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Abstract

Piwi proteins and their small non-coding RNA partners are involved in the maintenance of stem cell character and genome
integrity in the male germ cells of mammals. MIWI2, one of the mouse Piwi-like proteins, is expressed in the prepachytene
phase of spermatogenesis during the period of de novo methylation. Absence of this protein leads to meiotic defects and a
progressive loss of germ cells. There is an accumulation of evidence that Piwi proteins may be active in hematopoietic
tissues. Thus, MIWI2 may have a role in hematopoietic stem and/or progenitor cell self-renewal and differentiation, and
defects in MIWI2 may lead to abnormal hematopoiesis. MIWI2 mRNA can be detected in a mouse erythroblast cell line by
RNA-seq, and shRNA-mediated knockdown of this mRNA causes the cells to take on characteristics of differentiated
erythroid precursors. However, there are no detectable hematopoietic abnormalities in a MIWI2-deficient mouse model.
While subtle, non-statistically significant changes were noted in the hematopoietic function of mice without a functional
MIWI2 gene when compared to wild type mice, our results show that MIWI2 is not solely necessary for hematopoiesis within
the normal life span of a mouse.
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Introduction

Small, single-stranded RNA molecules of approximately 20–30

nucleotides (nt) have been discovered in a wide spectrum of species

[1–5]. In association with specific proteins, small non-coding

RNAs (ncRNAs) have been shown to be involved in transcrip-

tional regulation, chromatin structural organization and mRNA

stability. Several classes of small ncRNAs act as sequence guides

that direct members of the Argonaute protein family, and their

associated protein complexes, to partially or fully complementary

nucleic acids. The Argonaute family is divided into two major

clades: Ago proteins and Piwi proteins [6,7]. Micro RNAs

(miRNAs) and small inhibiting (siRNAs) associate with Ago

proteins to target mRNAs or viral genomes [1,2,7]. Piwi and its

associated RNAs (piRNAs) have less well-defined functions [1,2].

They are linked to the maintenance of stem cell character and

genome integrity [5], but the mechanisms by which they mediate

these effects are not completely understood.

Expression of Piwi proteins and piRNAs was thought to be

largely restricted to germ cells and further restricted in mammals

to male germ cells [1,3,8]. However, several lines of evidence have

suggested that they may be active in other cellular systems as well.

Traces of Piwi-like protein expression have been detected in

human CD34+ hematopoietic progenitor cells [9]. A 28-bp

piRNA-like small RNA is involved in the CpG methylation of

one of the killer Ig-like receptor (KIR) gene promoters in natural

killer (NK) cells [10]. Furthermore, expression of small RNAs with

piRNA-like features has been noted in various somatic tissues

[11,12].

The biological roles of piRNAs are likely diverse, as suggested

by the analysis of genomic mapping of annotated piRNAs. In

mice, piRNAs can be subdivided into pachytene and prepachytene

based on the timing of their expression during spermatogenesis.

Expression of prepachytene piRNAs can be detected at embryonic

day 16.5 (E16.5). Levels peak around the time of birth, and then

decrease; possibly forming a minor subpopulation in mature testis

[2,13]. Prepachytene piRNAs are largely derived from retro-

transposon sequences, and are believed to participate in silencing

of active retrotransposons either by cleavage of their transcripts or

by direct recruitment of epigenetic modifications [1–3,8,14]. In

contrast, pachytene piRNAs are derived from genomic regions

comprised of unique sequences that are devoid of retrotranspo-

sons. In the mouse, their expression begins around 14 days post

partum (dpp) and corresponds with the third phase of meiotic

prophase I. These piRNAs lack obvious complementary sites in

the genome, and their functions are obscure [1,2,4,14,15].

The ability of stem cells to self-renew is important in a variety of

biological systems including germ cells, and cells of the hemato-

poietic system. Argonaute proteins have a role in stem cell

maintenance in many widely divergent species [3,6,16], and this

has been most intensively investigated in the germ cells of

Drosophila, zebrafish and male mice. In Drosophila, PIWI is required

for the self-renewal of germ-line stem cells, and flies deficient in

PIWI show progressive differentiation of the germ cells without
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maintenance of the stem cell pool [16]. Interestingly, the functions

of PIWI are not dependent on its endonuclease activity, suggesting

that its functions are mediated by its participation in a larger

regulatory complex [17]. In the mouse, the Piwi clade has three

known functional members: MIWI (PIWIL1), MILI (PIWIL2),

and MIWI2 (PIWIL4). MIWI is expressed in the male gonads

during the pachytene stage of spermatogenesis, beginning 2 weeks

postnatally [13,18,19]. Male mice deficient in MIWI show arrest

of spermatogenesis at the beginning of the round spermatid stage

[6]. MILI is expressed in both male and female primordial germ

cells (PGCs) at E12.5, and its expression declines as germ cells

develop into mature gametes [8,13,18]. MIWI2 is expressed

briefly in the prepachytene stage of spermatogenesis, beginning at

E15.5 during the critical period of de novo methylation [7,8,13].

Male mice deficient in functional MIWI2 demonstrate meiotic

defects in prophase of meiosis I, followed by a progressive loss of

germ cells over time. These defects have been discovered in

association with activation of transposable elements that are

normally silent in developing germ cells [7]. Further study suggests

that in the case of MILI and MIWI2, the defects in spermato-

genesis are secondary to decreased de novo methylation of

transposable elements in the germline [8,13].

Given the role of Piwi proteins in the process of germ cell

development, it is possible that other stem cell populations have

similar regulatory mechanisms in place. Several biological systems

rely on the ability of pluripotent stem cells to self-renew and

differentiate. The hematopoietic cells – one of the most prolific

cellular systems in mammals – are a prominent example [20].

Data from the ENCODE project indicates expression of MIWI2

in mouse spleen and in mouse erythroleukemia (MEL) cells, with

minimal expression of MIWI and MILI [21,22]. The expression of

MIWI2 in blood cells and blood-forming tissues suggests a possible

role for Piwi proteins in hematopoiesis. To investigate this, we used

a cell culture model in which MIWI2 expression is knocked down

by shRNA, and a mouse model in which the animals lack a

functional MIWI2 gene to test the hypothesis that MIWI2

functions in hematopoietic stem and/or progenitor cell self-

renewal and differentiation, and that inactivation of MIWI2 results

in abnormal hematopoiesis. The results of these studies suggest an

effect of MIWI2 deficiency on erythroid differentiation in vitro.

However, an in vivo effect was not observed. While our findings

add to the mounting evidence for non-germ-cell functions of Piwi

proteins in mammals, they do not indicate that MIWI2 is required

for normal hematopoiesis.

Results

Tissue-specific expression of MIWI2 mRNA by RNA-seq
We searched for evidence of MIWI2 transcription in hemato-

poietic tissue by utilizing the publicly available RNA-seq datasets

from the ENCODE database on the UCSC Genome Browser

[21,22]. The density of RNA-seq mapped reads (signal) for spleen

and MEL cells were compared to the UCSC gene annotation of

MIWI2 (Figure 1). Uninduced MEL cells show a relatively strong

signal for MIWI2 mRNA transcription. This signal is decreased

upon induction of differentiation with dimethyl sulfoxide (DMSO).

Spleens from 8 week old mice show a weak but detectable signal as

well. Expression of MILI and MIWI by RNA-seq is either

extremely low or absent in MEL cells and adult spleen (not

shown).

MEL cells are Friend virus-transformed mouse erythroblasts

whose differentiation is blocked at a very early (CFU-E) stage.

MEL cells will proliferate indefinitely in their undifferentiated

state, but undergo erythroid differentiation when treated with

certain chemical agents such as DMSO [23,24]. Cells at the CFU-

E stage of erythropoiesis are exceedingly rare in the adult mouse

spleen, which is mostly populated with erythroid lineage precur-

sors at later stages of development. Upon treatment with DMSO,

MEL cells take on more differentiated characteristics which

resemble the red blood cell precursors of the adult spleen. Thus, it

is not surprising that induced MEL cells and adult spleen cells

show a similar pattern of MIWI2 mRNA expression.

shRNA-mediated knockdown of MIWI2 in MEL cells
Given the finding that RNA-seq identifies MIWI2 mRNA

expression in MEL cells, an in vitro model was designed to directly

probe the role of MIWI2 in MEL cell differentiation. We used

shRNA-expressing lentiviral constructs that specifically target the

MIWI2 mRNA for degradation by RNAi (Figure 2A). Knock-

down of MIWI2 drives differentiation of MEL cells with an

efficiency similar to that of DMSO (Figure 2B–D). The cells

become red, and show an increase in the expression of hemoglobin

as assayed by benzidine staining. They also demonstrate a several-

fold increase in expression of a- and ß-globin by qRT-PCR.

Lentiviral constructs expressing shRNAs targeting human MLH1,

as well as a non-silencing lentiviral construct using a scrambled

shRNA have no effect on MEL cells (not shown). Furthermore,

other MIWI2-specific shRNA constructs also induce differentia-

tion (not shown), indicating that the differentiation is a specific

effect of MIWI2 knockdown.

MIWI2-deficient Mouse Model
To study the effects of MIWI2 deficiency on hematopoiesis in

vivo, we made use of a previously developed knockout model in

which a targeting vector is inserted between exons 1 and 3 of the

MIWI2 gene, causing the deletion of exon 2 [8]. The mutant allele

is maintained on a C57BL/6J background. Mice lacking a

functional MIWI2 gene are designated as MIWI22/2 and wild

type controls as MIWI2+/+. The reports describing this knockout

model, and another similar model [7], did not note effects on any

tissue other than male germ cells. However, a subtle defect in

hematopoiesis might easily go unnoticed, particularly if it did not

cause overt anemia or immunodeficiency. For this reason we

designed studies that could detect slight defects in hematopoietic

lineages.

Effects of MIWI2 on Hemoglobin Composition in Mice
Given the finding that knockdown of MIWI2 increased

hemoglobin production in MEL cells (Figure 2), we evaluated

the effects of MIWI2 on the ability of mice to achieve a normal

adult hemoglobin profile. We compared hemoglobin types in

MIWI22/2 mice with those of MIWI2+/+ mice using high-

performance liquid chromatography. The various hemoglobin

molecules were identified based on their relative retention times

and quantified based on the area under the curve. No differences

in hemoglobin patterns were noted between the knockout and wild

type mice (Figure S1 in File S1).

Effect of Age on Hematopoiesis in MIWI2-Deficient Mice
As noted previously, loss of MIWI2 in male mice results in

failure of germ cells to differentiate properly, and additionally

leads to the gradual loss of germ cells over time [7]. Blood cell

development is a lifelong process, requiring constant replenish-

ment of lineage progenitors from the pool of HSCs. If MIWI2 has

a role in HSC maintenance similar to that in male germ cells, a

hematopoietic defect in MIWI22/2 mice might not be evident

until many cycles of differentiation and self-renewal have taken

MIWI2 Has No Effect on Hematopoiesis In Vivo
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place, causing the gradual appearance of measurable defects in

hematopoiesis as mice age. In order to investigate the longitudinal

effects of MIWI2 deficiency on the hematopoietic system, the

hematologic indices of MIWI22/2 mice were evaluated at

1 month, 3 months, 6 months, 8 months and 1 year of age, and

compared with MIWI2+/+ mice of the same age. The blood

indices were compared using a two-sample Wilcoxon rank sum

test (2-sided). No significant differences in WBC count, hemoglo-

Figure 1. Expression of MIWI2 in spleen and MEL cells. The top track shows the MIWI2 (PIWIL4) gene, as depicted by the UCSC Genes track on
the UCSC Genome Browser [21]. The gene itself is depicted in purple and its position on chromosome 9 in shown. Note the 39 untranslated region at
the far left. Below are ENCODE [22] data tracks representing RNA-seq signals from adult spleen (blue), uninduced MEL cells (red) and MEL cells
induced with 2% DMSO (green). Uninduced MEL cells show a relatively strong signal for MIWI2 when compared to the low – but present – signal in
induced MEL cells and spleen.
doi:10.1371/journal.pone.0082573.g001

Figure 2. Knockdown of MIWI2 mRNA by RNAi induces differentiation of MEL cells. [A] 48 h after infection of MEL cells with a lentiviral
vector expressing a shRNA specific for MIWI2, the level of MIWI2 mRNA is sharply lower. [B] Pelleted control MEL cells (left) and MEL cells 144 h post
infection with the MIWI2-specific shRNA lentiviral vector (right). The distinctly red color of the cells at right indicates erythroid differentiation with
hemoglobin expression. [C] Benzidine stained control MEL cells (left), MIWI2 shRNA knockdown cells 144 h after infection (center), and MEL cells
induced with DMSO for 144 h (right). Following staining with benzidine cells that express hemoglobin appear blue. [D] Expression of a-globin (Hga)
and ßmaj-globin (Hgb) mRNA in MEL cells 144 h after beginning knockdown of MIWI2 (top), or 144 h after beginning induction of terminal
differentiation with 2% DMSO (bottom). mRNA expression was measured by quantitative RT-PCR; levels are expressed relative to untreated MEL cells,
normalized to GAPDH control.
doi:10.1371/journal.pone.0082573.g002
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bin concentration, mean corpuscular volume or platelet count

were detected over time (Table S1 in File S1 and Figure 3).

However, MIWI22/2 mice showed a trend towards a higher

MCV at the 12-month time point that nearly reached statistical

significance (p = 0.07).

Effects of MIWI2 Deficiency on Hematopoietic Recovery
in Mice Following Sublethal Irradiation

As the system of continued blood cell development throughout

the life of an organism is a complex process, it is possible that

MIWI2 may act in a redundant fashion alongside other regulatory

elements. By exposing the hematopoietic system to stress in the form

of sublethal irradiation, subtle effects on hematopoietic regeneration

can be measured. To study the hematopoietic regenerative potential

of mice lacking MIWI2, X-irradiation was used to stress the mouse

hematopoietic system. MIWI2+/+ and MIWI22/2 mice (8–

12 weeks of age) were irradiated with 500cGy, a dose sufficient to

destroy the majority of hematopoietic progenitors, but leave enough

HSCs to allow spontaneous complete recovery of hematopoiesis

[25]. The hematologic indices of the mice were evaluated at 3 weeks

and 5 weeks after irradiation. At 3 weeks post-irradiation, there was

an overall trend towards a lower hemoglobin concentration, lower

MCV, lower platelet count, and lower WBC count in the MIWI22/

2 mice (Figure 4), but the differences did not reach statistical

significance. With the exception of the WBC count, these trends

were largely absent at 5 weeks post-irradiation. The MIWI22/2

mice continued to show a trend towards a lower WBC count at the

5 week post-irradiation time point, again not attaining statistical

significance.

Discussion

Hematopoiesis is a complex and dynamic process in which

multipotent HSCs are required to self-renew and – under the

proper stimuli – differentiate into a diverse population of

progenitor cells that ultimately give rise to the heterogeneous

mature peripheral blood cells [20,26]. Further complexity is added

because hematopoiesis is not a static system. Shifting demands for

various blood cell types must constantly be met, and regulatory

fine-tuning of this intricate system requires both cell autonomous

and non-autonomous factors from the HSC niche. Given the

parallels between male germ cells and HSCs with respect to self-

renewal and differentiation, and based on evidence that the

piRNA pathway is active in somatic cells, we sought to identify

abnormalities of blood cells deficient in MIWI2.

MIWI2 mRNA is transcribed in MEL cells, and knockdown of

MIWI2 in this hematopoietic cell line causes the same character-

istic changes seen in DMSO-induced differentiation, indicating

that MIWI2 has a functional role in hematopoiesis in vitro.

However, subsequent in vivo experiments failed to detect any

statistically significant differences in hematopoiesis when MIWI2 is

non-functional. When the hematopoietic system of mice is stressed

with sublethal irradiation, MIWI22/2 mice show a non-significant

trend toward slower recovery of all four blood indices at the

3 week post-irradiation time point when compared to irradiated

MIWI2+/+ mice. These results indicate that either the absence of

MIWI2 does not lead to a decreased ability to recover following

hematopoietic stress, or that the effect of MIWI2 deficiency is

mild. Our experiments also demonstrate that aged MIWI22/2

mice show a trend (also non-significant) towards a higher MCV

when compared with MIWI2+/+ controls (p = 0.07 at 12 months

of life). Elevated MCV can be a sign of stress erythropoiesis and is

seen as a downstream phenotype from various causes such as

nutritional deficiencies (folate and Vitamin B12) or aplastic

anemia. The lack of in vivo effects of MIWI2 deficiency on the

hematopoietic system suggest that while there may be a role for

MIWI2 in hematopoietic regulation – as suggested by the effects of

knockdown on MEL cells – this role is not critical to normal

hematopoiesis or to recovery following hematopoietic stress.

During the review of this paper, Nolde and colleagues published

their findings regarding the function of Piwi proteins in mouse

hematopoiesis. They established that hematopoietic function of

mice was intact, even in the setting of a triple knockout (MIWI,

MIWI2 & MILI) [27]. Nolde’s results support the interpretation of

our data that Piwi proteins are not essential to mouse hematopoi-

Figure 3. The effects of age on blood cell indices. C57BL/6J mice
were mated with mice harboring a heterozygous knockout of MIWI2.
Blood indices from homozygous knockout progeny (red circles) are
compared with wild type progeny (blue triangles) at 1, 3, 6, 8 and
12 months of life. The blood cell indices include [A] white blood cell
count, [B] hemoglobin concentration, [C] platelet count, and [D] mean
corpuscular volume. P-values are given for the 1 month and 12 month
time points.
doi:10.1371/journal.pone.0082573.g003
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Figure 4. The effects of sublethal irradiation on blood cell indices. C57BL/6J mice were mated with mice harboring a heterozygous knockout
of MIWI2. Mice were subjected to a sublethal dose of irradiation (500 cGy). Blood indices from homozygous knockout progeny (labeled ‘‘MIWI2
Knockout’’) are compared with wild type progeny at 3 weeks and 5 weeks post irradiation. The blood cell indices include [A] white blood cell count,
[B] hemoglobin concentration, [C] platelet count, and [D] mean corpuscular volume. P-values indicate the comparison between wild type and
knockout mice at the given time point.
doi:10.1371/journal.pone.0082573.g004
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esis in vivo. However, our finding that knockdown of MIWI2 in

MEL cells induces the cells to take on characteristics of

differentiated erythroid cells (Figure 2) brings to light the possibility

that Piwi proteins may have a role in erythroid differentiation.

Our results do not confirm a difference between the hemato-

poietic systems of MIWI22/2 and MIWI2+/+ mice, although we

note a global trend in all hematopoietic cell lines towards

decreased recovery at 3 weeks post-irradiation. A MEL cell model

produced a dramatic effect on differentiation, but the complexity

of hematopoiesis demands the use of an in vivo model and in this

model no statistically significant effects were apparent. Our

analysis was limited by the use of only two post-irradiation time

points and relatively small numbers (n: 4–9 in aging analysis at 1

and 12 months; n: 7–12 in sublethal irradiation analysis). As

hematopoietic recovery was well underway at 3 weeks post-

irradiation, a more substantial effect might have been appreciable

earlier in the recovery period. We conclude that an effect of

MIWI2 knockout on hematopoiesis – if there is any – is too subtle

to detect without the use of larger numbers of animals.

MIWI2 is expressed in differentiating hematopoietic cells. The

evidence that it is required for maintenance of undifferentiated

MEL cells, but not for normal hematopoiesis in vivo, leaves open

the question of what function it may have. While it is tempting to

speculate that a somatic function of MIWI2 may be redundant

with other Piwi proteins, expression of MIWI and MILI are absent

or extremely low in spleen and MEL cells. However, earlier studies

indicated that HIWI is highly expressed in human hematopoietic

stem cells, suggesting that it may function at earlier stages of

hematopoiesis. Further investigation will thus be required to clarify

the role of the Piwi-piRNA pathway in hematopoiesis.

Materials and Methods

Ethics Statement
All animal procedures were performed in strict accordance with

the policies set forth in the Children’s Hospital Oakland Research

Institute Animal Care and Use Handbook. The protocol was

approved by the Institutional Animal Care and Use Committee of

Children’s Hospital Oakland Research Institute (Animal Welfare

Assurance Number: A3631-01). Ear tag placement, tail clipping

and blood draws were performed under isoflurane anesthesia, and

all efforts were made to minimize suffering.

Mice
Mice with a heterozygous deficiency of MIWI2 (MIWI2+/2) [8]

were kindly provided by Haig Kazazian, and bred with C57BL/6J

mice in standard conditions to obtain homozygotes (MIWI22/2).

DNA Isolation and Genotyping
Samples for genotyping were obtained via tail clipping. DNA

was purified using QIAGEN DNeasy Blood and Tissue Kit. The

purified DNA was PCR amplified. The amplified product was

then run on a 1% agarose gel after being stained with ethidium

bromide. The wild type MIWI2 PCR product produces a band at

540 bp. The knockout PCR product produces a band at 300 bp.

Thus, by comparing the bands to a standard DNA ladder

MIWI2+/+, MIWI2+/2 and MIWI22/2 can be identified. The

primers are as follows: Miwi2-8AS (59-GTCCACCATCACCA-

GAAG-39), pPNT-1 (59-CCTACCCGGTAGAATTGACC-39),

Miwi2-int2 (59-AGTACCTTCCAAGTGGTG-39).

Blood Analysis
Blood samples (average volume of 75–100 mL) were obtained

from the submandibular venous plexus under general anesthesia.

The blood was processed in a PBS-based buffer (330 mOsmol and

pH 7.4) with EDTA as an anticoagulant. These samples were run

on the ADVIA 120 Hematology System (Siemens), providing

complete blood counts including counts of white blood cells, red

blood cells, and platelets; measurement of the hemoglobin

concentration as well as the mean corpuscular volumes.

Irradiation
Sublethal irradiation (500cGy of total body ionizing irradiation)

was administered (RADSource 2000, X-ray biological irradiator,

160 kV, 4.2 kW, 25 mA) to 8–12 week old mice. The hematologic

parameters of mice were then evaluated at 3 and 5 weeks post

irradiation.

Informatics Analysis
The MIWI2 gene was viewed on the Mouse July 2007

(NCBI37/mm9) Assembly in the UCSC Genome Browser [21].

Expression and Regulation tracks include 8 week old C57BL/6J

mouse spleen cells from the Cold Spring Harbor Laboratories

Long RNA-seq dataset and MEL cells (uninduced and induced)

from the PSU RNA-seq dataset. The cell lines were prepared and

processed as described on the UCSC Genome Browser website at

http://genome.ucsc.edu.

shRNA-mediated knockdown
293T packaging cells were co-transfected with lentiviral shRNA

vector targeting MIWI2 (Open Biosystems), and with pMD2 and

psPAX2 packaging vectors (Addgene). Medium was harvested and

supplemented with polybrene for lentiviral infection of MEL cells,

followed by selection in medium containing puromycin (1 mg/ml)

starting at 48 h as described [28]. Results presented are from three

or more independent experiments in which all studies described

were performed in triplicate; representative images are shown.

Infection with lentiviral vectors expressing shRNAs specific to

another mRNA (hMLH1) had no effect on MEL cells. Similarly, a

lentiviral vector expressing a scrambled shRNA (non-silencing)

had no effect on MEL cells. The MIWI2-specific shRNA

sequences can be found at http://www.thermoscientificbio.com/

shrna/trc-lentiviral-shrna/?term = PIWIL4&productId = 1961A1D

5-D4C1-4A23-A7D0-81D8B30525CB&sourceId = EG/143689.

Benzidine staining
Cells were suspended in 100 ml of PBS and 100 ml of benzidine.

Working solution containing 4 ml H2O2 was added to the

suspension, which was incubated at room temperature for

2 min. Cells were counted using a hemacytometer, or photo-

graphed on a glass slide.

Statistical Analysis
Statistical analysis was performed using the R software package

(version 2.14.1 for linux; Copyright 2011, The R Foundation for

Statistical Computing, Vienna, Austria). All p-values were

calculated using a two-sided Wilcoxon rank sum test.

Supporting Information

File S1 Supporting Documents. Figure S1. High-Perfor-

mance Liquid Chromatography of Peripheral Blood from Wild

Type and Homozygous MIWI2 Knockout Mice. Table S1. The

Effects of Age on Blood Cell Indices.

(DOCX)
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