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Regulatory RNAs in Planarians
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The full scope of regulatory RNA evolution and func-
tion in epigenetic processes is still not well understood.
The development of planarian flatworms to be used as a
simple model organism for research has shown a great
potential to address gaps in the knowledge in this field
of study. The genomes of planarians encode a wide ar-
ray of regulatory RNAs that function in gene regulation.
Here, we review planarians as a suitable model organism
for the identification and function of regulatory RNAs.
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INTRODUCTION

Planarians are non-parasitic invertebrate flatworms
that are representative of the Platyhelminthes phylum.
They are relatively simple organisms that display bilateral
symmetry, three germ layers (triploblastic), along with
basic organ systems. It has been long documented for
over a century that planarians have a remarkable regen-
erative capacity including the ability to regenerate from
amputated pieces of tissue (Reddien & Alvarado, 2004).
A worm can be cut horizontally, vertically or even into a
small fragment that is 1/279" of the original size to rec-
reate the complete organism (Alvarado, 2012). Remark-
ably, the tail fragments are able to replace the animal’s
entire brain and head region in seven days. Once regen-
eration is completed, planarians can remodel their body
to regain the correct proportion. These features make
planarians a prime model for studying the molecular ge-
netics of regeneration, in contrast to other invertebrate
model organisms such as C. elgans and D. melanogaster
that have limited regenerative capabilities.

Over the past 20 years, molecular approaches have
been applied to research on planarians (Newmark & Al-
varado, 2002). The molecular toolkit for studying gene
expression and function in planarians now includes a
whole-mount in situ hybridization, immunocytochemis-
try, cell sorting, RNAi and RNA-sequencing. As a result
of this development in technology, planarians have be-
come a well-known model organism used worldwide for
studying the biology of stem cells, regeneration, organo-
genesis and germ line development (Aboobaker, 2011;
Lobo et al, 2012; Pellettieri & Alvarado, 2007; Rink,
2013; Roberts-Galbraith & Newmark, 2015; Rossi ¢ al.,
2008). Planarians have adult pluripotent stem cells called
neoblasts that have been extensively studied for their
role in the regeneration process. Neoblasts comprise ap-
proximately 30% of the cells in the adult organism and
migrate to the sites of injury, divide, and give rise to
progeny that differentiate in order to replace the missing
structures (Eisenhoffer ¢ a/, 2008; Sanchez-Alvarado,

2006). Experiments using X-rays also proved that neo-
blasts are the only dividing cells, as irradiated planarians
are unable to regenerate (Newmark & Alvarado, 2000).

There are a number of different planarian species
available for laboratory research. The most widely used
is a clonal line of the Schmidtea mediterranea species which
was generated via repeated rounds of cutting and re-
generation (Alvarado, 2003; Alvarado & Kang, 2005). S.
mediterranea are diploid, exist in sexual and asexual strains
and their genome has been sequenced and annotated
(Alvarado et al., 2002). The genome size of S. mediterra-
nea is nearly one third of the human genome and almost
80% of the known S. mediterranea genes have human or-
thologs. Some of these genes include conservation of key
regulators of the small interfering RNA (siRNA) pathway
(Resch & Palakodeti, 2012). Due to the unique phyloge-
netic position of planarians, the origins and mechanisms
of regulatory RNAs can be investigated while maintain-
ing enough genetic similarity to humans.

Regulatory RNAs play an important role in the epi-
genetic processes that control differentiation and devel-
opment by altering gene expression (Morris & Mattick,
2014). The majority of regulatory RNAs are non-coding
and therefore do not produce protein. The types of reg-
ulatory RNAs can differ in their size, function and bio-
genesis pathway. For example, small non-coding RNAs
such as miRNAs (18-25 nucleotides) have the potential
to downregulate gene expression based upon sequence
complimentary to a target RNA sequence. miRNAs bind
to the 3’ untranslated regions of target mRNAs and either
induce mRNA degradation or block translation, resulting
in gene silencing (He & Hannon, 2004). The miRNA
biogenesis is composed of at least two sequential steps
and begins with a long RNA transcript termed a pri-
mary miRNA (pri-miRNA) (Denli ¢ al., 2004). The first
processing step is mediated by the DROSHA micropro-
cessor complex which shortens pri-miRNA into a ~70-
100 nucleotide hairpin structure termed a pre-miRNA.
Sequentially, the pre-miRNA is then translocated to the
cytosol where final processing is mediated by a second,
double-strand specific ribonuclease, known as Dicer.
This produces a mature miRNA capable of being in-
corporated into the RISC complex for gene silencing.
Here, we review the topic of RNAI as a tool for genetic
screening, as well as the future directions of studying
miRNA and other regulatory RNA types in planarians.
The studies thus far suggest that many regulatory RNA
sequences are highly conserved along with some that are
potentially unique to planarians. The expression pattern
of some identified regulatory RNAs indicates their func-
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Figure 1. RNAi delivery methods for planarians.

Direct injection; a microinjection system is used to deliver dsRNA. Soaking method;
decapitation and tail amputation with subsequent soaking of the worm’s middle sec-
Bacterial feeding; worms eat food spiked with bacteria ex-
pressing dsRNA. dsRNA feeding; worms eat food spiked with dsRNA..

tion in dsRNA solution.

tion in regeneration, however a large portion of them
are still to be determined.

METHODS OF RNAi FOR GENETIC SCREENING

One of the advantages of the S. mediterranea model
is the ability to carry out large-scale gene inactivation
screens using RNAiL This is particularly easy because
RNAI can be delivered simply by feeding planarians with
a dsRNA. Because the animal has a long vascular diges-
tive tract, the ingested dsRNA reaches almost every cell
to achieve a systemic RNAi effect. RNAi knockdown
in planarians can yield defects in regeneration, tissue
maintenance, and/or behavior. There are a large num-
ber of robust phenotypes that can often provide insight
about a gene’s function. For example, RNAi mediated
knockdown of the gene nou-darake encoding a fibroblast
growth factor receptor-related protein, led to an ecto-
pic brain formation (Cebria e/ al, 2002). The effect of
knocking down nou-darake over time produces worms
with multiple sets of eyes along with complete brain
structures in the trunk region. nou-darake, which means
‘brains everywhere’ in Japanese, is proposed to function as an
inhibitor of brain formation by preventing the neuronal
differentiation of neoblasts.

Processing of dsRNA involves the canonical RNAi
pathway via cleavage by the protein dicer and further
incorporation into the RISC complex for gene silenc-
ing. The RNAi methods in planarians have been evolv-
ing and improved over time (Fig. 1). Originally, it was
demonstrated that RNAi could be delivered to planarians
by micro-injection into the mesenchyme of the animal
(Alvarado & Newmark, 1999). This approach is very ef-
ficient and results in specific mRNA degradation within
6-24 hours after injection. Although this method shows
satisfying effects, it is also time consuming and labori-
ous, which makes it not practical for large scale RNAi
studies. The damage caused by the needle tract may also
affect the outcome and analysis of phenotypes related to
regeneration.

Soaking method
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A less invasive method of RNAi
involves soaking planarian fragments
in solution with dsRNA for sever-
al hours (Orii et al., 2003). This tech-
nique is simple and easy, however it
requires large volumes of concentrat-
ed dsRNA (0.1-0.5 ug/pl), and is not
useful in analyzing the homeostasis of
intact planarians. Another alternative
to the injection method has been us-
ing bacteria as the expression system
and transporter of dsRNA (Newmark
et al., 2003). Worms ingest an artifi-
cial food consisting of bacteria that
express dsRNA, liver homogenate, ul-
tra-low gelling agarose and food col-
oring for visualization of eating. This
method was applied in the first large-
scale screen in planarians (Reddien ez
al., 2005a), however it is challenging
to verify the quantity and quality of
dsRNA expressed by the bacteria. No-
tably, enzyme deficient bacterial strains
can be used to decrease the degree of
dsRNA degradation caused by RNases
(Timmons ¢ al, 2001). Omitting the
bacteria altogether and mixing 7 -
tro-synthesized dsRNA with planarian
food is another alternative (Rouhana
et al., 2013). This has huge advantages
because the quality and quantity of dsRNA can be ecasily
measured. It is also cost-effective and has reduced labor
and time requirements.

GENE EXPRESSION ANALYSIS

Without an observed phenotype it can be difficult to
assess if RNAI against a target gene is working. Whole-
mount in situ hybridization protocols have been devel-
oped and optimized in order to visualize the gene ex-
pression patterns (Pearson e/ al., 2009). The method has
been instrumental in defining cell-type specific markers,
and assessing the RNAI efficiency in planarians. For ex-
ample, a zinc finger transcription factor, Smed-ZicA is
expressed in the cells that make up the anterior regen-
erating pole which is on the most tip part of the regen-
erating head (Vogg e/ al., 2014). Recently, various mono-
clonal antibodies have been developed in order to visu-
alize protein expression in planarians. The detection of
protein enhances the analysis of RNAi experiments, as
well as helps to further characterize planarian cell pop-
ulations by immunocytochemistry (Robb & Alvarado,
2002; Ross et al., 2015). Thirty-two markers have been
identified to distinguish the lineage progression between
two main epithelial progenitor populations (Zhu ef al,
2015). Two homeodomain transcription factor homo-
logs, Smed-lhx1/5-1 and Smed-pitx, ate requited for the
maintenance and regeneration of serotonergic neurons in
planarians (Currie & Pearson, 2013).

RNA deep sequencing is still a developing meth-
od that has many applications in molecular biology.
RNA-seq was applied to planarians comparing the tran-
scriptional landscape of head and tail fragments during
regeneration (Kao ez al, 2013). RNAI screening can be
used in conjunction with RNA sequencing protocols for
profiling of global gene expression. For example, a study
by Cowles et al. used RNA-seq to identify 397 nervous
system-related genes regulated by Collier/Olfactory 1/
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Early B cell factor (Cowles e al, 2014). In searching for
cells that show an altered phenotype after RNAI treat-
ment, a cell sorting protocol has been developed that
can be used not only to characterize cell populations,
but also to separate them for further downstream appli-
cations (Kang & Alvarado, 2009). A transcriptome analy-
sis performed on isolated neoblasts revealed that expres-
sion of a specific set of one hundred and twenty-three
genes is a conserved feature of pluripotency among
different animal species (Labbe e al, 2012). Another
study used cell sorting to isolate differentiated and neo-
blast cell types to examine the expression of thirty-three
different transcription factors during neoblast differen-
tiation (Scimone ef al, 2014). Furthermore, single-cell
transcriptional profiling from over a thousand individual
neoblasts was used to directly compare the gene expres-
sion profile duting homeostasis versus regeneration (van
Wolfswinkel ez al., 2014).

miRNAs

miRNAs are short RNA molecules that play an im-
portant role in the regulation of gene expression con-
trolling biological outcomes. The function of miRNA
regulation is conserved in planarians, as knockdown of
Smed-Ago (a homolog of the Argonaute protein family),
which is the key factor in miRNA activity, was shown to

sme-let7a
sme-let7b
miRNAs sme-miR-71b sme-miR-36b
sme-miR-752 sme-miR-2a
sme-miR-13 sme-miR-756
sme-miR-2d-3p sme-miR-2160
Self-renewal

Neoblast Progeny

Neoblast (planarian stem cell)

piRNAs

IncRNAs

Differentiated Cell

stunt head regeneration (Li e al, 2011). Several studies
have reported on the diversity of miRNA species in pla-
narians. Seventy-one miRNAs were found in S. wediterra-
nea (Palakodeti ez al, 2006). A sequence comparison of
these miRNAs showed that 54 are similar to members
of other metazoan miRNA families and 17 miRNAs oc-
cur to be planarian-specific. Another study identified 21
miRNAs that are differently expressed in the sexual zer-
sus asexual strain of S. mediterranea (Lu et al., 2009). Nota-
bly, the sexual strain of S. mediterranea is hermaphroditic
producing both egg and sperm. Further research is need-
ed to characterize these differentially expressed miRINAs
for their role in the development of the animal’s sex or-
gans and germ cells.

miRNA microarray chip analysis was used to study
the expression patterns of planarian miRNAs in the
regenerating tissues (Tian e al, 2012). A total of eight
miRNAs were found to be elevated during the regen-
eration process, compared to five that were decreased.
Of these miRNAs, the highest upregulated in the regen-
erating tissues were wzr-13 and mir-756. Another study
reported the expression patterns of 42 miRNAs during
tissue regeneration (Gonzalez-Estevez ef al., 2009). The
majority of these miRNAs were found to be expressed
in neurons and in proximity to the location of neoblasts,
suggesting that miRNAs may be involved in the regu-
lation of neoblast differentiation during neurogenesis.

Interestingly, it was discovered that

planarian neoblasts express /Jer-7

miRNA  family members (Fried-

lander ¢ al, 2009; Gonzalez-Es-

tevez e al, 2009). Biphasic ex-

pression patterns that govern the

cell cycle transition step between

1 self-renewal and  differentiation

’ in stem cells are tightly regulat-

ed by /7 miRNA family mem-

bers (Johnson ef al, 2007; Roush

& Slack, 2008). Low levels of /et-7

miRNA in cells have been pro-

posed to maintain stemness, while

high levels of /et-7 determine cell

specification and  differentiation

(Wulezyn et al., 2007). let-7 expres-

sion may show a similar pattern

to what is seen in other stem cell

models and may control prolifera-

tion and possibly the differentiation
of neoblasts.

The Wnt signaling pathway is an
evolutionarily conserved pathway
that controls cell-fate, morpho-
genesis, and antero-posterior (AP)
patterning (Petersen & Reddien,

Figure 2. Regulatory RNAs have many functions in the neoblast maintenance.

There are a variety of miRNAs that are expressed to fine tune gene expression/pathways
that regulate the proliferation and differentiation of neoblasts. sme-miR71b, miR752, miR-
13, and miR-2d-3p were shown to be elevated in self-renewing neoblasts when compared
to progenitor cells. Similar to what is observed in other animals, these miRNAs help to
coordinate the lineage restriction in self-renewing neoblasts. In neoblast progeny, sme-
let-7a, let-7b, miR-36b, miR-2a, miR-756, and miR-2160 may promote differentiation by in-
hibiting the cell cycle regulators. piRNAs are predominately expressed in neoblasts and
their expression decreases to promote lineage specification and differentiation. The con-
served role of piRNA is in transposon/gene silencing, however this is unclear during neo-
blast maintenance. IncRNAs provide chromatin modifying complexes with their sequence
specificity to up- or down-regulate genetic programs. Dynamic epigenetic modifications
to histones and DNA are necessary for proper cell lineage specification and differentiation
during regeneration. Certain IncRNAs may be temporally expressed and function in self-
renewal, while others are lineage specific for neoblast differentiation.

2009). The pathway is named after
the Wnt family of secreted pro-
teins that bind to and activate the
Frizzled/LRP5-6 receptors found
on the surface of cells. Canonical
Wnt signal transduction involves
translocation of B-catenin protein
to the nucleus where it associates
with Lef/Tcf transctiptional repres-
sors, causing the derepression of
transcriptional targets (MacDonald
et al., 2009). In planarians, gene si-
lencing of B-catenin-1 produces a
phenotype consistent with deacti-
vation of the Wnt pathway which
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is a complete loss of posterior and central identities, re-
sulting in animals that are two-headed or sometimes hy-
percephalized (Petersen & Reddien, 2008). With this ra-
tionale, it plausible that miRNAs that target key proteins
of the Wnt signaling pathway would in turn regulate the
AP axis patterning in planarians. For example, »ir-§ is
implicated in the regulation of planarian regeneration po-
larity since its conserved function is to inhibit expression
of the Tcf protein (Kennell e/ a/, 2008). Other miRNAs
that may potentially control aspects of the AP axis are
members of the mir-124 family as these are up-regulated
in the anterior regenerating tissue, but not in the posteri-
or regenerating tissue (Sasidharan ef al., 2013).

Several of the expression patterns for pri-miRNA in
intact planarians are known, however mature miRNA
expression data is needed to suggest the biological role
of these miRNAs in the tissue. Development of RNA
deep sequencing methods for use in S. mediterranea has
contributed to the acceleration of mature miRNA spe-
cies characterization (Lu e al, 2009; Qin e al., 2012). As
a result, over 208 novel miRNAs have been identified
in planarians. Friedlinder et al. analyzed the sequences
of small RNAs in S. weditteranea and found 10 miRNAs
to be enriched in neoblasts: swe-let7a, sme-let7h, sme-miR-
36b, sme-niR-2a, sme-miR-2d-3p, sme-miR-13, sme-miR-71b,
sme-miR-752, sme-miR-756, and sme-miR-2160 (Friedland-
er ¢ al, 2009). Collectively these studies implicate the
importance of miRNAs and possibly other regulatory
RNAs in the stem cell function and regeneration pro-
cess (Fig. 2). Further characterization of the expression
patterns and prediction of the target mRNAs for all of
these miRNAs will provide insight into miRNA-mediat-
ed gene regulation and its role in the tissue regeneration.

OTHER REGULATORY RNAs AND FUTURE DIRECTIONS

Piwi-interacting RNA (piRNA) represent another class
of regulatory RNAs that range from 26-32 nucleotides
in length and are implicated in the regulation of trans-
poson control, as majority of their sequences are anti-
sense to transposon sequences (Thomson & Lin, 2009;
Weick & Miska, 2014). The biogenesis of piRNAs and
their function are regulated by PIWI proteins that me-
diate silencing via cleavage of the transcribed RNA. To-
gether, both piRNA and PIWI proteins are co-expressed
in the germ cells of a wide variety of animals, includ-
ing M. musculus, C. elegans, and D. melanogaster (Juliano ez
al., 2011). The function of piRNA-mediated transposon
silencing is implicated in the regulation of germ cells,
however full elucidation of the mechanism is unclear.

There are at least three genes that code for S. wediter-
ranea PIWI protein homologs, named Smedwi-1, Smed-
wi-2, and Smedwi-3 (Palakodeti ez 4/, 2008; Reddien ez
al., 2005b). Interestingly, Smedwi proteins are predom-
inantly expressed in neoblasts, which is cooborated by
studies that show that piRNA expression is predom-
inately restricted to neoblasts (Friedlander e7 a/, 2009).
RNAi knockdown of Smedwi-2 and Smedwi-3 produce
animals that have homeostasis and regeneration defects,
suggesting that piRNAs and their biogenesis is likely
involved in the regulation and maintenance of planari-
an neoblasts (Palakodeti es @/, 2008). In another study,
Smedwi-1 and Smedwi-3 were shown to be required for
proper localization of histone H4 mRNA to chromatoid
bodies (Rouhana ez al, 2014). Beyond transposon silenc-
ing, piRNAs are involved in transcriptional gene silenc-
ing, however this role remains pootly understood from
a mechanistic point of view in neoblasts (Bamezai ¢f al,

2012). Future studies are needed using the S. wediterranea
sexual strain to elucidate the functions and mechanisms
of piRNA in transgenerational inheritance.

Long non-coding RNA (IncRNA) are ~200 nucleo-
tides in length and regulate chromatin, gene transcrip-
tion and several aspects of translation (Fatica & Bozzoni,
2014). Genome and RNA-sequence analysis uncovered
evidence for transcription of IncRNAs from the mito-
chondrial genome of flatworms (Ross e/ al, 20106). In-
cRNA based mechanisms are implicated in the epigen-
etic regulation of stem cells and regeneration, however
studies are needed to help in identifying novel IncRNA
functions. S. mediterranea homologs for SET1/MLL fam-
ily of histone methyltransferases (setl, mll1/2, trrl, tre2,
mll51 and mll52), COMPASS (complex proteins asso-
ciated with Setl), and COMPASS-like genes are critical
factors in the epigenetic regulation of neoblasts. (Hubert
¢t al., 2013). SET1/MLL family of histone methyltrans-
ferases are known to activate gene expression by meth-
ylating lysine 4 of histone H3 (Duncan ef al, 2015; Li
& Kelly, 2011). Notably, SET1/MLL complexes bind
to IncRNAs which are required for their recruitment to
chromatin in order to activate the Hox gene expression
during development. Conservation of this mechanism
would suggest that certain IncRNAs may be required for
planarian regeneration.
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