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Deletion of Dicer in late erythroid cells results in impaired stress
erythropoiesis in mice
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Abstract

MicroRNAs (miRNAs) have been shown to influence erythroid lineage commitment and
differentiation. However, our knowledge of miRNA function in terminal erythropoiesis remains
limited. To address this issue, we generated a novel animal model, where the miRNA-processing
enzyme, Dicer, is selectively inactivated in erythropoietin receptor positive erythroid cells
beginning with CFU-e/proerythroblast cells. This results in significant depletion of all mMiRNAs
from the proerythroblast stage onwards, with one exception, miR-451, which is processed by
Ago2 in a Dicer-independent manner. We observed that mature Dicer-dependent miRNAs, like
miR-451, are dispensable under steady-state conditions, but these mutants have an impaired
response to stress erythropoiesis, as demonstrated by a delay in recovery from anemia. This defect
was specific to later maturing erythroid cells, as progenitor numbers were unaffected. In addition
to generating a novel mouse model to study miRNA function in late erythroid cells, we conclude
that miRNAs (both Dicer-dependent and independent) act primarily to regulate the optimal
response to stress among late erythroid cells.
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INTRODUCTION

MicroRNAs (miRNAs) are short (~19-25nt), endogenous, non-coding RNA molecules that
regulate gene expression. Like coding genes, miRNAs are transcribed in an RNA Pol Il
dependent fashion. The primary miRNA molecule is processed in the nucleus by an enzyme
complex, which contains Drosha and DGCR8. The nascent precursor miRNA form is
exported out of the nucleus and further processed in the cytoplasm by the RNAse 111
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enzyme, Dicer to ultimately form the mature miRNA. The mature miRNA is then loaded
into the RNA-induced silencing complex (RISC), which contains Argonaute 2 (Ago2).
miRNAs regulate gene expression by binding to specific recognition sites in the 3’-UTRs of
target genes. Based on complementarity, miRNA binding causes transcript degradation or
translational inhibition. There may be several binding sites for a particular miRNA per gene,
and each miRNA can target multiple genes. Furthermore, ablation of Dicer leads to the loss
of all Dicer-dependent mature miRNAs, thereby allowing one to study the collective
requirement of miRNAs in a specific cellular context.

Deletion of Dicer in hematopoietic stem cells leads to loss of stem cell numbers [1] and
preferential impairment in the formation of erythroid precursors [2]. Overexpression of
miR-150 causes a skewing of lineage commitment in megakaryocyte-erythroid progenitors
(MEPs) towards megakaryocytic differentiation at the expense of erythroid cells [3].
Therefore, in the early stages of hematopoiesis miRNAs appear to regulate erythroid fate.
However, our understanding of miRNA function in terminal erythropoiesis is limited.
Expression of the miR-144-451 cluster increases with progressive erythroid maturation [4—
6], is highly specific for the erythroid lineage [6] and processing is Dicer-independent [7-9].
Several groups have generated miR-144/451 knockout mice [10-12] with variable
phenotypes at steady-state (ranging from mild anemia to reticulocytosis without anemia).
However, upon treatment with phenylhydrazine (PHZ), these mice showed impaired
recovery from anemia, suggesting that miR-144/451 primarily regulates stress
erythropoiesis. The phosphoserine/threonine-binding protein, 14-3-3¢, was identified as a
major miR-451 target [10, 12]. 14-3-3( negatively regulates FoxO3, a master regulator of
the cellular anti-oxidant response. As miR-144/451 knock-out mice recover, it is unclear
whether other miRNAS participate in modulating compensatory mechanisms.

Very little is known about the function of other miRNASs in late erythropoiesis, especially in
vivo. To address this question, we have generated a novel mouse model to study the global
role of miRNAs in the erythroid differentiation.

MATERIALS AND METHODS

Generation of EpoR-Cre-Dcr-del Mice

These studies were performed with Institutional Animal Care and Use Committee approval
at the University of Washington. EpoR-Cre mice [13] and Dcr-fl/fl mice [14] have been
previously described and were bred to generate EpoR-Cre-Dcr-del mice. Genomic DNA
from tail snips was obtained using DirectPCR (Viagen, CA). Cre positive mice were
identified by PCR using the following primers - GTGGCTGGACCAATGTGAAC,
CAGGAATTCAAGCTCAACCTCA. Dcr-fl/fl mice were identified by PCR using the
following primers - CCTGACAGTGACGGTCCAAAG,
CATGACTCTTCAACTCAAACT. Cre negative littermates were used as controls.
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Stress Erythropoiesis Experiments

Mice were injected with IP phenylhydrazine (100mg/kg) once. For experiments with 5-
fluorouracil (5-FU), animals were injected with 100mg/kg IP, weekly for 6 consecutive
weeks.

Flow Cytometry

Single cell suspensions of spleen or freshly isolated bone marrow were stained and analyzed
as previously described [15, 16].

Colony Forming Assay

Peripheral blood, spleen and bone marrow mononuclear cells were plated in methylcellulose
containing hematopoietic growth factors (ReachBio, WA) as previously described [17].

Real-Time PCR

Total RNA was isolated using Trizol (Invitrogen, CA). cDNA was generated using the
High-Capacity Reverse Transcription Kit (Applied Biosystems, CA). Dicer expression was
measured by TagMan Assay (Applied Biosystems, CA), using a Step One Plus instrument
(Applied Biosystems, CA). Expression was normalized to B-actin using the AACt method.

RESULTS AND DISCUSSION

In order to deplete mature miRNA levels in the later stages of erythroid development, EpoR-
Cre (Cre driven by the erythropoietin receptor promoter) mice [13] were bred with Dcr-flox/
flox animals [14] to generate EpoR-Cre-Dcr-deleted (hereafter referred to as Dcr-del)
mutants. In this model, Dicer is deleted downstream from the CFU-e/proerythroblast stage,
when erythropoietin receptor expression begins [13, 16]. Dcr-del mutants were viable, fertile
and born in the expected Mendelian ratio. PCR was used to verify Dicer deletion and Cre
expression (Fig. 1A). There was no evidence of anemia or reticulocytosis, suggesting that
loss of mature microRNAs in late erythroid development does not adversely affect
maturation or survival red cells at steady-state (Table 1). The only notable difference in
blood counts between Dcr-del and Cre-negative controls was a mildly elevated platelet
count in the Dcr-del animals. Although, statistically significant, the platelet counts of Dcr-
del animals are not outside the normal range. Comparison of Dicer mRNA expression
between non-deleted hematopoietic cells (lymphocytes) and mature erythroid subsets (Sup.
Fig. 1) reveals ~80% efficiency of Dicer ablation (Fig. 1B). The lack of an effect of late
erythroid Dicer ablation on maturation at homeostasis is not entirely unexpected, since it has
been reported that the expression of most miRNAs normally decline during erythroid
maturation [18]. Similar findings have been reported in C. elegans, where the majority of
single miRNA-deletion mutants did not have an appreciable phenotype [19]. Additionally,
deletion of the miR-144/451 cluster or miR-451 alone, has a minimal effect on steady-state
erythropoiesis and these miRNAs are the most highly expressed miRNA’s in late erythroid
cells. However, it is unclear whether the low level of residual Dicer-dependent miRNA
expression has any regulatory influence on terminal erythroid maturation.
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Despite the lack of a clear phenotype at steady-state, to test whether miRNASs primarily act
to regulate stress responses, we treated mice with PHZ (100mg/kg IP, single injection) to
induce hemolytic anemia. Dcr-del animals exhibited delayed recovery from anemia
compared to Cre-negative controls (Fig. 1C). We also observed a significantly decreased
total WBC count in Dcr-del animals compared to controls early after PHZ treatment (13.55
+2.48 vs. 26.1 + 3.35, p = 0.017, Fig. 1C). The increased WBC counts in normal mice post-
PHZ is primarily accounted for by increased lymphocytosis (9.54 + 0.34 before PHZ and
18.42 + 2.58 post-PHZ) and includes many nucleated red blood cells (RBCs), as we have
previously documented [16]. We attribute the difference in WBC between normal and Dcr-
del mice to the decreased output of nucleated erythroid cells. This finding together with the
curtailed circulating red cell output suggests an impaired compensatory response in Dcr-del
animals post-stress and supports the concept that in maturing red blood cells miRNASs
function to fine tune the stress response. To explore the effect of Dicer deletion in late
erythroid cells during chronic stress, we utilized a second model of stress hematopoiesis,
repeated treatment with 5-FU (100mg/kg IP, single injection weekly, repeated for 6 weeks)
at non-myeloablative doses. A more pronounced delay in erythroid recovery was seen (Fig.
2A) in Dcr-del mice. Unlike PHZ-treated animals, 5-FU treated Dcr-del remained
significantly anemic at the end of treatment and did not recover to baseline levels (Fig. 2A),
consistent with a selective, cumulative impairment in erythropoiesis. Dcr-del mice had a
decrease in total bone marrow cellularity compared to Cre-negative controls (Fig. 2C). This
was due to preferential depletion of the mature, Ter119+ erythroid pool (Fig. 2C). Detailed
analysis of erythroid subsets in the bone marrow by flow cytometry and staining for CD71
and Ter119 [20], reveals a decrease in CD71MTer119!° proerythroblasts (0.3 + 0.1% vs. 2.4
+0.79%) and CD71"Ter119" basophilic erythroblasts (1.62 + 0.37 vs. 12.64 + 4.41%) in
Dcr-del 5-FU treated animals compared to Cre-negative controls. These specific stages of
erythroid development may be the ones most susceptible to stress. It is of interest that the
frequency of progenitors (BFU-E or total CFU-C) in either the bone marrow or spleen of
Dcr-del mice were similar to controls after repeated 5-FU treatment (Fig. 2D), confirming
that the functional consequences of selective Dicer ablation in our model is restricted
specifically to terminally differentiating erythroid cells. Thus, our findings are in contrast to
mice with Dicer deletion in hematopoietic stem cells (HSCs), which have significantly
reduced BFU-e formation at homeostasis [2]. These data suggest that in differentiating
erythroid cells, miRNAs function primarily to regulate stress responses. Identification of the
specific miRNA regulated pathways during stress erythropoiesis remains to be determined.

It is important to emphasize, that in our model, miR-451 is not deleted, since it is processed
in a Dicer-independent manner [7, 8]. The primary defect in miR-451 knockout animals is
an impaired response to oxidative stress [10, 12]. This is a common theme among single
miRNA mutants, where significant phenotypes are only uncovered during stress conditions
[21-23]. However, despite the presence of mature miR-451, we do see a phenotype similar
to miR-451 loss, suggesting that other miRNAs besides miR-451 play a role in stress
erythropoiesis. It appears that the primary function of miRNAs in mature erythroid cells is to
regulate responses to stress by restoring homeostasis. The specific miRNASs that are
involved and their targets may be identifiable using RNA-seq. This novel mouse model can
be exploited to delineate mMiRNA function in late erythropoiesis, specifically under stress
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conditions either by combining our model with other genetic models of stress erythropoiesis
or performing miRNA/shRNA rescue screens to identify specific miRNAs/mRNAs that
restore the normal response to stress erythropoiesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Lymph Pro-/Baso-E Ortho-E/Retic

Characterization of EpoR-Cre-Dcr-del mice. A) Genomic DNA was isolated from tail snips
and presence of the Dicer flox/flox (Dcr-fl/fl), Dicer wild-type (Dcr-WT), iCre control (iCre
CTRL), and iCre alleles were determined by PCR. Asterisks represent mice homozygous for
the Dcr-fl/fl and positive for iCre. B) Real-time PCR of Dicer expression in lymphocytes
isolated from lymph nodes and maturing erythroid cells. Erythroid subsets were isolated
from PHZ-treated spleens by cell sorting using cell size and the markers CD44, Ter119, as
previously described [24] (Sup. Fig. 1). Dicer expression was determined using TagMan
assays and expression was normalized to 3-Actin. C) Dcr-del and Cre-negavie littermate

controls were treated with PHZ and peripheral blood counts were monitored.
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Impaired stress erythropoiesis in Dcr-del mice. A) Blood counts in Dcr-del and Cre-negative
littermate controls after weekly 5-FU injection. B) Total bone marrow cellularity and the
total number of bone marrow erythroid cells per femur. C) Percentage of erythroid subsets in
the bone marrow of Dcr-del and Cre-negative control animals after repeated 5-FU treatment.
R1 = CD71"/Ter119!°, R2 = CD71M/Ter119M R3 = CD71"/Ter119N. Asterisks represent
p < 0.05 as compared to equivalent erythroid subset in control Cre-negative mice. D) Total
CFU-C and BFU-e in bone marrow and spleen.
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Complete Blood Counts of wild-type and EpoR-Cre-Dcr-del mice

Table 1

WBC
RBC
HGB
HCT
MCvV
MCH
MCHC
RDW
PLTS

Cre-
11.35+0.22
9.93+0.27
14.39 + 0.46
52.96 +1.82
49.66 + 3.26
15.36 £ 0.91

2661
15.68 +1.27

872.58 + 47.23

Cret+
10.3+0.76
9.67 +0.15

13.95+0.12
53.14 £ 1.44
54.86 +0.99
1445+0.18
26.43 £0.65
17.94+0.12

1100.09 + 30.24

Ref Range

1.8-10.7
6.36-9.42

11-15.1
35.1-45.4
45.4-60.3
14.1-19.3
30.2-34.2

12.4-27
592-2972

p-Value

0.22
0.42
0.39
0.94
0.16
0.36
0.89
0.11
0.0007
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