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ABSTRACT

MicroRNAs (miRNAs) play important roles in directing the differentiation of cells down a variety of cell lineage pathways. The
planarian Schmidtea mediterranea can regenerate all lost body tissue after amputation due to a population of pluripotent
somatic stem cells called neoblasts, and is therefore an excellent model organism to study the roles of miRNAs in stem cell
function. Here, we use a combination of deep sequencing and bioinformatics to discover 66 new miRNAs in S. mediterranea.
We also identify 21 miRNAs that are specifically expressed in either sexual or asexual animals. Finally, we identified five
miRNAs whose expression is sensitive to y-irradiation, suggesting they are expressed in neoblasts or early neoblast progeny.
Together, these results increase the known repertoire of S. mediterranea miRNAs and identify numerous regulated miRNAs that

may play important roles in regeneration, homeostasis, neoblast function, and reproduction.
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INTRODUCTION

Planarians are an excellent and increasingly popular model
system for studying stem cell biology, as they have the abil-
ity to completely replace tissue lost after injury (Newmark
and Sanchez Alvarado 2002). This remarkable regenerative
capacity is made possible by the presence of a population of
pluripotent somatic stem cells called neoblasts that can give
rise to all cell types in the animal, including germ cells
(Baguna et al. 1989; Wang et al. 2007), and comprise ~30%
of the entire organism. In addition to being required for
regeneration, neoblasts are also essential for homeostasis
where they replace cells lost during normal tissue turnover.

Reprint requests to: Brenton R. Graveley, Department of Genetics and
Developmental Biology, University of Connecticut Stem Cell Institute,
University of Connecticut Health Center, 263 Farmington Avenue, Farm-
ington, CT 06030-3301, USA; e-mail: graveley@neuron.uchc.edu; fax:
(860) 679-8345; or Gene W. Yeo, Department of Cellular and Molecular
Medicine, Stem Cell Program, UCSD Moores Cancer Center, University of
California, San Diego, 9500 Gilman Drive, MC0695, La Jolla, CA 92037,
USA; e-mail:geneyeo@ucsd.edu, fax: (858) 822-3249.

Article published online ahead of print. Article and publication date are at
http://www.rnajournal.org/cgi/doi/10.1261/rna.1702009.

RNA (2009), 15:1483-1491. Published by Cold Spring Harbor Laboratory Press. Copyright © 2009 RNA Society.

The planarian species that is predominantly studied
and particularly amenable to molecular biology analysis is
Schmidtea mediterranea (Sanchez Alvarado 2006). Two
strains of S. mediterranea have been identified that differ
significantly in their mode of reproduction (Newmark and
Sanchez Alvarado 2002). One strain undergoes sexual
reproduction as cross-fertilizing hermaphrodites and devel-
ops both testes and ovaries. In contrast, the second strain
never develops reproductive organs but rather reproduces
by asexual fission. The only known genetic difference be-
tween these two strains is a chromosomal translocation
(Bagunia et al. 1999), although the precise loci involved are
unknown.

MicroRNAs (miRNAs) are small (~22 nucleotides [nt])
noncoding RNAs that regulate gene expression by base
pairing to mRNAs where they direct either mRNA cleavage
or translation repression (Eulalio et al. 2008). miRNAs
are generated from longer primary transcripts called pri-
miRNAs through a series of processing events (Kim 2005).
In the first step of miRNA synthesis, the stem—loop struc-
ture containing the miRNA is cleaved from the pri-miRNA
by the RNaselll enzyme Drosha and its cofactor DGCRS to
generate a pre-miRNA. The pre-miRNA is then exported
from the nucleus to the cytoplasm by exportin5 where it is
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further processed by a second RNaselll enzyme Dicer and
its cofactor TRBP. The mature miRNA is then loaded
onto an Argonaute protein (Agol, Ago2, Ago3, or Ago4 in
humans) where it then interacts with and regulates the
mRNA target.

We previously described the cloning and characteriza-
tion of 63 miRNAs from S. mediterranea (Palakodeti et al.
2006). As these miRNAs were identified using traditional
cloning and sequencing methods, these efforts were not
exhaustive and it is likely that additional miRNAs remained
to be identified in S. mediterranea. Here we use deep se-
quencing to further explore the diversity of S. mediterranea
miRNAs and their expression patterns. Specifically, we ex-
pand the miRNA repertoire of S. mediterranea and identify
66 new miRNA encoding loci. We also identify 21 miRNAs
that are expressed specifically in the sexual or asexual
strains and five miRNAs that decrease upon irradiation.
The regulated miRNAs are particularly intriguing as they
may play important roles in the development of reproduc-
tive organs, the control of reproductive fission, and regu-
lating the function of neoblasts or their progeny during re-
generation and homeostasis.

RESULTS AND DISCUSSION

Deep sequencing of planarian miRNAs

To identify additional S. mediterranea miRNAs we pre-
pared four small RNA libraries from RNA isolated from
nonirradiated sexual and asexual animals and from sexual
and asexual animals four days after +y-irradiation. FACS
analysis confirmed that the y-irradiation treatment signif-
icantly depleted the animals of both dividing (X1) and
nondividing (X2) neoblasts (Fig. 1A). Furthermore, RT-
PCR of the four RNA samples demonstrated that the
neoblast marker smedwi-1 (Reddien et al. 2005) was present
at significantly lower levels in the irradiated samples than in
the nonirradiated samples, while smed-actin was unaffected
by irradiation (Fig. 1B). As piRNAs are significantly more
abundant than miRNAs in S. mediterranea (Palakodeti
et al. 2008), we first gel purified RNAs between 18 nt and
28 nt in length to enrich the libraries for miRNAs. Each
library was sequenced in one lane of an Illumina Genome
Analyzer 1II for 36 cycles. We obtained 11,059,352 and
11,826,579 individual reads from the nonirradiated sex-
ual and asexual libraries, respectively, and an additional
9,343,092 and 10,703,240 individual reads from the irradi-
ated sexual and asexual libraries, respectively. A total of
19,635,184 of these reads were between 18 and 24 nt in
length.

Detailed analysis of the 18—-24 nt reads revealed that they
map to all 63 previously identified miRNA precursors.
However, our data suggests that three of the previously
reported miRNAs are not actual miRNAs. First, although
we obtained 9949 and 21,604 reads that perfectly aligned to
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FIGURE 1. Sample quality control. (A) FACS analysis to monitor the
neoblast population in untreated or +y-irradiated animals. The fold
change of the X1, X2, and Xins populations in the irradiated sample
compared with the untreated sample is graphed. The fold change of
the Xins population was arbitrarily set to a value of 1.0 and the values
for X1 and X2 adjusted accordingly. (B) Analysis of smedwi-1 mRNA
level. The level of smedwi-1 mRNA, a neoblast marker (Reddien et al.
2005), was analyzed using semiquantitative RT-PCR. As a control, a
parallel experiment was performed for smed-actin mRNA.

the mir-749 and mir-751 pre-miRNAs, respectively, the
boundaries of the reads on the predicted pre-miRNA
structure are inconsistent with that predicted for Drosha
and Dicer processing events (data not shown). Second, mir-
753 appears to correspond to a repetitive element as
it is present >520 times in the draft assembly of the
S. mediterranea genome. Thus, our current data suggest
that the previously reported miRNAs mir-749, mir-751,
and mir-753 (Palakodeti et al. 2006) are not authentic
miRNA encoding loci in S. mediterranea.

The sequencing data has also allowed us to more accu-
rately annotate the known miRNAs (Fig. 2A). For example,
in our initial study we obtained two sequences of different
lengths for mir-755 leading to the annotation of the mir-755
mature strand as either 18 or 20 nt in length (Palakodeti
et al. 2006). We have now obtained 27,268 reads that map
perfectly to the mir-755 pre-miRNA and analysis of the
most abundant reads that map to the 5" or 3’ stems (Fig. 2A)
suggests that the mature strand is actually 22 nt. Thus, the
deep sequencing has dramatically improved the annotation
of the known S. mediterranea miRNAs.

We have also utilized an algorithm called MIResque
(GW Yeo and S Aigner, unpubl.) to identify new miRNA
encoding loci from the deep-sequencing data (Table 1).
This algorithm analyzes sequence reads that have been
mapped to the genome, searches for clusters of reads, per-
forms RNA folding on the sequence encompassed by the
reads, and then assigns a score to the potential miRNA hair-
pin. The assigned score is derived from a regularized least-
squares classification algorithm designed to score unknown
miRNA hairpins given a positive set of known miRNA
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FIGURE 2. Deep sequencing of planarian miRNAs. (A) Alignment of sequence reads to pre-miR-755. The most frequently obtained mature,
loop, and miRNA* strand sequences are highlighted in red, blue, and green, respectively, and the number of total reads obtained for each sequence
are shown on the right. The location of these sequences on the secondary structure of the pre-miRNA is depicted below the alignment. (B)
Histograms of the MIResque scores for known human miRNAs, all S. mediterranea loci containing clusters of deep sequence reads, known S.
mediterranea miRNAs, and new S. mediterranea miRNAs identified in this study. The dotted line indicates the threshold at which a genomic
region is considered to be a candidate miRNA locus. (D) Northern blot validation of MIResque predicted miRNAs. The structure for each pre-

miRNA is shown on the right.

hairpins generated by deep sequencing. The classification
strategy encompasses highly characteristic structural and
sequence features of miRNAs and their precursors, such as
duplex quality, average length of the mature miRNAs, and
heterogeneity of the ends of the reads. MIResque utilized a
data set of deep-sequencing reads aligned to a subset of
known human miRNA hairpins as a training set. After
training, MIResque analyzed the remainder of the known
human miRNA hairpins and scored 98% (297/304) of these
above the threshold assigned for a new miRNA (Fig. 2B).
Interestingly, some of the poorly scored human miRNAs
are actually not miRNAs, but rather ribosomal RNA (GW
Yeo and S Aigner, unpubl.).

To identify as many new planarian miRNAs as possible,
we pooled the sequence data obtained from all four samples
and mapped them to the draft assembly of the S. medi-
terranea genome while allowing for up to two mismatches.
Of the 60 previously identified S. mediterranea miRNA loci
with sequence reads mapping to both the 5’ and 3’ stems,
57 (95%) scored above the threshold (Fig. 2B). Interest-
ingly, three miRNAs—I/et-7a, mir-Ic, and mir-754a—were
not scored by MIResque. First, mir-754a did not receive a
score because we only obtained reads that mapped to the
mature strand. Second, mir-Ic was not scored because
numerous reads were obtained whose 5’ ends mapped to
the beginning of the loop and the 3’ ends mapped in the
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middle of the mature strand, which is inconsistent with
Dicer processing. Finally, let-7a was not scored because the
pre-miRNA sequence is not present in the draft assembly of
the S. mediterranea genome even though several over-
lapping sequence reads containing the let-7a pre-miRNA
generated during sequencing of the genome are present in
the NCBI trace archives. Nonetheless, as we obtained 352,
54,437, and 654,138 reads for mir-754a, mir-Ic, and let-7a,
respectively, we believe that these are authentic miRNAs.
MIResque identified 200 hairpins that scored above the
miRNA threshold and had a total of at least 50 reads that
mapped to the pre-miRNA with up to two mismatches. As
MIResque was trained on human miRNAs, not planarian
miRNAs, we manually analyzed the predicted miRNA hair-
pins to assess whether they were actual miRNAs. This anal-
ysis eliminated 77 hairpins that clearly did not encode
miRNAs, but received high scores due to the number of
mapped reads and secondary structure. The discarded hair-
pins typically corresponded to highly expressed piRNA
clusters that fortuitously resembled miRNA hairpins and
for which 18-25 nt sequences were obtained due to partial
degradation of piRNAs (data not shown). As 57 of the
remaining 123 MIResque hairpins corresponded to pre-
viously known miRNAs, MIResque identified 66 new
pre-miRNA hairpins corresponding to 72 loci in the
S. mediterranea genome (Table 1). We have validated the
expression of seven of the new MIResque predicted
miRNAs by Northern blots (Figs. 2C, 3C). These results
suggest that most, if not all of the miRNA encoding loci
predicted by MIResque are in fact authentic. When com-
bined with the 60 previously identified miRNAs, we have

now identified a total of 126 distinct pre-miRNA hairpins
corresponding to 138 loci in the S. mediterranea genome
(Supplemental Table 1). Thirty-one of the new miRNA loci
encode miRNAs that belong to miRNA families present in
other species (e.g., mir-124d, mir-36b, etc.), while 41 of
these loci encode miRNAs that have only been identified
in S. mediterranea. Thus, S. mediterranea contains at least
48 miRNAs that are specifically found in planarians and 78
miRNAs that are members of evolutionarily conserved
miRNA families.

We previously described 6 miRNA clusters that contain
between two to four miRNAs (Palakodeti et al. 2006).
Analysis of the genomic coordinates of the newly identified
miRNAs revealed six additional miRNAs clusters—mir-
2148/mir-2177,  mir-mir-31b-2/mir-31b-3,  mir-747/mir-
2158, mir-36a/mir-36¢, mir-216/mir-2157, and mir-mir-2e/
mir-2f—where the miRNAs are located between 35 and
617 nt apart (Table 1). Thus, S. mediterranea contains
at least 12 miRNA clusters encoding a total of 28 miRNAs.

Strain-specific miRNA expression

We next examined whether the expression of any miRNAs
differed between the sexual and asexual strains. To do this,
we compared the relative abundance of each miRNA be-
tween the sexual and asexual libraries. While most miRNAs
were expressed at similar levels in each strain, we identified
21 miRNAs whose expression was significantly restricted
to either the sexual or asexual strains (Fig. 3). Eleven of
these miRNAs are expressed at least two- to threefold
higher in sexual animals than in asexual animals (Fig. 3A),

while the other 10 miRNAs are expressed

at least threefold higher in asexual ani-
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FIGURE 3. Strain-specific miRNA Expression. (A) MicroRNAs that are expressed at least
twofold higher in sexual animals than in asexual animals were identified, and the expression
ratios were log, transformed and depicted in heat map representation. (B) MicroRNAs that are
expressed at least twofold higher in asexual animals than in sexual animals were identified, and
the expression ratios were log, transformed and are depicted in heat map representation. (C)
Northern blots for mir-754b-1 and mir-2160-1 were performed with total RNA isolated from
intact (—) and irradiated (+) sexual and asexual animals. The microRNA mir-71c was used as a

probe to control for equal RNA loading.
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Table 2). Consistent with our sequence
data, the Northern blot experiments
show that mir-754b-1 and mir-2160-1
are indeed expressed in a strain-specific
manner, whereas mir-71c is expressed
equally in all samples (Fig. 3C). Inter-
estingly, the Northern blots also showed
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that mir-2160-1 is expressed higher in irradiated animals
than in nonirradiated animals (Fig. 3C, lanes 3,4), again
consistent with our sequencing data. Thus, these data
demonstrate that a subset of miRNAs are expressed in a
strain-specific manner.

Interestingly, the majority of the strain-specific miRNAs
are planarian-specific: only five of the 21 strain-specific
miRNAs are members of miRNA families that exist in other
organisms. Moreover, only one miRNA, mir-76, belonging
to a known miRNA family is expressed specifically in the
asexual strain. Thus, asexual animals express nine planarian-
specific miRNAs at much higher levels than sexual animals.
This raises the intriguing possibility that these miRNAs
participate in either repressing development of the repro-
ductive tissues or controlling reproductive fission, which
only occurs in asexual animals. Conversely, it is likely that
the miRNAs that are expressed specifically in the sexual
animals enhance the development of testes and ovaries or
repress fission.

Irradiation sensitive miRNAs

To identify miRNAs that may be expressed in neoblasts or
neoblast progeny and potentially play a role in stem cell
function we examined whether the expression of any
miRNAs was reduced upon irradiation. This analysis iden-
tified 5 miRNAs—Iet-7a, mir-71b, mir-756, mir-13, and
mir-752—that were reduced at least twofold upon irradi-
ation (Fig. 4). For example, let-7a was sequenced 266,326
times from nonirradiated asexual animals, but only 92,535
times from irradiated asexual animals (Supplemental Table 2).
Similarly, mir-13 was sequenced 2554 and 1257 times from
nonirradiated and irradiated asexual animals, respectively.
Consistent with the sequence results, Northern blot analysis
confirmed that the levels of let-7a and mir-13 decrease
upon irradiation, while the levels of a control miRNA,
bantam-a, were similar between all samples (Fig. 4B).
Intriguingly, at least one other member of the let-7 family
appears to be expressed in irradiation sensitive cells.
Specifically, our sequence data indicated that let-7b levels
decrease 1.5-fold upon irradiation (Supplemental Table 2)
and Northern blot experiments confirm this observation
(data not shown). These results demonstrate that the
expression of these miRNAs is sensitive to irradiation in
both sexual and asexual animals. Together, this suggests
that these miRNAs are expressed in either neoblasts or their
progeny and are strong candidates for miRNAs that are
involved in some aspect of stem cell function. It is im-
portant to note that the sequencing and Northern blot
experiments were all conducted 4 d after irradiation. Thus,
it is quite likely that the levels of other miRNAs will de-
crease at later time points.

Interestingly, mir-13, mir-71b, and mir-752 are contained
in a cluster that also contains mir-2d. Within this cluster,
mir-2d is located between mir-752 and mir-71b (Fig. 4C).
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FIGURE 4. Irradiation-sensitive miRNA Expression. (A) MicroRNAs
whose levels are reduced at least twofold after irradiation were
identified and the expression ratios were log, transformed and
depicted in heat map representation. (B) Northern blots for mir-13
and let-7a were performed with total RNA isolated from intact (—)
and irradiated (+) sexual and asexual animals. The microRNA
bantam-a was used as a probe to control for equal RNA loading.
(C) Schematic depiction of the organization of the mir-71b/mir-2d/
mir-752/mir-13 miRNA cluster (red, mature strand; blue * strand).

Surprisingly, while the expression of mir-13, mir-71b, and
mir-752 decreases at least twofold upon irradiation, the
levels of mir-2d does not change (1.08-fold decrease). This
suggests that the expression of the miRNAs in this cluster
may be individually regulated at a post-transcriptional step.

The observation that let-7a, and to a lesser extent let-7b,
is expressed in irradiation sensitive cells (most likely neo-
blasts) is intriguing, as let-7 has been linked to cellular
proliferation and differentiation in many organisms. In
Caenorhabditis elegans, let-7 is required for the terminal
differentiation of seam cells—in let-7 mutants, the seam
cells fail to exit the cell cycle and instead continue to
proliferate (Reinhart et al. 2000). Similarly, vertebrate let-7
has been shown to be involved in the differentiation of
embryonic and cancer stem cells. For example, let-7 ex-
pression is low in both cancer and embryonic stem cells
and becomes upregulated upon differentiation (Johnson
et al. 2005; Lee et al. 2005; Yu et al. 2007). Finally, ex-
pression of the let-7 family has been found to change
significantly during regeneration in the newt (Tsonis et al.
2007). Specifically, let-7 expression decreases during the
initiation of lens and inner ear hair cell regeneration that
involves dedifferentiation. Thus, in most organisms, let-7 is
expressed in differentiated cells, not in stem cells. While
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our data links let-7a expression to neoblast function, it is
not yet clear how let-7a functions in planarians. One
possibility is that rather than being involved in inducing
differentiation, in planarians let-7a could be expressed in
neoblasts where it functions to prevent differentiation. In
this case, neoblast differentiation would require let-7a
down-regulation. It is worth noting that we have not yet
identified a miRNA that perfectly matches the canonical
let-7a miRNA, which is 100% conserved in all other
metazoans (Pasquinelli et al. 2000); smed-let-7a differs by
5 nt from the cannonical let-7a (Palakodeti et al. 2006). On
the other hand, let-7a could function similarly in planarians
and other organisms where it acts to induce differentiation.
In this regard, we imagine that ler-7a would either be
transiently expressed in the neoblasts or the early neoblast
progeny (Eisenhoffer et al. 2008) to initiate differentiation,
but that its expression would decrease soon after differen-
tiation began. This scenario would explain the absence of
let-7a expression in both irradiated (Fig. 4) and smedwi-
2(RNAi) (data not shown) animals. Nonetheless, our re-
sults strongly suggest that let-7a plays an important role
in some aspect of neoblast function.

MATERIALS AND METHODS

Planarian cultures

The hermaphroditic sexual (Zayas et al. 2005) and asexual
(Sanchez Alvarado et al. 2002) strains of S. mediterranea used
for these experiments were provided by P. Newmark (University
of Illinois) and A. Sanchez-Alvarado (University of Utah). The
animals were maintained essentially as described (Cebria and
Newmark 2005) at 22°C in ddH,O supplemented with 1.6 mM
NaCl, 1.0 mM CaCl,, 1.0 mM MgSO,, 0.1 mM MgCl,, 0.1 mM
KCl, and 1.2 mM NaHCOs;, and fed homogenized organic beef
liver. All animals were starved 1 wk prior to experiments.

Small RNA cloning and sequencing

Libraries for the Illumina small RNA sequencing were constructed
using the Ilumina Small RNA Sample Prep Kit, essentially as
described by the manufacturer. Briefly, small RNAs of 18-28 nt in
length were gel-purified from 10 pg of total RNA isolated from
sexual and asexual animals that were either untreated or irradi-
ated. Eluted RNAs were successively ligated to 5’ and 3" adaptors
with RNA ligase and gel purified after each ligation step. RNAs
were reverse transcribed and the resultant cDNA amplified by
PCR for 16 cycles. PCR products were purified on a nondenatur-
ing acrylamide gel and sequenced for 36 cycles on the Illumina
Genome Analyzer II.

Small RNA genomic analysis

Sequences from the Illumina Genome Analyzer image files were
extracted using Firecrest and Bustard. Sequences were trimmed
for adaptor sequences and 18-25 base sequences were mapped to
the supercontigs of the draft S. mediterranea genome assembly
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(version 3.1) with Bowtie (Langmead et al. 2009). For the
MIResque analysis, the mapping was performed to identify reads
that map to the genome with up to two mismatches. To compare
the expression levels of all miRNAs, reads were only considered
that mapped perfectly to the pre-miRNA sequences. MIResque
is implemented as a combination of Perl scripts and Matlab code
for assigning scores to candidate miRNA hairpins (GW Yeo and
S Aigner, unpubl.).

v-Irridiation and FACS analysis

Animals were vy-irradiated with a cesium source essentially as
previously described (Palakodeti et al. 2008) except that the
animals were exposed to one 30-Gy dose and the animals analyzed
4 d later. FACS analysis of the neoblast populations were carried
out as previously described (Palakodeti et al. 2008) based on
earlier protocols (Reddien et al. 2005; Hayashi et al. 2006).
Planarians were cut into small pieces on ice in cold calcium,
magnesium-free medium (CMF) (15 mM HEPES, 400 mg/L
NaH,PO,, 800 mg/L NaCl, 1200 mg/L KCl, 800 mg/L NaHCOs3,
240 mg/L glucose [pH 7.3]) and washed twice with CMF. The
fragments were soaked in CMF containing 0.25% (w/v) Trypsin
(GIBCO) and 1% BSA (Fisher Scientific) at 20°C for ~60 min.
The fragments were then completely dissociated into single cells
by gentle pipetting. The cell mixture was sequentially filtered
through 40 pm and 20 pm nylon filters (Millipore). Cells were
collected by centrifugation, resuspended in fresh CMF supple-
mented with 1% BSA, 0.5 pg/mL Calcein AM (Sigma), and 10 g/
mL Hoescht 3342 (Sigma) and incubated at 20°C for 2 h. Finally,
2 pg/mL propidium iodide (Sigma) was added and the samples
were kept on ice for analysis with a LSR II flow cytometer
(Becton-Dickinson).

Northern blotting

Twenty miocrgrams of total RNA were resolved on a denaturing
polyacrylamide gel, transferred to nitrocellulose, and hybridized as
described previously (Palakodeti et al. 2006). Three 10-min post-
hybridization washes were performed at room temperature in 2X
SSC and 0.1% SDS. The membranes were then visualized with a
Cyclone PhosphorImager (Perkin-Elmer).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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