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STEM CELLS AND REGENERATION RESEARCH ARTICLE

Regional signals in the planarian body guide stem cell fate in the
presence of genomic instability
T. Harshani Peiris1,2, Daniel Ramirez1,2, Paul G. Barghouth1,2, Udokanma Ofoha1,2, Devon Davidian1,2,
Frank Weckerle1 and Néstor J. Oviedo1,2,3,*

ABSTRACT
Cellular fate decisions are influenced by their topographical location in
the adult body. For instance, tissue repair and neoplastic growth are
greater in anterior than in posterior regions of adult animals. However,
the molecular underpinnings of these regional differences are
unknown. We identified a regional switch in the adult planarian body
upon systemic disruption of homologous recombination with RNA-
interference of Rad51. Rad51 knockdown increases DNA double-
strand breaks (DSBs) throughout the body, but stem cells react
differently depending on their location along the anteroposterior axis.
In the presence of extensiveDSBs, cells in the anterior part of the body
resist death, whereas cells in the posterior region undergo apoptosis.
Furthermore, we found that proliferation of cells with DNA damage is
induced in the presence of brain tissue and that the retinoblastoma
pathwayenables overproliferation of cells with DSBswhile attending to
the demands of tissue growth and repair. Our results implicate both
autonomous and non-autonomous mechanisms as key mediators of
regional cell behavior and cellular transformation in the adult body.
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INTRODUCTION
The proliferative response of normal and neoplastic cells is
influenced by their topographical location along the
anteroposterior axis (Auerbach and Auerbach, 1982). In mice,
cellular proliferation and engraftment responses are superior in the
anterior region of the body (i.e. head and thoracic cavity) to those in
posterior areas (Auerbach and Auerbach, 1982; Kobayashi, 1977).
Likewise, the effects of carcinogens and the growth of transplanted
tumor cells are more aggressive in the anterior than in the posterior
regions (Auerbach and Auerbach, 1982; Auerbach et al., 1978;
Dispersio, 1981; Kubai and Auerbach, 1980). In humans, survival
rates of cutaneous melanoma are attributed to location, with head
and neck melanomas presenting the poorest outcomes relative to
melanomas in other parts of the body (Lachiewicz et al., 2008;
Tseng and Martinez, 2011). Despite these clear observations, the
mechanisms underlying regional differences in the growth of
normal and neoplastic cells in the adult body are unknown.
Planarians allow for the analysis of cell proliferation during tissue

renewal and in response to stress and/or injury in the whole adult
organism, providing a paradigm to further study regional regulation

of cell proliferation in the adult body. Similar to mice and humans,
regional differences in cellular proliferation also exist in the
planarian flatworm (Baguñà, 1976; Brøndsted, 1969; Oviedo and
Levin, 2007). The neoblast, or planarian stem cell, is the only cell
with proliferative capacity within the entire organism, which
continuously divides to support the renewal and repair of adult
tissues. Uninjured planarians contain larger pools of dividing
neoblasts in the anterior region than in the posterior; additionally,
regeneration of the head occurs faster than the tail (Baguñà, 1976;
Brøndsted, 1969; Oviedo and Levin, 2007; Oviedo et al., 2010).
Interestingly, disruption of the tumor suppressor PTEN triggers
neoblast hyperproliferation and tissue colonization by abnormal
cells. These abnormally proliferative cells are first noted in the
anterior part of the planarian (Oviedo et al., 2008c). These results
suggest that regional signals along the planarian anteroposterior axis
might influence the neoblast’s decision to proliferate during cellular
turnover, injury repair and cellular transformation.

DNA replication stress is one of the earliest manifestations of
cellular transformation (Bartkova et al., 2006; Halazonetis et al.,
2008; Macheret and Halazonetis, 2015). Furthermore, DNA
damage response, particularly the repair of DNA double-strand
breaks (DSBs), serves as an early anti-cancer barrier (Bartkova
et al., 2006). Investigating the role of DNA repair mechanisms as
key effectors of cell fate along the anteroposterior axis might
provide molecular insights about regional regulation of neoblast
proliferation. The Rad51 protein is an essential component for
homologous recombination, genomic stability and repair of DSBs
(Klein, 2008). We identified that systemic disruption of Rad51 via
RNA-interference (RNAi) increases DSBs throughout the whole
planarian. Strikingly, the cellular response to DSBs depended on
the topographical location along the anteroposterior axis. In the
presence of DSBs, cells in the anterior region resisted cell death,
whereas cells in the posterior underwent apoptosis. We further
discovered that this asymmetric topographical response might be
established by cues derived from the central nervous system and the
retinoblastoma pathway, enabling the survival and proliferation of
cells with DSBs in the anterior region of the organism. These
experiments reveal newly discovered regulators of cell fate
decisions in the adult body and suggest that regional signals
modulate tumor suppressor genes during adult tissue renewal. Our
data indicate that both cellular location along the anteroposterior
axis (non-cell autonomous) and intrinsic cellular properties (cell-
autonomous) modulate fate choices in the presence of DNA
damage.

RESULTS AND DISCUSSION
Smed-Rad51 is ubiquitously expressed and is essential to
maintain DNA integrity
The planarian homolog of Rad51-A (Smed-Rad51) is expressed
throughout the body and is strongly downregulated by lethal dosesReceived 26 September 2015; Accepted 10 March 2016
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of γ-irradiation (Onal et al., 2012; Solana et al., 2012). To discern
endogenous topographical differences in Smed-Rad51 expression,
we began by analyzing FACS-isolated cell populations extracted
from both the anterior and posterior regions of the body
and confirmed Smed-Rad51 is widely expressed along the
anteroposterior axis. Our analysis of FACS-sorted cells revealed
that proliferating, irradiation-sensitive neoblasts (X1 cells) express
increased levels of Smed-Rad51 mRNA compared to both early
postmitotic (X2 cells) and differentiated cell (Xins) populations
(Fig. 1A). The enrichment of Rad51 expression in neoblasts is
consistent with its functions during meiosis and germ cells across
planarian species (Chinone and Matsumoto, 2014; Xiang et al.,
2014). Nonetheless, the role of Rad51 signaling during cellular
turnover and repair of adult tissues, which largely relies on the
mitotic activity of somatic stem cells, still requires further
investigation. This gap in knowledge might be attributed to the
fact that homozygous Rad51 mutations lead to early embryonic
lethality and non-viable embryonic stem cells in mice (Lim and
Hasty, 1996; Tsuzuki et al., 1996).

To assess the possible roles of Rad51 during cellular turnover, we
functionally disrupted Smed-Rad51 via RNAi [Rad51(RNAi)]. This
analysis revealed that systemic inhibition of Rad51 leads to a fully
penetrant phenotype (100/100 animals) characterized by the
progressive loss of tissue in the posterior region and lethality
>40 days post-RNAi treatment (Fig. 1B and data not shown). The
specific loss of the posterior tissue is an uncommon RNAi
phenotype in planarians, thus we assessed whether the efficiency
of our RNAi protocol was limited or restricted to a particular region
of the animal. Tissues from both the anterior and posterior regions
were processed separately to evaluate Smed-Rad51 mRNA
expression and whole animal protein extracts were obtained to
assess protein levels after 35 days of Rad51(RNAi) treatment.
These experiments revealed that after 35 days, the RNAi protocol
dramatically reduced Rad51 gene and protein expression
throughout the whole animal (Fig. 1C,D). Additionally, we
utilized different strategies to functionally downregulate Smed-
Rad51 with double-stranded-RNA (dsRNA) incorporated by
feeding (Rouhana et al., 2013) or microinjections specifically

Fig. 1. Rad51 is expressed in neoblasts and
differentiated cells and its expression can be
downregulated throughout the body.
(A) Smed-Rad51 gene expression levels in
FACS-isolated cells (X1, X2 and Xins) measured
by qPCR. (B) Representative images of control
and Rad51(RNAi) animals. The progressive
deterioration and tissue lost from posterior body
parts are indicated with arrows. (C)Rad51(RNAi)
reduces expression of Smed-Rad51 uniformly
throughout the body. (D) SMED-RAD51 protein
expression is strongly downregulated in the
whole organism by Rad51(RNAi). SMED-
RAD51 was detected with anti-human RAD51
antibody and alpha tubulin was used as an
internal loading control. In A,C, gene expression
values represent mean±s.e.m. of triplicates per
experiment of at least two biological replicates,
each condition was generated by extracting RNA
from n>10 animals per experiment. The internal
control is the ubiquitously expressed clone
H.55.12e. ****P<0.0001; NS, no significance;
Tukey’s multiple comparisons test.
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targeting the anterior or posterior regions of the animal (Oviedo and
Levin, 2007). Consistently, we were able to reduce Rad51
expression throughout the animal, leading to the loss of posterior
tissue (Fig. S1; data not shown). These findings imply that the
phenotype reflects a specific response upon the abrogation of Smed-
Rad51.
Smed-Rad51 shares a high level of molecular conservation with

its homologous counterpart in mammals (Fig. S2), which is crucial
for homologous recombination, genomic stability and repair of
DNA DSBs (Klein, 2008). To test whether Rad51 is functionally
conserved in planarians, we performed Rad51(RNAi) treatment and
assessed both DNA stability in cells using the Comet assay and
chromosomal integrity via karyotyping (Fig. 2A,B). The Comet
assay was optimized to detect DSBs and a standard scale was built
by using sub-lethal doses of γ-irradiation (1200 rad), which are
known to induce DNA damage that is repaired over time (Fig. S3).
The RNAi studies revealed that Smed-Rad51 is essential in
maintaining both DNA and chromosomal integrity throughout the
whole animal (Fig. 2A,B). Systemic DNA abnormalities in Rad51
(RNAi) animals are consistent with the functional conservation of
Rad51 in planarians and its distribution along the anteroposterior
axis.
To further investigate the function of Smed-Rad51 in DNA repair,

we exposed whole planarians to a single sub-lethal dose of
γ-irradiation (1200 rad) that caused DSBs and transiently
abrogated neoblast division (Wagner et al., 2011). Specifically,
two aspects were analyzed; Rad51 gene and protein levels, and
cytoplasmic versus nuclear localization of SMED-RAD51 after γ-
irradiation. Both gene and protein expression were downregulated
during the first three days post-irradiation, consistent with the
disappearance of mitotic activity. Expression peaked at day five and
then returned to pre-irradiation levels by day seven. This behavior
coincided with the recovery of mitotic activity (Fig. 2C,D and data
not shown). Furthermore, analysis of SMED-RAD51 expression in
dissociated cells from whole planarians showed that Rad51 protein
signal switched from the cytoplasm to the nucleus by day five post-
irradiation, implying active DNA repair (Fig. 2E,F). These findings
are consistent with a recent report suggesting Rad51 plays roles in
DSB repair based on changes in expression pattern during meiosis
and after irradiation (Xiang et al., 2014).

Smed-Rad51 is required for proper regulation of cell
proliferation and cell death during cellular turnover
The process of cellular turnover depends on a specific balance
between cell proliferation and cell death. Thus, we assessed the
effects of Rad51(RNAi) on cell division and cell death in the adult
planarian body that continually undergoes cellular turnover. Rad51
(RNAi) reduces neoblast mitotic activity throughout the body.
However, this reduction is more pronounced in the posterior area of
the planarian, compared with the anterior region in which some cells
still divide (Fig. 3A,B; Fig. S1). Intriguingly, suppression of mitosis
was accompanied by massive cell death and tissue loss in the
posterior area, indicating that it is possible to induce selective
elimination of cells and tissues depending on their location along
the anteroposterior axis (Fig. 3C-E).
The systemic effects of Smed-Rad51 downregulation with RNAi

are characterized by a dramatic decrease in cell division and a
regional specific increase of cell death in the posterior area of the
planarian (Fig. 3A-E). To gain insights on the mechanisms
regulating cellular decisions upon Rad51(RNAi) treatment, we
analyzed cells from both the anterior and posterior areas by flow
cytometry (Hayashi et al., 2006; Peiris et al., 2016). We found that

Rad51(RNAi) leads to a ∼50% systemic reduction in the number of
proliferative cells (e.g. X1 subpopulation, Fig. S4A). This finding
is consistent with a restricted number of cells transitioning into the
G2/M phase of the cell cycle (Fig. 3A,B). Furthermore, gene
expression analysis of Smed-cyclin B, which is needed for the
progression of neoblasts into the M phase of the cell cycle, revealed
a strong downregulation throughout the animal. However, the
reduction in gene expression is accentuated in the posterior
compared with the anterior region (Fig. 3F,G). Additionally,
regional changes in the expression of neoblast markers and the
cellular division progeny were also observed after Rad51(RNAi)
treatment (Fig. S4B,C). These results suggest that despite a severe
reduction of neoblasts in Rad51(RNAi) animals, the asymmetric
distribution of proliferative cells is sustained.

Cell cycle transition between the S and G2/M phases can be
visualized throughout the planarian body by double labeling with
the thymidine analogue bromodeoxyuridine (BrdU) and anti-
histone-3-phosphorylated (H3P) antibody (Newmark and Sanchez
Alvarado, 2000). BrdU is incorporated during the S phase, whereas
the H3P antibody labels neoblasts in the G2/M phase. After Rad51
(RNAi) treatment, BrdU incorporation was severely reduced but the
proliferative asymmetry was maintained as demonstrated by the
distribution of BrdU+ and H3P+ cells along the anteroposterior axis
(Fig. 3H,I; Fig. S5). Quantification of double BrdU+ and H3P+ cells
revealed that 60-70% of cells continuing through the cell cycle are
positive for both BrdU and H3P, indicating that the remaining cells
in Rad51(RNAi) animals transition from the S phase to the M phase
with similar dynamics to the control group (Fig. 3J). This result
implies that regional asymmetry in the progression through the
S/G2/M phases of the cell cycle is still preserved despite fewer
neoblasts in Rad51(RNAi) animals. Additional experiments are
required to address the mechanisms influencing regional levels of
cell death in the absence of Rad51. Nonetheless, the whole-body
Rad51-silencing strategy we applied reveals unappreciated aspects
of regional regulation of cell fate in the presence of DNA damage.

Homologous recombination is required to repair DNA after
ionizing irradiation and to maintain DNA integrity along the
anteroposterior axis
Unrepaired DSBs pose a great risk for cell survival and malignancy.
An extensive number of neoblasts and differentiated cells undergo
apoptosis in the posterior region, unlike the anterior region
(Fig. 3C-E). Nonetheless, the presence of cell division in Rad51
(RNAi) animals suggests that either some cells maintain DNA
integrity through a Rad51-independent mechanism, or mitosis
occurs despite DNA damage. DSB repair proceeds predominantly
through two mechanisms; homologous recombination and Ku-
dependent non-homologous end joining (NHEJ) (Lord and
Ashworth, 2012). We identified in the Schmidtea mediterranea
genome components associated with NHEJ such as Ku, MRE11
and ATM (ataxia telangiectasia mutated). RNAi knockout of Smed-
Ku70, Smed-MRE11 and Smed-ATM reduced neoblast division and
was further reduced with simultaneous downregulation of Smed-
Rad51with Rad51(RNAi) (Fig. 4A,B). These results suggest that
cell division after Rad51(RNAi) proceeds without intervention of
the NHEJ DNA repair mechanisms, which is consistent with the
levels of DSBs present throughout the experimental group. This
also implies that after Smed-Rad51 knockdown, neoblasts with
genomic instability are prone to proliferate, a pervasive feature of
tumor cells (Halazonetis et al., 2008).

To further understand the mechanisms planarians use to repair
damaged DNA, we tested both the roles of homologous
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recombination and NHEJ after a sub-lethal dose of γ-irradiation
(1200 rad). Sub-lethally irradiated Rad51(RNAi)-treated animals
did not recover cell division and died soon after, whereas RNAi of
Smed-Ku70, Smed-MRE11 or Smed-ATM and the untreated control

group, recovered mitotic activity 7 days post-irradiation (Fig. 4C).
Rad51 function is facilitated by the breast cancer type 2
susceptibility protein (BRCA2) (Lord and Ashworth, 2012) and
RNAi of its planarian homolog Smed-BRCA2 (Pearson and Sanchez

Fig. 2. Rad51 maintains genomic stability and its expression is regulated by gamma irradiation-induced DNA damage. (A) DNA damage in anterior and
posterior specific regionswere assessed by theComet assay, gel electrophoresis under alkaline conditions. Visual scoringwas used to quantify DNA damage, color-
coded key at top represents undamaged (green), moderate damage (orange) and extremely damaged DNA (red) shown in either anterior or posterior regions.
(B)Mitoticmetaphase spread fromwhole animals showsmultiple chromosomeabnormalities afterRad51(RNAi). (C)Smed-Rad51mRNA levels fromwhole animals
measuredwithqPCRoveroneweekpost-irradiation. (D)SMED-RAD51changesafter sub-lethal irradiationweremeasuredbywestern blot using proteinextracts from
whole animals at each time point. Quantification for each respective time point is shown to the right (bar graph). SMED-RAD51was detectedwith anti-humanRAD51
antibody and alpha tubulin was used as an internal loading control. (E) Spatial distribution of SMED-RAD51 immunostaining (green) in reference to the cell nucleus
(stained with DAPI, blue). Notice SMED-RAD51 signal is mostly perinuclear but at day five after sub-lethal irradiation the signal is closely associated with the cell
nucleus.Overlaybetweenbright fieldand fluorescent imageswasused toevaluateSMED-RAD51spatial location (bottomrow).The imageswereobtained fromwhole
animal dissociation. Scale bar: 10 μm. (F) Percentage of SMED-RAD51 foci distribution after sub-lethal irradiation. In A-D,F, analyses were performed using
animals ∼30 days after first dsRNA injection. Values represent mean±s.e.m. of at least three biological replicates and each condition was generated with 10-20
animals per experiment. *P<0.01, **P<0.005, ***P<0.0005; NS, not significant; Tukey’s multiple comparison test.
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Fig. 3. Rad51(RNAi) alters cell proliferation and cell death during systemic cellular turnover in adult planarians. (A) Representative images of mitoses by
whole-mount immunostaining with anti-H3P antibody (yellow dots). Dotted line indicates the limits between anterior and posterior areas. (B) Quantification of
mitotic cells in the anterior and posterior regions, n>25 animals per condition. Cell division disappears over time and animals die after day 40-45 post-Rad51
(RNAi) treatment (20 out of 20 animals, data not shown). (C) Whole-mount immunostaining labeling TUNEL-positive nuclei (cell death, red dots) along the
anteroposterior axis. (D) Quantification of TUNEL-positive nuclei (cell death levels) in the anterior and posterior regions, n>10 animals per condition. (E) The
frequency distribution between viable and dead cells visualized with Annexin V and 7 AAD staining in different regions of the animal. Annexin V−/7 AAD–
quadrant includes viable cells (outlined green). Annexin V+/7 AAD– and Annexin V+/7 AAD+ indicate cells that are in early and late (necrotic) stages of cell death,
respectively (outlined red). The numbers in each quadrant indicate the percentage of cells with that staining profile. (F,G) Expression levels for Smed-cyclin-B
spatial distribution determined by whole-mount ISH (F) and gene expression levels determined by quantitative PCR (G) in both anterior and posterior regions.
Reduction in Smed-cyclin-B ISH expression is indicated by red arrows. Gene expression levels are relative to the ubiquitously expressed clone H.55.12e.
(H) Representative images of whole-mount immunostaining with BrdU and anti-H3P antibody. Green signal corresponds to BrdU incorporated after an 8-10 h
pulse, red signal represents cells undergoing mitoses and orange signal represents co-expression in both control and Rad51(RNAi) animals. (I) Quantification of
cells that incorporated BrdU along the anteroposterior axis. (J) Percentage of cells double-positive (co-expressing) for BrdU and H3P along the anteroposterior
axis. In B,D,G,I,J values represent mean±s.e.m. of at least two to three biological replicates and each condition was processed with 10-20 animals per
experiment. **P<0.005, ***P<0.0005, ****P<0.0001; NS, no significance; two-way ANOVA. Scale bars: 200 µm.
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Alvarado, 2010) reproduced the Rad51 phenotype (Fig. 4D,E). This
demonstrates both components of the homologous recombination
pathway reduce cell proliferation and alter patterns of cell death
along the anteroposterior axis (Fig. 4D-F). Taken together, these
data suggest that in S. mediterranea homologous recombination is
the main pathway to: (1) repair DNA after ionizing irradiation and
(2) maintain genomic integrity along the anteroposterior axis.

The retinoblastoma pathway mediates cell cycle
progression in the presence of DSBs
The anterior region of Rad51(RNAi) animals displayed extensive
DNA damage and unexpectedly low levels of cell death compared
with controls (Figs 2, 3). This is a consistent feature observed in
cells with genomic instability that resist undergoing cell death. The
establishment and maintenance of cell survival in the presence of
DNA damage converge into two pathways controlled by the tumor
suppressors p53 and retinoblastoma (Rb) (Campisi, 2005). To
assess mechanisms controlling cell fate decisions upon DNA
damage, we optimized an RNAi strategy to simultaneously
downregulate p53, Rb and Rad51 (Fig. S6), and evaluated cell
division along the planarian anteroposterior axis (Fig. 5A,B). In
order to downregulate these genes, all of which are required for
neoblast maintenance, we developed a dsRNA injection schedule
that avoided the depletion of mitotic activity before fixation.

Specifically, two variables were considered: (1) the time of mitotic
depletion after the first dsRNA injection of each individual gene
(i.e.: Rad51>40 days; Rb>20 days and p53>30 days) and (2) the
pattern in which mitotic activity vanishes along the anteroposterior
axis upon RNAi treatment. For example, mitotic activity
progressively diminished from the posterior to the anterior region
after injection with Rad51-RNAi, whereas Rb- and p53-RNAi-
depleted mitotic activity started in the anterior region, progressing to
the posterior region. Therefore, dsRNA injections involving Rb
started at day 17 after the initiation of Rad51(RNAi) treatment so that
by the day of fixation, the Rb phenotype was 13 days after the first
injection and still contained dividing cells (Fig. 5A,B).

The tumor suppressor p53 is a crucial downstream component of
the DNA damage response (DDR) (Halazonetis et al., 2008).
Double RNAi knockdown of p53 and Rad51 resulted in a
noticeable increase in mitoses in both anterior and posterior
regions when compared with Rad51(RNAi) alone. p53(RNAi)
restricts cell division over time, which is consistent with its role in
neoblast maintenance (Pearson and Sanchez Alvarado, 2010).
Nonetheless, dividing cells were still present in both the anterior
and posterior regions when p53 RNAi knockdown was done
individually or combined with knockdown of Rad51 or Rb
(Fig. 5A,B). This finding indicates that p53 restricts mitosis in the
Rad51 phenotype and confirms that its functions in DDR are

Fig. 4. Homologous recombination and non-homologous end joining (NHEJ) regulate cell division in planarians. (A,B) Levels of mitoses along the
anteroposterior axis after individual or simultaneous downregulation of molecules associated with homologous recombination (Rad51) and NHEJ (Ku70,Mre11,
ATM). (C) Mitotic activity seven days after sublethal doses of gamma irradiation (1200 rad) on animals subjected to downregulation of molecules associated with
homologous recombination and NHEJ. NoticeRad51(RNAi) sub-lethally irradiated animals fail to recover mitotic activity. (D-F) Mitotic levels after downregulation
of BRCA2, a component of homologous recombination, resembles the Rad51(RNAi) phenotype, including increased cell death in the posterior region (F). In A-F,
all analyses were performed on intact animals ∼30 days after first dsRNA and graphs represents mean±s.e.m. of at least two biological replicates with n>10
animals in each experiment. ***P<0.0005, ****P<0.0001; NS, not significant; Tukey’s multiple comparison test.
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conserved in planarians (Pearson and Sanchez Alvarado, 2010).
Increased mitotic activity in animals subjected to double p53
+Rad51 RNAi revealed cells with the potential to divide in spite of
a dysfunctional homologous recombination and further established
that cell division in Rad51(RNAi) animals occurs independently of
p53. However, double Rad51+Rb RNAi knockdown abrogated cell
division even when p53 was downregulated, implying that Rb is
required for cell cycle progression to G2/M phase in Rad51(RNAi)
animals (Fig. 5A,B). Interestingly, Rad51(RNAi) induced a strong
downregulation of p53 throughout the animal accompanied by
selective suppression of Rb expression in the posterior region,
whereas its levels in the anterior remained stable despite high levels
of DNA damage (Fig. 5C). It is possible that p53 downregulation
results from the elimination of cells that are more susceptible to loss
of Rad51 function, but further experiments are required to test this
hypothesis. Posterior-specific levels of cell death in Rad51(RNAi)
animals might result from the simultaneous downregulation of both

p53 and Rb, which has been implicated as a driver of apoptosis in
human embryonic stem cells (Conklin et al., 2012). Conversely, the
presence of DNA damage and resistance to apoptosis have been
suggested as an Rb-mediated mechanism of some tumor cells in
response to chemotherapy (Ianari et al., 2009). Thus, it is possible
that sustained levels of Rb expression in the anterior region
promotes cellular survival, but more importantly, enables the
proliferation of cells with damaged DNA. Future experiments
assaying Rb phosphorylation as well as the activation and/or
repression of components of the Rb regulatory network might lead
to insights on Rb-mediated cell fate in the presence of DNA damage
in adult stem cells (Sage, 2012). Taken together, our findings
suggest that in the presence of genomic instability, the Rb pathway
might modulate cellular fate decisions asymmetrically throughout
the adult body. Similarly, these results also suggest that non-cell
autonomous mechanisms operate along the anteroposterior axis to
regulate Rb function.

Fig. 5. The retinoblastoma (Rb)
pathway mediates cell division after
Rad51(RNAi). (A) Percentage of cell
division in anterior and posterior regions
in single, double and triple RNAi
treatment involving Rad51 and the tumor
suppressors p53 and retinoblastoma
(Rb). Simultaneous RNAi knockdown of
Rad51 and Rb abolish cell division in
both anterior and posterior regions.
(B) Representative whole-mount
immunostaining images with the mitotic
marker anti-H3P (green dots).
Simultaneous downregulation of p53 and
Rb tends to concentrate cell division
towards the posterior region of the animal
as does Rb(RNAi) alone. However,
Rad51(RNAi)+Rb(RNAi) largely reduces
cell division throughout the body, even
when p53 is downregulated in triple
RNAi. Each image consists of multiple
focal planes stacked together to
represent the entire animal (z-axis).
Scale bars: 200 µm. (C) qPCR analysis
from anterior and posterior regions to
determine fold-change in Rb and p53
gene expression levels in Rad51(RNAi)
relative to control. Gene expression
values were calculated relative to the
ubiquitously expressed clone H.55.12e.
In A,C, all data represent mean±s.e.m. of
at least three biological replicates
consisting of 10-20 animals per
experiment. ****P<0.0001; NS, not
significant; two-way ANOVA.
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Tissue-specific signals from the nervous system influence
cellular behavior along the anteroposterior axis
The Rad51 phenotype is characterized by the survival of cells with
DSBs in the anterior half of the animal. To address whether
asymmetric cell behavior is influenced by tissue-specific signals,
we produced animals with bipolar heads or tails resulting from
perturbation of Wnt signaling (Reddien, 2011) (Fig. S7A-C).
Furthermore, we downregulated Rad51 expression in these animals
to assess levels of cell division and cell death (Fig. 6A-C). Double-
headed planarians are organisms constituted by tissue from the
anterior region, lacking posteriorized tissue. Double-headed
animals subjected to Rad51(RNAi) displayed a reduction in both
mitoses and cell death, and cell division was dispersed throughout
the anteriorized body (Fig. 6A,B). Conversely, Rad51(RNAi) in
double-tailed planarians (i.e. organisms lacking anterior tissue) led
to a dramatic decrease of mitotic cells, accompanied by an increase
in cell death (Fig. 6A,C), which was proportional to the levels of cell
death found in the posterior region of Rad51(RNAi) animals with
normal anteroposterior polarity (Fig. 3D). These results suggest
tissue-specific signals in the anterior region promote cell survival in
Rad51(RNAi) animals.
The planarian brain is located in the anterior part of the animal

and occupies most of the head region (Fig. S7A). Therefore, we
tested whether the presence of brain tissue might influence the
proliferation of cells with DNA damage in Rad51-deficient animals.
Double-tailed animals are completely posteriorized and do not
possess brain-specific tissue. Thus, we ectopically induced brain
formation in these organisms by disrupting the fibroblast growth
factor receptor-like molecule gene nou-darake (ndk) (Iglesias et al.,
2011). Double-tailed animals with ectopic brain were subjected to
Rad51(RNAi) and evaluated for levels of cell division. We observed
that the number of dividing cells increased but only in the proximity
of ectopic brain tissue. Other parts of the animal that retained tail
identity (i.e. devoid of brain) displayed lower levels of cellular
proliferation (Fig. 6D,E; Fig. S7D,E). These results suggest: (1) the
presence of anterior-specific nervous tissue in a posteriorized
environment is capable of altering cell fate decisions to promote
proliferation of cells with DNA damage, and (2) the central nervous
system, specifically the brain, acts as a regional regulator of
cell behavior in the adult planarian. The specific mechanisms need
to be further investigated, but our findings suggest that non-cell
autonomous signals from the cellular microenvironment might
influence cell division in Rad51(RNAi) animals.

Cells with DNA damage overproliferate in the presence of
nutrients and tissue repair demands
We sought to better understand the influence of themicroenvironment
on the mitotic response after Rad51(RNAi) treatment. Neoblasts are
known to mount stereotypical waves of proliferation in response to
feeding and injury (Kang and Sanchez Alvarado, 2009; Wenemoser
and Reddien, 2010). Therefore, we assessed whether mitotic activity
in Rad51(RNAi) animals could be altered by an increase in the
availability of nutrients and the demands of tissue repair. Feeding
triggers an increase in neoblast mitotic activity that is detected as early
as 6 h post-feeding and is expected to return to pre-feeding levels by
72 h post-feeding. We found that 6 h post-feeding, cell division in
Rad51(RNAi) animals increased ∼fivefold in both the anterior and
posterior regions. However, the increase in neoblast division did not
return to pre-feeding levels by 72 h post-feeding (Fig. 7A), but it was
sustained and also triggered animal death >35 days post-RNAi
treatment (20/20 animals, data not shown). Lethality was preceded by
loss of tissue in the anterior tip of the animal, also known as ‘head

regression’, which is characteristic of dysfunctional neoblasts and a
lack of cellular turnover (Reddien et al., 2005b).

To evaluate the mitotic response upon injury, we analyzed: (1)
regenerating trunk fragments after the removal of anterior and
posterior tissues, and (2) tissue transplantation and the engraftment
process. Amputation triggers two waves of mitotic activity (at ∼6 h
and 48 h post-amputation) that are followed by cellular differentiation
and formation of the regenerative blastema (Wenemoser and Reddien,
2010). Amputation of Rad51(RNAi) animals triggered a neoblast
mitotic peak after 6 h post-amputation, which returned to pre-injury
levels after 30 h. However, seven days post-amputation, levels of cell
division were unexpectedly high in the absence of a regenerative
blastema (Fig. 7B). The increase in cell division at seven days post-
amputation and the absence of a blastema suggests that in Rad51
(RNAi) animals, neoblasts are unable to properly regulate cell division
and their division progeny is incompetent to support post-mitotic
events associated with tissue regeneration.

Tissue transplantation experiments were designed to assess the
mitotic response during engraftment of tissue plugs into an
orthotopic (similar) region of a host animal (Fig. 7C). This
procedure allowed us to evaluate injury-induced mitotic response
during tissue engraftment and regulation of cell division in the entire
host animal without the formation of a regenerative blastema. We
transplanted tissue plugs from both RNAi and control donors and
evaluated cell division within both the host animal and within the
transplanted tissue plug itself (experimental scheme is illustrated in
Fig. 7C). A tissue plug from the anterior region of a donor animal
was transplanted to the anterior region of a host animal. Both control
and Rad51(RNAi) animals served as either a tissue plug donor and/
or engraftment host. In all cases, levels of cell division were
analyzed one week post-transplantation, at which point they would
be expected to rebound to levels of uninjured animals (Fig. 7C-G).

To evaluate whether mitotic activity in the host animal returns to
pre-injury levels, we first transplanted tissue plugs from the anterior
donor region into the anterior region of the host (Fig. 7C). Themitotic
response was quantified within the host animal excluding the
transplanted tissue (i.e. outside the transplant; Fig. 7D,E). We
found that tissue plugs from control donors re-established cell
division in the Rad51(RNAi) hosts and after one week post-
transplantation, levels of cell division were comparable with the
control group. This suggests that transplanted cells from the donor
control were able to regulate mitotic activity after engraftment in a
homologous recombination-deficient host (Fig. 7E). Conversely,
transplantation of Rad51(RNAi) donor tissue into either control or
Rad51(RNAi) hosts elicited hyperproliferation throughout the animal
(Fig. 7E; Fig. S8). These results suggest that neoblasts from Rad51
(RNAi) donors sense and respond to injury but are unable to regulate
levels of proliferation after the completion of tissue engraftment,
which is consistent with the increase of neoblast proliferation during
blastema-mediated tissue regeneration (Fig. 7B).

Furthermore, we evaluated the source of abnormally proliferating
cells by quantifying mitoses exclusively inside the transplanted
donor plugs (i.e. excluding cellular proliferation in the rest of the
host animal; Fig. 7F,G). As expected, levels of cell division in tissue
plugs from control donors reverted back to the levels of uninjured
animals (i.e. ∼150-200 mitoses/mm2). However, cell division
within the Rad51(RNAi) donor plug increased 16-fold in
comparison with uninjured Rad51(RNAi) animals (Fig. 3B,
Fig. 7G). To assess if this response is specific to homologous
recombination deficiency, we also engrafted tissue plugs from
NHEJ-deficient donors [Smed-Ku70(RNAi)] into control hosts.
Mitotic activity inside the transplanted tissue plug and within the
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host was similar to that of the control group after one week post-
transplantation (data not shown). These results imply that neoblast
hyperproliferation upon injury and/or engraftment is not a result of
off-target RNAi effects, but is a specific feature of homologous
recombination-deficient cells. Taken together, our findings confirm
that in the presence of injury, neoblasts from Rad51(RNAi) animals
intensify their proliferation capabilities, probably through cell-
autonomous mechanisms, but are unable to return to uninjured
levels once tissue repair is completed. We also demonstrate that

despite high levels of DNA damage, neoblasts sense environmental
cues triggered by metabolic and tissue repair signals that override
cellular fate decisions imposed by DNA damage (Fig. 7A,B).

We hypothesize that the hyperproliferative state of these cells could
be triggered by a defective response that circumvents a block in cell
cycle progression in favor of tissue renewal and repair (Bartkova et al.,
2006). Moreover, gene expression analysis revealed that markers of
the zeta class of neoblasts (van Wolfswinkel et al., 2014) were the
least downregulated in the anterior part of Rad51(RNAi) animals,

Fig. 6. Anterior-specific nervous tissue modulates cell division in posteriorized animals. (A) Downregulation of beta-catenin and APC lead to animals with
bipolar heads or tails, respectively. The spatial distribution of mitotic cells (yellow dots) labelled with anti-H3P antibody is shown. (B,C) Quantification of mitoses
(left) and levels of cell death (right) in double-headed (B) and double-tailed (C) animals treated with Rad51(RNAi). (D,E) Cell division levels in double-tailed
animals subjected to double RNAi with nou-darake andRad51 knockdown. Brain tissue (arrows) and ventral nerve cords were labeled with anti-synapsin staining
(green signal). The dotted orange line illustrates an area contiguous to the ectopic brain, including mitotic cells (red dots). Brain tissue was identified by visual
thickening of the ventral nerve cords. Scale bars: 200 µm. In B,C,E, data represent mean±s.e.m. of at least three biological replicates with n>5-10 animals per
experiment. ****P<0.0001 one-way ANOVA.
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suggesting the phenotype is not homogeneously distributed among
neoblast subpopulations (Fig. S9). However, additional experiments
are required to rule out whether the hyperproliferative state in Rad51
(RNAi) animals is related to a particular neoblast subpopulation.
Additional experiments on the Rad51 phenotype in S. mediterranea
would facilitate the identification and characterization of molecular
mechanisms mediating cell division in the presence of DNA damage
(Campisi, 2005).

Concluding remarks
The DNA damage response is a potent regulator of cellular behavior
that influences decisions about proliferation and apoptosis
(Halazonetis et al., 2008; Lord and Ashworth, 2012). The Rad51
phenotype establishes a predictable model where cells with
genomic instability undergo collective elimination by apoptosis,
alter cell cycle patterns, or bypass surveillance mechanisms to
divide and even hyperproliferate. Our results indicate that both
cellular location along the anteroposterior axis (non-autonomous)
and intrinsic cellular (cell-autonomous) properties modulate cellular
fate choices in the presence of DNA damage.

Injury-induced cell proliferation is still activated after
downregulation of Rad51, but subsequent mechanisms regulating
proliferation fail to return or maintain basal mitotic levels (i.e. cell
division to support homeostatic tissue renewal). Consequently, cells
with damaged DNA divide abnormally following both cell
autonomous and non-autonomous cues. Our results present novel
insights into the effects of system-wide Rad51 downregulation
in adult tissue maintenance. Thus, we anticipate that further research
in the Rad51 phenotype in S. mediterranea would facilitate
opportunities to analyze in situ DNA damage-induced tumor
suppression, mechanisms regulating proliferation of cells with
genomic instability, and the provocative idea of nervous signals
controlling tumor suppressor regulatory networks in specific
regions of the adult body.

MATERIALS AND METHODS
Identification of homologs and phylogenetic analysis
Components of the DNA repair and other signaling pathways were
identified using the S. mediterranea genome database SmedGD (http://
smedgd.stowers.org) and other planarian genomic resources (Adamidi et al.,

Fig. 7. Metabolic signals and demands for tissue repair trigger neoblast hyperproliferation. (A,B) Mitotic activity increases 6 h after feeding (A) or
amputation (B) inRad51(RNAi) animals. Mitotic cells were recorded in both anterior and posterior regions after feeding, whereas in amputated animals the overall
number of cells was obtained from regenerating trunk fragments. (C) Schematic representation of tissue plug transplants from the anterior region of donor animals
into host animals (arrow). (D) Schematic representation to evaluate mitotic activity (red dots) in the host animal excluding the transplanted tissue plug (yellow
circle). (E) Levels of mitotic activity outside of the transplanted plug. Control and Rad51(RNAi) animals serve as either tissue plug donor and/or engraftment host.
Notice the increased cell division when donor tissue comes from Rad51(RNAi) animals. (F) Donor tissue from the anterior region was transplanted into an
orthotopic region in host animals and was used to determine levels of cell division inside the transplant. (G) Quantification of mitotic activity inside the transplanted
plug, one week after engraftment (left panel). Representative pictures showing mitotic activity inside the transplant (right panel; yellow circles represent the
transplant border). Mitotic activity was recorded 7 days after transplantation, when they are expected to be back to levels of uninjured animals. Scale bar: 250 µm.
In A,B,E,G, data representmean±s.e.m. of at least three biological replicates with n>5-10 animals per time point. *P<0.01, **P<0.005, ***P<0.0005. ****P<0.0001;
NS, not significant; Tukey’s multiple comparison test.
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2011; Labbe et al., 2012; Robb et al., 2008; Sandmann et al., 2011; Zhu and
Pearson, 2013). NCBI accession numbers KT375434 (Smed-ku70),
KT375435 (Smed-BRCA2), KT375436 (Smed-Mre11) and SmedGD
references mk4.001927.02.01, mk4.001165.06.01 (SmedGD v.3.1) are
linked to sequences reported in the manuscript. Identified sequences were
translated using the Pfam protein domain families database (http://pfam.
xfam.org/) and subsequently analyzed using HMMER search to confirm
conservation (https://www.ebi.ac.uk/Tools/hmmer/). The sequences were
further confirmed by Blastn, blastx, blastp and alignment tools (http://blast.
ncbi.nlm.nih.gov/Blast.cgi). The identified sequences were aligned by
CLUSTALW or T-Coffee software with sequences obtained using
HomoloGene (http://www.ncbi.nlm.nih.gov/homologene). A predictive
evolutionary model and phylogenetic tree was built using MEGA
software (www.megasoftware.net).

Planarian culture
The planarian species used in these experiments was Schmidtea
mediterranea CIW4. S. mediterranea culture was maintained as
previously described (Oviedo et al., 2008a).

RNAi experiments
The synthesis of dsRNAwas performed in vitro followed bymicroinjections
as previously described (Oviedo and Levin, 2007; Oviedo et al., 2008b). A
total of five microinjections over four weeks were initially administered over
three consecutive days and then one every 10 days. Alternatively, in vitro
synthesized dsRNAwas also administered by feeding to functionally disrupt
genes by RNAi as described (Rouhana et al., 2013). Briefly, 1 µg of the
Smed-Rad51-specific dsRNA was mixed with 30 µl of planaria food and
was fed 3× times per week for 30 days. Although RNAi by feeding or
microinjection in different areas of the body both efficiently reduced Rad51
expression, the experiments presented throughout the manuscript involved
dsRNA microinjections in the anterior area unless otherwise noted. Under
this protocol 100% of the animals showed the phenotype between 20-
30 days after first dsRNA microinjection. All analyses were carried out a
minimum of four days after the last microinjection. To produce animals with
double head or tails, planaria were fed bacteria with engineered vectors as
previously described (Reddien et al., 2005a). Briefly, downregulation of
APC and β-catenin by RNAi was performed using 4-6 feedings before
amputation. After 14 days of regeneration bipolar headed/tailed animals
were injected with the desired dsRNA as described in Fig. S10.
Dr C. Petersen (Northwestern University, Evanston, IL, USA) and
Dr P. Reddien (MIT, Cambridge, MA, USA) kindly provided
β-catenin and APC plasmids. Double and triple RNAi experiments
were analyzed 30 days after the first Rad51 dsRNA microinjection
as shown in Fig. S10.

Whole-mount immunofluorescence
Planarians were fixed and immunostained as previously described (Peiris
et al., 2012). The following primary antibodies were used: anti-H3p (1:250;
Millipore, 05-817R), anti-synapsin (1:100; Developmental Studies
Hybridoma Bank) and anti-activated caspase-3 (1:500; Abcam, ab13847).
Secondary antibodies were: goat anti-mouse Alexa Fluor 488 (1:800;
Invitrogen, 673781) for anti-synapsin, anti-arrestin, anti-acetylated tubulin,
goat anti-rabbit Alexa Fluor 568 (1:800; Invitrogen, 11036) for anti-H3P,
HRP-conjugated goat anti-rabbit antibody (1:2000; Millipore, 12-348) with
TSA-Alexa Fluor 488 anti-HRP (ThermoFisher, A-21370) for anti-caspase-
3. All images were visualized and the mitotic cells (H3P-positive) and
apoptotic cells (caspase-positive) were counted and normalized to the area
(mm2) using NIS element software (Nikon).

BrdU staining
BrdU staining was performed as previously described (Cowles et al., 2012).
Double staining with H3P and BrdU was performed as previously described
(Newmark and Sanchez Alvarado, 2000).

Sub-cloning of candidate genes
Our sub-cloning strategy was similar to that previously described (Peiris
et al., 2012). Briefly, sets of primers were designed to amplify a 400-650 bp

region of each candidate gene. Total RNA from asexual S. mediterranea
was used to synthesize cDNA using Thermo Scientific Verso cDNA kit.
The amplified regions were cloned and transformed following the
manufacturer’s instructions (Qiagen). PCR products were used to
synthesize dsRNA or ISH probes as previously described (Oviedo et al.,
2008b; Peiris et al., 2012). Primers sequences are listed in Table S1.

Planaria dissociation and cell collection
Planarians were dissociated as previously described with slight
modifications (Hayashi et al., 2006; Peiris et al., 2016; Reddien et al.,
2005b). Planarians were amputated into small pieces in cold calcium/
magnesium-free (CMF) medium and then placed on a rocker for 30 min to
1 h at 4°C. Cells were filtered using a 20 μm filter and centrifuged at 239 g
followed by resuspension in 1 ml of CMFmedia before cell counting (Peiris
et al., 2016).

Fixation and immunostaining of dissociated cells
Fixation and staining protocol were as previously described (Oviedo and
Levin, 2007; Peiris et al., 2012). Dissociated cells were washed twice with
1× PBS and then fixed onto cover slips using Carnoy’s fixation for 2 h on
ice, incubated with 100% methanol for 1 h at −20°C. Samples were
rehydrated using mixtures of 75%, 50% and 25% methanol in PBSTx
(1×PBS+0.3% Triton X-100). After final rehydration with 100% PBSTx,
the cells were blocked in PBSTB [1×PBS+0.3% Triton X-100 containing
0.25% bovine albumin serum (BSA)] for 4 h at room temperature and
primary anti-Rad51 (1:500; Abcam, ab109107) antibody added overnight.
Cells were then washed six times, 10 min each in PBSTB and then stained
with HRP-conjugated goat anti-rabbit secondary antibody (1:500;
Millipore, 12-348) overnight. Cells were then washed again, and
incubated with 1:1000 TSA-Alexa Fluor 488 in PBSTI (PBST×+10 mM
imidazole) for 20 min, followed by a further six 10 min washes in PBSTB.
After the final wash, cells were incubated with DAPI (0.1 μg/1 ml) for
15 min and mounted using VECTASHIELD Mounting Medium (Vector
Laboratories). Additional details can be found in our previous publication
(Oviedo and Levin, 2007; Peiris et al., 2012).

Protein extraction
Animals were dissociated until no tissue fragments were visible and
incubated in 1× RIPA buffer (Cell Signaling Technologies, 9806) with
protease inhibitors (Roche Complete Mini Protease Inhibitor Cocktail,
04693124001; 1 mM PMSF; 1 mM DTT) for 30 min on ice. Volume-to-
mass ratio for this was as follows: 10 large dissociated planaria were
incubated in 300 µl of 1× RIPA and protease cocktail mixture. Samples were
spun at 20,817 g for 15 min at 4°C. The supernatant was transferred to a new
tube and immediately placed on ice. A 25 µl aliquot of the supernatant was
used to measure protein concentration. The remaining solution was mixed
with equal volumes of 2× Laemmli buffer (4% SDS, 10%
2-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, 0.125 M
Tris-HCl) and incubated at 95°C for 5 min (or boiled at 100°C) to denature
and reduce. Protein lysates were stored at −20°C. A Bio-Rad protein assay
was used to determine protein concentration.

Western blot
Protein lysate aliquots of 40 μg were heated at 80°C for 5 min and loaded in
12.5-15% SDS-PAGE gel along with a molecular weight marker (Bio-Rad,
1610375). Samples were transferred to a 30 s methanol-activated PVDF
membrane (Bio-Rad, 162-0175) overnight in 1× Tris-glycine transfer buffer
[25 mM Tris base, 192 mM glycine, 10% (v/v) methanol, pH 8.3] at 4°C.
The membrane was blocked with 5% milk for 1 h and incubated in the
primary antibodies overnight at 4°C on a rocker. Primary antibodies: anti-
tubulin (1:500; Sigma, 081M4861), anti-Rad51 (1:5000; Abcam,
ab109107) and anti-caspase (1:5000; Abcam, ab13847). The membrane
was washed three times for 30 min prior to the addition of the secondary
antibodies: HRP-conjugated goat anti-rabbit antibody (1:2000; Millipore,
12-348) for anti-Rad51 and anti-caspase, HRP-conjugated goat anti-mouse
antibody (1:2000; Invitrogen, G21040) for anti-tubulin. The membrane was
washed three times for 30 min and developed using Luminata ForteWestern
HRP substrate (Millipore, WBLUF0100).
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Flow cytometry analysis
Flow cytometry experiments were performed as previously described
(Hayashi et al., 2006; Peiris et al., 2016, 2012). Briefly, 1×106 cells from
dissociated planaria were stained with DNA marker Draq5 (eBioscience,
65-0880-96) at a 1:500 dilution in CMF media for 30 min at room
temperature in the dark. Incubation with calcein (Invitrogen, C3100MP)
diluted 1:500 in CMF medium for 10 min at room temperature was
sufficient to stain live cells. BD FACSDiva software was used for initial
gating and samples were either analyzed using a LSRII flow cytometer (BD
Biosciences) or sorted using an ARIAII flow cytometer (BD Biosciences).
Lethally irradiated planaria were used to approximate the gates for X1 and
X2 populations and/or gated as previously described (Eissenhoffer et al.,
2008). Final gating of cell populations was performed using FlowJo
software (www.flowjo.com) (Peiris et al., 2016).

Cell cycle analysis was performed using either Draq5 (1:500 diluted
in CMF media) or DAPI (0.1 μg/ml). Draq5-stained populations were
gated for cell cycle using live Draq5-positive populations and FlowJo
software. Staining of apoptotic cells was performed using 1×105 cells
from dissociated planaria immersed in 100 μl binding buffer
(BioLegend, 422201) and stained with 5 μl Annexin V (Pacific Blue;
BioLegend, 640918) and 5 μl 7-AAD Viability Staining Solution
(PECy5; BioLegend, 420404). Labeled cells were incubated at room
temperature for 15 min. The samples were immediately analyzed using
an LSRII flow cytometer (BD Biosciences). Further details can be found
in Peiris et al. (2016).

TUNEL assay
TUNEL assay was performed as previously described (Pellettieri et al.,
2010).

Quantification of mitotic activity and image processing
Mitotic cells labeled with fluorescent anti-H3P were counted either
manually or with NIS Elements (Nikon). Area measurements for the
anterior and posterior regions in each sample were obtained with NIS
Elements (Nikon). All fluorescence images consisted of multiple captions at
different focal planes (z-axis) and stacked together into a single image to
represent the whole animal. Cellular counts or fluorescence signal from
images at different magnifications were corrected by area to determine the
specific number/mm2. The analysis of anterior and posterior regions was
paired to its respective counterpart (i.e. control anterior versus experimental
anterior; control posterior versus experimental posterior) and pooled
numbers were plotted separately. Additional details on the procedure and
image processing were as previously described (Peiris et al., 2012).

Quantitative RT-PCR
Quantitative RT-PCR (qPCR) was performed as previously described
(Peiris et al., 2012). In all cases gene expression is relative to the
ubiquitously expressed clone H.55.12e. Each individual experiment
consisted of triplicates per condition and experiments were independently
repeated at least twice. qPCR from sorted cells was obtained by dissociating
>20 animals per condition to extract RNA and prepare cDNA as described
before. qPCR from anterior and posterior regions was prepared from half
body parts of more than 10 animals per condition. Gene expression up- or
downregulation levels were also represented with heat maps in reference to
the corresponding control. Gene expression corresponds to the mean of
triplicated samples of at least two independent experiments with pooled
RNA extraction of >20 animals each.

In situ hybridization (ISH)
ISH on isolated cells and quantification were performed as previously
described (Oviedo and Levin, 2007; Oviedo et al., 2008c). Whole-mount
ISH (WISH) and fluorescent in situ hybridization were performed as
previously described (Pearson et al., 2009).

Comet assay
Dr Dave Alexander and Dr Manel Camps from University of California
Santa Cruz kindly provided the comet assay protocol and Elyse Ozamoto
(University of California, Merced, USA) performed the initial adaptations to

the planarian model. Frosted microscope slides were coated with 1% normal
melting point agarose (NMPA) in 10× PBS and dried overnight. Dissociated
cells were resuspended in 10 ml CMF followed by incubation at 37°C for
2 hours. Cells were centrifuged at 664 g for 2 min and resuspended in 100 µl
of 0.5% low melting point agarose (LMPA) made in 10× PBS per 50,000
cells. The mixture was loaded onto coated 1% NMPA dried slides and
allowed to dry at 4°C until the agarose solidified. Slides were incubated
overnight in a Coplin jar at 4°C with 89% lysing solution (2.5 M NaCl,
100 mMEDTA, 10 mMTrizma base, 8 g pelletized NaOH in dH2O; filtered
and pH 10.0), 10% DMSO and 1% Triton X-100. Medium was then
replaced with neutralization buffer (0.4 M Tris base in dH2O, pH to 7.5) for
5 min and kept at 4°C. The neutralization buffer was then removed and
slides were placed into an electrophoresis chamber at 4°C filled with 1×
electrophoresis buffer (10 N NaOH and 200 mM EDTA in dH2O, pH 13)
and the sample was allowed to equilibrate for 15 min. The current was
adjusted to 12 V for 30 min at 4°C. Next, slides were transferred back into
the Coplin jar and equilibrated for 5 min in neutralization buffer. Samples
were fixed with cold 100% ethanol for 5 min and stained with a 1:10 ratio of
SYBR gold into 1× TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 7.5).
A standard ‘DNA damage scale’ was built as reference based on different
doses of gamma irradiation on whole worms. The scoring scheme is based
on a rank from 0 to 2, where a score of 0 showed little DNA damage and 2 is
visualized as a disbursed tail, indicating extensive DNA damage (Sinha
et al., 2014).

Karyotyping assay and tissue transplantation experiments
Karyotyping and tissue transplants were performed as previously described
(Guedelhoefer and Sanchez Alvarado, 2012). Theworms for transplantation
experiments were grown at 10°C to obtain larger animals more amenable for
transplantation. Similar sizes of the transplanted tissue and the opening in
the host animals were obtained by using the tip of 10 µl pipettes. Animals
that served as donors or hosts were used after 30 days of the first dsRNA
microinjection.

Statistical analysis
Data are expressed as mean±s.e.m. unless otherwise noted. The statistical
analyses were performed in Prism, GraphPad Software (http://www.
graphpad.com).
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