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ABSTRACT. We examined the spatial and temporal expression
of the planarian Dugesia japonica STAG-related gene (DjStag),
in both intact and regenerating planarians, by whole-mount in situ
hybridization and relative quantitative real-time PCR. The first lo-
calized transcripts of DjStag were detected in the blastemas three
days after amputation, in all regenerates including those from head,
tail and trunk pieces. The maximum level of expression of DjStag
transcripts occurred at five days after cutting. After regeneration for
seven days, DjStag was weakly expressed. A similar decrease occurs
regardless of the orientation of the cut. The expression pattern did
not differ significantly in the different types of regeneration. Rela-
tive quantitative real-time PCR analysis of DjStag mRNA indicated
that the expression of DjStag mRNA was increased after amputa-
tion compared to that in normal intact planarians, and the maximum
level of expression of DjStag transcripts occurred at five days after
amputation. All results suggest that DjStag, implicated in planarian
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regeneration, plays a role in maintaining the ability of pluripotent
stem cells to regenerate lost tissue in planarians.
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INTRODUCTION

In eukaryotes, the two copies of chromosomes are generated in the S-phase. Sister
chromatids remain connected until they are separated in anaphase of mitosis. Sister chro-
matid cohesion depends on cohesin, a protein complex that is highly conserved in evolution
and consists of at least four subunits: two structural maintenance chromosome proteins,
Smcl and Smc3, and two sister chromatid cohesion proteins, Sccl and Scc3 (Michaelis et
al., 1997; Losada et al., 1998; Sumara et al., 2000; Haering and Nasmyth, 2003). Cohesins
form a ring around the sister DNA molecules, with Smcl and Smc3 forming a V-shaped
heterodimer bridged by Sccl (Anderson et al., 2002; Gruber et al., 2003). Scc3 binds to the
complex by associating with the C-terminal domain of Sccl (Gruber et al., 2003). Cells of
humans, hoptoad and other higher eukaryotes contain two mitotic orthologs of Scc3, called
STAG1/SA1 and STAG2/SA2. Cohesin complexes in these cells contain either SA1 or SA2,
but not both (Losada et al., 2000; Pezzi et al., 2000; Sumara et al., 2000; Prieto et al., 2001;
Krasikova et al., 2005).

Although previous study on cohesins has been mainly focused on chromatid co-
hesion and segregation, certain cohesins have been implicated in different cellular pro-
cesses (Lara-Pezzi et al., 2004). Caspase proteolysis of Sccl can be observed in cells
undergoing apoptosis in response to diverse stimuli, preceding chromatin condensation
and amplifying the death signal (Chen et al., 2002; Pati et al., 2002). Cohesin function
is also essential for DNA repair (Sjogren and Nasmyth, 2001). The possible function of
STAG, however, is not completely understood. Lara-Pezzi et al. (2004) provide evidence
suggesting that STAG functions as a transcriptional co-activator by a mechanism involv-
ing protein-protein interactions with transcription factors (Losada et al., 2000).

Planarians (Platyhelminthes, Tricladida) are excellent models for the study of the
biology of regeneration because of their remarkable ability to rebuild a complete indi-
vidual from any small amputated fragment of their body (Salvetti et al., 1998; Reddien
and Sanchez, 2004). However, little is known about the STAG gene in this important ani-
mal. In this report, we show the spatial and temporal distribution of the planarian Dugesia
japonica STAG-related gene (DjStag) (GenBank accession No. GQ503880) in intact and
regenerating planarians as revealed by in situ hybridization and relative quantitative real-
time polymerase chain reaction (PCR).

MATERIAL AND METHODS
Animals and culture conditions

The planarians used belong to the race of D. japonica collected from a fountain in
Quanhetou, Boshan, China. The animals were kept in autoclaved tap water at 20°C. Planar-
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ians had been starved for at least 1 week before the experiments. Some planarians were cut
both anterior and posterior to the pharynx with a razor blade and each piece was allowed to
regenerate at 20°C.

Whole-mount in situ hybridization

Whole-mount in situ hybridization was performed on intact and regenerating pla-
narians essentially as described previously (Reddien et al., 2007; Palakodeti et al., 2008). Hy-
bridization was performed at 50°C for 36 h with digoxigenin (DIG)-conjugated riboprobes
in prehybridization solution. The color was developed using nitroblue tetrazolium chloride
(NBT) and 5-bromo-4-chloro-3’-indolyl phosphate p-toluidine salt (BCIP), the reaction was
arrested by two rinses in PBS for 5 min. All samples were observed with a Nikon SMZ 1500
stereomicroscope.

Relative quantitative real-time PCR

Relative quantitative real-time PCR was used to monitor the quantitative expression of
the DjStag gene essentially as described (Jiang et al., 2006) in intact and regenerating planarians at
different times after cutting at the pre- and post-pharyngeal level. The cDNAs used for PCR were
synthesized with the reverse transcription system using oligo d (T) primer after total RNAs were
extracted using RNAiso Reagent (TaKaRa). The planarian -actin gene was used as the internal ref-
erence gene. The PCR primers used were as follows: DjStag forward, 5'-ACACCGCCAAAATGG
TTATG-3"; DjStag reverse, 5-TGCGTTGGGAACTGTGTCTA-3"; B-actin forward, 5'-GGATG
ATGAGATGCGATGTTG-3"; B-actin reverse, 5'-ATGCCAGGTCCAGATTCGTCA-3'.

For each primer/cDNA sample combination, PCRs were performed in sextuple.
Relative quantitative real-time PCR was carried out on a 7500 Real-Time PCR System
(Applied Biosystems, CA, USA) using a SYBR® Green Real-Time PCR Master Mix
(TOYOBO) following the manufacturer protocol. Cycling parameters were: 50°C for 2
min, 95°C for 1 min followed by 40 cycles of 95°C for 15 s, 55.5°C for 15 s, and 72°C for
1 min. Dissociation curves were analyzed at the end of each run to determine the purity of
product and specificity of amplification.

RESULTS AND DISCUSSION
The expression pattern of DjStag in intact planarians

To investigate the expression patterns of DjStag in intact planarians, whole-mount
in situ hybridization was carried out with a DIG-labeled RNA probe (Figure 1). Dorsally,
DjStag is expressed in cells located at the periphery of the head and tail, around the body
margins (Figure 1a). Ventrally, DjStag transcripts were specifically accumulated in the head
region and distributed in some cells of the parenchyma (Figure 1b). Moreover, there are
more DjStag-expressing cells in the pre-pharyngeal region than in the post-pharyngeal re-
gion (Figure 1a and b). It is possible that the stronger hybridization signal observed anterior
to the pharynx is due to the presence of cells expressing higher level of DjStag transcripts
with respect to the DjStag-positive cells located posterior to the pharynx. No DjStag hybrid-
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ization signal was observed in control specimens hybridized with a DjStag sense RNA probe
(Figure 1c).

Figure 1. Expression patterns of DjStag mRNA in Dugesia japonica intact planarian detected by whole-mount in
situ hybridization. a. Dorsal view. b. Ventral view. ¢. Dorsal view of a planarian (control) processed and hybridized
similarly with DjStag sense RNA probes. No signal is seen in the control planarian. In all images, anterior is to the
left. Scale bars represent 100 uM.

The expression pattern of DjStag in regenerating planarians

Planarians are a well-known model for studying regeneration. In order to analyze
the expression pattern of the planarian DjStag gene during this process, we performed in situ
hybridizations on head pieces regenerating a new posterior region (Figure 2), tail pieces regen-
erating a new anterior region (Figure 3) and on trunk pieces regenerating a new anterior and
posterior region (Figure 4). During the first few days of regeneration the blastema is clearly
distinguishable from the pre-existing tissues because of its lack of pigmentation (Molina et
al., 2009).

Figure 2 shows the expression pattern of DjStag in regenerates from head pieces.
At 1 day of regeneration, expression is observed in the same region as in intact planarians,
but there is no signal in the posterior blastema (Figure 2a and a’). As regeneration pro-
ceeds, the expression of DjStag increases in amount. The increase can be seen comparing
the hybridization signal at 1 day (Figure 2a and a’) with that at 3 days (Figure 2b and b”)
after cutting. At day 3, DjStag-positive signals were detected close to the posterior blastema
(Figure 2b and b’). Ventrally, positive signals formed a ring around the center of the body,
and some dispersed signals were also observed throughout the parenchyma (Figure 2b’). It
is possible that neoblasts, distributed throughout the body and already expressing DjStag
transcripts, would first migrate to the site of cutting. Cell proliferation then results in an in-
crease in DjStag transcript levels, which are maintained through early differentiation events
in the blastema. With the development of the blastema, DjStag-positive signals within the
posterior blastema become evident at day 5 (Figure 2¢ and ¢’). Later, at day 7, this gene is
weakly expressed in the tail of the ventral side of the body (Figure 2d and d’). No signals
were detected elsewhere.
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day 1 day 3 day 5 day 7
D
Figure 2. Expression patterns of DjStag in regenerates from head pieces. Dorsal view (upper column) and ventral
view (lower column) of regenerates. a. and a’. 1-day regenerating pieces, there is no signal in the posterior blastema.
b. and b’. 3-day regenerating pieces, DjStag-positive signals were detected in close to the posterior blastema. c.
and ¢’. 5-day regenerating pieces, DjStag-positive signals within the posterior blastema become evident. d. and

d’. 7-day regenerating pieces, DjStag is weakly expressed in the tail of the ventral side of the body. In all images,
anterior is to the left. Scale bars represent 100 pM.

During anterior regeneration there is no signal in the anterior blastema as early as one
day after amputation (Figure 3a and a’). By day 3, DjStag is expressed not only in the blaste-
ma, but also in the parenchyma (Figure 3b and b”). At 5 days of regeneration, DjStag showed a
similar pattern to that found in 3 days after regeneration (Figure 3¢ and c’). After regeneration
for 7 days, the head was formed. The expression of DjStag is dramatically reduced. It weakly
expressed in the head and tail (Figure 3d and d’).

day 1 day 3 day 5

Figure 3. Expression patterns of DjStag in regenerates from tail pieces. Dorsal view (upper column) and ventral
view (lower column) of regenerates. a. and a’. 1-day regenerating pieces, there is no signal in the anterior blastema.
b. and b’. 3-day regenerating pieces, DjStag is expressed not only in the blastema, but also in the parenchyma. c.
and ¢’. 5-day regenerating pieces, DjStag showed a similar pattern to that found in pieces 3 days after regeneration.
d. and d’. 7-day regenerating pieces. In all images, anterior is to the top. Scale bars represent 100 LM.
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During the early stages of regeneration from trunk pieces, no expression of DjStag is
detected within the blastema; DjStag is found around the center of the stump (Figure 4a and
a’). At 3 days after amputation, however, many positive signals are found within the anterior
and posterior (Figure 4b and b”) blastemas, and distributed in a dotted pattern throughout the
parenchyma of the ventral side of the body (Figure 4b”). At 5-6 days after cutting, differentia-
tion of the missing structures becomes evident in the cephalic blastema with eyespot forma-
tion (Coward, 1968; Salvetti et al., 1998). By day 5, the signals are even more apparent and
DjStag is expressed at the periphery of the forming head region (Figure 4¢) and throughout
the parenchyma (Figure 4c’). At day 7, this pattern of expression differs from that on the fifth
day of regeneration but is nearly identical to the expression pattern observed in intact animals
(Figure 4d and d’).

dayl day3 day5 day?7
a b

Figure 4. Expression patterns of DjStag in regenerates from trunk pieces. Dorsal view (upper column) and ventral
view (lower column) of regenerates. a. and a’. 1-day regenerating pieces. b. and b’. 3-day regenerating pieces. c.
and ¢’. 5-day regenerating pieces. d. and d’. 7-day regenerating pieces. In all images, anterior is to the top. Scale
bars represent 100 uM.

The complete structure of planarians can be rebuilt from any piece of their body, a
capacity that depends on the pluripotency of the neoblasts. With the exception of the germline,
neoblasts are thought to be the only planarian cells capable of division (Baguna et al., 1989;
Wang et al., 2007). In addition to their role in regeneration, neoblasts are required for homeo-
stasis in intact animals, where they serve to replace damaged or nonfunctional cells (Newmark
and Sanchez, 2002). Regeneration in these animals follows a mixed morphallactic-epimorphic
model that involves the formation of a blastema (Salo and Baguna, 1984; Salo, 2006; Adell
et al., 2008). After amputation, the neoblasts adjacent to the wound proliferate, giving rise to
the regenerative blastema where new structures will differentiate (Sanchez and Kang, 2005;
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Handberg-Thorsager et al., 2008). Neoblasts, distributed throughout the body and already ex-
pressing DjStag transcripts, would first migrate to the wound area. A specific localization then
occurs in response to injury, that is, as a stress-related event (Salvetti et al., 1998). Cell prolif-
eration then results in an increase in DjStag transcript levels during regeneration.

Expression of DjStag is upregulated during regeneration

Relative quantitative real-time PCR analysis was performed to investigate the change
of expression of DjStag mRNA during planarian regeneration. We examined RNA samples
from normal intact planarians and regenerating planarians after amputation for 1 day, 3 days, 5
days, and 7 days, respectively. Relative quantitative real-time PCR analysis of DjStag mRNA
indicated that the expression of DjStag mRNA was increased after amputation compared to
normal intact planarians, and the maximum level of expression of DjStag transcripts occurred
at 5 days after amputation (Figure 5). The lower level of DjStag mRNA toward the end of
regeneration (7 days) is similar to the basal expression level found in the mRNA of intact
planarians. The result demonstrates that regeneration is required to significantly increase the
expression of the DjStag. It is, therefore, probable that it plays a role in maintaining the ability
of pluripotent stem cells to regenerate lost tissue in planarians.
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Figure 5. Expression analysis of DjStag mRNA by relative quantitative real-time PCR. Expression of DjStag mRNA
was increased after amputation compared to normal intact planarians. Each gene expression level was normalized
relative to the level of planarian B-actin expression. Standard deviation from the mean is indicated by error bars.

Comparable patterns are observed in the different types of regeneration resulting from
the different orientations of cutting in this study. All results including regenerates from head,
tail and trunk pieces showed that no expression of DjStag was detected within the blastemas at
day 1 of regeneration; the first localized transcripts of DjStag were detected in the blastemas
at 3 days after amputation. It would appear that the DjStag gene was activated during the stage
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of regeneration. At 3 and 5 days after amputation, positive signals formed a ring around the
center of the body. Examination of many preparations indicated that the maximum level of
expression of DjStag transcripts occurred at 5 days after cutting. After regeneration for 7 days,
DjStag was weakly expressed. A similar decrease occurs regardless of the orientation of cut
(Figures 2, 3 and 4). Furthermore, there are more DjStag-expressing cells in the ventral side
than in the dorsal side during the process of regeneration (Figures 2, 3 and 4). The expression
pattern does not show significant differences in the different types of regeneration. Therefore,
the expression patterns between posterior, anterior, and bidirectional regenerations that have
been found were similar.

During regeneration the DjStag hybridization signal reorganizes in a short time, and
accumulates in the growing blastema. DjStag-positive cells appeared in the growing blastema
and around the pharynx of regenerating fragments obtained from body regions that did not
show DjStag hybridization signal in intact animals. This reorganization suggests that dynamic
morphogenesis occurs throughout the stump (Rossi et al., 2006). It is clear from the above
that DjStag transcripts show an increase, and then a decrease during regeneration. Neoblasts,
might already be loaded with regulatory gene products in intact planarians, amputation serv-
ing to stimulate quantitative changes (Bagufia et al., 1994). Rapid local migration of neoblasts
to the wound site, together with cell proliferation, would be sufficient to account for the up-
regulated hybridization seen in this study. The pattern noted by whole-mount in situ hybridiza-
tion was thus consistent with the data generated by relative quantitative real-time PCR, which
suggests that the DjStag implicated in planarian regeneration may play a role in maintaining
the ability of pluripotent stem cells to regenerate lost tissue in planarians.
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