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A B S T R A C T

In developmental biology, the regulation of stem cell plasticity and differentiation remains an open question.
CBP(CREB-binding protein)/p300 is a conserved gene family that functions as a transcriptional co-activator and
plays important roles in a wide range of cellular processes, including cell death, the DNA damage response, and
tumorigenesis. The acetyl transferase activity of CBPs is particularly important, as histone and non-histone
acetylation results in changes in chromatin architecture and protein activity that affect gene expression. Many
studies have described the conserved functions of CBP/p300 in stem cell proliferation and differentiation. The
planarian Schmidtea mediterranea is an excellent model for the in vivo study of the molecular mechanisms un-
derlying stem cell differentiation during regeneration. However, how this process is regulated genetically and
epigenetically is not well-understood yet. We identified 5 distinct Smed-cbp genes in S. mediterranea that show
different expression patterns. Functional analyses revealed that Smed-cbp-2 appears to be essential for stem cell
maintenance. On the other hand, the silencing of Smed-cbp-3 resulted in the growth of blastemas that were
apparently normal, but remained largely unpigmented and undifferentiated. Smed-cbp-3 silencing also affected the
differentiation of several cell lineages including neural, epidermal, digestive, and excretory cell types. Finally, we
analysed the predicted interactomes of CBP-2 and CBP-3 as an initial step to better understand their functions in
planarian stem cell biology. Our results indicate that planarian cbp genes play key roles in stem cell maintenance
and differentiation.
1. Introduction

How stem cells are maintained and differentiate into their multiple
distinct lineages remains an open question. Animals that are capable of
regenerating offer us the opportunity to study stem cell behaviour in vivo
in a context in which they are used to rebuild tissues, organs, or large and
complex body parts. Among the models capable of whole-body regen-
eration, freshwater planarians are particularly attractive in that they rely
on a population of pluripotent adult stem cells, called neoblasts (Bagu~n�a,
2012; Rink, 2013; Reddien, 2018). In response to any type of incision or
amputation in planarians, the wound is closed by muscle contraction in
just a few minutes (Chandebois, 1980; Bagu~n�a et al., 1988).
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Subsequently, a rapid wound response followed by a later regenerative
response trigger a programme that activates neoblast proliferation and
differentiation, together with cell death and the re-establishment of
proper polarity (Sal�o and Bagu~n�a, 1984; Iglesias et al., 2008; Molina
et al., 2007, 2011; Gavino et al., 2011; Pellettieri et al., 2010; Wenemoser
and Reddien, 2010; Sandmann et al., 2011; Wenemoser et al., 2012;
Owlarn et al., 2017). In recent years, several studies have proven that
neoblasts constitute a highly complex and heterogeneous cell population
(Scimone et al., 2014; Zhu and Pearson, 2016). A small percentage of
neoblasts, the so-called cNeoblasts (clonogenic neoblasts), are true
pluripotent stem cells: when transplanted individually into planarians
that have been irradiated (and therefore completely depleted of
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neoblasts), they are capable of repopulating the host and differentiating
into any and all of the planarian cell types (Wagner et al., 2011). A recent
study that further characterised these cNeoblasts showed that they ex-
press a tetraspanin gene, which constitutes the first specific molecular
marker of pluripotent neoblasts (Zeng et al., 2018). However, little is
known about how neoblasts are directed to differentiate into their mul-
tiple potential lineages (Zhu et al., 2015; Barber�an et al., 2016).
Post-translational modifications, chromatin remodelling, and epigenetic
regulation have important functions in stem cell biology (Avgustinova
and Benitah, 2016; Godini et al., 2018; Wang et al., 2014). Interestingly,
some planarian studies have uncovered roles of histone and non-histone
post-translational modifications in neoblast biology (Dattani et al., 2019;
Strand et al., 2019). In Schmidtea mediterranea, silencing of different
components of the nucleosome remodelling and deacetylase (NuRD)
complex such as Smed-CHD4 (Scimone et al., 2010), Smed-HDCA-1 (Robb
and S�anchez Alvarado 2014), Smed-RbAP48 (Bonuccelli et al., 2010), and
Smed-p66 (V�asquez-Doorman and Petersen 2016) results in defects in
neoblast proliferation and differentiation. Inhibition of ubiquitination
and SUMOylation impairs normal neoblast biology and regeneration
(Henderson et al., 2015; Strand et al., 2019; Thiruvalluvan et al., 2018).
Also, it has been reported that the planarian homologues of the COM-
PASS family of MLL3/4 histone methyltransferases participate in neo-
blast proliferation and differentiation and play a conserved role as
tumour suppressor genes in these animals (Mihaylova et al., 2018).
Finally, some authors have proposed the conserved presence of bivalent
promoters in planarian neoblasts (Dattani et al., 2018).

The conserved CBP/p300 family is composed of 2 related transcrip-
tional co-activating proteins: CREB-binding protein (CBP) and p300
(Lundblad et al., 1995), which interact with numerous transcription
factors to regulate the expression of their target genes. CBP/p300 pro-
teins achieve their function by acetylating histones and non-histone
proteins and by serving as scaffold proteins to bring together different
factors within the promoter regions. They are members of the lysine
acetyltransferase type 3 (KAT3) family (Dutto et al., 2018), which is
present in many organisms including mammals, worms, flies, and plants
(Yuan and Giordano, 2002). This family interacts with many cell sig-
nalling pathways, such as Notch (Brai et al., 2015), NFkB (Wen et al.,
2010), calcium (Hardingham et al., 2001), and TrkB (Esvald et al., 2020)
pathways, carrying out its function by interacting with multiple tran-
scription factors and other regulatory proteins (Bedford et al., 2010). The
CBP/p300 protein family has been shown to participate in many cellular
processes, including cell self-renewal, proliferation, survival, differenti-
ation, synaptic plasticity, the DNA damage response, and cell cycle
regulation (Shaywitz and Greenberg, 1999; Giordano and Avantaggiati,
1999; Mayr and Montminy, 2001; Goodman and Smolik, 2000; Man-
egold, P. et al., 2018; Chan and La Thangue, 2001). In this paper, we
describe the identification and characterisation of 5 cbp homologue genes
in S. mediterranea. Whereas Smed-cbp-2 appears to be required for stem
cell maintenance, Smed-cbp-3 is necessary for the differentiation of
several cell lineages, including the central nervous system (CNS),
epidermal, gut, and protonephridia. Based on known interactions be-
tween CBP/p300 proteins and numerous factors in humans, we used the
web application PlanNET (Castillo-Lara and Abril, 2018) to predict the
interactome of planarian CBP proteins and identified several interactions
that could shed light on the role of these genes during planarian
regeneration.

2. Results

2.1. CBP/p300 family in Schmidtea mediterranea

By searching the currently available genome (Grohme et al., 2018),
we identified 5 cbp homologues in S. mediterranea, which we named
Smed-cbp-1, -2, -3, -4 and -5. Phylogenetic analysis showed that planarian
CBP homologues grouped together, suggesting that they originated from
duplications of the cbp gene within the Platyhelminthes lineage (Fig. S1).
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To characterise their expression patterns, whole mount in situ hybrid-
isation (WISH) was performed in intact and regenerating animals (Figs. 1
and S2). In intact planarians, cbp-1, and -4 were expressed rather ubiq-
uitously, mainly in the mesenchyme and the central nervous system
(CNS) whereas cbp-5 was expressed in the mesenchyme around the
pharynx (Fig. S2). On the other hand, Smed-cbp-2 and -3 showed a broad
expression in intact animals including the parenchyma and the CNS
(Fig. 1). The expression of both genes decreases after irradiation sug-
gesting that they were expressed in neoblasts (Fig. 1A). During regen-
eration cbp-2 and cbp-3 were expressed in the newly formed brain
primordia from early stages (Fig. 1A). Two recent studies have used
single-cell sequencing to generate planarian cell-type atlases (Plass et al.,
2018; Fincher et al., 2018). These resources allow in silico analysis of the
expression dynamics of planarian genes over pseudotime in cell types
pertaining to specific cell lineages. Single-cell analyses of the expression
of planarian cbp genes largely agreed with the patterns obtained after
WISH (Figs. 1B and S2). Also, analysis of single cell data from distinct
neoblast populations indicate that Smed-cbp-2 and Smed-cbp-3 were
expressed in several neoblast subclasses in agreement with their atten-
uated expression after irradiation (Fig. 1C). For muscle, neuronal, phar-
ynx, and protonephridia lineages cbp-1, cbp-2, and cbp-3 displayed
similar dynamics and showed increasing levels of expression during the
differentiation process. Conversely, the high levels of expression of cbp-4
and cbp-5 in early stages appeared to decay in parallel with the differ-
entiation of progenitor cell types towards distinct cell lineages (Fig. S3).

CBP and p300 have similar structures and share a modular organi-
sation with 5 protein interaction domains (Fig. 1D; Wang et al., 2013). In
the middle of the sequence there is a chromatin association and modi-
fication region, which encompasses the lysine acetyltransferase domain
HAT-K11 and the bromodomain. Thanks to their lysine acetyltransferase
activity, CBP and p300 can acetylate both histones and non-histone
factors (Dancy and Cole, 2015). The central region is flanked by a
characteristic structure composed of several transactivation domains: a
transcriptional-adaptor zinc-finger domain 1 (TAZ1); a kinase inducible
domain of CREB interacting domain (KIX); a domain of unknown func-
tion (DUF); a zz-type zinc finger domain (ZZ); a transcriptional-adaptor
zinc finger domain 2 (zf-TAZ); and a IRF3-binding domain (IBiD).
S. mediterranea CBP proteins contain most of these essential conserved
domains (Fig. 1D).

2.2. cbp-2 and cbp-3 are required for proper regeneration

To characterise the function of Smed-cbp genes we performed RNA
interference (RNAi)-based functional analyses. No obvious defects were
observed after silencing cbp-1, -4, or -5 (Fig. S4). Conversely, silencing of
cbp-2 or cbp-3 significantly impaired the viability or regeneration of the
treated animals.

Animals treated with cbp-2 RNAi failed to form a proper blastema
(Fig. 2A) and all died within less than 15 days of amputation. On day 5 of
regeneration, control animals had already differentiated eyes, whereas
cbp-2(RNAi) animals showed no signs of eye differentiation. After 10 and
12 days of regeneration, cbp-2(RNAi) animals differentiated smaller and
aberrant eye-pigment cups within very small blastemas that were located
closer to the pre-existing post blastema region whereas some of them
started to die (Fig. 2A). The efficiency of RNAi silencing was evaluated by
qPCR after 7 days of regeneration (Fig. S5).

As cbp-2(RNAi) animals failed to regenerate and died, and in order to
investigate whether cell proliferation was affected, we carried out im-
munostaining with anti-phospho-histone-3 (PH3) antibody (that labels
proliferating cells at the G2/M transition) in control and cbp-2(RNAi)
animals. S. mediterranea presents 2 mitotic peaks during the regenerative
response: the first mitotic peak is global and occurs 6 h after amputation;
the second mitotic peak occurs 48 h after amputation and is restricted to
a narrow region of the post-blastema adjacent to the wound region (Sal�o
and Bagu~n�a, 1984; Wenemoser and Reddien, 2010). We quantified the
number of mitoses at several time points after head amputation (Fig. 2B).



Fig. 1. Schmidtea mediterranea cbp-2 and cbp-3 genes. (A) Expression patterns of Smed-cbp-2 and Smed-cbp-3 genes as determined by whole mount in situ
hybridisation (WISH) in intact, regenerating and γ-ray treated planarians. Scale bar: 200 μm in regenerating animals and 400 μm in intact planarians. The anterior end
of the body is oriented upwards in regenerating animals and to the left in intact animals. (B) Schematic representation of single-cell transcriptomic expression of Smed-
cbp-2 and -3 in all planarian cell types (according to Plass et al., 2018). (C) Schematic representation of single-cell transcriptomic expression of Smed-cbp-2 and -3 in all
planarian neoblasts (Nb) and sublethally irradiated (SL) cell types (according to Zeng et al., 2018). (D) Schematic comparing the domain arrangement of the
S. mediterranea CBP-2 and CBP-3 proteins with vertebrate CBP/p300. The distinct domains are highlighted in different colours. Faded highlighting of the bromo-
domain of Smed-CBP-3 denotes weak conservation.
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Fig. 2. Defects in regeneration and neoblast pool and proliferation after cbp-2 and cbp-3 silencing. (A, E) Live cbp-2(RNAi) (A), cbp-3(RNAi) (E) and gfp(RNAi)
animals. Regenerating trunk pieces from cbp-2(RNAi) animals fail to form a proper blastema but do differentiate eyes. At 10–12 days of regeneration (dR), they start to
die, making wounds all along the body. On the other hand, cbp-3(RNAi) animals grow unpigmented blastemas with no signs of eye differentiation. Quantification of
blastema size measured as the percentage of the blastema area compared to the total body area. Black asterisks: comparison of cbp-3(RNAi) versus control animals at
the same time point. Orange asterisk: comparison of cbp-3(RNAi) animals at 5 and 7 days of regeneration (values represent the mean � s.e.m of 30 samples per time
point; *p-value<0.05, Student’s t-test). Scale bar: 400 μm. (B, F) Quantification of mitotic PH3þ immunolabeled cells after silencing cbp-2 (B) and cbp-3 (F) at several
time points post-amputation. h, hours; d, days (*p-value <0.05; ** p-value<0.01 ***p-value<0.001. Student’s t-test. Values represent the mean � standard error of the
mean [s.e.m] of a mean of at least 7 samples per time point and condition). (C) cbp-2 silencing results in a marked decrease in the neoblast population labelled with
Smedwi-1 at 7 dR. Scale bar: 300 μm. Also, Smedwi-1 expression, as quantified by qPCR, is significantly decreased after cbp-2(RNAi) at 7 dR (***p-value <0.0005). (D)
Effects of cbp-2 silencing during homeostasis. (D.1) Live animals. (D.2) Survival rate after cbp-2 silencing (n ¼ 20 animals). (D.3) Quantification of mitotic PH3þ

immunolabeled cells after silencing gfp(RNAi) and cbp-2(RNAi) at 8 days post-injection. At least 7 animals of each group were analysed. P-value < 0.05. (D.4) Smedwi-1
WISH at 10 dR after cbp-2 silencing denotes a marked decrease in the neoblast population. Scale bars: 300 μm. (G) Neoblasts labelled with Smed-h2b and Smedwi-1
accumulate within the blastema of cbp-3(RNAi) animals at 10 dR. Dashed lines delimit the tip of the head. Scale bar: 100 μm qPCR analyses reveal increased expression
of the neoblast marker Smedwi-1 after cbp-3 RNAi at 7 dR. (***P < 0.0005).
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Although mitotic neoblasts were detected after cbp-2 RNAi (Fig. S5), a
significant reduction in proliferating cells was observed at all time points.
After silencing cbp-2 the first mitotic peak was not detected, while the
second peak at 48 h was significantly attenuated compared to controls.
WISH with the neoblast marker Smedwi-1 revealed a marked decrease in
the neoblast population 7 days post-amputation compared with controls,
suggesting an important role of cbp-2 in maintenance of the stem cell
population (Fig. 2C). qPCR also revealed a decrease in Smedwi-1
expression (Fig. 2C). Silencing of cbp-2 in intact non-regenerating ani-
mals also resulted in a reduction in cell proliferation together with death
within 2–3 weeks (Figs. 2D and S5). Overall, these results indicate that
cbp-2 is required for survival and suggest an important role of this gene in
neoblast maintenance.

On the other hand, RNAi silencing of cbp-3 resulted in blastemas that
grew in size but did not show any external signs of differentiation in
terms of eyes or body pigmentation (Fig. 2E). Up to 5 days post-
amputation, the blastema of cbp-3(RNAi) animals grew at the same
rate as that of controls. Subsequently, the blastemas continued to grow
but at a slower rate compared to controls (Fig. 2E). The efficiency of cbp-3
RNAi was quantified by qPCR (Fig. S5). Next, we examined the mitotic
response of neoblasts to amputation (Figs. 2F and S5). Remarkably, the
first mitotic peak that occurs at 6h as a normal wound response was
significantly increased after cbp-3 silencing (Fig. 2F). Moreover, in cbp-
3(RNAi) animals proliferation continued to increase from the moment of
amputation up until 48 h. This was in marked contrast to controls, in
which the first mitotic peak is normally followed by a decrease in pro-
liferative activity up until 18 h, after which proliferation increases again
to reach a second mitotic peak at 48 h. After 48 h, the proliferation rate
decreased at the same rate as in controls and no further differences were
Fig. 3. Neural differentiation defects after cbp-2 and cbp-3 silencing. (A) CNS r
anti-SYNAPSIN immunostaining, is strongly disrupted in regenerating trunks from cb
animals show an abnormal anterior distribution of mitoses (white arrowhead). The v
with no optic chiasm (arrowhead). (B) cbp-3 silencing inhibits CNS differentiation as
dR. VC-1 immunostaining reveals a total absence of the photoreceptors differentiati
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detected (Fig. 2F). Previous studies have demonstrated that the blastema
is formed by the entry of neoblasts, which subsequently leave the cell
cycle and differentiate to form the multiple missing cell types (Reddien,
2013; Scimone et al., 2014). Given that cbp-3(RNAi) animals showed
blastemas with no signs of external differentiation and apparently un-
impaired neoblast proliferation, the cellular composition of those blas-
temas was analysed using different neoblast specific markers (Fig. 2G).
After 10 days of regeneration, control animals showed a normal distri-
bution of neoblasts, which were largely absent from the blastema. By
contrast, the blastemas of cbp-3(RNAi) animals contained abundant
neoblasts (Fig. 2G), suggesting that cbp-3 silencing impairs neoblast
differentiation within the blastema. qPCR analyses also showed an in-
crease in the expression levels of the neoblast markers Smedwi-1 and
soxp-2 after cbp-3 RNAi (Figs. 2G and S5). In intact animals cbp-3
silencing did not result in any obvious phenotype in terms of external
morphology, gut or CNS morphology, and had no effect on the rate of
neoblast proliferation (Fig. S6).

Finally, the expression of polarity determinants such as Smed-wntp1
and Smed-notum was also analysed (Reddien, 2018). No major defects
were observed for these markers at 12h of regeneration where polarity is
established (Fig. S7). After 7 days of regeneration decreased expression
was observed for Smed-wntp1 after cbp-3 RNAi. Also, the expression of
Smed-notum in the anterior pole, mainly the expression associated with
the CNS was reduced in these animals (Fig. S7).

2.3. Defective CNS regeneration after cbp-2 and cbp-3 RNAi

We next used specific markers to analyze the differentiation of several
cell types and tissues within the blastemas of the cbp-2 and cbp-3 RNAi
egeneration, visualised by Smed-ston-2, Smed-pc2, Smed-th, Smed-gpas WISH and
p-2(RNAi) animals after 5–10 dR (days of regeneration). Moreover, these treated
isual system, as visualised by VC-1 immunostaining, shows an abnormal pattern
visualised with the same neural specific markers, evaluated between 10 and 31
on. Scale bar: 300 μm.
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animals. First, we analysed in detail the differentiation of the CNS and
photoreceptors after cbp-2 and cbp-3 silencing. Although cbp-2(RNAi)
animals were able to differentiate new photoreceptor cells (Fig. 2), unlike
controls, visual axons failed to extend to form a proper optic chiasm
(arrowhead in Fig. 3A). Interestingly, in cbp-2(RNAi) animals differen-
tiation of brain tissue occurred in the wound region (Fig. 3A). However,
in line with our observations in photoreceptors, the new brain cells did
not form properly patterned cephalic ganglia; the 2 small brain rudiments
were not connected by a transverse commissure and were located mainly
in the pre-existing post-blastema region. Also, a reduction for dopami-
nergic (Smed-th) and brain lateral branches (Smed-gpas) neurons was
observed (Fig. 3A) Moreover, whereas in controls mitotic cells were
normally observed behind the new cephalic ganglia, in cbp-2(RNAi) an-
imals proliferating neoblasts were detected at the tip of the head, in front
of the newly differentiated brain tissues (arrowhead in Fig. 3A).

In cbp-3(RNAi) animals, labelling with pan-neural markers such as
Smed-pc2 and SYNAPSIN revealed markedly impaired regeneration of
new cephalic ganglia (Fig. 3B). In agreement with these observations
dopaminergic (Smed-th), and brain lateral branch (Smed-gpas) neurons
were completely absent or significantly reduced in cbp-3(RNAi) animals
(Fig. 3B). Moreover, when cells positive for these markers were detected
within the blastema their pattern was altered compared with that of
controls (Fig. 3B). Finally, in accordance with the lack of eye-pigment
cells no photoreceptors were observed after immunostaining with VC-1
(Fig. 3B). Defects in the posterior regeneration of the CNS were also
observed after cbp-2 and cbp-3 RNAi (Fig. S8).
Fig. 4. Non-neural defects after cbp-2 and cbp-3 silencing. (A) Digestive and excr
respectively, is not affected after cbp-2 silencing in regenerating trunks after 7 dR (da
along the dorsoventral margin or the body wall musculature (TMUS-13) are obser
reveals an abnormal pattern of cilia along the dorsal midline in cbp-2(RNAi) animals. (
protonephridial and epidermal ifb þ cells are absent in cbp-3(RNAi) animals after 10
TUBULIN immunostaining reveals fewer, disorganised cilia in cbp-3(RNAi) animals
TUBULIN. In all images, the anterior end is oriented upwards.
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2.4. Non-neural defects after cbp-2 and cbp-3 RNAi

Next, we used different specific markers to analyze the differentiation
of non-neural tissues after the silencing of cbp-2 and cbp-3 (Figs. 4 and
S8). While regenerating head pieces showed normal extension of new
posterior gut branches and formed a pharynx cavity (Fig. S8), most cbp-
2(RNAi) animals failed to regenerate proper ventral nerve cords and
pharynges (Fig. S8). During anterior regeneration, differentiation of the
digestive and excretory system within the blastema was unaffected
(Fig. 4A). Similarly, the expression of the marginal mature epidermal
cells marker Smed-ifb and the muscle marker TMUS13 did not reveal
differences compared to controls (Fig. 4A). Planarian epidermal cells are
multi-ciliated cells (Hyman, 1951) and exhibit distinct patterns on dorsal
and ventral surfaces. Dorsally, ciliated epidermal cells are mainly
distributed along the midline and the lateral sides of control animals;
ventrally, these ciliated epidermal cells show a uniform distribution
(Fig. 4B). In cbp-2 RNAi animals, anti-tubulin immunostaining revealed
more disorganised cilia along the midline of the dorsal epidermis as
compared with controls (Fig. 4A). On the other hand, cbp-3(RNAi) ani-
mals failed to differentiate new excretory (Smed-innexin-10), marginal
epidermal cells (Smed-ifb) (Fig. 4B) and pharynges (Fig. S8). The
morphology of the regenerated primary gut branches (Smed-pk) was
aberrant compared to controls, with no obvious secondary ramifications
(Figs. 4B and S8). However, silencing of cbp-3 appeared not to impair
normal regeneration of the body-wall musculature: cells in the corre-
sponding blastemas differentiated to form circular, longitudinal, and
etory system regeneration, visualised by WISH for Smed-pk and Smed-innexin-10,
ys of regeneration). No differences in the expression of ifb in the epidermal cells
ved between control and cbp-2(RNAi) animals. Anti-TUBULIN immunostaining
B) The anterior gut branch fails to properly differentiate after cbp-3 silencing and
dR. Normal regeneration of the body wall musculature after cbp-3 RNAi. Anti-

after 10 dR. Scale bar: 200 μm in all images, except, 100 μm for TMUS-13 and



Fig. 5. Defects in cell progenitor compartments after cbp-2 and cbp-3 silencing. (A, E) Double FISH and immunostaining and quantification of Smed-hnf4/
SMEDWI-1þ gut progenitors. The inset in each panel shows a magnified view of the progenitor cells. Gut progenitors significantly decrease in cbp-2(RNAi) animals (A)
and increase in cbp-3(RNAi) animals (E). (B, F) Knockdown of cbp-2 causes a significant decrease in the number of eye progenitors cells (arrowheads) labelled with
Smed-ovo (B). On the other hand, eye progenitors are undetectable in cbp-3(RNAi) animals (F). (C, G) cbp-2 silencing (C) results in a significant increase in neural
progenitors double labelled with Smed-sim/SMEDWI-1 and are undetectable after cbp-3 silencing (G). (D, H) Smed-POU2/3/SMEDWI-1 double labelled protonephridial
progenitors decrease within the blastemas of cbp-2(RNAi) animals (D) and are absent in cbp-3(RNAi) animals (H). In all cases, *P < 0.05 (Student’s t-test). Values
represent the mean � s.e.m of at least 5 samples per condition. Scale bars: 100 μm in A, C, E and G, 200 μm in B, D, F and H. All images correspond to samples at 10
days of regeneration.
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diagonal muscle fibres (Fig. 4B). Even though epidermal cells differen-
tiated within the blastemas of cbp-3(RNAi) animals they appeared to
regenerate epidermal cells with a reduced number of cilia and lacked the
typical dorsal stripe (Fig. 4B). Overall, these results indicate that cbp-3
RNAi significantly alters the differentiation of neural, gut, and excretory
cells. However, in cbp-3(RNAi) animals the body-wall musculature re-
generated normally and new epidermal cells appeared within the blas-
tema, albeit with defective cilia.
2.5. cbp-2 and cbp-3 RNAi affects specific progenitor populations

To characterise the impact of the decrease in the neoblast population
after the silencing of cbp-2 on the specification of distinct populations of
progenitors, we performed double-labelling for cell progenitor-specific
59
markers and the neoblast marker anti-SMEDWI-1 (Fig. 5). Using Smed-
hnf-4 (Wagner et al., 2011) and Smed-ovo (Lapan and Reddien, 2012) as
specific markers for gut and eye progenitors, respectively, we observed a
significant reduction in the numbers of these progenitors after cbp-2
silencing (Fig. 5A and B). The number of sim þ neural progenitors
(Cowles et al., 2013) increased significantly after silencing cbp-2
(Fig. 5C). Finally, the expression of the protonephridial progenitor
marker Smed-pou2/3 (Scimone et al., 2011) was also decreased after
silencing cbp-2 (Fig. 5D). In agreement with the observed reduction in the
neoblast pool, these results suggest that different populations of cell
specific progenitors decrease after cbp-2 silencing. Taken together with
the findings described in the previous section, these data suggest that
while cbp-2 RNAi results in either a decreased (gut and eye) or increased
(neural) number of certain progenitors, the new mature cells that



Fig. 6. Defects in the epidermal lineage after cbp-2 and cbp-3 silencing. (A) cbp-2 RNAi causes an evident decrease in ζneoblasts (zfp-1þ) and early- and late-stage
epidermal progenitors (Smed-NB.21.11e and Smed-AGAT-1, respectively). Reduced Smed-rootletin and Smed-PRSS12 expression in the differentiated epidermal cells is
also observed after cbp-2 silencing. Epidermal cell density as visualised with TO-PRO®-3 is not affected after cbp-2 silencing. (B) The number of epidermal progenitors,
labelled for Smed-zfp-1, NB.21.11.e, and AGAT-1, increase significantly after cbp-3 knockdown p-value < 0.05. Smed-vim-1þ cells and Smed-PRSS12 expression
quantified by qPCR significantly increase after cbp-3 silencing (p-value < 0.0005). Smed-rootletin expression decreases after cbp-3 knockdown. Epidermal nuclear
density increases after cbp-3 silencing, as visualised with TO-PRO®-3 (p-value < 0.01). (A–B) Scale bar: 200 μm for WISH images and 100 μm for WFISH and TO-
PRO®-3 images. All samples correspond to regenerating trunks after 7 (for cbp-2) and 10 (for cbp-3) days of regeneration. In all images, the anterior end is oriented
upwards. (C) Schematic summarising the main defects along the epidermal lineage after cbp-3 silencing.
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differentiate from these progenitors fail to give rise to properly patterned
tissues and organs.

In the case of cbp-3 its silencing did not result in a reduction of the
neoblasts but, on the contrary, an increase of them within the blastemas
(Fig. 2G). To determine whether the defects observed in cell differentiation
were the result of a lack of or a reduction in the number of lineage-
committed progenitors, or were due to defective differentiation into
mature cells, we analysed the expression of different progenitor-specific
markers (Fig. 5). The cbp-3 silencing resulted in an increase in gut
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progenitor cells (Fig. 5E). However, proper gut regeneration was not
observed (Figs. 4B and S8), suggesting that cbp-3 may be required for the
differentiation, but not the specification, of the gut progenitor cells. On the
other hand, whereas controls displayed Smed-ovoþmature photoreceptors
and eye progenitors, this marker was absent in cbp-3(RNAi) animals
(Fig. 5F); moreover, analyses of the expression of neural and excretory
progenitor markers revealed a complete absence of both within the blas-
tema after cbp-3 silencing (Fig. 5G and H). Finally, Smed-sim þ neurons
were practically absent in the mesenchyme of intact planarians after cbp-3



Fig. 7. Schematic representation of the defects observed in the different cell compartments and lineages after silencing cbp-2 and cbp-3. (A) Compared to
controls, after the silencing of cbp-2 the number of neoblasts as well as gut, eye, epidermal and protonephridial progenitors decrease. Neural progenitors, however,
increase. After the silencing of cbp-3 the number of neoblasts and gut and epidermal progenitors increase. Eye, neural and protonephridia progenitors decrease and
epidermal cell density increases. (B) Proposed model for the functional requirement of cbp-2 and cbp-3 along the differentiation pathway.
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silencing (Fig. S6). These observations are in line with the marked
impairment of CNS regeneration (Fig. 3B) and suggest that cbp-3 might be
required for neural progenitor specification. Taken together, these results
indicate that, during regeneration, cbp-3 plays different roles in progenitor
specification and differentiation depending on the specific cell lineage.
2.6. cbp-2 and cbp-3 is required for the proper regeneration of the
epidermal lineage

We next performed WISH for several epidermal markers to investi-
gate the role of cbp-2 during epidermal maturation. Planarian epidermis
is a monostratified tissue consisting of a single layer of both non-ciliated
and multi-ciliated differentiated cell types (Rompolas et al., 2010). The
epidermal lineage is very well characterised in planarians (Zhu et al.,
2015; Cheng et al., 2018; Zhu and Pearson, 2018). Epidermal maturation
requires temporally correlated transition states in which
lineage-committed zeta neoblasts (Smed-zfp-1þ, van Wolfswinkel et al.,
2014) become post-mitotic and begin to sequentially express
Smed-NB.21.11e (“early progeny progenitor cells”) and Smed-AGAT-1
(“late progeny progenitor cells’’), and finally differentiate into mature
epidermal cells that express genes such as ifb, rootletin, and PRSS12
(Wurtzel et al., 2017). RNAi knockdown of cbp-2 resulted in a reduction
in zfp-1þ cells (Fig. 6A). In agreement with these findings, we also
observed a marked depletion of epidermal progenitor cells after cbp-2
silencing (Fig. 6A). To evaluate the effects of this decrease in epidermal
progenitors on epidermal differentiation, we analysed the expression of
specific markers of mature epidermis. In control animals, Smed-PRSS12 is
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expressed throughout the dorsal and ventral epidermis in both ciliated
and non-ciliated epidermal cells, whereas Smed-rootletin is only expressed
in ciliated epidermal cells (Wurtzel et al., 2017). After cbp-2 silencing,
expression of both genes was dramatically reduced (Fig. 6A). However,
when analyzing cell density within this mono stratified epidermis no
significant differences in cell number were observed (Fig. 6A).

In contrast, cbp-3(RNAi) animals showed large numbers of Smed-zfp-
1þ cells within the blastema up to the tip of the head (Fig. 6B) in
agreement with our observation that the blastemas of these animals are
full of neoblasts. Concomitant with this increase in Smed-zfp-1þ neo-
blasts, we observed a significant increase in the number of Smed-
NB.21.11e-, AGAT-1-, and vimentin-positive cells (Fig. 6B). Moreover,
while Smed-PRSS1/2 expression was increased, Smed-rootletin expression
appeared to be reduced (Fig. 6B) that would agree with the observed
decrease in excretory cells and cilia in the epidermis previously shown
(Fig. 4B). Remarkably, quantification of epidermal cell density revealed a
significant increase in the number of cells in the epidermal monolayer
compared with controls (Fig. 6B). However, based on the absence of ifbþ
cells along the dorsoventral border (Fig. 4B) and the defects observed in
the cilia (Fig. 4B), these results suggest that cbp-3may be required for the
final maturation of a subset of epidermal cells (Fig. 6C).
2.7. Analysis of Smed-cbp-2 and Smed-cbp-3 co-expression and interaction
with other factors

The results described in the previous sections suggest that planarian
cbp genes diverged functionally after duplication. Smed-cbp-2 might be



Table 1
Summary of Smed-cbp-2 RNAi and Smed-cbp-3 RNAi phenotypes. Hpa, hours post-
amputation.

Smed-cbp-
2 (RNAi)

Smed-cbp-
3 (RNAi)

Blastema
Growth

Until 5 days of
Regeneration

Almost
absent

Normal

From 5 days of
Regeneration

Almost
absent

Slower

Animal
Survival

Impaired Not
affected

Neoblasts Proliferation
dynamics

1st mitotic peak (6
hpa)

Absent Increased

2nd mitotic peak
(48 hpa)

Not
affected

Not
affected

Smedwi-1
expression

Decreased Increased

Polarity Anterior notum (12 hpa) Not
affected

Not
affected

Posterior wntp1 (12 hpa) Not
affected

Not
affected

Eye cell
types

Progenitor
cells

ovoþ Reduced Absent

Mature cells Pigment cups Present Absent
Photoreceptor cells
(VC1þ)

Present Absent

Optic chiasm
(VC1þ)

Absent Absent

Digestive
system

Progenitor
cells

hnf4þ/PIWI1þ Decreased Increased

Mature cells pkþ Present Present
Pharynx
regeneration
(lamininþ)

Absent Absent

Patterning Gut ramification Not
affected

Perturbed

Nervous
system

Progenitor
cells

simþ Increased Strongly
reduced

Mature cells Cephalic Ganglia
(SYNAPSINþ, ston-
2þ, pc2þ)

Present Strongly
reduced

Dopaminergic
neurons (thþ)

Present Absent

Brain
patterning

Cephalic Branches
(SYNAPSINþ,
Gpasþ)

Present Absent

Transverse
Commissure

Absent Absent

Excretory
system

Progenitor
cells

pou2/3þ Reduced Absent

Mature cells innexin-10þ Present Absent

Muscular
system

TMUS-13 Not
affected

Not
affected

Epidermal
lineage

Progenitor
cells

zfp-1þ Reduced Increased
NB.21.11eþ Reduced Increased
AGAT1þ Reduced Increased

Mature cells prss12þ Reduced Increased
rootletinþ Reduced Reduced
ifb þ cells Present Absent

Epithelial cell
density

TOPRO-3 Not
affected

Increased

Cilia α-TUBULIN Reduced Reduced
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mainly required for correct neoblast maintenance, whereas Smed-cbp-3
would regulate commitment of stem cells into specific progenitor line-
ages as well as their final differentiation into well-patterned differenti-
ated tissues. To gain further insights into these diverse functions, we took
advantage of available planarian single-cell data (Plass et al., 2018) and
the recently developed Gene Co-expression Counts tool (Castillo-Lara and
Abril, 2018; Castillo-Lara et al., 2020) to perform a deeper analysis of the
expression of Smed-cbp-2 and Smed-cbp-3 in the main planarian cell lin-
eages (Fig. S9).

Our analysis showed that the relative percentage of Smed-cbp genes-
expressing cells was considerably uniform across lineages, with Smed-
cbp-3 consistently more abundant than Smed-cbp-2. Specifically, Smed-
cbp-2 expression in the different lineages ranged from 4.4% in muscle
cells to 6.3% in neuronal cells (Fig. S9A). Smed-cbp3 expression at the
single-cell level ranged from 7% in epidermal cells of the dorsoventral
boundary to 15% in excretory cells. Both progenitor (Smedwi-1þ) and
differentiated (Smedwi-1-) cells of the neuronal, epidermal, muscular,
and intestinal compartments expressed Smed-cbp genes (Fig. S9B).
Interestingly, in most cellular lineages, Smed-cbp genes expression was
slightly enriched in the progenitor compartment. In particular, in the
neural lineage nearly 11% and 13% of neural progenitor cells versus only
5.2% and 9.1% of differentiated neural cells expressed Smed-cbp-2 and
Smed-cbp-3, respectively. As mentioned above, planarian cell-type atlases
based on single-cell sequencing reveal similar expression dynamics for
Smed-cbp-2 and Smed-cbp-3 during the differentiation of most planarian
cell types (Fig. 1, S3 and S9B). Remarkably, however, we found that only
a small percentage of cells (<1% of cells in most cell lineages) co-
expressed planarian Smed-cbp-2 and Smed-cbp-3 genes, accounting for
9% (175 cbp-2þcbp-3þ versus 1941 cbp-2þcells) and 15% (175 cbp-2þcbp-
3þ versus 1162 cbp-2þcells) of the total number of cbp-2 and cbp-3 cells
analysed, respectively (Fig. S9A). Together, these findings indicate that
Smed-cbp-2 and Smed-cbp-3 co-expression is minimal.These analyses also
revealed that Smed-cbp-3 was expressed in a higher percentage of cells
than Smed-cbp-2 in all cell lineages and that both genes were expressed in
progenitors and fully differentiated cells in all lineages, except for Smed-
cbp-2 in the protonephridia lineage (although we only identified 4 cells
expressing this gene) (Fig. S9).

CBP proteins are multifunctional transcriptional co-activators and
their diverse functions rely in part on an extended network of protein
interactors (Bedford et al., 2010; https://thebiogrid.org; https://stri
ng-db.org). To investigate whether the diverse functions of planarian
Smed-CBP-2 and Smed-CBP-3 depend on such a network of protein
interactors, we used the recently developed PlanNET tool (Castillo-Lara
and Abril, 2018), which predicts planarian protein-protein interactions
using sequence homology data and a reference Human interactome, to
examine the interactome of planarian Smed-CBP-2 and Smed-CBP-3.
Surprisingly, in spite of their diversified function, PlanNET predicted
similar interactome profiles for planarian Smed-CBP-2 and Smed-CBP-3
(Figs. S10 and S11). The interaction of Smed-CBP-2 and Smed-CBP-3
with several proteins known to be regulated and/or directly acetylated
by human CBP/p300 homologues appeared conserved in planarians
(Fig. S10). Interestingly, some interactors such as p53, Runx1, and Ets2
have been already functionally characterised in planarians (see refer-
ences listed in Fig. S10A) and their essential roles in processes such as
neoblast proliferation, specification, and differentiation may be related
to their regulation by CBPs. Together, these results indicate that despite
being expressed in different cells, Smed-CBP-2 and Smed-CBP-3 share a
common network of protein interactors, suggesting that their diversified
function may depend on the cellular environment in which Smed-cbp-2 or
Smed-cbp-3 are expressed.

https://thebiogrid.org
https://string-db.org
https://string-db.org
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3. Discussion

CREB-binding protein (CBP) and p300 have a central role in regu-
lating gene expression in metazoans. CBP was originally characterised as
a binding partner of CREB (cAMP-response element binding) protein
(Chrivia et al., 1993). The functions of these proteins are mainly linked to
their roles as transcriptional co-activators, serving as scaffolds to bring
together different factors at promoter regions, as well as through their
lysine acetyltransferase activity. Thus, hundreds of CBP-interacting pro-
teins have been described and dozens of proteins (histone and
non-histone) have been shown to be acetylated by CBP/p300 proteins
(Dancy and Cole, 2015; Holmqvist and Mannervik, 2013; Voss and
Thomas, 2018). Whereas a single homologue of the CBP/p300 family has
been identified in cnidarians, flies, molluscs, and non-vertebrate chor-
dates, gene duplication that occurred at the origin of the vertebrate
lineage seems to constitute the origin of the CBP and p300 paralogs
identified in vertebrates (Thomas and Kahn, 2016). Remarkably, this
gene family has been expanded in Platyhelminthes (Fig. S1), similarly as
it has been shown for other gene families (Iglesias et al., 2008; Molina
et al., 2009; Su et al., 2017).

Although vertebrate CBP and p300 share an extremely high degree of
identity, they appear to have non-redundant functions (Thomas and
Kahn, 2016). Thus, in the context of mammalian stem cell biology, CBP
and p300 have been proposed to regulate proliferation and differentia-
tion through their interaction with β-catenin. A current model based on
several findings from a variety of progenitor/stem cells proposes that the
interaction of β-catenin with p300 promotes the expression of genes
involved in cell differentiation, whereas the interaction of β-catenin with
CBP is required for stem cell renewal and maintenance (Thomas and
Kahn, 2016; Manegold et al., 2018). Here, we describe 5 cbp homologues
in S. mediterranea that show distinct expression patterns (Figs. 1 and S2).
Analyses at the single-cell level along the differentiation pathway of
different cell lineages allowed distinction between Smed-cbp-1, -2 and -3
and Smed-cbp-4 and -5, as the expression of the first group increased, in
general, with the transition of neoblasts to fully differentiated cells,
whereas the opposite was seen for Smed-cbp-4 and -5 (Fig. S3). Interest-
ingly, functional analyses indicate that the silencing of Smed-cbp-2 and
Smed-cbp-3 yield distinct phenotypes (a comparative summary of the
defects observed after their silencing is shown in Table 1). Thus, silencing
of Smed-cbp-2 perturbed regeneration, resulting in a failure to grow
normal blastemas. cbp-2(RNAi) planarians showed significant reductions
in the neoblast population, Smedwi-1 expression, and the number of
proliferating cells (Fig. 2). Despite these defects, neoblasts differentiation
appeared to normally occur, which suggests a role of this gene in neoblast
maintenance and proliferation. However, a function of Smed-cbp-2 in
directly regulating the expression of neoblast specific genes cannot be
completely ruled out. On the other hand, it is also true, that the pattern of
the new organs such as the brain and the visual axons is aberrant after
silencing cbp-2, which suggests additional roles of this gene in patterning.
Thus, for example the lack of the optic chiasm could be related to the lack
of the transverse commissure between the cephalic ganglia and/or an
absent or decrease of notum signal in the guidespot-like cells required for
the proper patterning of the visual axons (Scimone et al., 2020).

The silencing of Smed-cbp-3 mainly resulted in deficient differentia-
tion for several lineages, with blastemas that remained mainly undif-
ferentiated and containing an abnormally high number of neoblasts and
increased expression of neoblast markers such as Smedwi-1 and Smed-
soxp-2 (Fig. 2). Based on these results it is tempting to speculate that
Smed-cbp-2 and Smed-cbp-3 may have diverged functionally to regulate
either stem cell maintenance or differentiation, respectively, as has been
described for vertebrate CBP and p300 (Thomas and Kahn, 2016; Man-
egold et al., 2018). Whether these different functions of planarians cbp-2
and cbp-3 could be mediated through the interaction of these factors with
the Wnt/β-catenin pathway, as happens in mammalian stem cells, re-
mains to be determined.

Although silencing of Smed-cbp-2 and cbp-3 yielded rather different
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phenotypes the expression patterns of these genes was very similar
(Figs. 1 and S3). However, deep in silico analyses of an available planarian
cell atlas (Plass et al., 2018) clearly indicates that the level of
co-expression of these 2 genes is extremely low and quite similar in all
cell lineages analysed. Interestingly, for both genes expression in the
progenitor compartment (Smedwi-1 positive) was slightly higher than in
the differentiated compartment (Smedwi-1 negative) (Fig. S9), which
would agree with the variety of phenotypes observed after silencing of
these genes, in terms of the diversity of cell lineages affected, their
probable requirement for progenitor specification, and the final differ-
entiation of several cell types. As discussed above, vertebrate CBP/p300
proteins interact with hundreds of partners. However, the interactomes
of CBP and p300 are in general very similar (Bedford et al., 2010; htt
ps://thebiogrid.org; https://string-db.org), suggesting that the different
functions of these 2 genes are probably not mediated by specific in-
teractions with distinct sets of other proteins, but in fact by the cellular
context in which these interactions may occur. Similarly, planarian cbp-2
and cbp-3 have very similar predicted interactomes (Fig. S10). Together
with the extremely low level of co-expression of these 2 genes, this
finding further supports the view that their functions may depend more
on the cellular and molecular context than on their specific interacting
partners.

It is worth mentioning that the silencing of each of these 2 genes has
distinct effects on the different cell lineages analysed. Thus, whereas cbp-
2 silencing resulted in a significant decrease in the Smedwi-1þ population
of stem cells, which probably explains the subsequent decrease observed
in epidermal, gut, and photoreceptor progenitors, we observed an in-
crease in the neural progenitor compartment (Fig. 5). This suggests that
cbp-2 may also play a role in regulating the cell fate of planarian pro-
genitors, similar to its role in Xenopus embryos, in which inhibition of
CBP/p300 function impairs the differentiation of non-neural tissues
while simultaneously inducing neurogenesis throughout the entire em-
bryo (Kato et al., 1999). In planarians, Smed-soxB1 has been shown to
mark ectodermal-lineage progenitors and its activity is required for dif-
ferentiation of subsets of ciliated epidermal and neuronal cell types (Ross
et al., 2018). Interestingly in silico analysis of single cell data (Plass et al.,
2018) indicate that 11.4% of the SoxB1þ cells co-express cbp-3 and 5,9%
co-express cbp-2, pointing out the possibility that part of Smed-SoxB1
function may be regulated by cbp genes. Remarkably, we found that
silencing of cbp-2 resulted in the death of all treated animals, both intact
and regenerating, suggesting an additional role of cbp-2 in animal
viability. This lethality observed could be a consequence of problems
with the integrity of the epidermis as the animals display epidermal
wounds before dying (Fig. 2). The normal epidermal cell turnover takes
about 7–10 days (Tu et al., 2015). Although we did not observe any
difference in epidermal cell density at 7 days of regeneration after cbp2
RNAi that coincides with the time the animals start dying.

Alternatively, previous studies have demonstrated a role of CBP in
cell viability, as suggested by the induction of apoptosis after inhibition
of β-catenin/CBP signalling (Kleszcz et al., 2019). In the parasitic worm
S. mansoni silencing of the Smed-cbp-2 homologue (called Sm-cbp1,
Fig. S1) also results in a lethal phenotype, apparently triggered by an
increase in cell death (Collins and Collins, 2016). Further experiments
are required to characterise the role of cbp-2 in cell death. In the case of
cbp-3, after its inhibition, we observed an increased number of
Smedwi-1þ cells within the blastema, together with an overall lack of
differentiation within it. As epidermal progenitors have been shown to be
highly migratory (Abnave et al., 2017) further experiments are necessary
to discern whether their accumulation within the blastema of
cbp-3(RNAi) animals is due to a function of cbp-3 in the migration of such
progenitors or a consequence of an overall accumulation of Smedwi-1þ
neoblasts within it. Finally, our results suggest that cbp-3 might be
required for the specification of neural, photoreceptor, and proto-
nephridia progenitors but not gut and epidermal progenitors, which
appear to require cbp-3 for their final differentiation.

Given that cbp genes may exert their functions via multiple types of

https://thebiogrid.org
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https://string-db.org


S. Fraguas et al. Developmental Biology 476 (2021) 53–67
interactions with hundreds of factors, it is difficult to pinpoint the
mechanisms underlying the wide variety of phenotypes resulting from
cbp-2 and cbp-3 silencing in our study. Interestingly, analyses of the
predicted interactomes of these 2 proteins revealed putative interactions
of CBP-2 and CBP-3 with multiple proteins previously characterised in
planarians (Fig. S10). Based on our current vertebrate knowledge some of
these interactions would be mediated by the acetylation of partners such
as β-CATENIN, RUNX1, SETD1A, and SMAD3, while for other partners
such as ETS2, MSX1, NEUREGULIN and P53 other types of interactions
would be established. For example, silencing of a planarian ETS tran-
scription factor results in a decrease in body-wall pigmentation (He et al.,
2017). As described above, cbp-3 silencing impairs the differentiation of
pigmented cells within blastemas. Silencing of b-catenin and Runx1 has
also been linked to impaired neural differentiation during planarian
regeneration (Sandmann et al., 2011; Sureda-G�omez et al., 2016; Dong
et al., 2018; Zou et al., 2020). Similarly, CBP/p300 interacts with Smad3
and p53 to regulate cell differentiation (Jain et al., 2012; Furumatsu
et al., 2005; Martire et al., 2020), and is required for normal epidermal
regeneration through interaction with KLF3, among other factors (Jones
et al., 2020). Finally, the silencing of the chromatin remodeler mll1/2
leads to the loss of cilia of the epidermal cells in planarians (Duncan et al.,
2016) which opens the door to further analyze its relationship with
planarian cbp genes which seem also required for cilia differentiation.

In summary, our results suggest that planarian cbp genes appear to
play a conserved role as key regulators of stem cell maintenance, speci-
fication and differentiation (Fig. 7) in agreement with similar results
obtained from the laboratory of Dr. Roberts-Galbraith (Stelman et al.,
2021). Because post-translational modifications play key roles in the
regulation of stem cell proliferation and differentiation in humans and
planarians (Strand et al., 2019; Wang et al., 2014), further experiments
should investigate which specific functions of cbp-2 and cbp-3 may be
mediated either by direct acetylation of their partners or by acetylation of
histone residues, resulting in chromatin remodelling central to the
regulation of gene expression.

4. Materials and methods

4.1. Animals and gene nomenclature

S. mediterranea from the asexual clonal line BCN-10 were used for all
experiments. Animals were maintained at 20 �C in 1X PAM water as
previously described (Cebri�a and Newmark, 2005). Animals were fed
twice per week with organic veal liver, and were starved for at least 1
week before experiments. For irradiation experiments, planarians were
exposed to 86 Gy (Gy) of γ-irradiation.

4.2. CBPs domain arrangement analyses

cbp genes were identified from the S. mediterranea genome (Grohme
et al., 2018) and amplified using specific primers (Table S1). Protein
domain conservation of Smed-cbps (Fig. 1D) was analysed using the
SMART (http://smart.embl-heidelberg.de) and Pfam protein domain
databases (http://pfam.xfam.org/).

4.3. Sequence and phylogenetic analyses

Protein sequences of CBP/P300 homologues were obtained from
NCBI, JGI (https://jgi.doe.gov) and Planmine v3.0 (Rozanski et al.,
2019) and aligned using MAFFT with the L–INS–i strategy (Katoh et al.,
2019). The conserved aligned region comprising the Bromo, KAT11,
ZnF_ZZ and ZnF_TAZ domains was used to reconstruct the phylogenetic
tree in Fig. S1A. The aligned full sequence of CBP was used to reconstruct
the Platyhelminthes tree in Fig. S1B. . The phylogenetic tree was inferred
with the IQ-TREE web server, with default options, including the auto-
matic substitution model selector, the ultrafast bootstrap analysis (1000
replicates) and the single branch test number (1000 replicates) (Minh
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et al., 2013; Trifinopoulos et al., 2016). The approximate Bayes test op-
tion was selected. The phylogenetic tree was visualised using FigTree
v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).

4.4. RNA interference

Double-stranded RNA (dsRNA) for Smed-cbp genes were synthesised
as previously described (S�anchez-Alvarado and Newmark, 1999). The
injection protocol consisted of 1 round (for cbp-2) or 2 rounds (for cbp-1,
-3, -4, -5), of 3 consecutive days of injections separated by a 4-day in-
terval. A Nanoject II (Drummond Scientific, Broomall, PA, USA) was used
to administer 3 injections of 32 nl of dsRNA (1 μg/μl) per day. Control
animals were injected with gfp dsRNA. In each round, one day after the
third day of injection, planarians underwent pre-pharyngeal amputation
to induce anterior regeneration. In some experiments, animals were kept
intact to analyze the effects of gene silencing on homeostasis.

4.5. Single-cell sequencing (SCS) data

cbp gene expression profiles were obtained from the planaria single-
cell database hosted by the Rajewsky lab at the Berlin Institute for
Medical Systems Biology of the Max Delbr&uuml;ck Center, Berlin (Plass
et al., 2018), the planaria single-cell database hosted by the Sanchez lab
at Planosphere website (Zeng et al., 2018) and the Gene Co-expression
Counts tool hosted on the PlanNET website (Castillo-Lara and Abril
2018; Castillo-Lara et al., 2020).

4.6. WISH and WFISH

Whole-mount in situ hybridisation (WISH) (Currie et al., 2016) and
whole-mount fluorescent in situ hybridisation (WFISH) (King and New-
mark, 2013) were performed as previously described. Riboprobes for in
situ hybridisation were synthesised using the DIG RNA labelling kit
(Sp6/T7, Roche) following the manufacturer’s instructions. Samples
were mounted in 70% glycerol/PBS solution.

4.7. Immunohistochemistry

Whole-mount immunohistochemistry was performed as previously
described (Ross et al., 2015). Treated animals were euthanised by im-
mersion in cold 2%HCl in ultrapure H2O for 5 min and then washed with
PBS-Tx (PBS þ 0.3% Triton X-100) at room temperature (RT) for 5 min
with agitation. Next, they were placed in a fixative solution (4% form-
aldehyde in PBS-Tx) for 15 min at RT with agitation and washed twice
with PBS-Tx. Subsequently, samples were bleached in 6% H2O2 (in
PBS-Tx) at RT for 16 h under direct light. The following day, bleached
animals were washed with PBS-Tx and incubated for 2 h in 1% blocking
solution (1% BSA in PBS-Tx), and then overnight at 4 �C in the primary
antibody (diluted in blocking solution). The following primary anti-
bodies were used: anti-phospho-histone3 (PH3, Cell Signalling Tech-
nology) to detect mitotic cells which are between the G2 and M phases,
diluted 1:300; anti-SYNAPSIN, used as a pan-neural marker (anti--
SYNORF1, Developmental Studies Hybridoma Bank), diluted 1:50;
anti-VC-1, specific for planarian photosensitive cells (Sakai et al., 2000),
diluted 1:15000; anti-SMEDWI-1, specific for neoblasts, diluted 1:1500
(Guo et al., 2006; M€arz et al., 2013); TMUS-13, specific for myosin heavy
chain (Cebri�a et al., 1997), diluted 1:5; and AA4.3 (Developmental
Studies Hybridoma Bank), specific for a-tubulin to visualise the epithelial
cilia, diluted 1:20. The following secondary antibodies were used:
Alexa-488-conjugated goat anti-mouse (Molecular Probes) for SYNAP-
SIN, VC1, TMUS-13, and AA4.3, diluted 1:400; and Alexa 568-conjugated
goat anti-rabbit (Molecular Probes) for PH3 and SMEDWI-1, diluted
1:1000. Samples were mounted in 70% glycerol/PBS solution. Nuclei
were stained with DAPI (1:5000; Sigma-Aldrich) and TO-PRO®-3
(1:3000, Thermo Fisher Scientific, Waltham, MA, USA).

http://smart.embl-heidelberg.de
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4.8. Microscopy, image acquisition, and image analysis

Live animals were photographed with an sCM EX-3 high end digital
microscope camera (DC.3000s, Visual Inspection Technology). WISH,
WFISH, and immunostained animals were observed with a Leica MZ16F
stereomicroscope. Images were captured with the ProGres C3 camera
(Jenoptik) and then processed in Photoshop CS6 for publication.
Representative images of WFISH and immunostained animals were
captured with confocal laser scanning microscopy (Leica TCS-SPE mi-
croscope) and processed in ImageJ1.51d and Photoshop CS6 for
publication.
4.9. Quantitative real time PCR (qPCR)

qPCR was performed with 3 technical and biological replicates
following MIQE guidelines (Bustin et al., 2009). Following RNAi in-
jections, total RNA was isolated from a pool of 5 treated planarians per
condition by homogenisation in TRIzol Reagent (Invitrogen). The
housekeeping gene ura4 was used to normalise expression levels.
4.10. Statistical analysis

All comparisons were performed using the unpaired Student’s t-test,
after first confirming data normality and homogeneity using the Shapiro-
Wilk test.
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