response.49 The pathophysiological basis of the
beneficial effect of interferon in CDA I is still not under-
stood. A study on cell lines treated with IFN-α has estab-
lished which genes are up- or down-regulated by this
drug.50
Splenectomy leads to a moderate but sustained increase

in Hb concentration and decrease in serum bilirubin levels,
but it does not prevent further iron loading. This may be
explained by the observation that iron loading is more
closely correlated to the expansion of the erythroid mar-
row than to the anemia itself. The main benefit of splenec-
tomy is abrogation of transfusion requirements and
increase in the Hb concentration in severe cases. However,
the Hb levels post-splenectomy did not reach normal val-
ues.7,8 In other patients, it is advisable to follow the guide-
lines for mild cases of HS.51 Splenectomy is not recom-
mended in CDA I and II and individual decisions have to
be made in CDA variants with transfusion dependency
and enlarged spleen. Cholecystectomy is often indicated
in all types of CDA, and decision making should follow
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Figure 2. Hematologic parameters in CDA type I and II. The histograms show hemoglobin values, mean cell volume (MCV) and absolute retic-
ulocyte count in CDA type I and II patients. The number of patients enrolled in each comparison is indicated in brackets. Student’s t-test was
used to compare differences between two groups. 
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the common guidelines for cholelithiasis.51
Since the main problem encountered by CDA patients

after the first years of life is iron overload, ferritin levels
should be controlled at least annually, even in patients
with light or moderate anemia. Adequate treatment with
regular phlebotomies leads to normal ferritin concentra-
tions, indicating reversal of iron overload in patients with
CDA. Very often, CDA patients do not support phleboto-
my treatment and in these cases oral chelating agents
could be proposed. Since data correlating serum ferritin
levels to tissue iron are inadequate, prospective studies
using non-invasive techniques for liver iron determination
are required. For the moment. management of iron over-
load should follow the guidelines for thalassemia.
Allogeneic bone marrow transplantation (BMT) from an

HLA-identical sibling was successful in 6 transfusion-
dependent children with very severe CDA and in one
adult with CDA II and beta-thalassemia trait. This treat-
ment can abolish transfusion dependency, thus preventing
progression of tissue damage related to iron overload. The
result should be both longer life expectancy and better
quality of life.46

Molecular genetics and pathogenesis
CDA type I
The gene responsible for CDA I (CDAN1 gene) was

mapped to the long arm of chromosome 15 between
15q15.1q15.3 by homozygosity mapping performed in 25
CDA I patients from four large consanguineous Israeli
Bedouin families with a high degree of consanguinity.52
The CDAN1 gene was successively cloned with 28 exons
spanning 15 Kb and encoding a protein named codanin-1.
In unrelated patients of European, Bedouin and Asian ori-
gin, different point mutations were detected.
Approximately 90% of patients with a bone marrow sug-
gesting CDA I have codanin-1 gene mutations (Figure 3).53-
54 The existence of families with definite phenotype of
CDA I in which no mutation of the CDAN1 gene has been
found, suggested either a promoter defect or the presence
of a second disease locus (genetic heterogeneity). The lat-
ter observation has been suggested by the exclusion of
linkage with chromosome 15 in several families.17 The
vast majority of patients with confirmed diagnosis of
CDA I showed mutations of at least one allele from exons
6 to 28 within CDAN1 and more than 30 unique muta-
tions have been identified so far (see Online Supplementary
Table S1 for complete mutational spectrum of CDAN1).
All these seem to be independent events and, up to now,

no particularly frequent mutations have been reported in
the literature. Interestingly, no homozygotes or compound
heterozygotes for null-type mutations have been identi-
fied, supporting an earlier view that codanin-1 may have a
unique function and may be essential during develop-
ment.
Codanin-1 is a ubiquitously expressed protein that has

still not been well characterized. It seems to be related to
chromosome structure and it must be involved in mitotic
process. In 2009, Tamary et al. showed that codanin-1 is a
direct transcriptional target of the E2F1 transcription factor
and that its levels increase during S-phase and decrease
during mitosis.55 In another study, Tamary and colleagues
found that codanin-1 binds to Asf1a (histone H3/H4 chap-
erone anti-silencing 1),56 involved in the chromatin struc-
ture dynamics by its role in nucleosome assembly and dis-
assembly. In particular, Asf1a binds histone H3/H4 in the
cytoplasm and in complex with importin-4 accompanies
histone dimers into the nucleus where they are transferred
to downstream chromatin assembly factors.57-60 Very
recently, Ask and colleagues confirmed that this histone
chaperone is a direct binding partner of codanin-1.61 They
suggested that binding of codanin-1 inhibits dissociation of
histones from Asf1a that cannot, therefore, be deposited
onto DNA. Furthermore, they demonstrated that codanin-
1 exerts a dominant-negative effect on S-phase progression
chiefly by interfering with Asf1 function. Indeed, codanin-
1 mutants found in CDA I patients are defective in Asf1
regulation and this defect might underline at least some of
the phenotype associated with CDA I.
Recently, another contribution attempted to define the

role of codanin-1 in pathophysiology of CDA I. Renella et
al. investigated localization, distribution and interactions
of codanin-1 in CDA I patients and generated a murine
knock-out model for CDAN1. No gross differences
between normal and patient samples both in the amounts
of histone proteins or various epigenetic marks of histone
tails were found, suggesting that histone signatures
involved in maintenance of chromatin structure and epige-
netic regulation are globally maintained in CDA I.62 The
authors demonstrated codanin-1 distribution in both
nucleus and cytoplasm of normal primary human ery-
throblasts. This localization pattern was unchanged in
CDA I erythroblasts. Although no differences in the local-
ization patterns of various nuclear proteins were observed
between patients and control erythroblasts, the localiza-
tion of HP1α, a key component of heterochromatin, was
found to be markedly perturbed. HP1α accumulates in the

a. Iolascon et al.
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Figure 3. Distribution of
CDAN1 and SEC23B muta-
tions. The pie chart shows
the distribution of the differ-
ent types of mutations found
to date in CDAN1 and
SEC23B genes (between
2002 and 2012).
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Golgi apparatus of CDA I but not in normal erythroblasts.
The authors confirmed that the abnormal localization of
HP1α in CDA I patients is confined to the intermediate
erythroblast maturation stage, where the characteristic
ultrastructural chromatin pattern of CDA I is observed.
Furthermore, they suggested that an abnormality in
codanin-1 could be responsible for the aberrant localiza-
tion of HP1α. Interestingly, by confocal immunofluores-
cence, they also found codanin-1 co-localizes partially
with SEC23B, the protein mutated in CDA II, suggesting a
molecular link between the two major types of CDAs. As
expected by the molecular studies in human patients, the
total absence of codanin-1 is lethal. Renella et al. generated
the first murine Cdan1 gene-trap model demonstrating its
widespread expression during embryonic development.
Cdan1gt/gt homozygotes die in utero before the onset of
primitive erythropoiesis, suggesting that Cdan1 has other
critical roles during embryogenesis.62

CDA type II
For a long time, the pathognomonic hypoglycosylation

of the band 3 was indicated as the cause of CDA II. Three
genes (MANII, MANA and GnTII), encoding for the
enzymes involved in this abnormal glycosylation, were
first established as putative causative genes of this condi-
tion. However, they were excluded by linkage analysis.63
In the same year, genome-wide linkage analysis localized
the disease gene to a 5-cM region of chromosome
20q11.2.64 The identification of a CDA II-linked region led
to the sequencing and subsequent exclusion of numerous
genes along the pericentromeric segment of the long arm
of chromosome 20.65 In a refined contig build (build 36.3),
the markers with the highest CDA II lod scores overlap
the minimal homozygosity region on the short arm of
chromosome 20.66 So, a joint approach of functional map-
ping and homozygosity mapping by genome-wide SNP
analysis finally allowed the gene to be re-mapped, right
across the centromere. With the assumption that the cis,
median and trans N-glycan Golgi processing of erythrob-
last glycoproteins was impaired, the SEC23B (CDAN2)
gene became a likely candidate for CDA II.67 A proteomic
approach led to the same result.68 Sequencing analysis in
33 patients from 28 unrelated families from the main
European Registries showed a wide spectrum of different
mutations in the SEC23B gene in either the compound
heterozygous or homozygous state.67 In the same study,
an in vitro model of gene silencing demonstrated that sup-
pression of SEC23B expression recapitulates the cytokine-
sis defect, with a significant increase in the percentage of
binuclearity and an increased size of nuclei in SEC23B
silenced cells. Knockdown of zebrafish sec23b also leads
to aberrant erythrocyte development. Indeed, sec23b
zebrafish morphants show a significant increase in imma-
ture, binucleated erythrocytes.67 The disease gene encodes
the cytoplasmic coat protein (COP)II component SEC23B,
involved in the secretory pathway of eukaryotic cells.
COPII is a multi-subunit complex which mediates accu-
mulation of secretory cargo, deformation of the mem-
brane and generation of subsequent anterograde transport
of correctly folded cargo that bud from the ER towards the
Golgi apparatus.69 This pathway is critical for membrane
homeostasis, localization of proteins within cells and
secretion of extracellular factors.69,70 To date, mutations in
other COPII components have been assigned to human
genetic disorders. Alterations in SAR1B are identified as

the etiology of the chylomicron retention disease,
Anderson disease and Marinesco-Sjogren syndrome,71
while mutations in the SEC23A gene cause craniolenticu-
losutural dysplasia (CLSD or Boyadjiev-Jabs syndrome).72
Interestingly, the latter gene is a paralog of SEC23B. The
specificity of the CDA II phenotype seems to be deter-
mined by tissue-specific expression of SEC23B versus
SEC23A during erythroid differentiation.67 Alternatively,
this specificity could be explained by the presence of tis-
sue-specific cargoes (such as band 3 in red blood cells),
which might require high levels and full function of a spe-
cific COPII component to be correctly transported.73
A recent study on 42 CDA II patients from the Italian

and the French Registries showed a relationship between
the mutations and various biological parameters. In this
study, patients were divided into two groups according to
their genotype: 1) patients with two missense mutations
and 2) patients with one nonsense and one missense
mutation. Compound heterozygosity for a missense and
nonsense mutation tended to produce more severe clinical
presentations than homozygosity or compound heterozy-
gosity for two missense mutations. Homozygosity or
compound heterozygosity for two nonsense mutations
was not found; this was considered to be lethal.74 Until
now, 53 different causative mutations have been described
in the SEC23B gene (Figure 3; see Online Supplementary
Table S1 for complete mutational spectrum of
CDAN2).8,14,75-77 Very recently, Sec23b deficient mice
(Sec23b gt/gt) from ES cells with a genetrap cassette insert-
ed into the last intron of Sec23b were generated. Sec23b
gt/gt mice are born with no apparent anemia phenotype,
but die shortly after birth, with degeneration of profes-
sional secretory tissues, pancreas, as well as salivary
glands. However, no significant differences in red blood
cell count, hemoglobin or hematocrit levels were observed
in blood collected from wild-type (WT) and Sec23b gt/gt
neonates.78 The disparate phenotypes in mouse and
human could result from residual SEC23B function associ-
ated with the hypomorphic mutations observed in
humans or, alternatively, might be explained by a species-
specific shift in function between the closely related
SEC23 paralogs.78 These data demonstrate that Sec23b
deficient humans and mice exhibit disparate phenotypes,
apparently restricted to CDA II in humans and a promi-
nent neonatal pancreatic insufficiency in mice.

Other congenital dyserythropoietic anemias
Some genes have been already associated with CDA

variants. One of these is the gene encoding for the tran-
scriptional factor GATA-1. Mutations in GATA-1 are
directly linked to deregulated formation of certain blood
cell lineages (Figure 1). Several rare syndromes are caused
by defects in GATA-1 gene expression or a malformed
protein product.79 They are: X-linked thrombocytopenia
(XLT), X-linked thrombocytopenia with thalassemia
(XLTT), congenital erythropoietic porphyria (CEP), X-
linked dyserythropoietic anemia and thrombocytopenia
(XDAT), transient myeloproliferative disorder (TMD),
acute megakaryoblastic leukaemia (AMKL) associated
with trisomy 21, and dyserythropoietic anemia associated
with the production of a short isoform, GATA-1s.80 The
latter is due to a mutation occurring at the last nucleotide
of the exon 2 donor splice site and affecting GATA-1 splic-
ing.80 Very recently, this mutation has been found in 2 sib-
lings affected by Diamond-Blackfan anemia (DBA), a
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dominant disorder characterized by reduced proliferation
and survival of erythroid progenitors leading to hypopro-
liferative anemia.81 Although the bone marrow examina-
tion from these patients confirmed the clinical diagnosis of
DBA, the absence of a dominant inheritance, as well as the
mildly low platelet count in one of 2 patients, make it
more appropriate to consider these cases as DBA-like con-
ditions. This further underlined the variability of the
GATA-1-related phenotypes. GATA-1 has two zinc finger
domains essential for normal function. The C-terminal fin-
ger is necessary for DNA binding. The N-terminal finger
mediates interaction with FOG-1 (for friend of GATA-1), a
cofactor of GATA-1. In 2000, Nichols described a family
with XDAT due to Val205Met substitution.82 This highly
conserved residue is necessary for GATA-1:FOG-1 interac-
tion, fundamental in megakaryocyte and erythroid devel-
opment. Another base mutation that results in Gly208Arg
substitution within the highly conserved portion of the N-
terminal finger domain has been associated to dyserythro-
poietic anemia and macrothrombocytopenia.83
Recently, alteration in the erythroid transcriptional fac-

tor KLF1 has been associated to CDA type IV84 in the case
of 2 patients with a hitherto unclassified CDA in whom
the Glu325Lys missense mutation in KLF1 was identified
(Figure 1). Patients showed severe anemia at birth and
required repeated transfusion during childhood, persistent
expression of ε and ζ embryonic globin, an HbF level of
40%, novel intra-erythroblastic and intra-erythrocytic
inclusions, and deficiency of erythroid proteins CD44 and
aquaporin 1. The marrow aspirate studies revealed active
erythropoiesis with some dyserythropoietic features.
KLF1 is an erythroid transcription factor, and extensive
studies in mouse models have shown that it plays a critical
role in the expression of globin genes, but also in the
expression of a wide spectrum of genes potentially essen-
tial for erythropoiesis.85-87 The unique features of this type
of CDA confirm the key role of KLF1 during human ery-
throid differentiation. 
Finally, the case of a patient with mevalonate kinase

deficiency (MKD) and congenital dyserythropoietic ane-
mia has been described. The clinical phenotype was vari-
able, ranging from the hyperimmunoglobulinemia D and
periodic fever syndrome (HIDS), to mevalonic aciduria
(MA), a severe metabolic disease. Genomic sequencing of
the mevalonate kinase gene revealed compound heterozy-
gosity for a missense mutation previously described in
MA (Val310Met) and a novel missense mutation
(Tyr116Hys). In contrast, sequencing of the SEC23B gene
revealed no mutations, suggesting that the bone marrow
abnormalities were causally related to the MKD.88

Conclusions

Congenital dyserythropoietic anemias belong to a het-
erogeneous group of hereditary disorders, both at clinical
and genetic levels. The identification of their causative
genes has shown that these conditions have different
molecular mechanisms that induce disturbances of cell
maturation and cell division during erythropoiesis. Some
altered proteins seem to be involved in the chromatin
structure dynamics, as well as in histone metabolism, such
as codanin-1 in CDA I. Others are transcription factors,
involved in the synthesis of many proteins that are impor-
tant for erythroid differentiation: e.g. KLF1 and GATA1 in
CDA IV and XDAT, respectively. CDA II seems to belong
to a group of diseases that involve the transport of newly
synthesized proteins from ER to the Golgi. 
Recent advances partially clarify the pathogenesis of the

maturation arrest in the most common CDAs. Mutations in
codanin-1 seem to lead to high proliferation rates in early
erythroid progenitors that sensitize these cells to chromatin
assembly defects; this in turn can jeopardize chromatin
organization and chromosome segregation during mitosis. 
The pathogenesis of CDA II seems to be due to abnor-

mal vesicular transport ER-Golgi. We could hypothesize
that this transport involves a specific group of proteins
implicated in cytokinesis, and this could explain the basis
of morphological abnormality. However, the effective
relationship between mutations in the SEC23B gene and
ineffective erythropoiesis is still not understood.
Despite the recent advances in our understanding of the

molecular pathogenesis of CDAs, several issues still
remain unsolved. In particular, it remains unclear why ery-
thropoiesis is principally sensitive to codanin-1 and
SEC23B mutations, since both are ubiquitously expressed
proteins. Also, why does the abnormal morphology of
erythroid cells during maturation involve only a small per-
centage of affected cells? Future studies may prove useful
in defining the pathogenetic mechanisms involved in
these conditions, and possibly this will lead to new drugs
becoming available.
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