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ABSTRACT

In recent years, the planarian Schmidtea mediterranea has emerged as a tractable model system to study stem cell biology and
regeneration. MicroRNAs are small RNA species that control gene expression by modulating translational repression and
mRNA stability and have been implicated in the regulation of various cellular processes. Though recent studies have identified
several miRNAs in S. mediterranea, their expression in neoblast subpopulations and during regeneration has not been
examined. Here, we identify several miRNAs whose expression is enriched in different neoblast subpopulations and in
regenerating tissue at different time points in S. mediterranea. Some of these miRNAs were enriched within 3 h post-
amputation and may, therefore, play a role in wound healing and/or neoblast migration. Our results also revealed miRNAs,
such as sme-miR-2d-3p and the sme-miR-124 family, whose expression is enriched in the cephalic ganglia, are also expressed
in the brain primordium during CNS regeneration. These results provide new insight into the potential biological functions of
miRNAs in neoblasts and regeneration in planarians.
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INTRODUCTION

Planarians are fresh water invertebrates belonging to the phy-
lum Platyhelminthes. They share common traits such as
bilateral symmetry, triploblasticity, and encephalization with
metazoans. Additionally, planarians possess well-defined
anterior-posterior and dorsoventral axes. Planarians are
well known for their enormous regenerative ability—a tiny
body fragment can fully regenerate within a week. The regen-
erative prowess of planarians has been attributed to special-
ized pluripotent cells called neoblasts. Advances in cellular
and molecular techniques have helped reveal the mecha-
nisms that govern neoblast function and regeneration.
Following amputation or injuries, planarians respond by
wound healing, which involves wound closure by migration
of adjacent epithelial cells, followed by themigration and rap-
id proliferation of neoblasts to form an undifferentiated tis-
sue called blastema. The initial steps of regeneration also
involve selective loss of old cells near the wound region via
apoptosis, followed by remodeling of new and old tissues.

Wound healing and blastema formation take place within
2–3 d after amputation. The later stages of regeneration in-
volve repatterning of old and new tissues within 2 wk of
post-amputation, resulting in complete restoration of normal
morphology of the animal (Lobo et al. 2012). This complex
phenomenon is controlled by a variety of genes that code
for proteins involved in chromatin modifications, various
signaling pathways, and post-transcriptional regulatory pro-
cesses (Aboobaker et al. 2011; Reddien et al. 2011; King
and Newmark 2012). Recently Wenemoser et al. (2012)
have identified waves of gene expression profiles that peak
within 30 min following amputation and gradually taper
down by 24 h, indicating tight regulation of gene expression
during regeneration.
MicroRNAs are short noncoding RNAs (18–24 nt) that

play a major role in post-transcriptional gene regulation in
metazoans. They usually bind to sequences in the 3′ UTRs
of mRNAs and silence gene expression by either mRNA deg-
radation or translational repression. miRNAs are involved
in controlling diverse biological functions such as embryo-
genesis, development, and regeneration by fine tuning pro-
tein expression levels (Bartel et al. 2004). In a recent study,
knockdown of Smed-Ago, a key factor involved in miRNA/
siRNA biogenesis in planarians, led to a drastic reduction
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of the neoblast population and defects in regeneration, sug-
gesting a role of miRNAs/siRNAs in neoblast function and re-
generation (Rouhana et al. 2010; Li et al. 2011). Previous
studies have identified several miRNAs that are expressed
in neoblasts (Palakodeti et al. 2006; Friedländer et al. 2009;
Lu et al. 2009), but little is known about the differential ex-
pression of miRNAs in proliferating neoblasts and neoblast
progeny. Recently, Tian et al. (2012) and Qin et al. (2011)
identified several miRNAs that are enriched in 3-d regenerat-
ing tissues. However, a systematic analysis of miRNA expres-
sion in anterior and posterior regenerating tissues at various
time points has not been conducted.
Here, we studied miRNA expression in several purified

subpopulations of neoblasts and during regeneration in
Schmidtea mediterranea. Small RNA sequencing from various
FACS-sorted neoblast populations identified miRNAs whose
expression is enriched in proliferating neoblasts and neoblast
progeny. Sequencing of small RNAs throughout regeneration
revealed several miRNAs that are expressed within 3–24 h
post-amputation and miRNAs that are asymmetrically ex-
pressed during regeneration. For example, members of the
mir-124 family are up-regulated in anterior regenerating
tissue but not in posterior regenerating tissue. We also found
that the mature miRNAs from the sme-miR71b/miR2d/
miR752/miR13 miRNA cluster are differentially enriched in
proliferating neoblasts and neoblast progeny. These studies
suggest that the abundance of mature miRNAs from the
sme-miR71b/miR2d/miR752/miR13 miRNA cluster is post-
transcriptionally regulated. Together, these results highlight
miRNA-mediated post-transcriptional regulation as a key
regulator of gene expression involved in stem cell function
and regeneration in planarians.

RESULTS

Deep sequencing of small RNAs from regenerating
tissue and neoblast populations

Previous studies of planarian miRNAs have revealed several
strain- and neoblast-specific miRNAs. Most of these studies
involved comparing small RNA profiles between irradiated
and nonirradiated animals or isolating a mixture of prolifer-
ating neoblasts and neoblast progeny (Friedländer et al. 2009;
Lu et al. 2009). Thus, these studies lack information about
miRNA expression in different neoblast subpopulations,
which is essential to understand the function of miRNAs dur-
ing proliferation and differentiation. To compare miRNA
profiles in neoblast subpopulations, we FACS-separated pro-
liferating neoblasts (X1), neoblast progeny (X2), and dif-
ferentiated cells (Xins) using the methodology described
previously (Supplemental Fig. 1A; Resch et al. 2012). Total
RNAwas isolated from each of the cell populations, and small
RNA libraries were prepared. Systematic profiling of miRNAs
was also performed at 3 h, 6 h, 12 h, 24 h, 3 d, 5 d, and 7 d
after amputation from heads that were regenerating tails

(posterior regenerating tissue) and separately from tails that
were regenerating heads (anterior regenerating tissue) (Sup-
plemental Fig. 1B). These time points were selected so that
various regenerative processes, such as wound healing, neo-
blast proliferation, differentiation, and patterning were rep-
resented. Small RNA libraries were also prepared from
unamputated animals, which served as a baseline control
for miRNA expression levels. Deep sequencing of the small
RNA libraries was performed on an Illumina HiSeq 1000/
Illumina GAIIx. Consistent with previous studies (Palakodeti
et al. 2008; Friedländer et al. 2009), we observed two dis-
tinct small RNA populations, one of 18–24 nt representing
miRNAs and siRNAs, and a second of 31–32 nt representing
piRNAs. Since our focus here is on miRNA expression, all
subsequent analysis was restricted to the 18- to 24-nt popu-
lation. We obtained 50–55 million 18- to 24-nt reads from
the regenerating time point libraries and 2–3 million 18- to
24-nt reads from the FACS-purified cell population libraries
(Supplemental Fig. 1C). The raw reads were aligned to the S.
mediterranea draft genome using Bowtie (Langmead et al.
2009) without any mismatches. Approximately 80%–90%
of the total raw reads aligned to the S. mediterranea genome
(Supplemental Fig. 1C). The reads were also mapped to a da-
tabase of known S. mediterranea miRNAs (miRbase). Inter-
estingly, only 36%–40% of the reads obtained from the
neoblast populations aligned to known miRNAs, whereas
45%–55% of the reads obtained from the regenerating tissue
aligned to known miRNAs (Supplemental Fig. 1C). The
unaligned reads could be novel miRNAs, siRNAs, or degrada-
tion fragments of larger RNA species. We next used miR-
Deep2 (Friedländer et al. 2012) to identify novel miRNAs.
After filtering the miRDeep2 predicted list using a miRDeep2
score cutoff of +10 and a Randfold P-value cutoff of <0.05,
we identified 15 potential new miRNA loci. Of these, two
are new members of the sme-miR-754 and sme-miR-2182
miRNA families, while the 13 others appear to be novel pla-
narian-specific miRNAs (Supplemental Table1; Supplemen-
tal Fig. 4B). Only 0.01% of the aligned small RNA reads map
to the 15 new miRNA loci. The majority of the reads that
failed to map to the miRNAs aligned to regions of the ge-
nome to which piRNAs align, suggesting that these reads
could either be the degradation products of piRNAs or pro-
cessed products of piRNA precursors (data not shown).

miRNAs enriched in the X1, X2, and Xins
populations of S. mediterranea

Recent studies have identified miRNAs that are expressed in
neoblasts. These studies either compared miRNA expression
between irradiated and nonirradiated animals (Lu et al. 2009)
or examined miRNA expression in total neoblasts, which
included both the X1 and X2 cell subpopulations (Fried-
länder et al. 2009). However, neither study provided infor-
mation regarding miRNAs that are specifically enriched in
the X1, X2, and Xins subpopulations. To address this issue,
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we compared the relative abundance of miRNAs within the
X1, X2, and Xins subpopulations. Though most miRNAs
were expressed equally in all three cell populations, 61
miRNAs were enriched in one of the three populations.
Twenty-six miRNAs were expressed at least two- to threefold
higher in the X1 and/or X2 populations, and 35 miRNAs
were specifically enriched in the Xins cells (Fig. 1A; Sup-
plemental Table 2). Among the 26 X1- or X2-enriched
miRNAs, six were expressed two- to threefold higher in X1
cells, 10 were enriched in X2 cells, and the remaining 10
were enriched in both X1 and X2 cell populations (Fig. 1A;
Supplemental Table 2). Although biological replicates were
not generated for these data, significant differences in relative

miRNA abundance were detected between the X1, X2, and
Xins populations (P < 0.0001, ANOVA; P < 0.01, Tukey’s
HSD test: X1 vs. Xins and X2 vs. Xins). Our data also con-
firmed that nine of the 10 previously reported neoblast-spe-
cific miRNAs (Friedländer et al. 2009) were expressed in the
X1 and/or X2 populations. The remaining miRNA, sme-miR-
752, was detected in our data but was excluded from subse-
quent analysis due to the low number of read counts in
each population (X1:20, X2:32, and Xins:10).
Previously, it was reported that let-7a and let-7b were en-

riched in neoblasts (Friedländer et al. 2009; Lu et al. 2009).
Interestingly, our study revealed that let-7a and let-7b show
fold-change enrichment in the X2 population (X1: 1.004,
X2: 1.429, Xins: 0.56), which predominantly contains neo-
blast progeny rather than proliferating neoblasts (X1) and
differentiated cells (Xins). Neoblast progeny cells are G1-cy-
cling cells that could potentially differentiate into the progen-
itors. To test whether sme-let-7a expression is enriched in the
G1-cycling cells or the progenitors, we performed colocaliza-
tion studies on cell macerates using in situ probes for smedwi-
1 and agat-1, which are the markers for the neoblast popula-
tion and category 3 progenitors (Eisenhoffer et al. 2008), re-
spectively. Colocalization studies were also performed using
antibodies against H3PS10, which stains neoblasts in the
G2/M stage of the cell cycle. Our results clearly showed that
let-7a strongly colocalizes with H3P (69.32%) and smedwi-
1 (65.35%) compared to agat-1 (27.7%), confirming that
let-7a expression is more prevalent in neoblasts than in cate-
gory 3 progenitors (Fig. 1C; Supplemental Fig. 5). We ob-
served a slight discrepancy between the miRNA-seq and
whole animal macerate results for sme-let-7a expression in
the X1 and X2 populations. Analysis of miRNA-seq data re-
vealed a 1.4-fold enrichment of sme-let-7a in the X2 popula-
tion compared to X1, while the colocalization studies using
whole animal macerates indicated similar levels of sme-let-
7a expression in the X1 and X2 populations. Although we
cannot entirely explain the slight difference in these results,
we believe the incongruity may be attributed to subtle differ-
ences in the nature and sensitivity of the experiments. None-
theless, the results clearly show that sme-let-7a expression is
enriched in the neoblast population as opposed to progenitor
cells. Thus, the abundance of let-7a in the neoblast popula-
tion suggests a potential role for these miRNAs in neoblast
function.
It was previously reported that mature miRNAs from the

sme-miR-71b/2d/752/13 miRNA cluster were expressed in
neoblast populations (Friedländer et al. 2009; Lu et al.
2009). Interestingly, we found that miR-71b and miR-13
were enriched in both the X1 and X2 cell populations, while
sme-miR-2d-3p was enriched in the X2 population (Fig. 1A).
It is thought that miRNA clusters are expressed as a single
pri-miRNA transcript containing all of the miRNAs in the
cluster that are then processed by Drosha to generate multiple
pre-miRNAs (Baskerville and Bartel 2005). To demonstrate
the polycistronic nature of the sme-miR71b/miR2d/miR752/
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FIGURE 1. Neoblast enrichedmiRNAs. (A) miRNAs that are expressed
twofold higher in neoblasts (X1) and neoblast progeny (X2) compared
to differentiated cells (Xins) were identified, and the expression ratios
were log2 transformed and depicted as a heat map. (B) In situ hybridi-
zation showing expression of miRNAs in nonirradiated and irradiated
animals. The miRNAs sme-miR-7a (8/8), sme-miR-13 (8/8), sme-miR-
2d-3p (8/8), sme-miR-71b (8/8), and smedwi-1 (8/8) displayed mesen-
chymal staining. The expression of all the above-mentioned miRNAs
except sme-miR-71b was substantially reduced 3 d post-irradiation.
Smedwi-1 is a neoblast-specific gene used as a positive control for the
experiment. The scale bars indicate 500 µ. Numbers (x/x) indicate the
number of animals that showed similar staining patterns (numerator)
versus the total number of animals used for in situs (denominator).
(C) Histogram depicting the percentage of sme-let-7a positive cells
that colocalize with H3PS10, smedwi-1, and agat-1 cells. H3PS10 and
smedwi-1 stain neoblast cells, and agat-1 is a category 3 progenitor cell
marker. Error bars are calculated from the biological duplicates. (D)
RT-PCR shows expression of the miRNA cluster sme-miR71b/miR2d/
miR752/miR13. Minus RT is used as a negative control for RT-PCR.
Arrow mark shows the band on the agarose gel.
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miR13 cluster, we performed RT-PCR using primers that
amplify the miRNA cluster. This experiment generated an
∼500-bp fragment indicating that the sme-miR71b/miR2d/
miR752/miR13 cluster is indeed expressed as a polycistronic
precursor (Fig. 1D). Thus, the differential enrichment of
the individual miRNAs encoded in the sme-miR-71b/2d/
752/13 cluster in different cell populations suggests that ex-
pression levels of the individual miRNAs may be regulated
by differential processing by Drosha or Dicer. We performed
whole mount in situ hybridization using LNA oligonucleo-
tides to study the expression of miRNAs sme-miR-13, miR-
71b, and miR-2d-3p from the sme-miR-71b/2d/752/13 clus-
ter. In addition to the mesenchymal expression pattern, we
also observed expression of miR-13 and miR-2d-3p in germ-
line and CNS tissues, respectively (Supplemental Fig. 2A),
which confirmed differential processing of the sme-miR-
71b/2d/752/13 cluster. We observed a twofold enrichment
of sme-miR-124b in Xins cells indicating expression of this
miRNA in differentiated tissue (Fig. 2A). Sme-miR-124b
was previously shown to be expressed in the cephalic gangli-
on (González-Estévez et al. 2009; Pearson
et al. 2009), and our whole mount LNA
based in situ hybridization experiment
confirmed this expression pattern (Sup-
plemental Fig. 2C).
We performed in situ hybridization to

study the expression of sme-miR-1c and
sme-lin-4-3p, which we found to be en-
riched in Xins cells from our sequencing
data. Both sme-mir-1c and sme-lin-4-3p
are localized to the pharyngeal region,
though sme-lin4-3p is also expressed
in intestinal tissue (Fig. 2B). Since X1
and X2 cells are highly sensitive to
irradiation, miRNAs expressed in those
cells should be significantly reduced
upon irradiation, while miRNAs en-
riched in Xins cells remain unchanged.
Whole mount in situ hybridization re-
vealed that sme-let-7a, sme-miR-13, and
sme-miR-2d-3p were significantly re-
duced after irradiation confirming their
expression in neoblasts (Fig. 1B). In-
terestingly, although sme-mir-71b is ex-
pressed in the neoblast population, its
staining intensity does not decrease
upon irradiation (Fig. 1B). This is in
agreement with published data showing
unperturbed expression of sme-mir-71b
upon irradiation (Lu et al. 2009). Sme-
miR-124c, which is expressed in the
CNS, and Smedwi-1, which is used as a
neoblast marker, were included as nega-
tive and positive controls, respectively,
for these irradiation studies.

miRNAs enriched in regenerating tissue

To identify miRNAs enriched in regenerating tissue, we ex-
amined the small RNA sequence data obtained from the re-
generation time course described above. The fold-change in
the expression of each miRNA at each time point of regener-
ation was calculated with respect to the miRNA levels in in-
tact (nonregenerating) animals. For this analysis, only
miRNAs with >50 reads in one or more of the regeneration
time points were considered (Supplemental Table 3). For
each time point, we constructed a vector of the above-de-
scribed gene expression fold-changes across 191 miRNAs.
These vectors were used to assemble a matrix of correlation
coefficients between time points. This matrix was subjected
to hierarchical clustering along both axes. We observed
four distinct clusters. The first cluster consists of regeneration
time points from 3 h to 24 h for both anterior and posterior
regenerating tissues, with a particularly strong correlation be-
tween 3-h and 6-h anterior and posterior regenerating tissue.
This suggests that most of the miRNAs within these regener-
ation time points share a similar expression pattern, and

smed-mir-1csmed-mir-1csmed-mir-1csmed-mir-1c

smed-lin-4-3psmed-lin-4-3p smed-lin-4-3psmed-lin-4-3p

smed-miR-124smed-miR-124 smed-miR-124smed-miR-124nonirradiatednonirradiated

nonirradiatednonirradiated

nonirradiatednonirradiated irradiatedirradiated

irradiatedirradiated

irradiatedirradiated
CG CG

VNC VNC

P P

I
I

 sme-miR-125b 
 sme-miR-747-5p 
 sme-miR-2c-5p 
 sme-miR-1993* 
 sme-miR-96a 
 sme-miR-87d 
 sme-miR-87b-3p 
 sme-miR-277c 
 sme-miR-190a-3p 
 sme-miR-277d-3p 
 sme-miR-87b-5p 
 sme-miR-1c 
 sme-miR-61b-3p 
 sme-miR-1a 
 sme-miR-124b 
 sme-miR-277a 
 sme-miR-281-3p 
 sme-miR-2151 
 sme-let-7b* 
 sme-miR-9a 
 sme-lin-4-3p 
 sme-miR-61a 
 sme-miR-7c 
 sme-miR-315 
 sme-miR-96b 
 sme-miR-277b-3p 
 sme-miR-748 
 sme-miR-10a-5p 
 sme-miR-1b 
 sme-miR-755-5p 
 sme-miR-750-3p 
 sme-miR-2154 
 sme-miR-751 
 sme-miR-755-3p 
 sme-miR-1175* 

X1 X2 XinsA B

 
-
3
.
0
0
 

 
-
2
.
0
0
 

 
-
1
.
0
0
 

 
0
.
0
0
 

 
1
.
0
0
 

 
2
.
0
0
 

 
3
.
0
0
 

FIGURE 2. miRNAs enriched in differentiated cells. (A) miRNAs that are expressed twofold
higher in differentiated cells (Xins) compared to neoblasts (X1) and neoblast progeny (X2)
were identified, and the expression ratios were log2 transformed and depicted as a heat map.
(B) In situ hybridization showing the expression of miRNAs in irradiated and nonirradiated an-
imals. The miRNA sme-miR-124c (8/8) is expressed in the cephalic ganglion (CG) and ventral
nerve cord (VNC). sme-miR-lin4-3p (4/4) is expressed in the intestine (I) and pharynx (P) where-
as sme-miR-1c (8/8) expression is restricted to the pharynx (P). Numbers (x/x) indicate the num-
ber of animals that showed similar staining patterns (numerator) versus the total number of
animals used for in situs (denominator).
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some might be essential during the initial stages of regenera-
tion such as wound healing and neoblast migration. A second
cluster includes the 5-d and 7-d posterior regenerating tissue,
and a third cluster comprises the 5-d and 7-d anterior re-
generating tissues. miRNAs within these clusters might be
essential for later stages of regeneration such as lineage spec-
ification and tissue formation (Supplemental Fig. 4A). These
also support the assertion that distinction between anterior
and posterior regeneration establishes itself during the later
stages of regeneration and that this can be observed from
the expression profiles of miRNAs.

Next, we classified miRNA expression
according to patterns of enrichment or
depletion across the regeneration time
points outlined above. Relative miRNA
abundance was used to calculate fold-
change expression of miRNA across all
time points from regenerating tissue
compared to intact (nonregenerating)
tissue. Fold-change enrichment for the
miRNAs in regenerating tissue was calcu-
lated as the ratio between the normalized
reads for each miRNA from the regener-
ating tissue at a specific time point and
the normalized reads for that miRNA in
intact animals. Fold-change values were
used to classify miRNAs into the follow-
ing three categories using hierarchical
clustering: (1) miRNAs that were en-
riched or depleted in the regenerating
tissue at all time points during regenera-
tion; (2) miRNAs that were enriched
during the initial time points (3–24 h)
of regeneration; and (3) miRNAs en-
riched during later time points in re-
generation (3–7 d). We identified 53
miRNAs that belong to category 1, 30
of which showed increased expression
and 23 that showed decreased expression
in both the anterior and posterior regen-
erating samples at all time points com-
pared to intact animals (Supplemental
Fig. 2A). The miRNAs that were up-reg-
ulated at all time points may have roles
in wound healing, neoblast prolifera-
tion, differentiation, and repatterning of
the blastema. In contrast, miRNAs that
were down-regulated at all time points
may play a role in homeostasis rather
than regeneration. In category 2, we
identified 20 miRNAs that were enriched
within 3–24-h time points following am-
putation and showed similar patterns of
expression for both anterior and posteri-
or regenerating samples (Fig. 3A). These

miRNAsmay play a role in wound healing, the initial phase of
neoblast proliferation, or blastema formation. Among the 20
miRNAs in this category, seven were up-regulated approxi-
mately greater than twofold at 3 h and 6 h following ampu-
tation (Fig. 3A). Recent studies have shown that wound
healing is initiated within 30 min of injury or amputation,
which is followed by the migration of neoblasts to the site
of injury (Wenemoser and Reddien 2010; Wenemoser et al.
2012). Thus, the miRNAs that are up-regulated at 3 h and
6 h following amputation are the best candidates for
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FIGURE 3. miRNAs enriched in the regenerating tissue 3–24 h post-amputation. (A) Heat map
showing miRNAs enriched greater than twofold during the initial phase of regeneration (3–24 h)
in both anterior and posterior regenerating blastema. The heat map indicates log2 fold-change in
expression of miRNAs in the regenerative blastema compared to intact animals. (B) Histogram
depicting the fold-change in expression of sme-miR-2169-5p 3h and 3d post-amputation in
both posterior (top) and anterior (bottom) regenerating blastema as monitored by qRT-PCR.
Error bars are calculated from the biological duplicates. (C) In situ hybridization analysis of
the expression of sme-mir-2169-5p in regenerating tissue. Sme-miR-2169-5p (6/8) is most abun-
dantly expressed in both the anterior and posterior regenerating blastema 3 h and 6 h post-am-
putation. Arrows indicate the regenerating blastema. Numbers (x/x) indicate the number of
animals that showed similar staining patterns at each time point (numerator) versus the number
of animals used for in situs at each time point (denominator).
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investigating the role of miRNAs in wound healing and neo-
blast migration. Among miRNAs classified as category 3, we
identified 22 candidates where miRNAs are expressed in the
blastema at later stages of regeneration, 3–7 d post-amputa-
tion (Fig. 4A). Interestingly, category 3 miRNAs were pre-
dominantly expressed in anterior regenerating tissue, with
the exception of sme-miR-96a, sme-miR-96b, and sme-miR-
2d-3p that were enriched by 1.7-fold in the blastema of pos-
terior regenerating tissue (Fig. 4A). Consistent with previous
studies showing that sme-miR-124c and sme-miR-124b are

expressed in the CNS, we found that ex-
pression of the miR-124 family (miR-
124a, miR-124b, miR-124c, and miR-
124e) was enriched in the anterior re-
generating tissue 3–7 d following ampu-
tation (Fig. 4A), suggesting a possible
role in CNS development. Statistical sig-
nificance of the expression of category 2
and 3 miRNAs was evaluated using
DESeq (Anders and Huber 2010) and
EgdeR (Robinson et al. 2010). Due to
the absence of biological replicates, we
considered regeneration time points
from category 2 and 3 miRNAs that
showed strong correlation (3 h, 6 h [r =
0.89; Pearson’s correlation coefficient],
and 5 d, 7 d [r = 0.91; Pearson’s correla-
tion coefficient] from anterior regenerat-
ing tissue) as proxies for biological
replicates to calculate significance. The
majority of miRNAs classified as category
2 (miRNAs enriched during the initial
stages of regeneration; 17/20) and catego-
ry 3 (miRNAs enriched during the later
stages of regeneration; 22/22) based on
our fold-change analysis also appear to
be significantly differentially expressed
(P < 0.05; corrected for multiple hypoth-
esis testing) according to our DESeq and
EdgeR analysis (Supplemental Table 4).

We also analyzed the expression of
mature miRNAs derived from the sme-
miR-71b/2d/752/13 cluster at various re-
generation time points. Interestingly,
we found that sme-miR-13, sme-miR-
2d-5p, and sme-miR-752-5p expression
is up-regulated in the blastema during
all time points of regeneration (category
1) in both anterior and posterior regen-
erating tissue (Supplemental Fig. 3A),
while sme-miR-2d-3p is expressed only
in the blastema of anterior regenerating
tissue 3–7 d post-amputation (Fig. 4A).
It is interesting that both sme-miR-2d-
3p and sme-miR-2d-5p, which are de-

rived from the same precursor, are enriched in regenerating
tissue at different time points during regeneration.
Recently, Qin et al. (2011) identified eight miRNAs that

were enriched ≥1.3-fold and five miRNAs that were depleted
≥1.3-fold in regenerating tissue 3 d post-amputation. Four of
the miRNAs identified by Qin et al. (sme-miR-13, sme-miR-
2d-3p, sme-miR-745, and sme-miR-748) were also observed
to be differentially expressed in our study. The remaining
four miRNAs were not detected by our analysis, and this dif-
ference may be attributed to the fact that Qin et al. (2011)

 P
R

_3
h 

 P
R

_6
h 

 P
R

_1
2h

 
 P

R
_2

4h
 

 P
R

_3
da

y 
 P

R
_5

da
y 

 P
R

_7
da

y 
 A

R
_3

h 
 A

R
_6

h 
 A

R
_1

2h
 

 A
R

_2
4h

 
 A

R
_3

da
y 

 A
R

_5
da

y 
 A

R
_7

da
y 

 sme-miR-2148* 
 sme-miR-124c-1 
 sme-miR-124c 
 sme-miR-124c-1* 
 sme-miR-2206-3p 
 sme-miR-746-3p 
 sme-miR-36a* 
 sme-miR-87b-3p 
 sme-miR-2d-3p 
 sme-miR-96a 
 sme-miR-96b 
 sme-miR-8a 
 sme-miR-2177-3p 
 sme-miR-124e 
 sme-miR-2148 
 sme-miR-124c-2* 
 sme-miR-2163-3p 
 sme-miR-2149-3p 
 sme-miR-1992-3p 
 sme-miR-2149-5p 
 sme-miR-124b 
 sme-miR-124a 

A B

C
sme-miR-124c12hr sme-miR-124c12hr

sme-miR-124c24hr sme-miR-124c24hr

sme-miR-124c3day

sme-miR-124c7day

sme-miR-124c3day

7day sme-miR-124c

sme-miR-124c5day 5day sme-miR-124c

 
-
3
.
0
0
 

 
-
2
.
0
0
 

 
-
1
.
0
0
 

 
0
.
0
0
 

 
1
.
0
0
 

 
2
.
0
0
 

 
3
.
0
0
 

Posterior regenerating tissue

Anterior regenerating tissue

Fo
ld

 c
ha

ng
e

AR- Anterior regenerating tissue

PR- Posterior regenerating tissue

sme-miR-124c

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

3h 3day

Fo
ld

 c
ha

ng
e 0.8

0.9
1.0

7day

0
1
2
3
4
5
6
7

3h 3day 7day

sme-miR-124c

FIGURE 4. miRNAs enriched at late stages of regeneration. (A) Heat map showing miRNAs that
were enriched greater than twofold 3–7 d post-amputation in both anterior and posterior regen-
erating blastema. The heat map displays the log2 fold-change of miRNA expression in the regen-
erative blastema compared to intact animals. (B) Histogram shows the fold-change of sme-miR-
124c expression 3 h, 3 d, and 7 d post-amputation in anterior (top) and posterior (bottom) regen-
erating blastema based on the qRT-PCR results. Error bars are calculated from the biological du-
plicates. (C) In situ hybridization showing expression of sme-miR-124c (5/5) in regenerating
animals. Sme-miR-124c is expressed in the regenerating cephalic ganglion 3 d post-amputation
in anterior regenerating tissue. Arrows represent the regenerating cephalic ganglion. Numbers
(x/x) indicate the number of animals that showed similar staining patterns at each time point (nu-
merator) versus the number of animals used for in situs at each time point (denominator).

Neoblast- and regeneration-specific miRNAs in planaria

www.rnajournal.org 1399



profiled miRNAs from a mixture of both anterior and poste-
rior regenerating tissue or that different thresholds were used
to classify miRNAs as differentially expressed.

We validated our sequencing data using real time qRT-
PCR and LNA-based in situ hybridizations to detect mature
miRNAs. We used qRT-PCR to validate expression of sme-
miR-2169-5p, which was 2.5-fold up-regulated at 3 h post-
amputation and 2.5-fold down-regulated at 3 d post-amputa-
tion in posterior regenerating tissue. In anterior regenerating
tissue, sme-miR-2169-5p was 1.6-fold up-regulated and five-
fold down-regulated 3 h and 3 d post-amputation, respective-
ly (Fig. 3B). We observed a strong correlation between the
sequencing and qRT-PCR results for sme-miR-2152, which
was up-regulated at least twofold at all time points post-
amputation in both anterior and posterior regenerating tis-
sues (Supplemental Fig. 3B). We validated the expression
of sme-miR-124c, which was up-regulated at least 3.5-fold
3 d and 7 d post-amputation in anterior regenerating tissue.
In posterior regenerating tissue, sme-miR-124c was down-
regulated at all time points (3 h, 6 h, 3 d, and 7 d) as in the
sequencing data (Fig. 4B). We also verified expression of
sme-miR-2152, sme-miR-2169-5p, sme-miR124c, and sme-
miR-2d-3p by LNA-based in situ hybridization. Sme-miR-
2152 was highly and ubiquitously expressed at all time points
in regenerating animals and showed weak expression in in-
tact animals (Supplemental Fig. 3C). Sme-miR-2169-5p ex-
pression was up-regulated at 3 h and 6 h post-amputation
in both anterior and posterior regenerating tissues. Most of
the sme-miR-2169-5p expression was restricted to the blas-
tema and gradually decreased in expression from 3 h to 7 d
post-amputation (Fig. 3C). Sme-miR-124c is known to be ex-
pressed in the CNS, and we observed expression in the blas-
tema of anterior regenerating tissue beginning 3 d post-
amputation in the primordial brain, and by day 7 expression
was distributed throughout the cephalic ganglion and ventral
nerve cord (Fig. 4C). Sme-miR-2d-3p, which was previously
shown to be expressed in neoblast populations, was also ex-
pressed in anterior regenerating tissue in the cephalic gangli-
on 3 d post-amputation (Supplemental Fig. 2B). These data
suggest a possible role of the miR-124 family and sme-miR-
2d-3p in planarian CNS regeneration.

DISCUSSION

Several miRNAs are differentially enriched
in neoblast subpopulations

Neoblasts are pluripotent cells that constitute 30% of the pla-
narian cell population. They are extremely sensitive to irradi-
ation and are characterized by dense nuclei and little
cytoplasm. Recent transplantation studies revealed that a sin-
gle clonogenic neoblast is sufficient to rescue irradiated ani-
mals demonstrating neoblast pluripotency (Wagner et al.
2011). Several groups have developed FACS-basedmethodol-
ogies to isolate different cell populations into the following

three categories based on nuclear density and sensitivity to
irradiation: X1 cells that primarily consist of proliferating
neoblasts (∼90%); X2 cells comprised of a heterogeneous
mixture of neoblast progeny (∼70%) and early and late pro-
genitors (∼30%); and Xins cells that mostly consist of termi-
nally differentiated cells (Hayashi et al. 2006; Eisenhoffer
et al. 2008). Comparative transcriptome analyses have iden-
tified several genes that are commonly expressed in planarian
neoblasts and embryonic stem cells from higher metazoans,
suggesting that the pathways that regulate or confer pluripo-
tency may be highly conserved (Labbé et al. 2012; Onal et al.
2012; Resch et al. 2012; Solana et al. 2012). Recent studies
based on small RNA sequencing from irradiated animals
and from neoblast populations identified miRNAs that are
specifically enriched in neoblasts (Friedländer et al. 2009;
Lu et al. 2009). A limitation of these studies is that they did
not identify miRNAs that are specifically enriched in the
X1, X2, and Xins cell populations. Here, we sequenced small
RNA libraries prepared from purified X1, X2, and Xins
cell populations to identify a set of miRNAs that are differen-
tially expressed across these cell populations. Previous studies
identified 10 miRNAs (sme-let7a, sme-let7b, sme-miR-36b,
sme-miR-2a, sme-miR-2d-3p, sme-miR-13, sme-miR-71b,
sme-miR-752, sme-miR-756, and sme-miR-2160) whose ex-
pression was enriched in neoblasts (Friedländer et al. 2009;
Lu et al. 2009). The results reported here reconfirmed the
enrichment of these 10 miRNAs in neoblasts and identified
17 additional neoblast-enriched miRNAs. Furthermore,
our data revealed that these 27 miRNAs are specifically en-
riched in the X1 and/or X2 populations. For instance, sme-
let7a, sme-let7b, sme-miR-2d-3p, sme-miR-756, and sme-
miR-2160 are specifically enriched in the X2 population
(Fig. 1A). The X2 population predominantly consists of neo-
blast progeny, which are the G1 cycling neoblast cells that
could potentially differentiate into progenitors. Since the X2
population is a heterogeneous population consisting of neo-
blasts and progenitors, there is a possibility that sme-let-7a
might either be expressed in neoblasts or progenitor cells.
To resolve the issue of let-7a expression, we performed colo-
calization studies for let-7a on the cell macerates expressing
smedwi-1, which is expressed in neoblasts, agat-1, which is
a category 3 progenitor marker, and H3PS10, which stains
G2/M cycling neoblasts. Our results clearly demonstrated
that, unlike in mammals, sme-let-7a is enriched in neoblasts
rather than progenitor cells (Fig. 1C). Nonetheless, it is
important to note that agat-1- expressing progenitors consti-
tute only a few among several characterized neoblast progen-
itors. Currently, we cannot rule out the possibility that sme-
let-7a is expressed in other progenitor cell types that were
not investigated in this study. We also observed enrichment
of sme-miR-71b, sme-miR-36b, sme-miR-2a, and sme-miR-
13 in both the X1 and X2 cell populations (Fig. 1A), suggest-
ing a possible role in neoblast maintenance and transforma-
tion of proliferating neoblasts to neoblast progeny during
differentiation.
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It has been reported that miRNAs from the same cluster
are coexpressed and coordinately regulate cellular pathways
(Xu and Wong 2008; Kim et al. 2009). However, our re-
sults showed that while the sme-miR-13/71b/2d/752 cluster
is expressed as a single polycistronic transcript, the mature
miRNAs are differentially enriched in either the X1 or X2
populations (Fig. 1A). Interestingly, in situ hybridization
revealed that the mature miRNAs from the sme-miR-13/
71b/2d/752 cluster are expressed in different tissue types in
addition to their expression in mesenchymal tissue (Supple-
mental Fig. 2A). Since the X1 and X2 populations are ex-
tremely sensitive to irradiation, miRNAs expressed in these
populations should show coordinately decreased expression
upon irradiation. Although the levels of most miRNAs ex-
pressed in the X1 and X2 cells decreased after irradiation,
the levels of sme-miR-71b surprisingly showed very little
change (Fig. 1A,B). Together, these results suggest that the
abundance of the mature miRNAs from the sme-miR-13/
71b/2d/752 cluster is regulated post-transcriptionally. A sim-
ilar observation was recently reported in Drosophila by Rya-
zansky et al. (2011), where the individual mature miRNAs
from a single cluster showed different expression profiles
from one another.

miRNAs show distinct expression patterns
during regeneration

Regeneration in planarians is characterized by cellular events
such as wound healing, neoblast proliferation, differentiation,
and repatterning to regenerate complete animals or lost tis-
sues. Recently, Wenemoser et al. (2012) identified four cate-
gories of wound-induced gene expression patterns, which
differ in their timing and location of expression. They also
identified waves of gene expression, where the first wave
(W1) of expression is initiated within 30min of injury and ta-
pers down within 24 h post-injury. Most of the W1 genes
show homology with immediate early response genes in
mammals. The second and third waves of gene expression
peak 6–12 h post-injury and are essential for neoblast pro-
liferation and regeneration. Wenemoser and Reddien (2010)
also reported that neoblast proliferation during regenera-
tion happens in two phases: phase one is initiated immediate-
ly after wound healing and decreases 24 h post-amputation,
and phase two is characterized by neoblast proliferation
(essential for regeneration and growth of the blastema) and
occurs 3 d post-amputation. These studies suggest that tran-
scriptional and post-transcriptional regulation of gene ex-
pression is essential for regeneration and neoblast function.
Though several genes and pathways that regulate neoblast
proliferation and differentiation have been identified, the
key signals that drive neoblasts to differentiate into specific
tissues and organs are not known. Recent studies have re-
vealed expression of miRNAs in regenerating animals, but a
comprehensive analysis of miRNA expression in regenerating
tissue at different time points has not been conducted (Qin

et al. 2011; Tian et al. 2012; Xu et al. 2013). In the current
study, we have performed deep sequencing of small RNA
libraries prepared from regenerating tissue at various re-
generation time points and detected several miRNAs that
showed temporal expression in anterior and posterior regen-
erating tissue. Computational analysis identified miRNAs en-
riched between 3 and 24 h post-amputation (category 2
miRNAs) in both anterior and posterior regenerating tissue.
ThesemiRNAs resemble theW1 category of genes in their ex-
pression pattern and might be involved in wound healing,
neoblast migration, and the initial phase of neoblast prolifer-
ation. In contrast, category 3 miRNA expression is observed 3
d post-amputation and is sustained throughout regeneration.
Interestingly, this expression pattern is only observed in an-
terior regenerating tissue. Several of the miRNAs that display
this expression pattern are members of the miR-124 family
which is known to be expressed in the CNS and may, there-
fore, play a role in CNS regeneration. In contrast to what was
observed in vertebrates, recent studies in Drosophila revealed
a role for miR-124 in the proliferation of neuroblasts rather
than differentiation (Weng and Cohen 2012). The expression
of miR-124 3 d post-amputation specifically in the brain
primordium suggests a role for mir-124 in differentiation
and patterning rather than proliferation, though the latter
cannot be ruled out. We also observed differential expression
of sme-miR-124a, b, and c, which were similarly enriched
in regenerating tissue. For instance, sme-miR-124a and b
were predominantly expressed in the cephalic ganglion,
whereas sme-miR-124cwas primarily expressed in the cephal-
ic ganglion and ventral nerve cord (Fig. 2B; Supplemental
Fig. 2C). This difference in the expression pattern suggests
potential functional differences within the miR-124 family
of miRNAs. Further, sme-miR-2d-3p, which is expressed in
the neoblast progeny and cephalic ganglion (Fig. 4A; Supple-
mental Fig. 2A) is also enriched in regenerating tissue in a
manner similar to the miR-124 family. In situ hybridization
revealed that sme-miR-2d-3p, like miR-124, is expressed in
the brain primordium 3 d post-amputation throughout the
remainder of the differentiation process of the blastema into
the completely regenerated cephalic ganglion (Supplemental
Fig. 2B). Interestingly, bothmiR-2d-3p andmiR-124miRNAs
are not expressed in the posterior regenerating blastema, indi-
cating that these miRNAs may not be essential for ventral
nerve cord regeneration. The fact thatmiR-2d-3p is enriched
in the neoblast progeny and the regenerating brain indicates
that it may drive the differentiation of neoblast progeny to
the brain primordium. Confirmation of this would require
studies in which sme-miR-2d-3p is inactivated, something
not currently possible in planarians. Supporting our observa-
tion that sme-miR-2d-3p may be involved in brain regenera-
tion, recent studies in Drosophila have shown that the
mRNA targets regulated by the miR-2 family are enriched
for genes essential for neural development (Marco et al.
2012). We also observed the enrichment of sme-miR-96a
and b 3 d post-amputation in anterior regenerating blastema.
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Themir-96 familyofmiRNAsarevertebrate-specificmiRNAs,
and recent studies have shown that mutations in the seed
region of these miRNAs leads to defects in inner hair cell for-
mation and deafness inmammals (Kuhn et al. 2011). Intrigu-
ingly, we did not identify any miRNAs that were enriched in
posterior regenerating blastema 3 d post-amputation, sug-
gesting that few if any miRNAs are specifically involved in
the regeneration of posterior regions of the planarians.

In conclusion, our study has identified several miRNAs
that are specifically expressed in different neoblast popula-
tions and in the blastema at different time points of regener-
ation, highlighting the importance of miRNAs in fine tuning
gene expression during planarian regeneration. Future goals
include identifying the mRNA targets that are directly regu-
lated by these miRNAs, which will increase our understand-
ing of the miRNA-mediated post-transcriptional regulatory
networks essential for regeneration and stem cell function
in planarians.

MATERIALS AND METHODS

Whole mount in situ hybridization

In situ hybridization was performed as described by Pearson et al.
(2009) with slight modifications based on the size of the animals.
For animals bigger than 4 mm, N-acetyl cysteine concentration
was increased to 10%. Fixation and proteinase K treatment was
increased by 10 min each. Hybridization was done at 52°C for
>16 h. To reduce nonspecific staining, the antibody dilution was in-
creased to 1:2500 (anti-Dig AP conjugated). Digoxigenin-labeled
miRCURY LNA (locked nucleic acid) probes synthesized by Exiqon
were used to carry out the miRNA specific in situs. Wi-1 probe was
synthesized using the DIG RNA labeling kit (Roche). BM purple
(Roche) was used as a substrate for alkaline phosphatase instead
of NBT/BCIP.

In situ hybridization on macerates

For in situs on dissociated cells, cell maceration was performed as
previously described (Hayashi et al. 2006; Resch et al. 2012).
Approximately 200,000 cells were dried overnight at room temper-
ature on 0.1% gelatin-chromalum-coated slides, followed by a PBS
wash and fixation for 25 min in 4% formaldehyde. Cells were then
rinsed with 100% methanol for 5 min, followed by washes with a
methanol dilution series (75%, 50%, 25%) in PBT(1× PBS+0.1%
Tween-20) and finally two PBT washes for 10 min each. Cells
were permeabilized with proteinase K solution for 10 min at
room temperature, then refixed and washed twice with PBT. Prehy-
bridization and hybridization were done as mentioned earlier but at
45°C. Post-hybridization washes were done with 1:1 hyb solution:
2× SSC for 5 min, 2× SSC for 5 min, and 2× SSCT (2× SSC
+0.1% Tween-20) wash for 15 min at hyb temperature. Two strin-
gent washes were given with 0.2× SSCT for 15 min each at 65°C, fol-
lowed by PBT washes at room temperature. Antibody incubation
and tyramide amplification were performed as described in King
and Newmark (2013). The antibodies used were anti-dig POD
(1:2000) and streptavidin-HRP (1:1000). FITC and Cy3 tyramide

were used at a dilution of 1:2000. Images were taken using a Zeiss
LSM 700 confocal microscope. Images for quantitation were taken
using a 40× oil objective, and the representative images were taken
at 63× oil immersion. Quantitation was done manually by counting
the number of cells that were positive for DAPI, DAPI+Let7a, DAPI
+H3PS10, and DAPI+Smedwi1. The no-probe control and no-pri-
mary-antibody control were used as negative controls. Correction
for the nonspecific background fluorescence was performed using
negative controls.

Cell sorting

Fluorescent activated cell sorting (FACS) was performed as de-
scribed (Hayashi et al. 2006; Resch et al. 2012) in a Becton and Dick-
enson FACS ARIA cell sorter.

Exposure to γ irradiation

Animals were given a lethal dose of 9000 Rads (blood irradiator
2000, BRIT) and cultured at 20°C for 3 d before fixing for the
experiments.

Total RNA isolation

RNA was isolated using Trizol according to the manufacturer’s in-
structions (Invitrogen). Animals were cut anterior of the pharynx,
such that all the posterior regenerating pieces were devoid of phar-
ynx. The blastema was systematically collected at different time
points (3 h, 6 h, 12 h, 24 h, 3 d, 5 d, 7 d) using microdissection under
an Olympus SZ61 stereo microscope and stored in Trizol. Total
RNA was isolated using Trizol, after collecting the blastema from
all time points.

Small RNA library preparation

Small RNA libraries were prepared using the Illumina TruSeq Small
RNA kit as described by the manufacturer (Illumina). Two hundred
fifty nanograms of total RNA were used from each sample for the
library preparation. 5′ and 3′ Small RNA adaptors were ligated to
the RNA, and the ligated products were reverse-transcribed using
SuperScript II reverse transcriptase (Invitrogen). The RT products
were then amplified by polymerase chain reaction and resolved
on an 8% polyacryamide gel. Bands corresponding to 140–160 nt
were gel-eluted. The size and integrity of each library was verified us-
ing the Bioanalyzer. The libraries were sequenced on an Illumina
HiSeq 1000.

Computational analysis

Reads were aligned to both the draft assembly of the S. mediterranea
genome and the known S. mediterraneamiRNAs from miRBase us-
ing Bowtie-0.12.1 (Langmead et al. 2009). Reads that mapped to
miRNAs were normalized to the total number of mapped reads.
Fold-change enrichment of miRNAs in the X1, X2, and Xins cell
populations was calculated as the ratio between the normalized
reads for each miRNA and the average normalized reads for that
miRNA across all the three samples. In contrast, fold-change enrich-
ment for the miRNAs in regenerating tissue was calculated as the
ratio between the normalized reads for each miRNA from the
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regenerating tissue at a specific time point and the normalized reads
for that miRNA in intact animals. Hierarchical clustering was used
to cluster fold-change values using cluster3.0 (de Hoon et al. 2004).
Heat maps were constructed using Java TreeView (Saldanha 2004).

Real-time PCR

Real-time PCR was performed following the protocol described
previously (Chen et al. 2005). One hundred fifty nanograms of
total RNAwere used for each reaction. The primers for reverse tran-
scription were designed to form a double-stranded stem–loop struc-
ture with the 5′ end being complementary with a universal reverse
primer and last 8 nt at the 3′ end being complementary to the 3′

end of the miRNA. PCR was carried out using the universal primer
and anmiRNA specific primer. To normalize for variations thatmay
occur during reverse transcription and PCR, we used a synthetic
RNA sequence that lacks complementarity with the S. mediterranea
genome. All RNA samples were spiked with 0.5 pg of the synthetic
RNA control prior to reverse transcription. cDNA was prepared us-
ing SuperScript III Reverse Transcriptase (Invitrogen). Quantitative
PCR was carried out using SYBR green (Applied Biosystems) as the
fluorescent detector on an Applied Biosystems 7900HT machine.

miRNA-specific primers

sme-miR-2169-5p

RT primer: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTG
AGATCAGATC

FR primer: ACACTCCAGCTGGGAACTTTGAAATTC

sme-miR-2152

RT primer: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTG
AGAAAGAGAG

FR primer: ACACTCCAGCTGGGGGGTTCGAAGTATG

sme-miR-124c

RT primer: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTG
AGTGGCATTC

FR primer: ACACTCCAGCTGGGTAAGGCACGCGGT
Universal Reverse primer: TGGTGTTCGTGGAGTCGGCAATTC

AGTTG
Solexa RT primer: CTCAACTGGTGTCGTGGAGTCGGCAATTC

AGTTGAGGATCGTCG
Solexa FR primer: ACACTCCAGCTGGGGTTCAGAGTTCTACAG
Solexa RNA adaptor sequence: GUUCAGAGUUCUACAGCGAC

GAUC

DATA DEPOSITION

The small RNA sequencing data have been deposited at the NCBI
Sequence Read Archive (SRA) at http://www.ncbi.nlm.nih.gov/sra
(accession number SRA065477).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article, and codes of
LS-RSMR are available at http://sse.tongji.edu.cn/yingshen/RSMR/
LS_RSMR.html.
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