CEEE B EN A L T
AL m =

Graduate Institue of Zoology
College of Life Science

National Taiwan University

Master Thesis

#31 DjAgo2 F-v i fuf 2 ¢ frinifing d
Study on the role of Argonaute protein DjAgo?2

in planarian regeneration

5k A
Chi-Kai Chang

BEFOE AR H2
Advisor: Chia-Ying Chu, Ph.D.

PoERRE 101 & 2 7

February, 2012



HHDAgo2 B O BB R LT IHIHENAE

Study on the role of Argonaute protein DjAgo2 in
planarian regeneration

K XAATR A ILE (R98b41032) £ B &% K # hih £
A, ramzAE2aih L, AKRBEIOIS1A318KTFIHH
REBHZELZ A BRI RXAM, FFHEH

oRXER: . 2 KE
Zﬁ A (52)
(;}E.%ug
9%

ki

7% ‘%%\ (%45)

B) 24 S 50 P P R




e
FOR R BRI e R 0 AR W G- LG E 4R AR A3
Sl Ra REE T GR mE E RSPl v - B BRHA rE E
L5503 wpder T L o AR P ALA RE X h E o 3 B LT
i LA R 0 R E S B R L AL 8 5
LR A RS BRRHEFT AT RS P OB Y P F AR
F4LRRE AT SRPT R A PR R AR f (00

Pz gk R A RAEPNRA A EE K RIHMBE T X F oS X A

4

PRXEF > AATY e P A R R R v B o B b B ik ahflet o R

¥ pEF

rx R BT EEE T 2R AAR|E

4%

n»
4

e R - PG

PREFZEPEN L EY  PLHTY - FREEY - B2 RTY FER

ﬁ

L R R E AR A R F o AP R TleF o BT &
R#E e X9 skzaMilky £ & o8 E LSy  HEFY BT -
TREE R AR EN R ES R MRS T X R R FREY
fode B W # A  F mIRNA e S - R G 2 X P sk anh & ~ I ™~ joik
A FES IR FIDEPHREF RGO EoT %2 0§ R B

SR B FEEFR RO L TR AT ARG E o B SE

C

2 A RFFHRITOIDEL P AR TP REAPT R F I RPEIGERI .
RUSRBRMIRTOPLR > D2 F LR iop 0L a3 P RATERE T A
FAFF| SRS o RHAREE PR A2 B L EF A DY %
FAR DI RTHRFRASTAEIRG 0BG I S 4k S
FRE S R fRARI R AL PR RS IR 2 AL g e o
BiSenh il > RHRA DA FEGIE 0 R TR EZ S0 TR I 7de
¥

o ACEREPFPR A S RHIEPENE A



5
A -BEFRE2R A PREd o aid P MAFRE 2 D 7Rtz
FEBA - BANE A0 4 22 A - 5 i A AER %z (neoblast) £ o B w0y
AT E R A R DT e A D e e i y- SR AR Dugesia
Japonica( % & fi.)57 DjAgo2 F-9 E_A 5 Ago2 hile R v B0 A Hfiwmre b g%
1 &7 hsAgo2 £ miRNA {rsiRNA BT ¢ OB 4 F]5 > £ 5 A A T4 R 4 o
KFEE P o A LE A DjAgo2 2 R 2 E cDNA ¥ A YFP 36 424 2
v ARVH o MH LG Hela cell ¥ o A 6 HACET BLEH R > DjAgo2
€ fr A g eh P-body = §» RCK & B f 3t fmoe B 0 23R % fr hsAgo2 chZ JLIAAE
[ %ﬁd FR R e hR % 0 F R Djago2 B B AR AR ADREINF P AL .
Rk 3R E 4 hF 2% ¢ AT % blastema 12 2 post-blastema & % Djago2 sk RE &
Lapg s > m RI-qPCR en %+ B H £ RE & & 4 ¥ = % & blastema v
post-blastema ¥ > & B F L F hT Bies B o iﬁd FACS & ~ #t neoblast fr& 4
v > I Djago2 A Mizime P A REREF 0 A 7 y-ERE RTINS AR
Djago2 itz jf 4 o £ s » * Djago2 dsRNA K4k & i f. 1 ¥ 4] £ 4 ¥ Djago2 b
W RAEA IR A @D gl A E%‘*«'}i Z_ % o RT-qPCR en& % o1 4R
tizm¥e (Djpiwid)r1 2 & % DNA (Djpcna) ik F14 & wd#r4] Djago2 {5 § T *%
@ ¥ > M phase ehim ¥z g 5 11 2 G2 phase ehim¥e 3 4 &g o7 #rd| Djago2 € i@ 19 = &
e himre % B R Y A G2 phase @ BT A H o B S BRERTIIVAR
FL VIR AT FRUFI IR G o AP DR R R BT 0 Djago? tif fu~ HiF e
AR s p AL FTE AT %*K;@trﬁ By ¥ ;gg} ¥t A MR e R ik
PERLSL 2R A o

B 4
i

?ﬁt

g’:m

CE A S MR AP PR

o



Abstract
Planarians are capable of regenerating almost every part of their body, including the
brain. Regeneration in planarians is mediated by a group of pluripotent adult somatic
stem cells, called neoblasts, which can proliferate and differentiate to replace all tissues.
These cells are sensitive to y-irradiation. DjAgo2 of Dugesia japonica is a homolog of
hsAgo2, the key factor that regulates gene expression in miRNA and siRNA pathways.
In the study, DjAgo?2 was cloned, and YFP-tagged DjAgo2 was expressed in HeLa cells.
DjAgo2 accumulates at specific foci that contain the P-body component, RCK. This
pattern is similar to what we observed with AsAgo2. By whole-mount in situ
hybridization (WISH), Djago2 was found to be highly expressed in regions of the brain
and the middle dorsal line. Djago2 expression was increased in the blastema and
post-blastema during regeneration. RT-qPCR results confirmed that respective Djago?2
mRNA expression levels in the blastema and post-blastema were 5 and 2-times higher
than that in the control at 3 days post-amputation. WISH data showed that a portion of
Djago2-positive cells were depleted by y-irradiation. We next examined Djago?2
expression levels in neoblasts isolated by FACS. Our RT-qPCR data showed that the
Djago? level was higher in neoblasts than that in differentiated cells. Finally, Djago?2
was silenced by feeding planarians Djago2 dsRNA. Depletion of Djago?2 resulted in
loss of the regeneration capacity and defects in tissue homeostasis in planarians. Djago?2
silencing reduced levels of Djpiwid, Djpcna, and DjpiwiC. Our data also showed that
the ratio of M-phase cells was decreased and the ratio of G2-phase cells was increased
in Djago?2-silenced animals. This suggests that Djago?2 silencing blocked the mitosis of
neoblasts. Differentiation restriction was also observed in Djago2-silenced animals. Our

data indicate that Djago? is required for neoblast proliferation, and differentiation.
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1. Introduction

1.1 Planarians and regeneration

Planarians are bilaterally symmetric metazoans in the class Turbellaria of the

phylum Platyhelminthes. Planarians are small unsegmented flatworms that are not

parasitic. They are commonly found in freshwater ponds or streams, and move by cilia

on the ventral dermis. Planarians are triploblastic and acoelomate, which means they

have three embryonic tissue layers, including an ectoderm, mesoderm, and endoderm,

without a body cavity. While planarians have no specific circulatory, respiratory, or

skeletal structures, they do have a digestive system with a pharynx and a blind gut, but

no anus (Salo and Baguna, 2002). Planarians have a simple visual system on their heads.

The visual system includes a pair of eyespots with rhabdomeres and pigment cells

(Sakai et al., 2000). The photoreceptors can sense light intensity and directionality but

form no images (Sakai et al., 2000).

The regeneration ability of planarians is remarkable. A small amputated fragment

from any part of their body can regenerate to form a complete worm (Morgen, 1901).

Studies on planarian regeneration were initiated several hundred years ago. Peter Simon

Pallas was the first person to describe how a small piece of amputated planarian head



has the capability to regenerate to an intact body in 1766 (Brendsted, 1969).

Experiments on planarian regeneration were performed by Dalyell and Johnson in the

early nineteenth century. According to their results, Dalyell concluded that planarians

may “almost be called immortal under the edge of the knife” (Brendsted, 1969). After

that, Harriet Randolph defined the minimal size of a fragment capable of regeneration as

1/279 of an intact worms (Randolph, 1897).

Thomas Hunt Morgan was the first person to systematically study planarian

regeneration (Morgen, 1901). He described the regenerative ability and polarity of

planarian regeneration. Although many animals can regenerate missing tails, arms, or

legs, the planarian is one of the few animals that can even regenerate a head. In

planarians, a new head is formed in 7 days after transverse amputation of the region

posterior to the pharynx. New eyes are formed in 4 days of head regeneration. Therefore,

it is a valuable model system for elucidating mechanisms that control cell and tissue

replacement, a process that is important for the survival of most organisms (Slack,

2011).

Various species of planarians were characterized in detail as having either asexual

or sexual strains. Some of them are commonly used to study regenerative phenomena in

biological laboratories. For example, Dugesia ryukyuensis has been shown to exhibit the



capability of switching from asexual to sexual reproduction (Hoshi et al., 2003). The

freshwater hermaphrodite, Schmidtea mediterranea, was well characterized by

Alvarado's group in the past 10 years, and has emerged as a model system. In this study,

I use Dugesia japonica as a model planarian. It is commonly distributed in the Far East,

including Japan, Taiwan, Korea, China, and Primorskiy in Russia (Tamura et al., 1998).

In addition, D. japonica is the only species of freshwater planarian in Taiwan. The

karyotype of D. japonica can be diploid, triploid, or mixoploid (Tamura et al., 1998).

For many research groups in Asia, D. japonica has become a suitable model system for

studying the regeneration and developmental processes at the cellular and molecular

levels.

1.2 Blastema and neoblasts

During planarian regeneration, lost parts of the body are rebuilt from the remaining

tissues. The process of regeneration includes at least two events: blastema formation

and pattern formation. The blastema is the pigment-free bud formed at a wound site

after amputation. After blastema formation, cells in the newly grown tissues then

differentiate into different cell types according to the developmental signals that

determine the body's polarity. T.H. Morgan, who was the first researcher to perform



many experiments to understand how polarity is reestablished after amputation (Morgen,
1901). Recent studies showed that some signaling pathways regulate the dorsal-ventral
axis and anterior-posterior polarity during regeneration. For example, SmedBmp4-1
molecules in the BMP signaling pathway are expressed in the midline region of intact
animals, and regulate dorsal-ventral patterning (Reddien et al., 2007). SmedWntP-1,
expressed in a few cells in the tail of intact animals, regulates anterior-posterior (AP)
polarity during regeneration (Petersen and Reddien, 2009). Knockdown of the gene
expression of B-catenin leads to ectopic heads at wound sites in all body regions (Adell

et al., 2009; Chai et al., 2010; Gurley et al., 2008; Petersen and Reddien, 2008).
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Source cells of the blastema were investigated for decades (Baguna and Romero,

1981; Slack, 1980). It is now accepted that the blastema is formed by proliferation of

pluripotent stem cells, called neoblasts (Baguna et al., 1989). Neoblasts are small cells



of 5~10 um. Neoblasts has a large nucleus surrounded with a thin cytoplasmic layer.

Many studies indicated that the blastema is not the proliferation site of neoblasts in

planarians. During regeneration, cell division occurs in the region next to the blastema,

called the post-blastema. It seems that damaged nerve fibers may release regulatory

molecules into the extracellular space to regulate the process of regeneration(Salo and

Baguna, 1984, 1989), even though no molecular evidence was shown. Cell proliferation

of neoblasts is activated during regeneration. An early mitotic peak from slowly

dividing cells with a long G2 phase, is observed at 8~12 h after amputation. The early

mitotic peak reflects the existence of parts of neoblasts in the G2 phase, which await an

appropriate signal to divide. The second mitotic peak occurs 2~4 days after amputation.

After cell proliferation, neoblasts migrate to the blastema and differentiate into various

cell types. This process of restoring the amputated body part to an intact animal is

completed within 2~3 weeks (Baguna et al., 1989).

Neoblasts fit the classical definition of a stem cell. They are small undifferentiated

cells and are required for normal growth, self-renewal, and regeneration in planarians

(Eisenhoffer et al., 2008). Neoblasts are localized in the parenchyma which lies beneath

the muscle and surrounds the organs. Neoblasts comprise about 20%~30% of planarian

cells, but only a small percentage of them have the capability for mitotic division



(Baguna and Romero, 1981; Baguna et al., 1989). Some of them are the immediate

division progeny of neoblasts (Eisenhoffer et al., 2008). Neoblasts are described as adult

stem cells, but they are unlike adult stem cells of mammals. In mammals, a tissue

contains a small number of tissue-specific stem cells through which it can continuously

renew itself. Fetal and adult stem cells are usually multipotent and can differentiate into

limited cell types. However, the neoblasts of planarians are pluripotent stem cells that

can renew all types of differentiated cells, whereas only mammalian embryonic stem

cells exhibit pluripotency.

X-ray irradiation was used to inhibit planarians’ regenerative abilities by

eliminating stem cells with mitotic ability (Bardeen and Baetjer, 1904). Wolff and

Dubois performed serial experiments, with various portions of an animal shielded from

irradiation (Wolff 1962). If the anterior region of an intact animal was irradiated and the

region was amputated, the irradiated region became necrotic and died. The un-irradiated

fragment of the same animal survived. If the anterior region of an intact animal was

irradiated and the head was removed, the irradiated region was repaired and blastema

was formed with a regeneration delay. This regeneration delay reflects neoblasts having

to migrate through the irradiated region to the wound site. Therefore, planarians are like

a culture dish. Although X-ray-irradiated planarians lose their regenerative ability,



transplantation of a neoblast-enriched cell population into irradiated animals can restore

their regenerative ability (Baguna et al., 1989; Wagner et al., 2011). It indicates the

regenerative ability of planarians depends on the neoblasts.

Planarians with developmental plasticity have the capability to grow and ‘de-grow’

depending on the nutritional status (Baguna and Romero, 1981; Lillie, 1900). A

full-grown adult (~20 mm long) can shrink to a size that is much smaller (~1 mm) after

starvation for months (Newmark and Sanchez Alvarado, 2002). Growth and de-growth

in planarians occur due to changes in cell numbers (Baguna and Romero, 1981), not

from changes in cell size. It is thought that the ratio of cells born by proliferation to

cells lost by apoptosis changes during starvation. The phenotype of irradiated animals is

similar to that of starved animals, which indicates that the activity of neoblasts is

important for tissue homeostasis.

The mechanism of blastema formation in planarians differs from that of vertebrates.

First, wound epithelium is formed by epidermal cell shape modifications in planarians,

but it forms by cell proliferation in vertebrates. Second, mesenchymal cells are from

preexisting neoblasts in planarians, but are from dedifferentiated cells in vertebrates

(Newmark 2001). Parenchyma cells accumulate as neoblasts in the blastema (Betchaku,

1967, 1970), and the cytoplasmic processes of fixed parenchyma cell are related to



directional movements of regenerative cells by providing a contact guidance system

(Hori, 1991). This indicates that differentiated cells regulate the behavior of adult stem

cells by an extracellular substance.

For regeneration research, biologists tried to label these cells. Thymidine and

5’-bromo-2’-deoxyuridine (BrdU) are used to label cycling cells. Serine 10 of histone

H3 becomes phosphorylated throughout condensing chromatin at the initiation of

mitosis. Anti-H3P is used to label cells in the M phase (Hendzel et al., 1997). Recently,

increasing numbers of genes were found in neoblasts. Djmcm?2 is a member of the

minichromosome maintenance (MCM) family of DNA replication factors (Salvetti et al.,

2000). DjPCNA is a component of the DNA replication protein complex (Orii et al.,

2005). DjRbAp48 1s a component of different chromatin-modeling complexes

(Bonuccelli et al., 2010). All three of those genes are specifically expressed in neoblasts

and strongly expressed in the dorsal midline. Djvas-1, Djpabpc-1, and Djpiwid are

components of RNA granules, and are expressed in neoblasts (Rouhana et al., 2010).

Neoblasts can also be detected and isolated by fluorescence activated cell sorting (FACS)

(Hayashi et al., 2006).

Several genes are known to be required for neoblast maintenance, e.g., Smedwi-2

(Reddien et al., 2005), Smedwi-3 (Palakodeti et al., 2008), Smed-bruli (Guo et al., 2006),



Dj-pum (Salvetti et al., 2005), Spoltud-1 (Solana et al., 2009), Smed-SmB

(Fernandez-Taboada et al., 2010), Smedinx-11 (Oviedo and Levin, 2007), Djmot (Conte

et al., 2009), and Smed-CHD4 (Scimone et al., 2010). Several genes are found in

progenitor cells, e.g., Smed-AGATI, Smed-NB21.11e (Eisenhoffer et al., 2008), and

Smed-p53 (Pearson and Sanchez Alvarado, 2010). Silencing of these gene blocks the

regenerative ability in planarians. According to those studies, we know that planarian

regeneration depends on the presence and precise regulation of neoblasts, which

differentiate to replace cells of any missing tissue (Rouhana et al., 2010). After over 200

years of studies, the mechanism of planarian regeneration is still unclear. But there are

many markers to monitor the stages of neoblasts for research on planarian regeneration.

1.3 Small RNAs in planarian

In 1998, experimental introduction of RNA into cells can be used in certain

biological systems to interfere with the function of an endogenous gene. In recent years,

small, non-coding RNAs were shown to be essential players in almost all biological

processes. Small RNAs (siRNA, miRNA, piRNA, tncRNA, snRNA) have the ability to

regulate gene expressions in animal development, regeneration, stress response, and

transposon silencing. Many small-RNA species have been identified. But most of the



biological functions of these species are still unclear. The miRNAs are endogenous

RNAs with ~22 nucleotides that can play important regulatory roles in animals and

plants by targeting mRNAs for cleavage or translational repression (Bartel, 2004).

Recently, functions of miRNAs were identified to be involved in regulation of cell cycle,

cell proliferation, cell death, apoptosis, and fat metabolism in Drosophila (Brennecke et

al., 2003), neuronal patterning in nematodes (Johnston and Hobert, 2003), and

development of leaf and flower in plants (Aukerman and Sakai, 2003; Palatnik et al.,

2003). miRNAs are also important to stem cells. Some miRNAs are specifically

expressed in human and mouse embryonic stem cells (Houbaviy et al., 2003; Suh et al.,

2004), and miRNAs have the ability to regulate the differentiation of hematopoietic

stem cells in mice (Chen et al., 2004) and germline stem cells in Drosophila (Hatfield et

al., 2005). Previous studies suggested that 90% of genes may be regulated by miRNAs

in humans (Miranda et al., 2006).

The mature miRNAs are produced from precursor transcripts called primary

miRNAs by RNA polymerase II (Cai et al., 2004; Lee et al., 2002). The pri-miRNA is

processed into a 60~70-nucleotide pre-miRNA by Drosha in the nucleus (Lee et al.,

2003). Pre-miRNAs have a two-nucleotide overhang at their 3' ends and a 5' phosphate

group. Pre-miRNA is cleaved by Dicer to generate a duplex of miRNA and miRNA*

10



(Schwarz et al., 2003). Dicer is component of the RISC loading complex. RISC loading

complex recruits Ago2 and transfers the miRNA duplex. Ago2 can then cleave the target

RNA or repress translation (Kim et al., 2007; Liu et al., 2004). Most miRNAs pair with

their targets through the sequence at the 5' end from the second to the eighth called the

“seed region” (Brennecke et al., 2005; Lewis et al., 2005). A single miRNA therefore

can regulate many different mRNAs, whose sequences are complementary to seed

region in miRNA (Lewis et al., 2003).
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The piRNAs are the longest small RNAs with 25~32 nucleotides and they function

in the germ line. Unlike siRNAs, piRNAs are mainly antisense. This suggests that

piRNAs are produced from long, single-stranded precursor RNAs. Biogenesis of piRNA
11



is from sequences of piRNAs that are bound to Piwi, Aubergine and Ago3 (Brennecke

et al., 2007). The biogenesis of piRNA occurs through an amplification mechanism of

“ping-pong” that is activated after transcription of transposon mRNA (Tabara et al.,

2002). In planarians, miRNAs and piRNAs are predominant small RNAs (Friedlander et

al., 2009).

Dasaradhi Palakodeti et al was the first group to study miRNAs in planarian. They

reported the cloning and initial characterization of 71 miRNAs from the planarian

Schmidtea mediterranea (Palakodeti et al., 2006). Marc R. Friedlinder et al used

massive, next-generation sequencing methods to compare profile of small RNAs present

in neoblasts, irradiated animals, and normal animals (Friedlander et al., 2009). The read

numbers of piRNAs were predominant in sorted neoblasts (82%), and low in the

irradiated sample (25%) (Friedlander et al., 2009). In contrast, miRNAs were

predominant in the irradiated sample, but several miRNAs were enriched in neoblasts.

They used a reverse transcription quantitative polymerase chain reaction (RT-qPCR) to

confirm the deep sequencing data. Ten miRNAs were up-regulated in neoblasts (let-7a,

let-7b, miR-36b, miR-2a, miR-2d, miR-13, miR-71b, miR-756, and miR-2160).

Yi-Chien Lu et al used the same method to define the full complement of small RNAs

present in irradiated animals, un-irradiated animals, a sexual strain, and an asexual

12



strain. Five miRNAs were identified that were reduced by at least 2-fold in irradiated

animals (let-7a, mir-71b, mir-756, mir-13, and mir-752) (Lu et al., 2009). Qing-Nan

Tian et al identified 8 miRNAs that were differentially expressed in regenerative tissues

using an mMiRNA microarray (miR-71a, miR-756, miR-13, miR-281, miR-79,

miR-2d-3p, miR-36, and miR-2b) (Tian et al., 2011). Cristina Gonzélez-Estévez et al

showed that 12 miRNAs were sensitive to irradiation by small RNA whole-mount in

situ hybridization (WISH) (let-7¢, mir-2¢, mir-71¢, mir-67, mir-2d, mir-71b, mir-752,

mir-7b, mir-36, mir-92, mir-124a, and mir-124b) (Tian et al., 2011). Those results

indicated that miRNAs might play important roles in regeneration or neoblast

maintenance and differentiation.

1.4 Argonaute proteins

The Argonaute protein family was first identified in plants, and were later found in

bacteria, archaea, and eukaryotes (Cerutti and Casas-Mollano, 2006) . They are highly

conserved among species, and many organisms encode multiple members of the family

(Hock and Meister, 2008). Members of this family are defined by having a

Piwi-Argonaute-Zwille (PAZ) domain and a P-element induced wimpy testis (PIWI)

domain (Bohmert et al., 1998). Studies on Ago2 structure have shown that the PAZ

13



domain has a subdomain which displays oligonucleotide binding (OB)-like folding. It

also showed that the PAZ domain can recognize 3' ends of single-stranded RNAs (Yan

et al.,, 2003). The Mid domain is between the PAZ and PIWI domains and has

cap-binding activity. The PIWI domain binds to the 5' end of siRNA and the target RNA.

The PIWI domain contains catalytic residues (DDH) with the capacity (Song et al.,

2004) to cleave the mRNA strand between nucleotides 10 and 11 if the complementarity

of the miRNA and mRNA is perfect (Yuan et al., 2005).

The Argonaute protein family has two subfamilies, the Argonaute and PIWI. The

Argonaute subfamily is similar to Arabidopsis thaliana Agol, while the PIWI subfamily

is similar to Drosophila melanogaster PIWI (Carmell et al., 2002). Argonaute subfamily

proteins are expressed and bind to siRNAs or miRNAs for post-transcriptional gene

silencing either by translational repression or by destabilization of the mRNA. PIWI

proteins are involved in piRNA pathway. The mechanism of PIWI proteins is not clear.

In planarians, several PIWI proteins were identified. Smedwi-2 and Smedwi-3 have the

ability to regulate neoblast proliferation (Palakodeti et al., 2008). Drpiwi-1 is essential

for germline cell formation during sexualization of the planarian Dugesia ryukyuensis

(Nakagawa et al., 2012). The Argonaute protein was identified in planarians. Djago2

silencing results in a failure to regenerate (Rouhana et al., 2010). However, the role of

14



Djago?2 in planarian regeneration is still unclear.
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2. Materials and Methods

2.1 Animals

The planarian D. japonica was captured in Jiaoxi Township, Ilan County, of

northeastern Taiwan. The worms were maintained in aerated tap water at 18 °C for at

least a month and fed chicken liver once a week. Replacement of the aerated tap water

three times a week was used to control water quality. In this study, worms were used

after 1 week of starvation.

2.2 5’ Rapid amplification of complementary (c)DNA ends (RACE) and 3’RACE

Total RNA was collected from intact planarians with the TRIzol reagent. 5'

RACE-PCR began using mRNA as a template for a first round of cDNA synthesis with

the superscript III First-strand Synthesis System (Invitrogen). An anti-sense

gene-specific primer was used to recognizes Djago2 mRNA template in the 3' to 5'

direction to generate a specific single-stranded cDNA product. Following cDNA

synthesis, the enzyme terminal deoxynucleotidyl transferase (TdT), was used to add a

string of deoxycytidine triphosphates (dCTPs) to the 3' end of the cDNA. A PCR

reaction was performed using a secondary antisense gene-specific primer and an oligo
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(dG) primer. The products of the PCR were cloned into a TA vector and sequenced. The

3' RACE-PCR used an oligo (dT) primer to generate cDNA. The PCR was then used to

amplify 3' cDNA using a sense gene-specific primer and an oligo (dT) primer. The

products of the PCR were cloned into the TA vector and sequenced. The first antisense

gene-specific primer was GCATAATAAGCAGGAGCTGG, the secondary antisense

gene-specific primer was CCGTCAAACACAGGTCTCTG, and the sense gene-specific

primer was GGTGTTTGGGATATGAGAGG.

2.3 Expression vectors

Expression vectors with N-terminal YFP-tag was generated by PCR amplification

of Expression vectors with an N-terminal yellow fluorescent protein (YFP) tag was

generated by PCR amplification of Djago2 coding sequences from cDNA of intact

planarians, followed by cloning into the Xhol and BamHI sites of pEYFP-C1 (BD).

2.4 Cell culture and transfection

HeLa cells were cultured in Dulbecco's minimal essential medium (DMEM) with

10% fetal bovine serum (FBS) at 37 °C with 5% CO,. Cells were transfected using

Lipofectamine (Invitrogen) according to the manufacturer's protocol.
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2.5 Immunofluorescence

Cells transfected with YFP-Djago? were fixed with 4% paraformaldehyde in

phosphate-buffered saline (PBS) at room temperature for 20 min and permeabilized for

5 min with 0.25% (v/v) Triton X-100. Samples were washed three times with PBST

(0.1% [v/v] Triton X-100 in PBS) and blocked for 30 min in PBST containing 2% (w/v)

bovine serum albumin (BSA). Primary and secondary antibodies were diluted in

blocking solution during incubation. Antibodies used in these experiments included

anti-RCK/p54 and anti-YFP. Secondary antibodies against rabbit and mouse

immunoglobulin G (IgG) were directly conjugated to Alexa Fluor dyes (Molecular

Probes, Eugene, OR). Samples were washed three times with PBST after antibody

incubation. After the final wash, samples were counterstained with Hoechst 33342 to

visualize nuclei.

2.6 Whole mount In situ hybridizations

Animals 5 to 8 mm long were used for this experiment. Planarians were killed, and

mucus was removed with 5% N-acetyl cysteine in 5/8 Holtfreter's solution for 5 min on

slides, and then specimens were fixed in 4% formaldehyde for 20 min. Worms were
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transferred into 1.5ml Eppendorf-tubes. Fixed samples were washed with 50% methanol

and 100% methanol, and bleached overnight in methanol with 6% H,0O,. Animals were

washed with a serial dilution of methanol: PBST (0.3% triton X-100 in PBS). Animals

were treated with 2 pg/ml of a proteinase K solution. Worms were then incubated at 56

°C for 2 h in pre-hybridization solution (50% formamide, 5% SSC, 1% Tween-20, and 1

mg/ml yeast torula RNA). Hybridization was performed at 65 °C in hybridization

solution containing 50% formamide, 10% dextran sulfate, 5x SSC, 1% Tween-20, and 1

mg/ml yeast torula RNA with a DIG-labeled antisense RNA probe for 16 h. Animals

were washed through a serial dilution into 2x SSC, then 0.2x SSC, and finally into

MABT (100 mM maleic acid, 150 mM NaCl, and 0.1% Tween-20; pH 7.5). Animals

were incubated with blocking solution (10% goat serum in MABT) for 2 h, and then

with primary antibodies (1:4000 anti-digoxigenin-AP (Roche) diluted in blocking

solution) overnight. Animals were washed 6 times with MABT, and the signal was

developed with an NBT/BCIP mixture.

2.7 Preparation of single-cell suspensions for the fluorescence-activated cell sorting

(FACS) analysis

Planarians were cut into three fragments on ice, and rinsed with a calcium- and
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magnesium-free solution (CMF: 2.56 mM NaH,PO4H,0, 10.21 mM KCl, 14.28 mM

NaCl, 9.42 mM NaHCO3, and 1% BSA). The fragments were cut into smaller pieces

and treated with 0.25% (w/v) trypsin in CMF for several minutes at room temperature.

Samples were completely dissociated into single cells by gentle pipetting and then

filtered through a 70-pm-pore size cell strainer (BD) and a 20-pm nylon net filter

(Millipore) to remove tissue fragments. The single-cell suspensions were incubated with

13.5 pg/mL Hoechst 33342 (Sigma) and 0.5 pg/mL calcein-4AM (Sigma) for 1 h at room

temperature. Samples were pelleted by centrifugation at 1500 g for 2 min, and

resuspended in CMF. A flow cytometric analysis used a FACSAria III cell sorter (BD).

2.8 Quantitative PCR

Total RNA was extracted using TRIzol, and ¢cDNA was synthesized with the

superscript III First-strand Synthesis System (Invitrogen). A real-time RT-PCR was

performed using SYBR® FAST qPCR Kits (KAPA). Djactin was used for

normalization. The following primers were used in the amplification reaction:

Djago? forward, 5’-CCTGTAATATTTCTCGGTGCTGA-3’;

Djago?2 reverse, 5’-CATCCATACTGCCTACAACAGC-3’;

Djactin forward, 5’>-GGTAATGAACGATTTAGATGTCCAGAAG-3’;
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Djactin reverse, 5’-TCTGCATACGATCAGCAATACCTGGAT-3’;

DjpiwiA forward, 5’-GGAGCCATAGGAGAAATCTCATTTG-3’;

DjpiwiA reverse, 5’-CGCTAATCCAAATCCGGGAAC-3’;

DjPCNA forward, 5S-TGAGGCTATCACCATTACTGTTG-3’;

DjPCNA reverse, 5°-GGCTCGGTCATTTCAATAGTG-3;

DjpiwiC forward, 5-GGACGTGACTACTTCTACCCAG-3’;

DjpiwiC reverse, 5S’-CTTTGTGTGAAACATCGCACTG-3’

2.9 RNA interference (RNAi) experiments

Double-stranded (ds)RNA was used to knock down Djago?2 expression (Sanchez

Alvarado and Newmark, 1999). The Djago2 dsRNA sequence was cloned by a PCR.

The following primers were used: forward primer, GCCTAATACGAGACACTAT-

AGAAGGTGTTTGGGATATGAGAGG; and reverse primer, GCCTAATACGAC-

TCACTATAGGGTAACAATGCCGAAATTTGAT. These primers had a T7 promoter

sequence. Djago2 dsRNA was synthesized with T7 polymerase for 3 h. After RNA

synthesis, the sample was digested with DNase I for 15 min at 37 °C. Djago2 dsRNA

was precipitated with ethanol, and resuspended in 20 ul of nuclease-free H,O.

Formation of dsRNA was confirmed by running 200 ng of these reactions in a 1.0%

21



agarose gel in TAE. This artificial food was mixed with 4 pg dsRNA in 25 pl of a 75%

chicken liver mix, 6 pl 2% ultra-low gelling agarose, and 1 pl red food color. The

artificial food mix was allowed to solidify at 4 °C, and room-temperature food was fed

to planarians. Worms were fed with RNAi food on days 1, 4, and 7. After the 3rd RNAi

feeding, the heads and tails were immediately removed. After 9 days of regeneration,

animals were fed and amputated again. The phenotype was monitored by a dissecting

microscope.

2.10 Anti-phospho-histone H3 labeling

To detect mitotic cells, a rabbit anti-phospho histone H3 antibody (Millipore) was

used to detect mitotic cells. Planarians were killed by ice-cold 2% HCI (0.5~1 min) and

then fixed in Carnoy’s solution for 2.5~3 h at room temperature. After rinsing in MeOH,

fixed specimens were bleached overnight in 6% H>O, in MeOH at room temperature.

Planarians were either stored at -20 °C in MeOH or immediately rehydrated through an

MeOH/PBSTx (0.3% Triton X-100 in PBS) series (75%, 50%, and 25% MeOH).

Samples were blocked and incubated overnight at room temperature in anti-H3P diluted

1:1000 in PBSTx + 10% goat serum. After multiple PBSTx washes (for at least 8 h),

samples were post-fixed for 15 min at room temperature in 4% paraformaldehyde in
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PBS and washed twice in PBSTx. Samples were incubated overnight at 4 °C in

anti-rabbit Alexa 488 (1:1000) diluted 1:1000 in PBTx + 10% goat serum. Following

three 10-min washes in PBSTx, samples were stained with Hoechst 33342 for 30 min.
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3. Results

3.1.1 Cloning of Planarian Argonaute - Djago2.

The full length sequence of Djago2 was completed by 5’RACE and 3’RACE. The

clone with 2787 nucleotides was isolated and sequenced (Fig.1B). The initial

methionine was identified by comparison with the sequences of AGO2 ortholog from

other organisms. The Djago2 encodes a protein composed of 929 amino acids.

Phylogenetic analysis showed DjAgo2 is a member of AGO subfamily and is closely

related to Schmidtea mediterranea Ago2, Drosophila melanogaster Agol and human

Ago2 (Fig. 1A). DjAgo2 contains conserved PAZ, Mid and PIWI domains. Sequence

alignment of DjAgo2 with its ortholog in humans, hsAgo2, showed that is exhibited

high similarity to human Ago2 with 76.5% identity, especially in the PIWI domain

(88%) (Fig.1B). DjAgo2 also contains DDH, which are key residues for the catalytic

activity of Ago2.

3.1.2 The subcellular distribution of DjAgo2 is similar to that of human Ago2

localized to P-bodies.

To characterize if the cloned DjAgo2 indeed exhibits similar function to its human
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orthologue, I first examined localization of DjAgo2 in HelLa cells. Previous studies

showed that Ago2 is localized to cytoplasmic mRNA P-bodies, and facilitates

miRNA-induced gene silencing. Therefore, I hypothesized that if DjAgo2 is the

functional planarian Argonaute protein, it should also localize to P-bodies. YFP-tagged

DjAgo2 was expressed in HelLa cells, and its localization was confirmed by the human

P-body marker, RCK/p54 (Fig 2). YFP-DjAgo2 was expressed in cytoplasm, and

accumulated at specific foci. RCK and YFP antibodies were used to label endogenous

RCK and YFP-DjAgo2. HeLa cells which expressed YFP-DjAgo2 were co-stained with

anti-YFP and anti-RCK. YFP-DjAgo2 co-localized with endogenous RCK (Fig. 2,

panels a, b, ¢). This expression pattern is similar to that of human Ago?2 (Fig 2, panels d,

e, f)

3.2.1 Expression pattern and level of Djago2 in planarian.

To examine the expression of Djago?2 in intact planarians, I used WISH to detect

the mRNA of Djago2. WISH for Djago2 was performed with a digoxigenin-labeled

antisense RNA probe. The RNA probe with ~1500 nucleotides in sequence length

included the 3’ UTR and a partial sequence of the PIWI domain. Animals that were 5~8

mm long were used for this experiment. A sense RNA probe was used as the control,
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and no signal was detected after hybridization (Fig. 3A). This showed that the

background signal was undetectable in our WISH system. The expression pattern of

Djago2 was detected in the whole body and was readily detected in central nervous

system (CNS) and middle dorsal line. The expression pattern of Djagol in intact

planarians was similar to Djcbc-1 (Dugesia japonica chromatoid body component 1)

(Yoshida-Kashikawa et al., 2007). Djcbc-1 is a homolog of human RCK/p54. In

planarians, Djcbc-1 is located in chromatoid bodies of neoblasts and chromatoid

body-like structures in the CNS (data not shown). Djpiwid is known to be a

neoblast-specific gene, which is expressed throughout the planarian body. It is also

expressed in cell clusters in the middle dorsal line (Fig. 3B).

3.2.2 Djago? is highly expressed in the regenerating region.

I next examined the expression of Djago? in regenerating animals. After

amputation anterior and posterior to the pharyngeal region, the head, trunk, and tail

were allowed to simultaneously regenerate. Expression patterns of Djago2 in the head,

trunk, and tail were observed on day 3 after transverse amputation. Djago? was

expressed in cells of the CNS, middle dorsal line, and regenerating tissues (Fig. 4A).

This showed that Djago2 might be expressed in neoblasts. To observe Djago?2 levels at
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wound sites during planarian regeneration, worms were transversely amputated

posterior to the pharynx, harvested and analyzed by WISH. Animals were harvested at

various time points of 8 h, and 1, 2, 3, 5, and 7 days after amputation. Expression of

Djago2 was increased in the regenerating region during regeneration until 3 days, and

the signal was lower on day 5 and 7 (Fig. 4B).

The expression levels of Djago?2 at various regeneration time points were quantified

by RT-gPCR. During planarian regeneration, the regenerating tissue, called the blastema,

contains a mass of cells which is capable of replacing lost or damaged body parts. In

previous studies, Djpiwid-labeled neoblasts proliferated in the region of the

post-blastema and then migrated to and differentiated into various cell types in the

blastema (Umesono et al., 2011). Quantitative analysis of Djago2 was performed for

tissues of the blastema and post-blastema during regeneration. Blastemas were

harvested at various time points of 3, 5, and 7 days after transverse amputation at the

post-pharyngeal region. Post-blastema samples of three more time points at 8, 24, 48 h

post-amputation were harvested in the regenerating region. Expression levels of Djago?2

were not examined in the blastema at 3, 5, or 7 days post-amputation because the newly

formed tissues were too small. Control samples of the blastema and post-blastema were

the tail and the region next to the first amputation, respectively. In total, 2 ug of RNA in
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each sample was collected for reverse transcription to produce cDNA and was subjected

to a qPCR analysis. In the post-blastema, expression of Djago2 was increased during

regeneration, and Djago?2 was respectively 2.5- and 3.2-fold higher than the control at 8

and 72 h post-amputation (Fig. 5A). In the blastema, expression of Djago2 was 6-fold

higher than the control at 72 h post-amputation (Fig. 5B). Our results showed that the

expression of Djago2 was increased in both the blastema and post-blastema during

regeneration. Then I examined expression levels of Djpiwid, a marker for neoblasts, in

the blastema at 3, 5, and 7 days post-amputation. Expression of DjpiwiA did not rise up

at 72 h after the first amputation (Fig. 5C). On days 5 and 7 post-amputation, expression

levels of Djpiwid were lower than the control. This confirmed that neoblasts had

accumulated in the post-blastema but not in the blastema during regeneration.

3.3.1 y-irradiation eliminates the Djago2-positive cells.

Since the increasing expression of Djago?2 in regenerating tissues was synchronized

with that of DjpiwiA, 1 hypothesized that Djago?2 is expressed in neoblasts, and Djago?2

expression is higher as a result of proliferation and differentiation of neoblasts. To check

if Djago?2 is expressed in neoblasts, I examined expression levels of Djago2 in both

normal and neoblast-depleted animals. I depleted neoblasts in planarians by 90 Gy
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y-irradiation. Fourteen days after y-irradiation, all animals displayed degeneration (Fig.

6A). All animals were dead at 3~4 weeks after irradiation, indicating a failure of tissue

homeostasis. I used FACS to confirm if y-irradiation eliminated neoblasts (Fig. 6B).

Single-cell suspensions were collected and filtered from dissociated animals. Staining

with Hoechst 33342 reflects the DNA content in nuclei. The cytoplasm of living cells

was stained with vital calcein-AM. In FACS, I first selected a population of particles

which contained Hoechst 33342/calcein-AM double-positive cells. 1 separated those

cells into three populations according to the DNA content and cell size. G2/M- (Fig 6B,

p3) and G1/GO-phase cells (Fig. 6B, p4 and p5) could be distinguished by the Hoechst

33342 fluorescence signal. Our data showed that G2/M-phase cells (p3 in Fig 6B),

which are highly proliferating neoblasts, had been eliminated at day 3 post y-irradiation

(Fig. 6B).

RT-gPCR analysis was used to examine the either Djago2 or DjpiwiA expression

levels between irradiated and un-irradiated animals. Total RNA was collected from three

animals in different treatments. A total 3ug RNA was collected from three animals and

used for cDNA preparation. Our results showed that y-irradiation eliminated the

expression of DjpiwiA and reduced the level of Djago2 down to 23% as compared to the

control. This demonstrated that y-irradiation had eliminated neoblasts and reduced
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Djago2 expression in intact animals (Fig. 6C). 1 also compared Djago2 expression

patterns between irradiated and un-irradiated animals by WISH (Fig. 7A). Djago2 was

expressed in the CNS in both irradiated and un-irradiated animals. But the detected

signals were weaker in the intact bodies of irradiated worms. Interestingly, signals in

cell clusters of the dorsal middle line were totally eliminated by y-irradiation,

suggesting that irradiation indeed depleted Djago2-positive neoblasts in the dorsal

middle line. Comparing the expression of Djago? in irradiated and un-irradiated

animals on day 3 post amputation, I found that the increased expression of Djago?2 near

the wound site had disappeared as well (Fig. 7B).

3.3.2 Djago? is highly expressed in neoblasts.

To confirm the expression of Djago?2 in highly proliferating neoblasts, I collected

G2/M-phase cells and analyzed their Djago2 levels by an RT-gPCR. Single-cell

suspensions were prepared from 60 worms at ~1.5 cm in length for the FACS analysis.

Cells in population 3 (in the G2/M phase) were sorted as neoblasts. Cells in population

5 (in the GO/G1 phase) were sorted as differentiated cells. Cells in population 4, which

contained part of the neoblasts, were not sorted. In total, 300 ng RNA was collected and

subjected to cDNA synthesis. I compared Djago2 and DjpiwiA expressions between
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neoblasts and differentiated cells. The Djago?2 expression level was higher in neoblasts

(Fig. 8).

3.4.1 Failure to regenerate in Djago2-silenced animals.

From previous data, I already knew that the Djago2 expression level is higher in

regenerating tissue, and Djago?2 is highly expressed in neoblasts. To check the function

of Djago?2 in planarian regeneration, I knocked down Djago?2 by administering dsRNA.

I observed loss of the head and tail formation in planarian regeneration with one round

of Djago2 dsRNA feeding, but not in control animals (Fig. 9B). Pleiotropic regeneration

defects were observed in Djago2-knocked down planarians. Fifteen of 30 trunks were

observed to have no blastema formation on day 7 after transverse amputation in the

anterior and posterior regions of the pharynx (Fig. 9C). Seven of 30 trunks were

observed to have limited regeneration with a single photoreceptor or no photoreceptor

formation on day 7 after amputation. I extended the observation period to 14 days.

Three of seven trunks had formed a complete photoreceptor, others had formed an

incomplete photoreceptor, while five of 30 animals died. In control animals, 29 of 30

trunks regenerated to intact animals, and one trunk died (Fig. 9C). Higher knockdown

efficiency was observed by increasing the feeding times of Djago2 dsRNA (data not
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shown), while I also found that animals began degenerating at the head region. However,

most trunks did regenerate and died when I fed them Djago2 dsRNA more than five

times.

I examined the expression of Djago?2 in animals that had failed to regenerate by an

RT-gqPCR. The expression level of Djago2 was reduced to 11% after Djago?2 silencing.

Expression levels of DjpiwiAd, DjpiwiC, and Djpcna were also reduced to 3%, 16%, and

17% at 7 days after amputation (Fig. 9C). This suggested that depletion of Djago2 may

eliminate a large population of neoblasts and also that Djago2 is required for

maintaining the homeostasis of neoblasts.

I therefore checked if neoblasts were indeed eliminated in Djago2-depleted worms

using a FACS analysis. Surprisingly, the FACS results showed that cells of population 3

(in the G2/M phase) were not depleted in animals that had failed to regenerate (Fig. 9D).

Moreover, the percentage of G2/M-phase cells had increased in animals that had failed

to regenerate (Fig. 9E), suggesting that an undefined mechanism may be involved in the

regenerating deficiency phenotype of Djago2-depletion.

For those animals which showed incomplete regeneration with Djago2 RNAI, I further

checked the pattern of formation of the head region to understand if DjAgo2 is also

required for differentiation. Djndk is a head marker in planarians used to show the head
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formation in control and limited-regeneration (RNA1) animals 14 days after amputation.

I examined expression patterns of Djndk by WISH. Compared to control RNAi animals,

incomplete head formation was observed in Djago2 RNAi-treated animals (Fig. 10).

This result suggested that the differentiation potential from neoblast progeny was

restricted in Djago2 RNAi-treated animals.

3.4.2 Tissue homeostasis defect was observed in long-term Djago2 RNAi-treated

animals.

As mentioned above, I observed the head-regression phenotype when I increased

the Djago2 dsRNA feeding rounds. I therefore increased the dsRNA concentration in

the RNAi food (6 mg of dsRNA in 25 ul of liver) to check if this degeneration

phenotype resulted from the complete knockdown of Djago2. The head-regression

phenotype was observed when RNAi1 food was given 3 to 6 times (Fig. 11A). This

phenotype was similar to that of irradiated animals (Fig 6A). I examined the expression

of Djago?2 in head-degenerated animals by an RT-qPCR. The Djago2 expression level

was reduced to 57%. Respective expression levels of Djpiwid and Djpcna were reduced

to 43% and 40% (Fig. 11B). These results suggested dysfunction of neoblasts in Djago2

RNAi-treated animals.
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Since neoblasts are the only mitotic cells in planarians as far as is known, I labeled

mitotic cells with anti-phospho-histone 3-serine 10 (H3P), to confirm if the depletion of

Djago? affected the M-phase of mitosis. As shown in Fig. 11C, numbers of

H3P-positive cells dramatically decreased in Djago2-silenced animals. However, cell

cytometric data showed that G2/M-phase cells were not significantly reduced in

degenerating animals (Fig. 11D). Similar to animals that had failed to regenerate (Fig.

9E), the ratio of G2/M-phase cells even increased in degenerating animals compared to

the control (Fig. 11E). A summary of these results indicated that RNAi of Djago?2

blocked dividing neoblasts.
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4. Discussion

4.1 DjAgo2 is a member of the Argonaute subfamily.

Argonaute proteins are highly conserved in many organisms. Members of the

Argonaute protein family are characterized by the presence of PAZ

(Piwi-Argonaute-Zwille), Mid, and PIWI domains. The protein sequence of DjAgo2 is

most similar to Drosophila Agol and human AGO2, and DjAgo2 has homology to the

Argonaute subfamily (Fig. 1). The PAZ domain of DjAgo2 has 79.7% identity with

Drosophila Agol and 75.7% identity with human AGO2. The PIWI domain of DjAgo2

has 84.8% identity with Drosophila Agol and 85.8% identity with human AGO2. The

PAZ domain 1s bound to the 3’ end of small RNA. The PIWI domain is bound to the 5’

end of small RNA. This shows that DjAgo2 might have small RNA-binding affinity.

The PIWI domain of DjAgo2 contains the catalytic residue, DDH, which is an essential

motif for cleavage activity. This indicates that DjAgo2 potentially has mRNA-cleavage

activity. In Drosophila, Agol functions in the miRNA-mediated translation repression

pathway (Miyoshi et al., 2005), and Ago2 plays major roles in the RNAi pathway. Both

of them have slice activity, and are involved in different pathways. The protein sequence

of DjAgo2 is more closely related to Drosophila Ago1 than to Ago2, suggesting that the
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function of DjAgo?2 is more related to miRNA pathways. In addition, I found that when

YFP-tagged DjAgo2 was expressed in HeLa cells, it also localized to P-body and

co-localized with human RCK, a P-body component (Fig. 2). Since human Ago2 is

localized to cytoplasmic P-bodies which are mRNA decapping and degradation sites

(Hutvagner and Simard, 2008). Our result suggests that DjAgo2 might have a role in

miRNA-mediated mRNA degradation.

4.2 Djago2 is up regulated in regenerating tissue during planarian regeneration.

The expression level of Djago? increased at the wound site (Fig. 4A). During

regeneration, the expression level of Djago2 increased in the regenerating region from 8

hours to 3 days after amputation, and then decreased (Fig. 4B). In a quantification

analysis, regenerating tissue was separated into two regions: the blastema and

post-blastema. Post-blastema tissue contains many neoblasts which proliferate and

differentiate into progenitor cells. These cells migrate to the blastema, and then

differentiate into various types of differentiated cells. In the blastema, progenitor cells

do not undergo mitosis. During regeneration, the expression of Djago2 was increased

2.5-fold at 8 h post-amputation, and then had declined to 1.7-fold higher than the

control at 48 h post-amputation (Fig. 5B). The expression of Djago?2 reached a peak at
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72 h post-amputation (Fig. 5B). This phenomenon is similar to the change in neoblast

proliferative activity during regeneration(Salo and Baguna, 1984). The increased level

of Djago? is caused by the aggregation and proliferation of neoblasts. In the blastema,

the expression of Djago2 had increased to 6-fold higher than the control at 72 h

post-amputation, and then dropped back to the control level (Fig. 5C). In the blastema,

elevation of Djago2 may be caused by a wound response of differentiated cells or the

differentiation of progenitor cells. To clarify if the increase of Djago2 is a result of

wound response or a signal from progenitor cells, we examine the expression level of

Djago?2 at 72 h post amputation in irradiated animals. The expression of Djago2 was not

higher in irradiated animals on day 3 post-amputation (Figs. 4A, 7B). Therefore, the

increased level of Djago?2 did not result from a wound response of differentiated cells,

but from differentiation of progenitor cells.

4.3 Expression level of Djago2 is higher in neoblasts than in differentiated cells.

My data show that Djago?2 is expressed in clustering cells which are located in the

middle dorsal line (Fig. 2A). DjpiwiA is also expressed in the middle dorsal line (Fig.

3C). FACS data showed that 90 Gy of y-irradiation eliminated neoblasts (Fig. 7B),

while Djago2-positive cells in the middle line were also eliminated. RT-qPCR data
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confirmed these results. The eliminated cells were neoblasts. The expression level of

Djago?2 was lower in irradiated animals (Fig. 6C) and was higher in neoblasts (Fig. 8).

4.4 Djago2 is required for proliferation of neoblasts and differentiation of
progenitor cells.

In my data, three phenotypes were observed in DjagoZ2-silenced animals. First,
failure of regeneration was observed after Djago2 RNAIi food was administered 3 times
(Fig. 9B). Parts of the trunk could not form a blastema at the wound site, and animals
died within 14 days after amputation. This phenotype was similar to silencing of Djbruli,
Smedwi-2, Smed-smB (Fernandez-Taboada et al., 2010), DiPCNA (Orii et al., 2005),
and DjRbAp48(Bonuccelli et al., 2010). No blastema formation means no neoblasts or
no proliferation. In Djago2 RNA1 worms, expression levels of Djpiwid, Djpcna, and
DjpiwiC were lower on day 7 post-amputation (Fig. 9D) with no blastema formation
compared to control animals. Djpiwid and DjpiwiC were used as neoblasts markers. The
number of neoblasts decreased in Djago2-silenced animals.

In the second phenotype, parts of trunk fragments could form a blastema, but failed
to form a pair of normal photoreceptors. This phenotype was similar to those of Djcbc-1

and Djtrans-2a. This indicates that Djago? may be required for differentiation of
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progenitor cells. Animals exhibiting limited head regeneration with a single

photoreceptor were used to examine the ability of progenitor cells to differentiate. In a

comparison of expression patterns of Djndk between normal animals and Djago?

RNAi-treated animals, an incomplete brain was observed in animals with only one

photoreceptor (Fig. 10). This indicated that Djago?2 silencing limited the differentiation

capability of progenitor cells. However, we still need to check which types of

differentiated cells can’t be formed from progenitor cells in Djago2 silenced animals.

The regeneration of many organs other than brain also needs to be monitored to confirm

that Djago2 silencing limits the ability of progenitor cells to differentiate to other

terminally differentiated cells (Oviedo and Levin, 2007).

In the third phenotype, homeostasis defects were observed when dsRNA was fed

more than 3 times. Levels of Djpiwid, Djpcna, and DjpiwiC decreased in both

degenerating and regeneration-failed animals. Surprisingly, our FACS data showed that

the number of G2/M-phase cells was increased in failed-regeneration animals (Figs. 9F,

11E). Since the mitotic cells can be also labeled by anti-H3P antibody, we found that the

amounts of anti-H3P-positive cells were reduced in homeostasis-defective animals (Fig.

11C). This shows that Djago?2 silencing blocked the mitosis of neoblasts. It implied that,

in Djago2-silenced animals, the cell cycle of neoblasts was stopped in the G2 phase.
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These data suggest that head regression is resulted from a deficiency of neoblasts. My

data showed that Djago? silencing led to animal regression and death, which might

have been caused by apoptosis (Naoghare et al., 2011).

Taken together, our data suggest that Djago?2 is required for planarian regeneration

and tissue homeostasis. Djago?2 is also required for proliferation and self-renewal of

neoblasts and differentiation of progenitor cells (Fig. 12). In previous studies, inhibition

of many RNA granule components, including Djbruli, Djvas-1, Djcbc-1, Djupf-1,

Djxrn-1, Djedc-4, Djdicer and translation initiation factors, leds to lethality or limited

regeneration (Anderson and Kedersha, 2006; Rouhana et al., 2010). This suggests that

post-transcriptional regulators are required for stem-cell proliferation and planarian

regeneration. Since Djago?2 is an orthologue of Asago2? with high conservation, it is

possible that Djago2 also mediates small RNA-mediated gene silencing that regulates

neoblast proliferation and progenitor cell differentiation. In the future, involvement of

Djago2 in planarian miRNA- or siRNA-mediated gene regulation should be further

confirmed. We expect to identify the miRNAs regulated by Djago2 in planarians by the

immunoprecipitation of Djago?2. In my preliminary data, several miRNAs were found to

be up-regulated in regenerating tissue. We will further confirm if these miRNAs are

associated with Djago?2, and are required for planarian regeneration. Many following
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experiments, such as using miRNA inhibitors to block the function of miRNA in

planarians, will be conducted in the near future.
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Figurel. (A) Phylogenetic analysis of DjAgo2 and Argonaute subfamily. Phylogenetic
tree was constructed by neighbor-joining algorithm. DjAgo2 belongs to Argonaute
subfamily and closely related to S. mediterranea Ago2, Drosophila Agol and human
Ago2 (blue frame). DmAgo3 and DjPiwiA are member of the PIWI subfamily. Scale bar:
20% amino acid substitutions. (B) Sequence alignment of DjAgo2 and human Ago2
(hsAgo2). DjAgo2 exhibits high similarity to human Ago2 with 76.5% identity. DjAgo2
contains the conserved N-terminal, PAZ, Mid, and PIWI domains, as well as the

catalytic residues (blue frames).
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Anti-YFP Anti-RCK overlay

Hela
YFP-DjAgo2

Hela

Figure 2. DjAgo2 accumulates at specific foci (white arrow) in the cytoplasm and
co-localizes with RCK/p54, a marker for RNA processing (P-) body. HeLa cells
transfected with YFP-DjAgo2 were fixed at 24h post-transfection. Immunofluorescence
analysis of YFP-DjAgo2 was performed with mouse anti-YFP antibody followed by
alexa-488-conjugated anti-mouse IgG (panel A). HeLa cells were co-stained with rabbit
anti-RCK followed by alexa-568-conjugated anti-rabbit IgG (panel B, E). Nucleus were
labeled with Hoechst 33342. Subcellular localization of DjAgo2 is similar to that of
hsAgo2 (panels D-F). Immunofluorescence analysis of endogenous AsAgo2 was
performed with mouse anti-Ago2 antibody followed by Alexa-488-conjugated

anti-mouse IgG (panel D). Scale bar: 10um.
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Control Djago2

DjpiwiA

Figure 3. Expressions of Djago2 and DjpiwiA at the dorsal middle line of planarian. (A)
Expression of Djago?2. In situ hybridization of Djago2 was performed with a ~1.5-kb
anti-sense RNA probe. Djago?2 is highly expressed in brain region (black arrow) and
dorsal line (black arrow head), and these signals were absent from control animals
(sense probe). Scale bar: 1.5 mm. (B) Expression pattern of Djpiwid in intact animals.
DjpiwiAd is a neobalst marker, and is primarily expressed on the dorsal middle line

(yellow arrow head). A ~2.5-kb anti-sense RNA probe was used. Scale bar: 1.5 mm.
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Figure 4. Expression of Djago?2 is increased in regenerating regions. (A) Expression
pattern of Djago?2 in regenerating fragments. Worms are harvested and analyzed on day
3 after transverse amputation at anterior or posterior of the pharynx. The level of
Djago2 mRNA is increased in both head and tail regenerating regions (parentheses). (B)
Expression of Djago2 at various time points during tail regeneration. The increased
level of Djago? in regenerating tissue was observed from 24hpa to 3dpa. Scale bar: 80

pm.
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Figure 5. Quantitative analysis of Djago2 expression during regeneration. (A) New
formed tissue without pigment was collected as blastema. The region next to the
blastema is post-blastema. (B) Quantitative analysis of Djago2 expression at
post-blastema during regeneration by RT-qPCR. The levels of Djago2 mRNA for
various time points after amputation were normalized to actin and are presented as
relative to that in control (same region of worm body before amputation). The peak
level of Djago2 was observed on day 3 post-amputation. (C) Expression of Djago?2 in
bastema. Highest level of Djago?2 in blastema was observed on day 3 post-amputation.
(D) Expression of DjpiwiA is reduced in blastema. Expression of Djpiwid was analysis
by RT-QPCR. Levels of Djpiwid were normalized to that of actin and are presented as

relative to that in control.
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Figure 6. Expression of Djago? is reduced in y-irradiated planarians. (A) y-irradiation
induces the defect on homeostasis in planarians. Fifteen worms were treated with 90Gy
and the head regression phenotype was observed on Day 14 after y-irradiation. All
animals were dead in 3 to 4 weeks after irradiation. (B) Depletion of neoblasts by
y-irradiation. Cells from dissociated animals were stained with Hoechst 33342 and
Calcein-AM. P3 regions indicate the population of neoblasts with high nucleus/cytosol
ratio. The numbers of neoblasts in irradiated worms were significantly reduced as
compared to that in normal worms. (C) Quantitative analysis of Djago2 and DjpiwiAd in
irradiated planarians. Total RNAs collected from three worms on day 3 post-irradiation
were reverse transcribed and subjected to quantitative PCR to analyze the level of
DjpiwiA (a neoblast marker gene) and Djago2, as comparing with that in un-irradiated
worms. Our data shows that y-irradiation indeed eliminated the Djpiwid-positive cells,

the neoblasts, and reduced the Djago?2 level as well.
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Figure 7. Elimination of Djago2-positive cells at regenerating tissue by y-irradiation. (A)
Expression of Djago2 at dorsal middle line, where the neoblasts concentrated (white
arrowhead), was abolished in irradiated animals, while signals of Djago2 in CNS
remained unaffected. Scale bar: 1.5 mm. (B) Expression of Djago2 in regenerating
animals with y-irradiation. No significant increase of Djago?2 at the wound site on day 3

post-amputation in y-irradiated animals. Scale bar: 1.5 mm.
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Figure 8. Quantitative analysis of Djago2 and DjpiwiA mRNA levels in neoblasts and
differentiated cells isolated from single-cell suspensions. Single-cell suspensions were
prepared by dissociating small pieces of planarians with trypsin treatment, gentle
pipetting, and then filtering through 70-um and 20-pm filters. Cells were stained with
Hoechst 33342 and Calcein-4M, and subjected to FACS analysis as described in Fig 6.
Cells from P3 region (neoblasts) and P5 region (differentiated cells), as described in
figure 6B, were isolated for RT-qPCR analysis to compare to expression levels of
Djago2 and DjpiwiA. The level of Djago?2 in neoblasts was about two folds higher than
that in in differentiated cells. Djpiwid, which is highly expressed in neoblasts, was used

as the positive control of neoblasts specific genes.
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Figure 9. Djago? is required for planarian regeneration and neoblasts homeostasis. (A)
Experimental outline of Djago2 silencing in planarian. In vitro transcribed Djago2
dsRNA was purified and mixed with chicken liver in low-melting agarose gel for
feeding RNAI. (B). Djago2 RNAI induces the deficiency in regeneration. For one round
of RNAI treatment, each worm was fed with dsRNA/liver mix (4mg dsRNA in 25ul
chicken liver) on Day 1, 4, and 7, followed by transverse amputation at the sites anterior
or posterior to pharynx on Day 10 to remove the head and tail regions. The phenotype in
Djago2 RNAi-treated samples was examined on 7 days after completing one rounds of
RNA.. I observed the loss of head and tail regenerations in planarians fed with Djago2
RNAI, but not in controls (YFP RNAi). (C) Djago?2 silencing led to failed or limited
regeneration. Phenotypes of control (YFP RNAi) and Djago?2 silenced animals were
inspected on Day 7 and Day 14 post amputation (dpa). Ratios of animals for each
phenotype in control or Djago2 RNAi samples are labeled. (D) Djago? silencing also
reduced the levels of Djpiwid, DjPCNA, and DjpiwiC. Total RNA extracted from
control or Djago2 RNAIi animals was analyzed by RT-qPCR to quantify the levels of
various neoblast-related genes, including Djpiwid and DjpiwiC (neoblasts-specific) and
DjPCNA (S phase-specific). (E) FACS analysis of single-cell suspensions from
planarians treated with Djago2 RNAI. The ratio of G2/M phase cells was not reduced in
Djago2 RNAI animals as compared to that in control. Planarian cells were stained with
Hoechst 33342 and Calcein-AM and analyze by FACS as described before. (F)
Quantitation of G2/M-phase cells in (D). The percentage of G2/M phase cells was

increased in regeneration-failed animals with RNAi against Djago?.
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Figure 10. Limited head regeneration was observed in Djago?2 silenced animals. Some
specimens (Djago2 RNAi-treated trunks) incompletely regenerate their new heads with
only one photoreceptor on Day 14 post-amputation. By using in sifu hybridization,
Djndk specifically labeled the brains of regenerated animals. It shows that the brain size

was significantly reduced under Djago2 RNAI treatment. Scale bar: 1 mm.
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Figure 11. Djago2 RNAI induces the defect on homeostasis. (A). The phenotype of
Djago2 RNAi-treated samples was examined on day 10 after finishing one round of
RNAI treatment (6bmg dsRNA in 25ul chicken liver). A significant head-regression
phenotype was observed in Djago? RNAi animals. The animals with Djago2 RNAi
exhibited a continuous regression phenotype even the RNAI treatment has been stopped
for 1 week. (B) Silencing of Djago2 reduced the levels of Djpiwid, DjPCNA, and
DjpiwiC. in degenerating worms. Total RNA from control or degenerating animals was
analyzed by RT-qPCR to quantify the levels of various neoblast-related genes, including
Djpiwid and DjpiwiC (neoblasts-specific) and DjPCNA (S phase-specific). Results
showed that neoblasts were depleted in Djago2-RNAi animals and resulted in the tissue
degeneration. (C) The number of mitotic cells was reduced in Djago2 RNAI animals.
During mitosis, serine 10 of histone H3 becomes phosphorylated throughout condensing
chromatin. We used anti-H3p antibody to label the mitotic cells (yellow) and Hoechst
33342 to label cell nuclear (blue). We observed the reduced amounts of mitotic cells in
Djago2-RNAi1 worms (right panel) as compared to control. Scale bar: 200 um. (D)
FACS analysis of single cell suspension from degenerating planarians treated with
Djago2 RNAI. The ratio of G2/M-phase cells was not reduced in degenerating animals.
Planarian cells were stained with Hoechst 33342 and Calcein-AM and analyzed by
FACS (BD Arialll) as described above. (E) The percentage of G2/M-phase cells was
increased in degenerating animals. Quantitation of G2/M-phase cells from FACS results.
In each group, 5 animals were subjected for preparing the single cells suspension
individually. Our data indicates the increasing amounts of G2/M cells in degenerating

animals. (*p < 0.05)
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Figure 12. Model for the regulation of Djago2 in neoblast proliferation and
differentiation. In planarians, neoblasts aggregate and proliferate in the post-blastema,
and dividing progeny aggregate and differentiate in the blastema during regeneration.
In this study, my results suggested that Djago2 can regulate the cell cycle of neoblasts
from the G2 to the M phase, and Djago2 is required for the differentiation of

progenitor cells.
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