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Malignant disorders are poorly understood at the
biological level in general, and myelodysplastic
syndromes (MDS), a heterogeneous clonal

stem cell disorder, in particular, are further confounded
by representing a group of diseases rather than a single
entity with clinical and biological heterogeneity within
each subtype. The basis for grouping these assorted dis-
eases under one MDS umbrella is the clinical presenta-
tion of variable cytopenias despite a generally cellular
and dysplastic marrow. Diagnosis is based on bone mar-
row morphology, percentage of blasts, unexplained
cytopenias and cytogenetics. These components have
been used to classify the disease (French-American
British1 or FAB and World Health Organization2 or WHO
classifications) and to predict prognosis (International
Prognostic Scoring System3 or IPSS). The typical patient
is elderly; thus with the increase in our aging population,
the incidence of MDS has now surpassed that of acute
myeloid leukemia (AML). Approximately 30% of MDS
patients will progress to AML, but the majority die from
infection or bleeding due to an increasing profundity of
the cytopenias. The paradox of MDS is that despite
peripheral cytopenia, the marrow is most often hyper-
cellular. The initial breakthrough in understanding the
biological basis of this paradox came with the demon-
stration that, in MDS, bone marrow cells were not only
rapidly proliferating, but also undergoing excessive
apoptosis.4-7 As a result, the maturing hematopoietic
cells are eliminated in the marrow and do not reach the
peripheral blood, accounting for the cytopenias in the
presence of a cellular marrow composed of mostly apop-
totic cells. Furthermore, it was demonstrated that multi-
ple cytokines involved in mediating apoptosis and pro-
liferation are deregulated in MDS marrows.7-9 While the
MDS cell itself probably contributes, recent insights sug-
gest that it is the bone marrow microenvironment that
is also responsible for potentiating disease pathology
and progression through cytokine imbalance. In summa-
ry then, MDS appears to be a disease of both the seed
and the soil (the cell and its microenvironment) where
peripheral cytopenias appear to be the result of an
increased proliferation-increased apoptosis in the clonal
cells and deregulated proapoptotic and trophic cytokines
in the marrow.

Approximately half the patients with MDS present
with recurring cytogenetic abnormalities most common-
ly affecting chromosomes 5, 7, 8, and 20. These have
been shown to greatly affect prognosis and survival.3

Despite the presence of these well recognized karyotyp-
ic aberrations, genetic mutations that accompany them
have not been well understood and, in fact, mutation in
a specific biological pathway that is common to multi-
ple MDS subtypes has not been identified. In short,
apoptosis has remained the sole unifying biological
characteristic of the disease.

Recently, however, a possible cohesive genetic expla-
nation for this increased apoptosis has been taking shape.
Initial hints began with the study of patients who present
with the specific karyotype abnormality of del(5q) in one
allele. This is the most common chromosomal abnormal-
ity (10-15%) in MDS with two regions of deletions in the
long arm of chromosome 5.10 The more telomeric deleted
region (the commonly deleted region or CDR) is found in
a subtype of MDS; the 5q- syndrome. Patients with 5q-
syndrome rarely transform to AML and have long sur-
vival. The well mapped CDR,10 a 1.5MB interval flanked
by marker D5S413 and the gene GLRA1, contains 40
genes, including two ribosomal genes, RBM22 and
RPS14. While no mutation in the undeleted allele was
found in any of these genes, Boultwood et al.11 noted that
their expression was down-regulated in patients with 5q-
syndrome (haplo-insufficiency). They speculated that
deregulation of these genes and the pathway that they
were part of, could be the causative abnormality in 5q-
syndrome patients. This idea was supported by previous
findings that genetic defects of ribosomal genes were
implicated in congenital anemias including dyskeratosis
congenita,12 cartilage-hair hypoplasia,13 Diamond-
Blackfan anemia14 and Shwachman-Diamond syn-
drome.15,16 The importance of RPS14 haplo-insufficency
as a causative event in 5q- syndrome was then shown by
Ebert et al. using RNAi to selectively inhibit each of the
40 genes within the deleted region.17 Suppression of
RPS14 in normal CD34+ cells resulted in a 5q- syndrome
like phenotype while forced expression in the
hematopoietic cells of patients with 5q- syndrome res-
cued the phenotype. Additionally, expression of multiple
genes associated with ribosome biogenesis was found to
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be decreased in CD34+ cells from del(5q) patients when
compared to that from refractory anemia (RA) patients
with normal karyotypes, as well as in healthy controls.18

Since the rapid proliferation of erythroid precursors
requires continuous protein synthesis, erythropoiesis
would be highly sensitive to disruptions in ribosome
biosynthesis and may account for the severe anemia seen
in 5q- syndrome patients. In contrast, megakaryocytes
which proliferate at a slower pace can accommodate the
50% reduced gene dosage by accumulating the ribosomal
proteins to continue proliferation, resulting in the well
recognized clinical presentation of the 5q- syndrome
with anemia and thrombocytosis.

Most recently, small deletions were detected in several
ribosomal genes, including RPS14, in CD34+ cells of
patients with non-del(5q) MDS, suggesting that deregu-
lated ribosomal biogenesis may not be limited to del(5q)
MDS.19 The question that remains, however, is what
accounts for the increase in apoptosis found in the MDS
marrow? Studies have shown that deregulated ribosome
biogenesis leads to increased expression of p53 in what is
now referred to as the ribosomal stress response; this can
trigger apoptosis in a cell lineage specific manner.20 Thus
a picture is emerging of a possible unified molecular basis
for the universal feature of cytopenias in MDS due to
deregulated ribosomal biosynthesis leading to activation
of p53 and resulting excessive apoptosis.

In this issue, Czibere et al.21 report findings of an inter-
esting study aimed at establishing whether RPS14
expression levels are deregulated in patients that have
MDS without the 5q- deletion and whether expression
levels are related to disease outcome. RPS14 is a universal
structural protein of the 40S ribosomal subunit which is
essential for the cleavage of the 30S precursor rRNA mol-
ecule into the 18SE/18S rRNA molecule. Haplo-
insufficiency in MDS with del(5q) leads to impaired pro-
cessing of the 18S ribosomal RNA with subsequent dis-
ruption of the small 40S subunit. Its causal role in 5q- syn-
drome and deletion in other types of MDS prompted this
group to examine RPS14 expression by quantitative RT-
PCR in bone marrow CD34+ cells from 72 non-del(5q)
MDS patients, 11 MDS patients with 5q deletions and 11
normal donors. They found that 72% of the non-del(5q)
patients showed a decrease in RPS14 expression equal to
that of those with the 5q deletion. When WHO classifi-
cation was considered in this group, 42% of the patients
with lower risk MDS had decreased expression of RPS14
in contrast to 93% of those with higher risk disease. Since
5q- syndrome patients have improved survival, the
authors investigated whether the decrease in RPS14
expression in the non-del(5q) group could be of similar
prognostic value. Separating the patients according to
their IPSS subgroups, the overall survival for patients
with high-risk or INT-2 was, as expected, unaffected by
expression of RPS14. However, for patients with INT-1,
there was a significant increase in survival for patients
with low expression of RPS14 as compared to those with
high expression. Patients with low expression had not
reached median survival with 40 months of follow-up
while those with high expression had a median survival
of 25 months. Multivariate analysis showed that expres-
sion of RPS14 was an independent prognostic indicator

for survival.
This study shows for the first time that a proportion of

non-del(5q) patients have low RPS14 expression when
compared to normal controls and that these levels are
similar to that of 5q- syndrome MDS patients. The inci-
dence varies when the patients are grouped according to
the IPSS as low- or high-risk (see below). While the
genetic source for low expression is not investigated, the
levels of expression suggest that there is haploinsufficien-
cy. The mechanism by which low RPS14 expression,
whether by deletion or other suppression mechanisms,
prolongs survival is not clear. While mutations in riboso-
mal proteins have been identified as the cause of several
congenital forms of anemia, MDS is the first disease
where this mutation is acquired in an early stem cell. It
has been previously shown that ~25% non-del(5q) MDS
patients who respond to lenalidomide have an expression
signature that reflects a defect in erythropoiesis.22 This
signature is also found in patients with del(5q) MDS, who
as a group are very sensitive to therapy with this drug.
Ectopic expression of RPS14 in CD34+ cells from patients
with 5q- syndrome restores the erythropoietic signa-
ture.17 Thus it is not unreasonable to find that, as with 5q-
syndrome, survival is prolonged when RPS14 expression
is suppressed in lower risk patients, despite the fact that
many of the clinical features are not shared between
these two groups of patients.

MDS is primarily a disease in which a stem cell
obtains a growth advantage and overwhelms the mar-
row with its progeny. The clone typically exhibits both
rapid proliferation and increased apoptosis, both of
which are tightly regulated by p53 family proteins.
Disruption of ribosomal biogenesis has been clearly
demonstrated in multiple systems to greatly perturb p53
signaling.23 The resulting aberrant phenotypes have been
shown to be both ribosomal-protein specific and cell lin-
eage specific. p53 can be stabilized or degraded and both
types of deregulation are associated with tumorigenesis.
Decreased RPS14 expression, however, does not by
itself appear to be associated with leukemic transforma-
tion. It is also difficult to explain how such a defect
could provide a growth advantage that results in clonal
expansion. It is important to remember, however, that
the MDS cell is expanding in a marrow micro environ-
ment that is increasingly abnormal and thus it is not
clear what constitutes a growth advantage under such
conditions. Other mutations most likely contribute to
the clonal expansion of these cells. Indeed the finding
that 92% of patients at high risk of transforming to AML
also have low expression of RPS14 supports the idea
that other mutations are required for the cell to become
insensitive to apoptotic signals and to rapidly proliferate
with the blast phenotype of AML.

The story of disrupted ribosomal biogenesis in MDS
began with a critical observation by Boultwood et al.11

that the expression of two important ribosomal genes,
RBM22 and RPS14, was decreased in 5q- syndrome
patients, gained a significant boost with the demonstra-
tion by Ebert et al.17 that RPS14 haplo-insufficiency caus-
es the 5q- syndrome, and is now evolving rapidly with
multiple reports describing defective ribosomal biogene-
sis in non-del(5q) MDS patients. The study by Czibere
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et al.21 in the current issue represents a significant step
forward in this chain as it links biology to prognosis by
showing that lower risk non-del(5q) MDS patients with
RPS14 haplo-insufficiency tend to have a prolonged sur-
vival. Be that as it may, the fact remains that defective
ribosomal biogenesis, a previously unsuspected mecha-
nism, is emerging as a surprise contender for the lead
role in disrupting erythropoiesis in a variety of anemias.
An entirely original subject of research has exploded on
the MDS scene, one which links congenital and acquired
anemias, and which is likely to produce exciting biolog-
ical insights in the future, especially when combined
with the emerging improved technology.
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Acute lymphoblastic leukemia (ALL) is the com-
monest childhood malignancy,1 and a major cause
of morbidity and mortality from hematopoietic

malignancies in adults. While the outcome of treatment

for ALL in children is generally favorable, with cure rates
exceeding 80%, this is not the case in adults, given that
relapse occurs in the majority of patients and carries a
poor prognosis. Moreover, improvements in the out-
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