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Abstract
Diamond-Blackfan Anemia(DBA) is a congenital hypoproliferative macrocytic anemia; 5q-
syndrome myelodysplastic syndrome(MDS) is an acquired hypoproliferative macrocytic anemia.
Their common erythroid phenotype reflects a shared pathophysiology -- haploinsufficiency of one
of many ribosomal proteins and somatic deletion of one allele of the ribosomal protein S14 gene,
respectively. Although these abnormalities lead to defective ribosome biogenesis, why ribosomal
protein hemizygosity results in anemia is not certain. Here, we characterize the hematopoietic
phenotype of mice lacking one allele of the ribosomal protein S6 gene. The mice have an
erythroid phenotype similar to both DBA and the 5q-syndrome and lenalidomide therapy
improves their anemia.
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DBA is a macrocytic anemia with low CFU-E and variable deficiency of BFU-E[1, 2]. An
elevated erythrocyte adenosine deaminase activity (eADA, elevated in >80% of patients) is
an important supporting feature[3]. Granulocytopenia, thrombocytopenia, or thrombocytosis
are occasionally seen at diagnosis or during follow-up[4]. 5q-syndrome is a subtype of
myelodysplastic syndrome defined by the isolated interstitial deletion of chromosome 5q,
which results in macrocytic anemia, variable neutropenia, and a normal or high platelet
count associated with hypolobated megakaryocytes.

The erythroid phenotype of both diseases is linked to ribosomal protein haploinsufficiency
and defective pre-ribosomal RNA processing or ribosome biogenesis[5]. Mutations in at
least nine ribosomal protein genes have been identified in over 50% of DBA patients; Rps14
is haploinsufficient in 5q-syndrome. Both abnormalities impair erythroid differentiation in

© 2012 International Society for Experimental Hematology. Published by Elsevier Inc. All rights reserved.
Correspondence: Professor Janis L Abkowitz, MD, Division of Hematology, University of Washington Box 357710, Seattle, WA
98195-7710. Phone 206 685-7877, fax 206-543-3560, janabk@u.washington.edu; Contact for offprints: corresponding author.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Conflicts of interest: Siobán Keel, Susan Phelps, Kathleen Sabo, Monique O’Leary, Catherine B. Kirn-Safran, and Janis L. Abkowitz-
all none.

NIH Public Access
Author Manuscript
Exp Hematol. Author manuscript; available in PMC 2013 April 1.

Published in final edited form as:
Exp Hematol. 2012 April ; 40(4): 290–294. doi:10.1016/j.exphem.2011.12.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



vitro[5] and in vivo[6]. Accumulating evidence suggests that haploinsufficiency of certain
ribosomal proteins and/or defective ribosome biogenesis triggers p53 activation and cell
cycle arrest and/or apoptosis[6-9]. Whether p53 activation is solely responsible for the
anemia is debated and alternative or contributing physiologies remain open.

Our understanding is hindered by inadequate murine models. The initial Rps19 null mouse is
lethal and heterozygous mice lack a DBA phenotype[10]. A chemical mutagenesis screen in
mice identified a missense mutation of Rps19 in a mouse with a dominantly inherited dark
skin phenotype[7]. While the mouse, like DBA patients, has a hypoproliferative, macrocytic
anemia, the anemia is very mild, thus limiting this model’s utility. A mouse expressing a
dominant negative (and not haploinsufficient) Rps19 allele exists[11]. Zebrafish models of
Rps19 knockdown recapitulate the hematologic phenotype and result in malformations[8].
Mice engineered with hematopoietic-specific haploidy of a set of genes on 5q including
Rps14 develop macrocytic anemia, prominent erythroid dysplasia and monolobated
megakaryocytes consistent with the phenotype of 5q-syndrome, making this the most
promising model for study[6], although the deletion of adjacent genes on 5q could impact
hematopoiesis[12] and complicate studies.

We became aware of mice with postnatal deletion of Rps6, which encodes a 40S ribosomal
subunit protein[13]. Embryos with haploinsufficiency of RPS6 are runted and die at
gastrulation (≤ E8.5). Genetic inactivation of p53 bypasses this checkpoint, prolonging
development until E12.5, at which point the embryos likely die from anemia[14].
Conditional deletion of the Rps6 gene in murine liver abrogates 40S ribosomal biogenesis
and prevents hepatocytes from reentering cell cycle after partial hepatectomy[13];
conditional deletion of one Rps6 allele in murine T cells induces a p53-dependent
checkpoint response that abolishes activated T cell proliferation[15]. The erythropoietic
phenotype of mice lacking one Rps6 allele postnatally (Rps6flox/wild-type; Mx-cre) was very
recently published. The animals recapitulate cardinal features of the 5q-syndrome, including
macrocytic anemia, erythroid hypoplasia, and megakaryocyctic dysplasia with
thrombocytosis[16]. Of note, RPS6 mutations have not been reported in DBA or MDS.

Here, we also characterize Rps6 heterozygously-deleted mice and confirm that the erythroid
phenotype in these mice phenocopies 5q-syndrome MDS and DBA. In addition, we tested
their erythroid response to DBA and 5q-syndrome MDS therapies.

Methods
Rps6flox/flox;Mx-cre and Rps6flox/flox [13] mice were a generous gift from George Thomas,
University of Cincinnati. Animals were interbred to maintain a Rps6flox/flox;Mx-cre colony,
which was bred to C57BL/6 mice for studies. Rps6flox/wildtype;Mx-cre were interbred to
confirm that the hematopoietic parameters of Rps6flox/wildtype, Rps6wildtype/wildtype;Mx-cre
and Rps6flox/wildtype were the same after poly(I)-poly(C) treatment. Subsequent studies used
Rps6flox/wildtype as controls. To induce Mx-cre expression and deletion of the floxed-allele,
5-7 day-old pups were treated with 40μg of poly(I)-poly(C) (Amersham/GE Lifesciences,
NJ) intraperitoneally every other day for three injections. Animals were sacrificed 5-6 weeks
later. Single-cell suspensions of freshly prepared marrow or spleen were immunostained
with anti-Ter119-APC(or-PE) and anti-CD-71-FITC (BD Pharmingen, CA) antibodies.
Flow cytometry and GM-colony assays were performed as described[17]. To detect BFU-E
and CFU-E colonies, 2×105 and 3×105 cells/plate, respectively were plated in duplicate in
MethocultTM M3334 (StemCell Technologies, Canada) plus 100ng/ml mSCF according to
manufacturer’s protocol. Additional cultures (± dexamethasone) were performed adapting
the Narla methods[18]. Blood cell analyses used a Hemavet HV950FS analyzer (Drew
Scientific, CT). Absolute reticulocyte counts were performed by Phoenix Central
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Laboratories, WA. Bert Glader’s laboratory performed eADA measurements (Stanford
University, CA)[3]. Brian Kennedy, Buck Institute, kindly provided Rpl22 and Rpl29
haploinsufficient and null mice. Disruption of murine Rpl22 null was accomplished using an
ES cell line (Bay Genomics) with a gene trap inserted between exons 3 and 4 to ablate Rpl22
expression (Stanfel et al., unpublished). Rpl29 null mice were previously generated [19].

Results and Discussion
Rps6 heterozygously-deleted mice develop a hypoproliferative, macrocytic anemia,
granulocytopenia, thrombocytosis, and also lymphopenia (Table 1). Akin to DBA patients,
eADA is elevated (2.30±0.11, n=6 vs. 1.13±0.02 in controls, n=6; mean±SEM, two-tailed
Student’s t-test, p<8E−5).

Flow cytometric analyses of marrow double-stained for Ter119 and CD71 demonstrate a
relative expansion of proerythroblasts in mutant mice (population I, Figure 1A). In
methylcellulose culture, CFU-E-derived colonies are markedly reduced in number and no
BFU-E are detected. Thus, as in DBA, erythropoiesis is impaired both at[2] and before[1]
the CFU-E stage. CFU-GM are also reduced (Figure 1C).

Mice with constitutive deletion and haploinsufficiency of Rpl29 or Rpl22 were also studied
(Table 1). Murine embryonic fibroblasts derived from rpL29 null mice demonstrate a cell
cycle delay and the animals exhibit a global skeletal growth defect[19] and αβ-T cell
development is specifically impaired at a p53-dependent checkpoint in rpL22 null mice[20].
Hematologic parameters are normal in these animals. Interestingly, DBA patients have short
stature. To date, the only reported genotype-phenotype associations in DBA are mutations in
RPL5 with craniofacial clefting and RPL11 with thumb abnormalities[21]. These animal
models (with nonerythroid phenotypes) demonstrate that ribosomal protein
haploinsufficiency results in tissue-specific phenotypes. Animal models with
haploinsufficiency of different ribosomal proteins are thus relevant platforms to study p53
dosage, tissue-specific ribosomal protein expression, and disease modifiers; these may also
expand our clinical recognition of diseases due to ribosomal protein haploinsufficiency.

The erythroid phenotype of Rps6 heterozygously-deleted mice provided the rationale to treat
the animals with corticosteroids, the mainstay of therapy for DBA, and lenalidomide, which
results in a red cell and cytogenetic response in 5q-syndrome MDS and has not been
clinically tested in DBA.

Corticosteroids improve the hemoglobin within 2-4 weeks in ~70-80% of DBA patients; we
are unaware of well-designed clinical studies using corticosteroids in 5q-syndrome MDS.
There was no improvement in the hemoglobin and minimal alteration of red cell size in Rps6
heterozygously-deleted mice during 12 weeks of prednisone therapy (Figure 1). Our finding
of no increase in the numbers of BFU-E, CFU-E, or Ter119+ cells when Rps6
heterozygously-deleted (n=5) or control (n=5) murine marrow cells were cultured in the
presence of 100nM dexamethasone (JA and KS, data not shown) is consistent with the in
vivo observations, yet contrast studies of normal human progenitor cells and cells expressing
RPS14 or RPS19 shRNA[18].

We next tested whether the macrocytic anemia in Rps6 heterozygously-deleted mice
responds to lenalidomide (Revlimid®). Patients with the 5q-syndrome have a striking
response to lenalidomide with 70% of patients achieving transfusion independence[22]. To
date, no clinical trials or animal models of DBA have tested this application. The
hemoglobin increased in control mice and markedly increased in Rps6 heterozygously-
deleted mice after 12 weeks of 3mg/kg/day of lenalidomide by oral gavage (Figure 1B,
13.5±0.4 to 14.9±0.2, p<0.01 and 7.9g/dL±0.9 to 10.3±0.8, p=0.01, respectively; mean
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±SEM, Student’s t-test, paired). Additionally, the MCV decreased with therapy in both
groups (49.1fL±1.4 to 41.1±0.2, p=0.01 and 57.4±1.1 to 53.77±1.4, p=0.08, respectively).
These data coupled with data in an erythroid culture of human CD34+ progenitor cells
expressing shRNA against RPS19 or RPS24 treated with lenalidomide[18] suggest that
lenalidomide improves hemoglobinization. Lenalidomide may have additive effects to
steroids in improving erythropoiesis in DBA and 5q-syndrome patients[18]. As
erythropoiesis improved in control mice, it is unclear if the improvement in Rps6
heterozygously-deleted mice is specific. The lack of understanding of the mode of action of
lenalidomide in 5q-syndrome MDS, the suggestion that the erythroid response may be
mediated in part by haploinsufficiency of two phosphatase genes located on 5q[23]
independent of a ribosome biogenesis defect, and the drug’s clinical risk of causing
neutropenia and thrombocytopenia underscore the importance of animal models for testing
its therapeutic efficacy in DBA. Our studies establish Rps6 heterozygously-deleted mice as
one available model.
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Figure 1. Hematologic characterization of Rps6 heterozygously-deleted mice
(A) Representative flow cytometric analyses of whole bone marrow immunostained with
antibodies to CD71 (transferrin receptor) and Ter119 (erythroid specific). The relative
percentages of nucleated cells in each of the populations I to III are indicated. We found a
statistically significant increase in the percentage of cells in population I in Rps6
heterozygously-deleted mice, 4.4%±1.0 vs. 1.2±0.1, p= 0.03, mean±SEM, two-tailed
Student’s t-test, 4 mice in each group. Analyses of spleens showed similar findings. (B)
Hemoglobin (HGB) and mean corpuscular values (MCV) of Rps6 heterozygously-deleted
mice (striped, Rps-del-0 and Rps-del-12) and controls (solid, controls-0 and controls-12)
treated with lenalidomide (top, rpS6 hets n= 7, controls n=5) or prednisone (bottom, rps6
hets n= 19, controls n= 8) for 12 weeks (baseline and 12-week values). The administered
dose was based on pharmacokinetic studies in humans and rats[24] and communication with
Celgene Corporation; it is estimated to achieve an ~2.2μM concentration of drug in the
mice, equivalent to the therapeutic concentration achieved with a 25 mg/day dose of
lenalidomide to patients with multiple myeloma[25]. Prednisone was dosed in their daily ad
libitum food supply at approximately 2 mg prednisone/kg body weight per day (assuming a
20 gram mouse eating 4 grams diet/day). We excluded the possibility that the improvement
in hemoglobin with lenalidomide reflects a preferential expansion of normal (undeleted)
cells in the lenalidomide cohort by Southern blot (SK data not shown). A cohort of Rps6
heterozygously-deleted and control mice, age-matched to the animals treated with
prednisone or lenalidomide were followed with monthly CBC analyses (n=3 in each group);
in these animals the hemoglobin was not statistically different between the start and end of
12 weeks of monitoring (data not shown). We also analyzed the MCV and hemoglobin data
in the prednisone-treated cohort as individual mice and observed no response to therapy.
Our treatment studies are limited by not following drug levels in animals.
(C) Hematopoietic colony assays in Rps6 heterozygously-deleted mice (striped, n=6) and
controls (solid, n=6). Mean±SEM, two-tailed Student’s t-test. That CFU-E were present
while BFU-E were not detected suggests that our culture conditions did not optimally

Keel et al. Page 6

Exp Hematol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



support BFU-E to CFU-E differentiation (since the detection of BFU-E in this assay requires
that the plated BFU-E differentiate through the CFU-E-stage for enumeration), which has
been reported in colony assays of DBA patients[26].
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