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Similarly to development, the process of regeneration requires that cells accurately sense and respond to their
external environment. Thus, intrinsic cues must be integrated with signals from the surrounding environment
to ensure appropriate temporal and spatial regulation of tissue regeneration. Identifying the signaling
pathways that control these events will not only provide insights into a fascinating biological phenomenon
but may also yield new molecular targets for use in regenerative medicine. Among classical models to study
regeneration, freshwater planarians represent an attractive system in which to investigate the signals that
regulate cell proliferation and differentiation, as well as the proper patterning of the structures being
regenerated. Recent studies in planarians have begun to define the role of conserved signaling pathways
during regeneration. Here, we extend these analyses to the epidermal growth factor (EGF) receptor pathway.
We report the characterization of three epidermal growth factor (EGF) receptors in the planarian Schmidtea
mediterranea. Silencing of these genes by RNA interference (RNAi) yielded multiple defects in intact and
regenerating planarians. Smed-egfr-1(RNAi) resulted in decreased differentiation of eye pigment cells,
abnormal pharynx regeneration and maintenance, and the development of dorsal outgrowths. In contrast,
Smed-egfr-3(RNAi) animals produced smaller blastemas associated with abnormal differentiation of certain
cell types. Our results suggest important roles for the EGFR signaling in controlling cell proliferation,
differentiation and morphogenesis during planarian regeneration and homeostasis.

© 2011 Elsevier Inc. All rights reserved.

Introduction

The process of regeneration involves a complex interplay between
cell proliferation, differentiation and patterning to ensure that
correctly organized tissues are produced at the right time and in the
right place. Since the signaling pathways that control these processes
during normal development are well described, a key question is the
extent to which the same pathways are involved in regeneration.
Answering this question will not only provide insights into this
fascinating biological phenomenon but also yield potential molecular
targets for use in regenerative medicine.

Recent research has shown that pathways such as the transforming
growth factor β (TGFβ)/bone morphogenetic protein (BMP), Notch,
Wnt/β-catenin, Hedgehog, JAK/STAT, epidermal growth factor recep-
tor (EGFR) and fibroblast growth factor receptor (FGFR) pathways are
conserved in classical models of regeneration and may play critical
roles in the regenerative process (Sánchez-Alvarado and Tsonis, 2006).
One such model is the freshwater planarian, which has been the focus
of increasing interest due to its remarkable regenerative capacity and a

variety of characteristics that make it suitable for experimental
manipulation (Agata et al., 2003; Newmark and Sánchez-Alvarado,
2002; Reddien and Sánchez-Alvarado, 2004; Saló, 2006). Planarian
regeneration depends upon neoblasts, somatic pluripotent stem cells
present in adult animals (Baguñà et al., 1989a; Newmark and Sánchez-
Alvarado, 2000). Numerous studies have now begun to explore the
role of the main signaling pathways during planarian regeneration.
It has been shown, for instance, that the TGFβ/BMP pathway regulates
dorsoventral polarity (Molina et al., 2007; Orii and Watanabe, 2007;
Reddien et al., 2007), the Wnt/βcatenin and hedgehog pathways
control anteroposterior polarity (Gurley et al., 2008; Iglesias et al.,
2008; Petersen and Reddien, 2008; Rink et al., 2009; Yazawa et al.,
2009) and the FGF receptor signaling pathway controls the spatial
restriction of brain tissues in the head region (Cebrià et al., 2002a).

To gain further insights into the role of major signaling pathways
in controlling planarian regeneration, we have begun to characterize
the EGF receptor (EGFR) pathway. EGFRs are transmembrane re-
ceptors with tyrosine kinase activity that regulate multiple biological
processes, including cell proliferation and differentiation. In mam-
mals, the EGFR family comprises 4 receptors: EGFR, ErbB-2, ErbB-3
and ErbB-4. Through the binding of different ligands from the EGF
family, this pathway plays an important role in the development of
the CNS (Birchmeier, 2009; Wong and Guillaud, 2004; Xian and Zhou,
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2004). In addition, overactivation of this pathway is common in many
human cancers, which makes it an interesting therapeutic target
(Burgess, 2008; Normanno et al., 2006). In Caenorhabditis elegans,
Drosophila melanogaster and the platyhelminthes Schistosoma man-
soni and Echinococcus multilocularis a unique homologue has been
isolated (Aroian et al., 1990; Livneh et al., 1985; Shoemaker et al.,
1992; Spiliotis et al., 2003). Previous studies have suggested that EGF
could accelerate proliferation in planarians (Baguñà et al., 1989b).
Here, we report the characterization of three EGFRs in the planarian
Schmidtea mediterranea. Silencing of Smed-egfr-1 results in decreased
regeneration of eye pigment cells, abnormal pharynges and mouth
openings, and development of non-lethal dorsal outgrowths. Smed-
egfr-3 silencing results in smaller blastemas and abnormal differen-
tiation of the cephalic ganglia and certain cell types during
regeneration. Taken together, our data show that the EGFR signaling
pathway regulates multiple processes associated with cell differen-
tiation and morphogenesis during planarian regeneration.

Material and methods

Animals and gene nomenclature

S. mediterranea from the clonal line BCN-10 were used for all
experiments. Animals were maintained as described (Molina et
al., 2007). Genes and RNAi experiments were named using the
nomenclature proposed by Reddien et al. (2008).

Gene cloning and phylogenetic analysis

The amino acid sequences of EGFRs from vertebrates and in-
vertebrates were used to carry out tblastn searches on the
S. mediterranea genome assembly (v3.1, Washington University
Sequencing Center, available at http://www.genome.wustl.edu).
Several contigs corresponding to three different genes were isolated.
Specific primers were used to amplify those sequences from cDNA.
Subsequent 3′ and 5′ RACE yielded partial sequences for the three
EGFR homologues, missing the 5′ ends. Similar searches and cloning
strategies were used to clone Smed-tph (tryptophan hydroxylase),
Smed-th (tyrosine hydroxylase) and Smed-AGAT1 (Eisenhoffer et al.,
2008). GenBank accession numbers for the genes reported here are:
Smed-th HM777014, Smed-tph HM777015, Smed-egfr-1 HM777018,
Smed-egfr-2 HM777017 and Smed-egfr-3 HM777016.

For phylogenetic analyses, the tyrosine kinase domain from genes
belonging to different families within this superfamily of receptors
were obtained frompfam (Finn et al., 2010) and alignedwith ClustalW2
(Larkin et al., 2007). A neighbor-joining tree was constructed using
MEGA4 software (Tamura et al., 2007).

In situ hybridization

Whole-mount in situ hybridizations were performed as previously
described (Molina et al., 2007; Umesono et al., 1997) using an Intavis
InsituPro hybridization robot. For fluorescence in situ, samples were
fixed and developed as previously described (Cebrià et al., 2007;
Pearson et al., 2009) using Tyramide Signal Amplification (Perkin
Elmer) according to the manufacturer's instructions. After in situ
development, some animals were fixed in 4% PFA for 1 h at RT,
blocked in 1% BSA in PBSTx (PBS containing 0.3% Triton X-100) and
incubated with VC-1 antibody. All samples were observed through a
Leica MZ16F stereomicroscope and images were captured with a
ProgRes®C3 camera (Jenoptik). Confocal laser scanning microscopy
was performed with a Leica SP2. After whole-mount in situ
hybridization, some samples were embedded in a gelatin/albumin
mixture and solidified with glutaraldehyde before preparing 30 μm
transverse sectionswith a vibratome (Vibratome 1000 plus). A dose of

100 Gy was used in irradiation experiments, and animals were fixed
and hybridized at the indicated time points.

RNAi

Double-stranded RNAs (dsRNA) for Smed-egfr-1, Smed-egfr-2 and
Smed-egfr-3 were synthesized and delivered as described elsewhere
(Sánchez-Alvarado and Newmark, 1999). Control animals were
injected with water or dsRNA for GFP. In experiments involving
more than one round of dsRNA injection and amputation, 3–4 days
elapsed between each round of injection/amputation. For experi-
ments in intact planarians, animals were injected for 3 consecutive
days, cultured for 2 weeks and then re-injected on 3 more days. All
animals were injected ventrally at different pre- and post-pharyngeal
positions to rule out the possibility that the defects observed were
related to the wounding produced by the injection. To avoid off-target
effects of RNAi and confirm the specificity of the phenotypes
observed, two different, non-overlapping regions of each Smed-egfr-
1 and Smed-egfr-3were used to synthesize dsRNA. For each gene, both
dsRNA yielded the same phenotypes. The efficiency of RNAi silencing
was checked by in situ hybridization (see Fig. S1). Combinatorial RNAi
between the different planarian EGFRs did not generate synergistic or
additional phenotypes to those observed after single RNAi. Smed-egfr-
2(RNAi) did not yield any phenotype.

Immunostaining

Immunostainings were carried out as described elsewhere (Cebrià
and Newmark, 2005). The following antibodies were used: VC-1,
specific for planarian photosensitive cells (diluted 1/15,000, Sakai
et al., 2000); anti-SYNORF1, specific for synapsin and used as a pan-
neural marker (diluted 1/50, Developmental Studies Hybridoma
Bank); anti-SMED-βCAT2, used to label the pharyngeal epithelial
cells (diluted 1/1000, Chai et al., 2010); TMUS13, specific for myosin
heavy chain (diluted 1/5, Cebrià et al., 1997); AA4.3, againstα-tubulin
to detect the dorsal epithelial cilia (diluted 1/20, Developmental
Studies Hybridoma Bank); and anti-phospho-histone H3 (H3P) to
detect mitotic cells (diluted 1/1000, Millipore #04-817). Alexa 488-
conjugated goat anti-mouse and Alexa 568-conjugated goat anti-
rabbit secondary antibodies (Molecular Probes) were used at a 1/400
and 1/1000 dilutions, respectively. Samples were mounted in
SlowFade® Gold antifade (Invitrogen). Confocal laser scanning
microscopy was performed with a Leica TCS-SPE and a Leica SP2.

Lectin and TUNEL staining

Lectin staining was performed essentially as described in Zayas
et al. (2010). Blocking was done in 2% BSA in PBSTx. When lectin
staining was done in combination with immunostaining, the lectins
were added together with the secondary antibodies. Nuclear counter-
staining was done with DAPI (1 μg/ml) overnight at 4 °C. Apoptotic
cells were labeled as previously described (Pellettieri et al., 2010).
Samples were imaged with a Leica TCS-SPE confocal laser scanning
microscope.

Results

Three EGFRs in S. mediterranea

Three contigs containing open reading frames with high homology
to EGFRs were isolated by tblastn searches of the planarian genome.
Sequence analysis showed that all of them contained a tyrosine kinase
domain highly similar to the domain found in other members of the
EGFR family (see Fig. S2). Phylogenetic analysis confirmed that the
planarian genes belonged to the EGFR family (see Fig. S3). These genes
were named Smed-egfr-1, Smed-egfr-2 and Smed-egfr-3.
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Smed-egfrs are expressed in different cell types

Smed-egfr-1 was mainly expressed in the gut, mesenchyme and
pharynx (Figs. 1A and B). In addition, Smed-egfr-1 was weakly
expressed in the eye pigment cells (arrows in inset in Fig. 1A), mouth
opening (Fig. 1C) and around the region where the base of the
pharynxattaches to thebodymesenchyme(arrow inFig. 1D). Smed-egfr-2
was expressed throughout the gut but not in the pharynx (Figs. 1E–H).
Finally, Smed-egfr-3 was expressed in the pharynx, around the head
margin, very weakly in the CNS (inset in Fig. 1I), and in the mesenchyme
around the gut branches, in a pattern that resembles that of the neoblasts
(Figs. 1I–K).After high-dose irradiation, theneoblast pool is depleted in1–
2 days and planarians die within a few weeks as they cannot sustain
normal cell turnover (Bardeen and Baetjer, 1904; Reddien et al., 2005).
Twelve hours after irradiation at 100 Gy, the expression of Smed-egfr-3 in
the mesenchyme around the gut branches completely disappeared
(Figs. 1L–N). Eisenhoffer et al. (2008) proposed that stem cells are
depleted by 24 h post-irradiation,whereas their early progeny disappears
by 48 h. The fact that Smed-egfr-3 expression disappeared very quick after
irradiation, similarly to what happens to other neoblasts markers such as
Smedwi-1 and Smedwi-2 (Reddienet al., 2005; Fig. S4) suggests that Smed-
egfr-3 was expressed in neoblasts. On the other hand, the expression of
Smed-egfr-3 in the pharynx (Fig. 1L), head margin and CNS (inset in
Fig. 1L) remained, even 7 days after irradiation (data not shown),
indicating that this gene was expressed in post-mitotitc differentiated
cells. In contrast, Smed-egfr-1 and Smed-egfr-2 expression patterns did not
change after irradiation (Fig. S5), suggesting that they were expressed in
differentiated cells.

Smed-egfrs expression during regeneration

During posterior regeneration (head pieces regenerating the
whole body), Smed-egfr-1 was expressed in the new differentiating
pharynx and posterior gut branches from 3 to 5 days after amputation
(Figs. 2A, D, G, and J). During anterior regeneration (trunk pieces
regenerating a new head), Smed-egfr-1 was first observed within the
blastema at day 1 (arrowhead in Fig. 2M). Between 3 and 5 days after
amputation, Smed-egfr-1 was also detected in the regenerating
anterior gut branch (arrow in Fig. 2S). At day 5 of regeneration,
when the regenerated eye cups are seen in live animals, Smed-egfr-1
was strongly expressed in the new eye pigment cells (black
arrowheads in Fig. 2S and T); at this stage, the newly differentiated
photosensitive cells were detected with VC-1 antibody (white
arrowheads in Fig. 2T). The expression of Smed-egfr-1 in the pigment
cups decreased at later stages of regeneration and was weakly
detected in intact planarians.

During both posterior (Figs. 2B, E, H, and K) and anterior (Figs. 2N, Q,
U, and Y) regeneration Smed-egfr-2 was expressed in the regenerating
posterior and anterior gut branches, respectively, from early stages.
Finally, a strongexpressionof Smed-egfr-3wasobserved in both anterior
andposterior 1-day blastemas (white arrowheads in Figs. 2C andO), at a
stage in which an accumulation of S-phase neoblasts below the wound
has been recently reported (Wenemoser and Reddien, 2010). From that
moment, Smed-egfr-3 expression was lower but still clearly detected in
the differentiating pharynx and posterior gut branches during posterior
regeneration (arrows in Fig. 2L), aswell as thenewanteriorheadmargin
(arrowheads in Figs. 2V and Z).

Fig. 1. Expression pattern of Smed-egfr-1, Smed-egfr-2 and Smed-egfr-3 in intact animals. (A–D) Smed-egfr-1 is expressed throughout themesenchyme, gut and pharynx, and in the
eye pigment cells (inset in A), pharyngeal epithelia (transverse section in B), mouth opening (C) and the region where the pharynx attaches to the body mesenchyme (arrow in
D). (E–H) Smed-egfr-2 is expressed in the gut. (F) Corresponds to a transverse section. (I) Smed-egfr-3 is expressed around the tip of the head, in the pharynx, weakly in the
cephalic ganglia (inset) and in the mesenchyme around the gut branches. Dashed lines in (I) indicate the level of the transverse sections shown in (J and K). Smed-egfr-3 is
expressed around the gut branches, especially at the body lateral sides (J and K). (L) Smed-egfr-3 expression in the mesenchyme around the gut branches is lost 12 h after
irradiation at 100 Gy. Inset shows the expression in the cephalic ganglia. Dashed lines in (L) indicate the level of the transverse sections shown in (M and N). (A, C, E, G, H, I, and L)
Anterior to the left. (D) Anterior to the top. e, eyes, ph, pharynx, g, gut, cg, cephalic ganglia. Scale bars, A, E, I, and L, 500 μm; B, F, J, K, M, and N, 300 μm.
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Smed-egfr-1 is required for eye pigment cells regeneration

After silencing Smed-egfr-1, regenerating trunk pieces differenti-
ated significantly reduced pigment-cup eyes (Figs. 3A and D).
Planarian eyes contain two cell types: pigment cells that constitute
the eye cups, which are visible as two dark spots in the planarian head
(Fig. 3A), and photosensitive cells (green in Fig. 3B), bipolar neurons
that cluster around the pigment cups and send rhabdomeric pro-
jections towards them (Okamoto et al., 2005). The defects in the
pigment cups (Fig. 3D) were evident from early stages and persisted
throughout the regenerative process. In order to analyze whether the
defects in the eye cups were due to a decrease in the number of
pigment cells, a homologue of a tryptophan hydroxylase (TPH) gene
was cloned. Previous studies have shown that TPH, an enzyme

required for serotonin synthesis is expressed in the eye pigment cells
of the planarian Dugesia japonica (Nishimura et al., 2007a). Similarly,
Smed-tphwas expressed in eye pigment cells (red signal in Fig. 3C). A
combination of Smed-tph in situ and immunostaining with VC-1
clearly distinguished the two cell types (Fig. 3C). Compared to
controls (Figs. 3B and G), RNAi-treated regenerating trunks generated
similar numbers of photosensitive cells (67.6±4.6 cells in n=10
control versus 63±3.31 cells inn=10RNAi-treatedeyes;mean±s.e.m.),
although slightly disorganized (Figs. 3E and G). In contrast, the number
of eye pigment cells was significantly reduced after Smed-egfr-1 RNAi
(16.5±0.44 cells in n=16 control versus 5.66±0.28 cells in n=18
RNAi-treated eyes; mean±s.e.m.) (Figs. 3F and G). These results
indicate that Smed-egfr-1 is required for the proper differentiation of eye
pigment cells.

Fig. 2. Expression pattern of Smed-egfr-1, Smed-egfr-2 and Smed-egfr-3 during regeneration. Animals were cut at the prepharyngeal level (schematic drawings). (A–L) Posterior
regeneration from head pieces. (M–Z) Anterior regeneration from trunk pieces. Smed-egfr-1 is expressed in the blastema from the first day of regeneration (arrowheads in A andM).
Arrows in (G, J, and S) point to expression in the regenerating gut. Black arrowheads in (S and T) point to Smed-egfr-1 expression in eye pigment cells. White arrowheads in (T) point
to the regenerating photosensitive cells after immunostaining with VC-1. Smed-egfr-2 is expressed in the regenerating gut. Arrows in (H, K) point to the regenerating posterior gut
branches. Arrowheads in (Q, U, and Y) point to the regenerating anterior gut branch. Smed-egfr-3 is strongly upregulated within the 1-day blastemas as pointed out by white
arrowheads in (C and O). Arrows in (L) point to the recovered pattern of Smed-egfr-3 in the mesenchyme around the gut branches. Arrowheads in (V and Z) point to Smed-egfr-3
expression at the head margin. Anterior to the top. ph, pharynx. Scale bar, 300 μm.
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Smed-egfr-1 is necessary for pharynx regeneration

Immunostaining with anti-SYNORF1 (Cebrià, 2008) showed that,
similarly to controls (Fig. 3H), Smed-egfr-1 RNAi trunks regenerated
apparently normal cephalic ganglia (Fig. 3I). However, the neural plexus
from the original pharynges of these trunk pieces lost its typical pattern in
the RNAi-treated planarians (Fig. 3K). Control pharynges showed a
stereotypical neural plexuswith a thick neural ring in their distal tips (red
arrowheads in Fig. 3J). Remarkably, regenerating trunk pieces that went
through two rounds of Smed-egfr-1(RNAi) and amputation developed
dorsal outgrowths in the pharyngeal region (Figs. 3M and N and Table 1).
As these outgrowths developed at a higher frequency after RNAi on intact

animals (Table 1), their nature will be discussed in the next section. In
order to better analyze the function of Smed-egfr-1 during pharynx
regeneration,we analyzed thedifferentiationof this organ in regenerating
head pieces, which must regenerate the pharynx de novo. Twenty-five
days after amputation, control head pieces regenerated morphologically
normal tails and pharyngeal regions (Fig. 4A); in contrast, Smed-egfr-1
(RNAi) regeneratingheadpieces showedawidening and thickeningof the
new pharyngeal region that occasionally gave rise to small outgrowths
(arrows in Fig. 4B and Table 1). Analysis with molecular markers showed
morphogenetic defects in the regenerated pharynges of those animals.
First, whereas control pieces regenerated pharynges with their stereo-
typical neural plexus including the distal ring (red arrowheads in Fig. 4C),
Smed-egfr-1(RNAi) planarians regenerated smaller and more rounded
pharynges with an aberrant plexus (Fig. 4D and Table 2).

Triclads, such as S. mediterranea, have a plicate pharynx that can be
seen as a hollow muscular cylinder inside a large pharyngeal cavity
(Hyman, 1951). Different tissues are present between the outer
epithelium and the internal lumen (Fig. 4G; Hyman, 1951; Bueno et
al., 1997). The pharyngeal lumen connects to the lumen of the gut at the
base of the pharynx (Fig. 1D). Nuclear staining with DAPI showed that,
whereas in control animals the pharyngeal lumen is clearly delimited
and its distal end opens into the pharyngeal cavity (arrow in Fig. 4E),
pharynges in Smed-egfr-1(RNAi) headpiecesmainlydevelopedasa solid
mass of cells with no clear lumen (Fig. 4F). Smed-egfr-1(RNAi)
pharynges also had epithelial defects. Staining with anti-SMED-
βCAT2, which labels the cell junctions of the inner and outer pharyngeal
epithelia (Chai et al., 2010), showed that the outer epithelial cells
(Fig. 4J) had a similar morphology to the cells from the distal part of the
internal epithelium(yellowasterisk and inset in Fig. 4H). In contrast, the
epidermal cells in the proximal region of the internal epithelium had a

Fig. 3. Smed-egfr-1(RNAi) impairs eye pigment cell differentiation and induces dorsal outgrowths. (A–C) Control animals. (D–F) Smed-egfr-1(RNAi) animals. (A and D) Live animals,
18 days of anterior regeneration. (B and E) VC-1 immunostaining (green) and DAPI counterstaining, 8 days of regeneration. (C and F) In situ hybridization for Smed-tph (red) with
VC-1 immunostaining (green), 10 days of regeneration. (G) Quantification of the number of tph and VC-1 cells in intact and Smed-egfr-1(RNAi) planarians, **pb0.001 (t-test). (H–K)
Anti-SYNORF1 immunostaining in control (H, J) and Smed-egfr-1(RNAi) (I, K) anterior regenerating animals, 10 days of regeneration. (L–N) Live animals, 20 days of regeneration
after two rounds of amputation. (A–F) Anterior to the top. (H–N) Anterior to the left. (N) Side view. e, eyes, cg, cephalic ganglia, vnc, ventral nerve cords, ph, pharynx. Scale bars, A, D,
H, and K, 400 μm; B, C, E, and F, 30 μm; L–N, 500 μm.

Table 1
Summary of the frequency of outgrowths after Smed-egfr-1(RNAi) in intact and
regenerating planarians.

Intact
planarians

Regenerating planarians

Head pieces Trunk pieces

Control Normal 100% 97.82% 100%
(n=129) (n=138) (n=147)

Outgrowth 0% 0% 0%
(n=129) (n=138) (n=147)

egfr-1(RNAi) Normal 16.6% 37.62% 62.9%
(n=175) (n=101) (n=124)

Outgrowth 83.4% 62.3% 37.1%
(n=175) (n=101) (n=124)

Head and trunk pieces were analyzed between 10 and 14 days of regeneration after two
rounds of egfr-1(RNAi). Intact animals were analyzed at week 7 of treatment, after two
rounds of egfr-1(RNAi) during the first and third week. 100% of intact and regenerating
animals treated with egfr-1(RNAi) showed a remarkable decreased in eye pigment cells.
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different morphology, with more irregular, rougher cell junctions
(white asterisk and inset in Fig. 4H). After Smed-egfr-1(RNAi), anti-
SMED-βCAT2 did not label the outer epithelial cells (Fig. 4K). However,
the inner epithelium was labeled even though the number and pattern
of those epithelial cells was clearly abnormal compared to controls

(arrows in Fig. 4I). Despite all these defects in the newly differentiated
pharynges, the posterior gut branches regenerated apparently normally
after Smed-egfr-1(RNAi) (data not shown).

The pharynx evaginates through a ventral mouth opening.
Compared to controls (Figs. 4L–N, n=14/16 regenerated normal

Fig. 4. Smed-egfr-1 silencing results in defects in the regeneration of the pharynx and mouth opening. (A–B) Live animals, 25 days of regeneration. (C–D) Anti-SYNORF1
immunostaining, 13 days of regeneration. (E–F) DAPI nuclear staining, 10 days of regeneration. (G) Schematic drawing of pharynx structure (adapted from Bueno et al., 1997). Going
from the pharynx cavity (ph cav) to the lumen (lu) we find the outer epithelium (out ep), subepithelial neural plexus (red discontinuous lines), muscle fibers (mu, pink),
submuscular neural plexus (green discontinuous lines), mesenchyme containing different cell types, submuscular neural plexus, muscle fibers, subepithelial neural plexus and inner
epithelium (inn ep). Themesenchyme is crossed by transverse muscle fibers (pink) and secretory processes (in blue). (H–K) Double anti-SMED-βCATENIN2 (red) and anti-SYNORF1
(green) immunostaining in control (H, J) and Smed-egfr-1(RNAi) (I, K) animals, 24 days of regeneration. Blue, DAPI staining. J and K correspond to different confocal planes of the
same samples as H and I, respectively. White and yellow insets in (H) correspond to a highermagnification of the regionsmarkedwithwhite and yellow asterisks, respectively. (L–Q)
Double ConA lectin (green) and DAPI staining of control (L–N) and Smed-egfr-1(RNAi) (O–Q) mouth openings, 14 days of regeneration. N and Q are merged images of L–M and O–P,
respectively. Arrow in L indicates the mouth opening. Arrow in O indicates the region where the mouth should have opened. All samples correspond to regenerating head pieces.
Scale bars, A–B, 500 μm; E, F, H, and K, 150 μm; L–Q, 30 μm.
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mouth openings), Smed-egfr-1(RNAi) head pieces regenerated smal-
ler, disorganized mouth openings (n=21/35), or in many cases did
not regenerate an opening (Figs. 4O–Q; n=14/35). Overall, these
results indicate that Smed-egfr-1 is necessary for the regeneration of
normal pharynges and mouth openings.

Dorsal outgrowths differentiate after Smed-egfr-1 silencing

After Smed-egfr-1 silencing, regenerating animals occasionally
developed small dorsal outgrowths (Table 1). Those outgrowths were
most frequently seen in intact non-regenerating animals (arrowhead in
Fig. 5B and Table 1). Around 2–3 weeks after Smed-egfr-1(RNAi), the
pharyngeal regions becamewider and slightly thicker, althoughno clear
outgrowth was observed yet. After 4–5 weeks of treatment, the
outgrowths began to develop, always dorsally above the pharyngeal
region, and could reach a significant length after a few more weeks
(Fig. 5B). In addition to these outgrowths, Smed-egfr-1(RNAi) intact
planarians had reduced pigmentation of the eye cups (Fig. 5B), probably
due to the inability of these animals to differentiate new eye pigment
cells to sustain normal cell turnover. Despite these outgrowths, the
animals did not show any sign of tissue degeneration or regression
during the course of RNAi treatment.

Next, we sought to characterize those outgrowths with cell type
and region-specific molecular markers. Immunostaining with anti-
SYNORF1 showed that the original pharynges from Smed-egfr-1(RNAi)
animals not only lost their normal neural pattern but were also
displaced (Figs. 5C and D). Thus, rather than lying parallel along the
anteroposterior (AP) body axis, they were perpendicular to it and
their distal end pointed towards the developing dorsal outgrowth
(Figs. 5D and G). In many cases, the pharynges appeared to enter the
outgrowth (Fig. 5G). Anti-SMED-βCAT2 (Figs. 5E and F) showed that
pharynges from Smed-egfr-1(RNAi) intact planarians were much
smaller, rounded, and had a reduced lumen, and that they had the
same epithelial defects as observed in regenerating head pieces. Those
defects were evident before any sign of outgrowth development. In
some cases, brain-like structures (arrow in Fig. 5G) and photosensi-
tive cells (arrow in Fig. 5H) differentiated inside the outgrowths. In
situ hybridizations with different markers revealed additional defects.
In control animals, Smed-sfrp-1 (Gurley et al., 2008; Petersen and
Reddien, 2008) was expressed in the head tip and the most distal part
of the pharynx (Fig. 5I, n=8/8); in Smed-egfr-1(RNAi) planarians, its
expression in the distal region of the pharynx appeared expanded
(Fig. 5J, n=5/8). Ectopic cells expressing the central marker Smed-
tcen (Bueno et al., 1996; Iglesias et al., 2008) were detected in the
distal part of the outgrowth (Fig. 5L, n=3/5). Similarly, ectopic
mechanosensory cells expressing Smed-cintillo (Oviedo et al., 2003)
also differentiated inside the outgrowths (Fig. 5N, n=1/3). In
controls, Smed-hoxDwas expressed in the posterior half of the animal,
the mouth opening and also in the region where the base of the
pharynx attaches to the body mesenchyme (arrowhead in Fig. 5P,
n=3/3). After Smed-egfr-1(RNAi), the expression of Smed-hoxD in this
region was abnormally expanded (arrowheads in Fig. 5Q, n=4/9).

Immunostaining with anti-AA4.3 showed that the outgrowth dis-
played the typical stripe of cilia specific to the dorsal epithelium in
control planarians (arrows in Fig. 5O).

Finally, immunostaining with the TMUS13 antibody (Cebrià et al.,
1997) suggested that Smed-egfr-1(RNAi) animals were missing the
circular muscles around the mouth opening (Figs. 5R and S). Also, the
outgrowths did not have a continuous well-layered musculature
underneath the epidermis, but instead individual muscle fibers and
myocytes with no clear patterning differentiated inside them
(Fig. 5U). Given the defects affecting the pharynx and mouth opening,
we assessed whether they were still functional after long RNAi
treatment. After 8 weeks of starvation, control planarians responded
to food stimulus and moved quickly towards the liver paste,
evaginated their pharynges and ate (see Movie 1 in the supplemen-
tary material). In contrast, Smed-egfr-1(RNAi) animals recognized and
moved towards the food but were not capable of evaginating their
pharynges (see Movie 2 in the supplementary material). Overall, our
data show that Smed-egfr-1(RNAi) results in pharynx displacement
and the development of dorsal outgrowths that have no clear AP
polarity and contain a mixture of cells expressing markers for several
cell types.

Hyperproliferation in Smed-egfr-1(RNAi) intact animals

Because EGFR signaling is generally involved in regulating cell
proliferation in other animals and Smed-egfr-1(RNAi) resulted in
significant overgrowths, we analyzed proliferation after RNAi.
Whereas the proliferation rate did not significantly change after
Smed-egfr-2(RNAi) and Smed-egfr-3(RNAi), a significant increase was
observed after Smed-egfr-1 silencing (Figs. 6A–D and H). This increase
was observed throughout the animal (Fig. 6B), except in the pharynx
and the region anterior to the eyes where there are no neoblasts and,
therefore, no proliferation. Remarkably, this increase was already
evident after 2 weeks of treatment (Figs. 6E–F and H), preceding any
external sign of outgrowth. As planarians were starved for the whole
experiment, an expected decrease in proliferation over time was
observed in control, Smed-egfr-2(RNAi) and Smed-egfr-3(RNAi) pla-
narians (Fig. 6H). In contrast, a significantly higher and rather
constant proliferation rate was observed in Smed-egfr-1(RNAi)
animals throughout the experiment (Fig. 6H). Although proliferative
cells were also detected inside the dorsal outgrowth (arrow in
Fig. 6G), they were not as numerous as in the mesenchyme outside
the outgrowth.

Planarians are very plastic animals, as they can grow or degrow
dependingon culture conditions. Growth anddegrowthdependon the
balance between cell proliferation and cell death (Romero and Baguñà,
1991). Thus, planarians starved for several weeks will get smaller and
smaller. After Smed-egfr-1(RNAi), intact planarians got smaller at a
faster rate than controls (Fig. 6I). After only 3 weeks of treatment,
Smed-egfr-1(RNAi) planarians were already significantly smaller than
controls, even though theirmean sizewas the same at the beginning of
the experiment (Fig. 6I). In order to check whether this faster
reduction in size could be explained by an increased cell death that
would compensate for the higher proliferative rate observed in the
Smed-egfr-1(RNAi) planarians, we carried out a TUNEL assay to label
apoptotic cells after 9 weeks of treatment. However, no significant
increase in cell death was observed [120±14.01 cells/mm2 in n=3
controls versus 169±54.71 cells/mm2 in n=4 Smed-egfr-1(RNAi),
mean±s.e.m].

Smed-p53 overexpression and cell lineage defects after Smed-egfr-1(RNAi)

A recent study has shown that similar dorsal outgrowths differen-
tiate in the pharyngeal region of regenerating head and tail pieces, but
not in intact planarians, after a partial silencing of Smed-p53 (Pearson
and Sánchez-Alvarado, 2010). In all cases, these outgrowths contain

Table 2
Summary of pharynx defects observed after Smed-egfr-1(RNAi) in regenerating head
pieces.

Normal pharynges
with stereotypical
anti-SYNORF labeling

Smaller and rounded
with abnormal
anti-SYNORF labeling

Very small mass
of cells and no
anti-SYNORF labeling

Control 97.9% 2.1% 0%
(n=47) (n=47) (n=47)

egfr-1
(RNAi)

25% 56.8% 18.2%
(n=44) (n=44) (n=44)

Head pieces were analyzed between 12 and 25 days of regeneration after one round of
egfr-1(RNAi). Pharynges were labeled with anti-SYNORF antibody and DAPI for nuclear
counterstaining and to reveal their general structure.
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multiple cells types. In intact planarians, Smed-p53(RNAi) results in an
initial hyperproliferation followed by a progressive loss of mitotic cells
and the death of the animals (Pearson and Sánchez-Alvarado, 2010). In
contrast, Smed-egfr-1(RNAi) resulted in a sustained hyperproliferation
during the whole RNAi treatment. Remarkably, the expression of Smed-
p53 appeared upregulated all throughout the animal after Smed-egfr-1
(RNAi) (Fig. S6A-B). Smed-p53 is mainly expressed in early stem cell
progeny as well as in a small percentage of neoblasts (Pearson and

Sánchez-Alvarado, 2010). Using Smedwi-1 (Reddien et al., 2005) as
neoblast marker, an overexpression of this genewas also observed after
Smed-egfr-1(RNAi) (Fig. S6C–D).

Finally, we analyzed the effects of Smed-egfr-1(RNAi)-driven
hyperproliferation and outgrowth development on a particular cell
lineage of stem cell progeny (Eisenhoffer et al., 2008). For this particular
lineage, we used Smed-NB.21.11e as a marker of early progeny and
Smed-AGAT1 as a late progeny marker (Eisenhoffer et al., 2008). In

Fig. 5.Molecular characterization of the dorsal outgrowths developed after Smed-egfr-1(RNAi). (A–B) Live animals, 6 weeks of RNAi. Arrowhead in B indicates a dorsal outgrowth.
(C–D) Anti-SYNORF1 immunostaining, 8 weeks of RNAi. Arrowhead in (C) indicates the stereotypical neural ring in the distal part of the pharynx. In (D), the pharynx is
perpendicular to the anteroposterior body axis. (E–F) Double anti-SMED-βCATENIN2 (red) and anti-SYNORF1 (green) immunostaining in control (E) and Smed-egfr-1(RNAi)
(F) pharynges, 19 days of treatment. Nuclei were labeled with DAPI. (G) Anti-SYNORF1 immunostaining showing differentiation of brain-like tissues inside the outgrowth
(arrow). (H) VC-1 immunostaining showing photosensitive cells inside the outgrowth (arrow). (I–J) Smed-sFRP-1 expression. (K–L) Smed-tcen expression. (M–N) cintillo
expression. (O) Anti-AA4.3 immunostaining to show the typical pattern of dorsal epidermal cilia in the outgrowth. (P–Q) Smed-hoxD expression. Arrowheads point to the
attachment region between the base of the pharynx and the body mesenchyme. (R–U) Body wall musculature immunostained with TMUS13. (R–S) Ventral mouth openings.
(T–U) Equivalent dorsal regions. Disorganized myocytes and muscle fibers differentiated inside the outgrowth (U). (J, L, N) Side views. (G–Q) Eight weeks of RNAi. (R–U) Five
weeks of RNAi. All samples correspond to intact non-regenerating animals. All panels except H (anterior to the top) show anterior to the left. ph, pharynx, e, eyes. Scale bars, A, B, I,
K, and M, 500 μm; C, D, G, P, and Q, 200 μm; E, F, 150 μm; R–U, 30 μm.
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control intact planarians Smed-NB.21.11ewas expressed in discrete cells
all throughout the ventral side (data not shown). Dorsally, Smed-
NB.21.11e was also expressed in discrete cells uniformly distributed in
the anterior half of the animal with very few cells seen post-
pharyngeally (Fig. S6E). In contrast, in Smed-egfr-1(RNAi) intact
planarians the dorsal expression of Smed-NB.21.11e was mainly
concentrated in the head region whereas few cells were observed pre-
pharyngeally (Fig. S6F).Higher expression, though,was seen around the
pharyngeal region (Fig. S6F). No differences were observed at their
ventral sides (data not shown). Transverse sections showed the
presence of a higher number of Smed-NB.21.11e-positive cells in the
mesenchyme, especially around the pharynx (Fig. S6E–F). For the late
progenymarker Smed-AGAT1 a reduction in the number of positive cells

was observed at the dorsal pre-pharyngeal region (Fig. S6G–H). Finally,
Smed-AGAT1-expressing cells were abnormally found around the
digestive system of Smed-egfr-1(RNAi) planarians (Fig. S6H).

In summary, Smed-egfr-1(RNAi) results in an overexpression of
Smed-p53, an increase of the Smedwi-1 positive stem cell population as
well as in an abnormal localization of cells expressing Smed-NB.21.11e
and Smed-AGAT1, genes expressed in the non-dividing descendent
cells of neoblasts in a particular lineage (Eisenhoffer et al., 2008).

Smed-egfr-3(RNAi) affects normal blastema growth

Next, we functionally characterized another EGFR homologue,
Smed-egfr-3. After one round of Smed-egfr-3(RNAi) and amputation,

Fig. 6. Hyperproliferation and faster degrowth after Smed-egfr-1(RNAi). (A–D) Anti-H3P immunostaining after 7 weeks of RNAi. (E–G) Double immunostaining with anti-SYNORF1
(in green) and anti-H3P (in red). (E–F) Two weeks of RNAi. (G) Eight weeks of RNAi. Arrows in inset indicate mitotic cells inside the outgrowth. (H) Quantification of mitotic cells in
the pre-pharyngeal region of control. At least n=7 samples were counted per each time point. All values correspond to mean±s.e.m., *pb0.05 (t-test). (I) Measurement of the size
decrease upon starvation of control (0 and 3 weeks, n=60; 5 weeks, n=50; 7 and 8 weeks, n=35) and Smed-egfr-1(RNAi) (0 and 3 weeks, n=80; 5 weeks, n=68; 7 and 8 weeks,
n=53). All values correspond to mean±s.e.m., *pb0.05 (t-test). All samples correspond to intact non-regenerating animals. Scale bars, A–D, G, 500 μm; E and F, 200 μm.
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all the treated animals regenerated normally. However, after two
rounds of RNAi and amputation, both anterior and posterior
blastemas were smaller than controls (Figs. 7A–C and S7). Planarian
blastemas can be easily recognized in regenerating animals as the
unpigmented white tissues that differentiate distal to the amputa-
tion surface. After 3 days of regeneration, control animals regener-
ated normal-sized blastemas (Fig. 7A, n=128/131, 97.7%).
However, those unpigmented anterior blastemas were significantly
reduced (Fig. 7B, n=122/261, 46.7%) or absent (Fig. 7C, n=80/261,
30.6%) in most of the Smed-egfr-3(RNAi) animals. As Smed-egfr-3
was expressed in irradiation-sensitive cells, the defects observed in
blastema growth could be a consequence of problems in neoblast
proliferation. However, the number of mitotic cells, detected
with the anti-H3P antibody, was not significantly reduced after
Smed-egfr-3(RNAi) (Fig. 7D–F). In contrast to other models of
epimorphic regeneration such as the amphibian limb, planarian
blastemas do not consist in a mass of proliferating undifferentiated
cells. In planarians, upon amputation, neoblast close to the wound
proliferate resulting in an accumulation of mitotic cells mainly in a
narrow strip of about 300–500 μm behind the amputation plane. As

regeneration proceeds the blastema grows mainly by the entry of
post-mitotic neoblasts that differentiate within it in the missing
structures, whereas mitotic cells are mostly restricted to the stump
region outside the blastema (Newmark and Sánchez-Alvarado,
2000; Saló and Baguñà, 1984; Wenemoser and Reddien, 2010).
Remarkably, the reduced 3-day blastemas from Smed-egfr-3(RNAi)
animals always contained many more mitotic cells (Fig. 7E)
compared to controls (Fig. 7D). After 5 days of regeneration, control
animals differentiated new cephalic ganglia within the blastema
(Fig. 7G); in those animals, mitotic cells were observed in the stump
region (yellow arrow in Fig. 7G) and close to the brain (white arrow
in Fig. 7G), but never anterior to it. In contrast, Smed-egfr-3(RNAi)
animals that had reduced blastemas either differentiated small
cephalic ganglia in the stump region (Fig. 7H) or the ganglia did not
differentiate at all (Fig. 7I). Nevertheless, mitotic cells were
abnormally located within those blastemas (arrows in Figs. 7H–I),
including in front of new cephalic ganglia. Also, another stem cell
marker such as Smedwi-2 (Reddien et al., 2005) was normally
present in the wound region of Smed-egfr-3(RNAi)-treated planar-
ians despite their small blastemas (Fig. S8).

Fig. 7.Normal proliferation but abnormal blastema growth and differentiation after Smed-egfr-3(RNAi). (A–C) Live animals after 3 days of regeneration. (D–F) Anti-H3P (red) reveals
no defects in proliferation rate. In contrast to controls (D), mitotic cells are found within the reduced blastemas (delineated by a discontinuous white line) of Smed-egfr-3(RNAi)
planarians (E). (F) Quantification of mitotic cells in the stump region of control (10.58±0.89, n=13) and Smed-egfr-3(RNAi) (9.87±0.83, n=24) planarians. Values correspond to
mean±s.e.m. Three days of regeneration. (G–I) Double anti-SYNORF1 (green) and H3P (red) immunostaining on 5-day regenerants. Arrows indicate mitotic cells. (J–L) Live animals
after 12 days of regeneration. (M–O) Anti-SYNORF1 immunostaining after 12 days of regeneration. Scale bars, A–C, 500 μm; D, E, G–I, 300 μm; J–L 400 μm; M–O, 200 μm.
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After 12 days of regeneration, control animals regenerated normal
anterior regions (Fig. 7J, n=76/79, 96.2%) and cephalic ganglia
(Fig. 7M). Although most Smed-egfr-3(RNAi) planarians recovered and
regenerated normal anterior regions, many of those recovered
blastemas showed morphological defects, mainly abnormal eyes that
were fused or situated very close at the midline (Fig. 7K, n=44/175,
25.1%). In these animals, the regenerated cephalic ganglia appeared
smaller and with a thicker anterior commissure connecting the two
ganglia (Fig. 7N). A number of Smed-egfr-3(RNAi) animals did not
recover (Fig. 7L, n=39/175, 22.2%) and showed more severe defects in
the regeneration of their CNS (Fig. 7O). Because no abnormal phenotype
wasobserved after one roundof Smed-egfr-3(RNAi) and amputation, the
variability observed on blastema growth after two rounds of RNAi and
the fact that most of those treated animals recovered as regeneration
proceeded, we carried out a third round of dsRNA injection and
amputation. After this third round of RNAi, the animals showed a
more severe phenotype compared to those observed after two
rounds (Table S1). In addition, most of the animals never recovered
and no blastema was observed even after 10 days of regeneration
(Table S1). Importantly, and as it happens after two rounds of RNAi,
those Smed-egfr-3(RNAi) animals did not display any proliferation
impairment compared to controls (Fig. S9).

As Smed-egfr-3(RNAi) resulted in problems to differentiate normal
blastemas despite those treated animals seemed to trigger a normal
proliferative response, we checked whether the lack of normal
blastemas could be due to an increased cell death. However, TUNEL
assay showed that there was no increase in cell death in the wound
region after 4 h, 13 h and 3 days of regeneration (Fig. S10).

Differentiation defects after Smed-egfr-3(RNAi)

As the defects observed did not seem to be caused by reduced
proliferation, we assessed whether differentiation was affected after

Smed-egfr-3(RNAi) (Figs. 8 and 9). Whole-mount in situ hybridiza-
tions with neural-specific genes revealed defective CNS regeneration.
Thus, after 5 days of regeneration, most animals had fused cephalic
ganglia at the midline, instead of normal bilateral ones, as seen with
the markers Smed-Gpas (Iglesias et al., submitted), which is specific to
the brain lateral branches (Cebrià et al., 2002b), and Smed-th, which
labels the dopaminergic neurons (Nishimura et al., 2007b) (compare
Figs. 8A and Bwith 8E and F, respectively). In other cases, although the
regenerated cephalic ganglia appeared bilateral, expression of these
neural markers was reduced (Figs. 8I and J). In the case of Smed-Gpas,
3-day regenerating animals showed similar results: 4/5 control
planarians regenerated normal bilateral cephalic ganglia, whereas 5/
8 Smed-egfr-3(RNAi) planarians regenerated fused cephalic ganglia, 2/
8 were normal and 1/8 did not regenerate any CNS. After 5 days of
regeneration, all controls regenerated cintillo-expressing cells
(Fig. 8C); however, Smed-egfr-3(RNAi) animals with substantially
reduced blastemas did not differentiate any cintillo-expressing cells
within them (Fig. 8G). On the other hand, RNAi-treated animals with
small blastemas differentiated cintillo-expressing cells (Fig. 8K).
Finally, the expression of Smed-sFRP-1 (Gurley et al., 2008) in the
head anterior tip was also significantly reduced after Smed-egfr-3
(RNAi) (Figs. 8H and L). Regenerating planarians analyzed at 3 days of
regeneration showed similar defects: 3/4 controls were normal,
whereas 4/6 Smed-egfr-3(RNAi) planarians showed a significant
reduction in Smed-sFRP-1-expressing cells and 2/6 showed roughly
a normal pattern. Planarians treated with three rounds of Smed-egfr-3
(RNAi) never formed a blastema and showed a complete absence
of Smed-sFRP-1 expression even after 12 days of regeneration (Fig.
S9). On the other hand, no defects using the same markers were
observed after silencing Smed-egfr-3 in intact non-regenerating
planarians (Fig. S11).

Differentiation of other cell types did not appear to be affected after
Smed-egfr-3(RNAi) (Fig. 9). Smed-mag-1 labels the marginal adhesive

Fig. 8. Abnormal differentiation of certain cell types after Smed-egfr-3(RNAi). After 5 days of regeneration, control animals regenerated normal cephalic ganglia (Smed-Gpas and
Smed-th), mechanoreceptor sensory cells (cintillo) and anterior distal tips (Smed-sFRP-1). In contrast, differentiation of these cell types was affected after Smed-egfr-3(RNAi). Scale
bar, 300 μm.
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gland cells throughout the body margin except in the anterior region
(Sánchez-Alvarado et al., 2002; Zayas et al., 2010). Three days after
amputation, Smed-mag-1 cells differentiated below the wound epithe-
lium in the distal part of control (Fig. 9A) and Smed-egfr-3(RNAi)
(Fig. 9E) blastemas, regardless of their sizes. Recently, Smed-AGAT1 and
Smed-NB.21.11e have been described as markers of late and early
neoblast progeny, respectively, in a specific cell lineage (Eisenhoffer et
al., 2008). After 3 days of regeneration, many Smed-AGAT1- and Smed-
NB.21.11e-expressing cells were expressedwithin the blastemas of both
control (Figs. 9B and C) and Smed-egfr-3(RNAi) (Figs. 9F and G) animals.
Finally, epidermal cells staining with PSA lectin did not reveal any
apparent defect in the blastema epidermis after Smed-egfr-3(RNAi)
(Fig. 9H). In summary, ourdata show that,whereas thedifferentiationof
some cell types was abnormal after Smed-egfr-3(RNAi) that of others
was normal.

Discussion

Eye pigment cells fail to regenerate after Smed-egfr-1(RNAi)

Planarian eyes comprise pigment cells that form the eye cups and
photosensitive cells that sense light. Although theoriginof both cell types
is not completely clear, it has recently been proposed that they could
differentiate from a common precursor in D. japonica (Takeda et al.,
2009). At early stages of regeneration, some cells are double labeledwith
Djtph and VC-1, whereas at later stages the lineages are completely
separate (Takeda et al., 2009), suggesting a common origin. Since the
final number of photosensitive cells is more than two-fold higher
than that of the pigment cells, however, the precursors of the
photosensitive cells, already expressing markers of mature cells, must
go through additional rounds of proliferation after the lineages separate.
Since Smed-egfr-1(RNAi) does not affect the number of photosensitive
cells, Smed-egfr-1may be required specifically for the regeneration of the
eye pigment cell lineage after its separation from a putative common
precursor. Smed-egfr-1 would be then necessary either for the differen-
tiation of the pigment cell precursors or the proliferation of such
precursors once theywould separate from thephotosensitive cell lineage
as proposed by Takeda et al. (2009). Such a role for Smed-egfr-1 in eye
regeneration is consistentwith the role of the EGFR signaling pathway in
the differentiation of the different eye cell types, including pigment cells,
in other systems (Freeman, 1997; Nagaraj and Banerjee, 2007).

The photosensitive cells from Smed-egfr1(RNAi) animals appear
disorganized compared to controls, which suggests that a well-

formed eye cup could be required to regenerate a proper eye
structure. This is in agreement with proposals based on the “menashi”
planarianmutant (Sato et al., 2005), in which eye pigment cells do not
differentiate properly resulting in abnormal patterning of the
photosensitive cells (Sato et al., 2005). Consistent with this finding,
a recent report has shown that whereas eye pigment cells express
Smed-tph, the photosensitive cells express a serotonin receptor (Saló
et al., 2009), suggesting that cross-talk between these cell types may
be important to regulate eye patterning and/or function. Although
silencing of Smed-tph or the serotonin receptor does not result in any
apparent defect (data not shown), a similar cross-talk may exist
between currently unidentified molecules that would regulate eye
patterning.

Abnormal pharynx morphogenesis after Smed-egfr-1(RNAi)

Previous studies have suggested that the planarian pharyngeal
epithelium contains two types of cells. The outer epithelium and the
distal part of the inner epithelium are positive for the antibody 7D8
and are formed by “insunk” (deep) cells. In contrast, the proximal part
of the inner epithelium is negative for 7D8 and consists of
polymorphous cells (Ishii, 1962/1963; Ishii, 1964; Kobayashi et al.,
1999). Immunohistochemistry with anti-SMED-βCAT2 revealed sim-
ilar staining in the outer epithelial cells and the distal inner epithelial
cells, but this differed from the pattern observed in the proximal inner
epithelium (Figs. 4H and J), further supporting the existence of two
types of epithelial cells. These differences have led to the proposal that
the inner epithelial cells have two different origins: the proximal
cells would originate in the anterior part of the pharynx rudiment in
close contact with the lumen of the gut and the distal cells in an
invagination of a primitive slit at the posterior end of the rudiment
(Kobayashi et al., 1999). As the pharynx rudiment grows and
differentiates into a mature pharynx, both types of inner epithelial
cells would contact each other to generate a continuous pharyngeal
lumen (Kobayashi et al., 1999). After Smed-egfr-1(RNAi), the regen-
erated pharynges are much smaller and have a substantially reduced
lumen (Figs. 4F, I and K). In parallel, anti-SMED-βCAT2 labeling is lost
from the outer epithelium. Cadherin-dependent cell adhesion occurs
typically through a cadherin–catenin complex (CCC) that links the
membrane to the actin cytoskeleton (Gumbiner, 2005). Dynamic
regulation of adhesion between epithelial cells is important to control
movements such as migration, ingression or invagination. In
vertebrates and Drosophila, EGFR associates with the CCC and may

Fig. 9. Normal differentiation of certain cell types after Smed-egfr-3(RNAi). After 3 days of regeneration, Smed-egfr-3(RNAi) planarians regenerated normal patterns of Smed-mag-1,
Smed-AGAT1, Smed-NB21.11e and lectin PSA. Scale bars, 200 μm for D–H, 300 μm for all others.
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regulate cell adhesion by phosphorylating some of its components
(Dumstrei et al., 2002; Hazan and Norton, 1998; Hoschuetzky et al.,
1994). Thus, for example, loss of EGFR function results in increased
cell adhesion and blocks the normal invagination of the optic placode
cells in Drosophila (Dumstrei et al., 2002). In other contexts, however,
activation of EGFR signaling seems important for promoting cadherin-
mediated cell adhesion (Brown et al., 2006; Jiang and Edgar, 2009).
After Smed-egfr-1(RNAi), planarians regenerate abnormal pharynges
with reduced lumens. Therefore, it seems reasonable to suggest that
the loss of SMED-βCAT2 in the junctions of the outer epithelial cells
either reveals or results in adhesion defects that lead to impairment of
the morphogenetic movements that are required for proper pharynx
formation.

Smed-egfr-1(RNAi) and the development of dorsal outgrowths

Smed-egfr-1 silencing results in the development of dorsal out-
growths in the pharyngeal region (Table 1). Recently, low-dose Smed-
p53(RNAi) has been reported to cause a hypomorphic phenotype
characterized by the development of dorsal outgrowths in regenerat-
ing head and tail pieces, just above the region where a new pharynx
forms (Pearson and Sánchez-Alvarado, 2010). In both Smed-p53(RNAi)
and Smed-egfr-1(RNAi), multiple cell types and tissues (brain, muscle,
secretory cells, sensory cells, eyes, pharynx, gut and mitotic cells) are
found within the outgrowths (Figs. 5 and 6; Pearson and Sánchez-
Alvarado, 2010), although with no clear patterning along a putative AP
axis. Also, anti-α-tubulin immunostaining suggests that there is no
well-defined DV axis. These outgrowths (described as teratomas in
Pearson and Sánchez-Alvarado, 2010) are not lethal in either case.
However, whereas dorsal outgrowths also develop in regenerating
trunk pieces and especially intact planarians after Smed-egfr-1(RNAi),
they do not differentiate in those contexts after low-dose Smed-p53
(RNAi) (Pearson and Sánchez-Alvarado, 2010).

As reported previously for Smed-p53(RNAi) (Pearson and Sánchez-
Alvarado, 2010), we did not find any difference in proliferation rate
compared to controls at early stages of regeneration after Smed-egfr-1
(RNAi). In contrast, in intact animals therewas a significant increase in the
proliferation rate that was already evident 2 weeks after Smed-egfr-1
(RNAi) (Fig. 6). Compared to normal-dose Smed-p53(RNAi) in intact
animals, in which an initial hyperproliferation stage is followed by an
almost complete loss of cell division that results in a lethal phenotype
(Pearson and Sánchez-Alvarado, 2010), the hyperproliferation observed
after Smed-egfr-1(RNAi) ismaintained during the 8–9 weeks of treatment
(Fig. 6). Despite the apparent restriction of the outgrowths to the region
above the pharynx, hyperproliferation was apparent throughout the
animal. Interestingly, hyperproliferation preceded the development
of the outgrowth. During starvation, planarians degrow due to an
imbalance between the number of newborn and dead cells during
cell turnover (Romero and Baguñà, 1991). However, despite the
significant hyperproliferation observed after Smed-egfr-1(RNAi)
those animals degrow (in total length) much faster than controls
(Fig. 6I). As this faster degrowth does not seem to be associated with
an increase in cell death, one possibility is that the excess of
proliferating cells might be used for the development of the
outgrowths. This is further supported by the fact that animals with
overall bigger outgrowths are significantly smaller than animals with
overall smaller dorsal outgrowths (Table S2).

Whereas the nature and localization of these dorsal outgrowths
are similar in Smed-p53(RNAi) and Smed-egfr-1(RNAi) animals, there
are also some obvious differences. Themost striking difference is that
whereas the partial silencing of Smed-p53 leads to the differentiation
of dorsal outgrowths in regenerating head and tail pieces (Pearson
and Sánchez-Alvarado, 2010), the outgrowths that develop in intact
planarians after Smed-egfr-1(RNAi) differentiate in a context in
which there is an overexpression of Smed-p53 and a general
hyperproliferation. Therefore, future experiments are necessary to

clarify the role played by Smed-p53 in the development of these
dorsal outgrowths in the different cellular and genetic backgrounds,
as well as the relationship between Smed-p53 and Smed-egfr-1. What
it can be concluded from the data presented here is that the silencing
of Smed-egfr-1 results in an overactivation of Smed-p53 throughout
the whole animal. Some studies in other models have suggested that
p53 induces compensatory proliferation leading to hyperplastic
overgrowths in some situations of cellular stress or damage
(Bergmann and Steller, 2010). Therefore, a similar situation could
be happening in planarians after Smed-egfr-1(RNAi), in which a
hyperproliferation and overactivation of Smed-p53 are observed
together with dorsal overgrowths.

Finally, before the outgrowth develops, the original pharynges lose
their normal pattern, and as the outgrowths grow these pharynges are
displaced and seem to enter them. Further analyses should try to
elucidate how this pharynx displacement is related to the development
of the outgrowth. An interesting observation is that the expression of
Smed-hoxD at the base of the pharynx is abnormally expanded after
Smed-egfr-1(RNAi), which might argue for a role of Smed-hoxD in the
development of the outgrowths. In summary, Smed-egfr-1(RNAi) leads
to a general hyperproliferation that is associated with the development
of dorsal outgrowths.

Cell fate-specific defects after Smed-egfr-3(RNAi)

Smed-egfr-3(RNAi) results in significantly reduced blastemas, espe-
cially during the first few days of regeneration. As Smed-egfr-3(RNAi)
blastemas seem to recover as regeneration proceeds, one possibility
could be that Smed-egfr-3 silencing affects the overall growth and
differentiation rate of the blastema. However, this can be ruled out
because at 3 days of regeneration, cells expressing intermediate
regeneration markers such as Smed-mag-1 (first expressed within
control blastemas at 2–3 days of regeneration; Zayas et al., 2010) are
found within the blastema before early markers such as Smed-Gpas and
Smed-sFRP-1 (normally expressed between 12 h and 1 day of regener-
ation)aredetectable. Also, TUNELassayappears to rule out thepossibility
that Smed-egfr-3(RNAi) results in an increased cell death by apoptosis.
Therefore, our data suggest that whereas some cell types and structures
(mainly neuronal) fail to differentiate normally after Smed-egfr-3(RNAi),
other non-neuronal types such as marginal gland cells and epidermal
cells seem to differentiate normally. Recently, it has been reported that
Smed-CHD4 is required for the differentiation of a certain cell lineage
(Scimoneet al., 2010), as Smed-CHD4(RNAi) planarians fail to accumulate
cells expressing the late progenymarker Smed-AGAT1 (Eisenhoffer et al.,
2008) at the wound region of regenerating animals (Scimone et al.,
2010). In contrast, our results indicate that Smed-AGAT1 cells accumulate
in the wound region of Smed-egfr-3(RNAi) regenerating planarians
(Fig. 9). Moreover, the silencing of Smed-egfr-3 does not prevent either
the accumulation of the early progenymarker NB.21.11e (Eisenhoffer et
al., 2008) at the wound region (Fig. 9). Although the identity of the cells
that express NB.21.11e and AGAT1 needs to be determined, their
expression pattern and localization suggest that they are non-neuronal
cell types.

The EGFR signaling pathway is involved in CNS development in
other animals, including mammals, as it regulates the proliferation,
differentiation, migration and survival of different populations of
neural stem and progenitor cells (Aguirre et al., 2007; Doetsch et al.,
2002; Gonzalez-Perez et al., 2009; O'Keeffe et al., 2009). The fact that
Smed-egfr-3 is weakly expressed in the CNS and that silencing leads
to neuronal defects suggest an important role for this signaling
pathway in planarian CNS regeneration. However, we cannot exclude
the possibility that the defects observed in the fused and smaller
cephalic ganglia after Smed-egfr-3(RNAi) are not a direct conse-
quence of Smed-egfr-3 loss-of-function but rather due to abnormal
CNS differentiation in a much reduced blastema. Further experi-
ments should help to address this possibility.
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Another notable observation is the presence of mitotic cells within
the reduced blastemas caused by Smed-egfr-3(RNAi). Recently,
Wenemoser and Reddien (2010) suggested that tissue loss would
induce a signal to favor differentiation of neoblast progeny near the
wound. By 48 h after amputation these authors report mitotic figures
within the anterior blastemas as well as a high density of Smedwi-1-
expressing cells within them (Wenemoser and Reddien, 2010). From
that moment, however, the blastema appears to be formed by cells
that cease expressing Smedwi-1 but are still positive for an antibody
against the SMEDWI-1 protein; at the same time, actively cycling cells
(Smedwi-1 positive) become restricted to the base of the blastema
(Wenemoser and Reddien, 2010). From these results it was proposed
that from about 48 h after amputation neoblast descendants within
the blastema would exit the cell cycle and would respond to
differentiating signals (Wenemoser and Reddien, 2010). Thus, the
presence of mitotic cells within the blastemas following Smed-egfr-3
(RNAi) might be explained by an inability of neoblasts or their early
descendants to moving past this stage in which they would exit the
cell cycle and respond to putative differentiation signals. As not all cell
types appear to be affected, distinct signals may regulate the
differentiation of the different cell types in the blastema. Smed-egfr-
3 could thus control the differentiation of new neural cells during
planarian regeneration. In other regenerating systems, it has been
proposed that the nervous system is required for proper regeneration
(Kumar et al., 2007; Miljkovic-Licina et al., 2007; Singer, 1952).
Therefore, it is tempting to speculate that the reduced blastemas
observed after Smed-egfr-3(RNAi) could be a consequence of abnor-
mal neural regeneration that would affect a putative neural factor
required to promote or maintain normal blastema growth.

In summary, defects in blastema growth after Smed-egfr-3(RNAi)
do not seem to be caused by reduced neoblast proliferation (Fig. 7) or
increased apoptotic cell death (Fig. S10). We cannot totally rule out
that cell cycle stages other than the G2/M transition detected with the
anti phospho histone H3 might be affected after Smed-egfr-3(RNAi);
however, our results clearly indicate that the differentiation of some
cell types (mainly neuronal) is affected. Future analyses should
determine the exact relationship between this failure of differentia-
tion and the much smaller blastemas regenerated after Smed-egfr-3
(RNAi).

Conclusions

EGFR signaling regulates multiple intracellular target pathways
affecting a wide range of biological processes. As EGFR signaling
pathway is over activated in many human cancers, a lot of research is
being carried out to target it for therapeutical purposes (Bianco et al.,
2007; Burgess, 2008). On the other hand, in classical models of
regeneration, the EGFR signaling has been shown to play different
important functions. Thus, for example, it is required for the patterning
of distal structures during leg regeneration in insects (Nakamura et al.,
2008), for efficient liver regeneration by regulating G1–S transition
during early stages (Natarajan et al., 2007), and for proper cell
proliferation and migration in regenerating zebrafish (Rojas-Muñoz et
al., 2009). Planarians provide an attractive framework inwhich to study
the role of the main cell signaling pathways in regeneration and stem
cell biology. Here, we report for the first time a functional character-
ization of EGF receptors duringplanarian regeneration andhomeostasis.
Our results indicate that EGFR signaling regulates a variety of processes
during regeneration. Thus, Smed-egfr-1 is necessary to regenerate
properly eye-pigment cells and the pharynx. In addition, silencing of
Smed-egfr-1 results in hyperproliferation and development of dorsal
outgrowths. On the other side, Smed-egfr-3 is necessary for blastema
growth and the differentiation of certain cell types. Because of the
diversity and complexity of the phenotypes obtained, a combination of
high-throughput and next-generation sequencing tools will be needed

to further dissect at molecular andmechanistic levels how the silencing
of each of the planarian Smed-egfrs leads to the defects described here.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.03.023.
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