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SUMMARY

Planarians grow and regenerate organs by coordinating proliferation and differentiation of
pluripotent stem cells with remodeling of post-mitotic tissues. Understanding how these processes
are orchestrated requires characterizing cell type-specific gene expression programs and their
regulation during regeneration and homeostasis. To this end, we analyzed the expression profile of
planarian intestinal phagocytes, cells responsible for digestion and nutrient storage/distribution.
Utilizing RNA interference, we identified cytoskeletal regulators required for intestinal branching
morphogenesis, and a modulator of bioactive sphingolipid metabolism, ceramide synthase,
required for the production of functional phagocytes. Additionally, we found that a gut-enriched
homeobox transcription factor, nkx-2.2, is required for somatic stem cell proliferation, suggesting
a niche-like role for phagocytes. Identification of evolutionarily conserved regulators of intestinal
branching, differentiation, and stem cell dynamics demonstrates the utility of the planarian
digestive system as a model for elucidating the mechanisms controlling post-embryonic
organogenesis.

INTRODUCTION

Many animals replenish the cells of internal organs in response to physiological turnover,
but only some can regenerate organs in response to traumatic injury. For example, in widely
studied vertebrates and invertebrates, the epithelial lining of the digestive tract is renewed
continuously, and some molecular pathways utilized in the context of tissue homeostasis are
also employed in response to infection and cytotoxic damage (Faro et al., 2009; van der Flier
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and Clevers, 2009; Jiang and Edgar, 2012). By contrast, other animals are capable of de
novo morphogenesis of gastrointestinal (GI) organs: sea cucumbers regenerate their
digestive tract after spontaneous evisceration (Mashanov and Garcia-Arraras, 2011); several
annelids regrow missing portions of their GI organs during asexual reproduction (Takeo et
al., 2008; Zattara and Bely, 2011); and the ascidian Polyandrocarpa misakiensis regenerates
its esophagus, stomach, and intestine after amputation (Kaneko et al., 2010). Among
vertebrates, the ability to recover from intestinal transection has been identified only in
amphibians (Goodchild, 1956; O’Steen, 1958). Because animals capable of GI regeneration
have not been accessible to molecular genetic approaches, the mechanisms underlying Gl
regeneration remain obscure.

The planarian Schmidtea mediterranea has emerged as a useful model for studying organ
regeneration. Planarians regenerate in response to nearly any type of amputation; even small
tissue fragments are capable of regenerating into complete animals (Newmark and Sanchez
Alvarado, 2002; Reddien and Sanchez Alvarado, 2004). Pluripotent somatic stem cells
called neoblasts are distributed throughout most regions of the planarian body (Newmark
and Sanchez Alvarado, 2000; Wagner et al., 2011). After amputation, neoblasts proliferate
and differentiate, regenerating a variety of organs, including the nervous system (Cebria,
2007; Agata and Umesono, 2008), excretory system (Rink et al., 2011; Scimone et al.,
2011), and intestine (Forsthoefel et al., 2011). As the only dividing somatic cells, neoblasts
also supply new tissue in response to cellular turnover, and during growth (Newmark and
Sanchez Alvarado, 2000; Eisenhoffer et al., 2008; Wagner et al., 2011).

The planarian intestine provides an attractive system in which to examine mechanisms of
stem cell-based organogenesis, including the regulation of differentiation, the maintenance
and remodeling of organ morphology by post-mitotic cells, and the influence of
differentiated tissue on stem cell dynamics. Neoblasts differentiate into enterocytes during
both growth and regeneration (Forsthoefel et al., 2011; Wagner et al., 2011). Furthermore,
post-mitotic enterocytes remodel during the addition of intestinal branches in growing
animals and the re-establishment of gut morphology after amputation (Forsthoefel et al.,
2011). However, aside from the potential influence of a number of axial polarity cues
(Forsthoefel and Newmark, 2009; Reddien, 2011), the mechanisms that regulate
differentiation and remodeling of enterocytes are unknown. Similarly, the role of
differentiated cells in influencing neoblast dynamics is poorly understood. Because neoblast
proliferation is upregulated after feeding (Bagufa, 1974, 1976a; Bagufia and Romero, 1981),
and neoblasts associate with the severed ends of intestinal branches after amputation
(Wenemoser and Reddien, 2010), the intestine could serve as a source of signals that
regulate neoblast dynamics.

Expression of genes required for organ morphogenesis is often maintained by differentiated
cells in fully developed organs (Cebria, 2007; Zorn and Wells, 2009; Scimone et al., 2011;
Lapan and Reddien, 2012). Thus, expression profiling of post-mitotic tissues is an important
step in elucidating the regulation of organ growth and regeneration. Here, we have
developed a protocol for isolating planarian intestinal phagocytes, enabling us (i) to
characterize the gene expression profile of this cell type; and (ii) to perform a targeted RNAI
screen to identify genes required for intestinal morphogenesis and function.

Isolation of intestinal phagocytes

The planarian intestine is an extensively branched system of epithelial tubes (Figure 1A)
comprised of a single layer of columnar cells resting on a basement membrane and encircled
by enteric muscles (Willier et al., 1925; Ishii, 1965). As a “blind” gut, food enters the
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intestine and waste is excreted through a centrally located, muscular pharynx (Figure 1A)
(Hyman, 1951). Two intestinal cell types have been identified histologically: absorptive
phagocytic enterocytes that engulf food particles for intracellular digestion, and secretory
goblet or “gland” cells that release enzymes (Ishii, 1965; Garcia-Corrales and Gamo, 1986,
1988).

Phagocytes retain fluorescent conjugates and other molecules after feeding and digestion
(Figure 1A) (Morgan, 1900; Sal6 and Bagufia, 1985; Forsthoefel et al., 2011). The intestine
also retains ‘Feridex,” an aqueous colloid of superparamagnetic iron oxide associated with
dextran (Figures 1B-1E). Prussian Blue stains intestinal branches in Feridex-fed animals
(Figures 1B-1E), but not in control animals fed only liver (Figures 1F and 1G),
demonstrating the specificity of iron uptake. We developed a purification strategy in which
we dissociated Feridex-fed planarians into single cell suspensions, and separated phagocytes
from other cell types via magnetic column (Figures 1H-1J).

Global analysis of phagocyte gene expression

We compared the gene expression profiles of purified phagocytes (Figure 1J) to other
planarian cells (Figure 11) using microarrays (Table S1). 1,514 of 11,521 transcripts
represented on the arrays were upregulated in phagocytes at levels =1.5-fold than in other
planarian cell types (Figures S1A-S1F, and Table S1). 1,152 genes (~76%) are predicted to
encode homologs of proteins found in other organisms (Table S1). For example, the top
BLASTX hits for 30 genes matched proteins from the parasitic flatworm Schistosoma
Japonicum (Table S1).

To characterize the phagocyte expression profile, we assigned gene ontology (GO) terms
(Ashburner et al., 2000) and determined which biological process, molecular function, and
cellular component categories were over-represented in intestinal cells (Table S2 and
Figures S1G-S1I). Many enriched categories are consistent with a polarized cell type that
remodels after injury and is responsible for intracellular digestion, nutrient distribution, and
storage. For example, the most highly represented biological process categories include:
regulation of cell shape; secretion; transport; tube development; and morphogenesis of an
epithelium (Figure S1G). Within the cellular component hierarchy, gene products are
predicted to localize to membrane-based organelles and the actin cytoskeleton (Figure S11).

Validation reveals dynamic expression during regeneration and distinguishes
subpopulations of intestinal phagocytes

In order to validate the microarray results, we analyzed the expression of a subset of
upregulated genes using whole-mount in situ hybridization. We focused on genes predicted
to regulate several aspects of intestinal biology, including: remodeling or branching
morphogenesis (cytoskeletal regulators); gene expression or differentiation (transcription
factors, RNA binding proteins, and cell cycle modulators); and organ physiology (e.g.,
trafficking, transport, and digestive processes). We also randomly selected genes expressed
over a range of levels and intestinal enrichment (Table S3). 216 of 218 genes analyzed
(~99%) were expressed in the intestine in intact, uninjured animals (Figure 2 and Table S3),
indicating the efficiency of phagocyte isolation and microarray analysis. For 42 genes
(~19%), transcripts were detectable only in the intestine (Figures 2A and 2B), while other
genes were also expressed in the pharynx, central nervous system, peripharyngeal secretory
cells, and/or other tissues (Figure 2C and 2D; Figure S1J and S1K; Table S3).
Approximately half of the genes we analyzed were expressed at elevated levels after
amputation (Figures 2B and 2C, Figure S1K; Table S3), suggesting roles during
regeneration of intestinal branches. Some genes were upregulated in only head or tail
fragments, indicating that they may have region-specific functions, or that expression level
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varies with the plane of transection. Only one gene (Smed-protein disulfide-isomerase A3)
was expressed ubiquitously in blastemas (Figure 2E). Intriguingly, although ~23% of genes
were expressed in the pharynx of intact animals, over twice as many (~52%) were expressed
in the regenerating pharynx (Figures 2C, 2D, 2F; Figure S1K), suggesting that some
intestine-enriched genes may also function during pharynx regeneration. Finally, several
genes were expressed in subsets of cells and/or regions of the intestine (Figures 2G-2l),
hinting that phagocyte identity may be more diverse than ultrastructural studies suggest
(Garcia-Corrales and Gamo, 1986, 1988).

Gut-enriched genes are required for viability, feeding, blastema formation, intestinal
regeneration, and branching morphogenesis

To identify genes required for growth, regeneration, and function of the intestine, we
conducted an RNAI screen focused on a subset of 100 validated genes (Tables 1 and S4).
Knockdown of 17 (17%) resulted in “gross” phenotypes, including cessation of feeding, the
development of dorsal lesions followed by animal lysis and death, and the production of
smaller blastemas after amputation (Tables 1 and S4). These phenotypes occurred over a
range of time points during our dsRNA feeding regimen (Table 1). Examining a subset of
the knockdowns by quantitative RT-PCR revealed that in 5/6 genes examined, >75%
reduction in mMRNA levels was achieved after 1-3 dsRNA feedings (Figure S2A). Although
our RNA.i targets were not chosen randomly, the observation that 15% were required for
animal viability suggests that the intestine, like the protonephridial system (Rink et al.,
2011; Scimone et al., 2011), plays essential physiological roles.

To assess gene function during intestinal morphogenesis, we generated a monoclonal
antibody (3G9) that specifically recognizes the intestine (Figures 3A, 3H, and 3I)
(Forsthoefel et al., in preparation). RNAi knockdowns that did not cause feeding cessation
or lysis showed normal labeling with this antibody (not shown). Knockdowns resulting in
gross phenotypes, however, displayed a range of phenotypes in uninjured animals, including
reduced intestinal labeling, increased diffuse background, and elevated punctate background
(Figure 3B, 3C, 3J, 3L, 3N, 3P, and Table 1). In some cases, the integrity of the intestine
was severely disrupted and intestinal cells appeared to dissociate from one another or even
lyse (Figures 3D-G, 3L, 3P, and Table 1). In regenerates, in addition to the phenotypes
observed in intact animals, some knockdowns resulted in a delay or block in intestinal
regeneration (Figures 3K, 3M, 30, 3Q, 3S, and Table 1).

Knockdown of two putative cytoskeletal regulators, Smed-tropomyosin-1 (fpm-1)and
Smed-rho-A, altered intestinal morphology more specifically, causing distinct defects in
branching morphogenesis. fom-1 knockdown resulted in fewer secondary and tertiary
branches in intact animals (Figure 3T, Figure S2B-D). However, {pm-1(RNAJ) head, trunk,
and tail fragments regenerated normally (Figure 3U), suggesting that TPM-1 is not required
for the re-establishment of anteroposterior intestinal morphology after injury. Conversely,
rho-A was required for fusion of the anterior regions of intestinal branches in tail fragments
(Figure 3W) while intestinal morphology in uninjured animals, head fragments, and trunk
fragments was normal (Figure 3V, 3W). These phenotypes were specific to r0-A, since
knockdown of several closely related rac-like GTPases did not cause a similar phenotype
(Table S4). Thus, cytoskeletal regulators can function in specific contexts to maintain or re-
establish intestinal branching morphology in intact or regenerating animals.

ceramide synthase is required for the differentiation of functional phagocytes

Knockdown of several genes resulted in a reduction in intestinal labeling by MAb 3G9
(Figure 3, Figure 4E, and Table 1). We further characterized Smed-ceramide synthase 1
(CerS1) (Table 1, Figure S3A), which encodes a planarian member of a family of enzymes
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that catalyze the production of ceramide and dihydroceramide, precursors of a variety of
sphingolipids important for differentiation, lipid metabolism, and other cellular processes
(Spassieva et al., 2006; Hannun and Obeid, 2008; Teufel et al., 2009).

CerS1 expression was largely restricted to intestinal branches in intact animals; after
amputation, CerSI was moderately upregulated in regenerating branches and in the
regenerating pharynx (Figures 4A-4C). In uninjured CerSI(RNAJ)animals, the intestine no
longer labeled with MAb 3G9, but the layer of surrounding enteric muscles remained intact
(Figures 4D and 4E). In regenerates, reorganization of gut branches occurred normally,
indicated by enteric muscle labeling (Forsthoefel et al., 2011) (Figures 4F-4K). 3G9 labeling
was lost in head and tail fragments, and in the elongating anterior and posterior branches of
trunk fragments, a region where new intestinal cells normally differentiate (Forsthoefel et
al., 2011) (Figures 41-4K). However, 3G9 labeling was retained in branches around the
pharynx (Figure 4J). Despite the loss of 3G9 labeling, the number and localization of goblet
cells appeared to be unaffected in either intact or regenerating CerS1(RNAI)animals
(Figures S3B-S3l). Furthermore, CerS1 knockdown did not inhibit the birth of BrdU-
positive enterocytes in intact animals (Figures S3J and S3K), blastemas were normal, and
heads and pharynges regenerated properly (Figures 41 and 4K). Thus, CerSI knockdown did
not skew fate selection in favor of goblet cells, block the initial generation of intestinal cells,
or affect regeneration of other tissues, suggesting that loss of 3G9 labeling might reflect a
more specific defect, during later stages of phagocyte differentiation.

To test this idea, we examined whether functional enterocytes were produced in
CerS1(RNAi)animals. First, we found that although CerS1(RNAi)animals ingested food,
they did not retain fluorescent dextrans, a lipid-binding dye, or a lysosome marker after
feeding (Figures 4L-4N) (Figures S3L-S3Q), suggesting that phagocytosis, metabolic
processing, and/or nutrient storage is disrupted. Extending this assay to regenerates, we
reasoned that if CerS1 is required for the maturation of new phagocytes, and not merely the
maintenance of phagocyte function, then functional defects would be most pronounced in
regions where differentiation occurs preferentially after amputation; older cells that existed
prior to injury would still be able to retain and engulf food. Indeed, in CerS1(RNAI)trunk
fragments fed after regeneration, dextran retention was minimal in newly regenerated
anterior and posterior branches, and was confined to intestinal branches around the pharynx
(Figures 40-4Q), consistent with the partial retention of 3G9 labeling (Figure 4J).

Planarian phagocytes are also the main cell type in which lipid droplets are stored (Jennings,
1957; Fried and Grigo, 1977). In most CerS1(RNAJ)animals (7/10), enteric lipid content
was dramatically reduced (Figure 4R and 4S), reinforcing the idea that CerS1 is required for
the differentiation of functional phagocytes. Finally, analyzing CerS1(RNAi)animals by
electron microscopy revealed, in addition to lower lipid content, frequent long intercellular
gaps between the lateral surfaces of enterocytes that were often filled with amorphous
material (Figures S3R-S3U). Apical cell junctions (Pedersen, 1961), autophagosomes
(Bowen, 1980; Garcia-Corrales and Gamo, 1987), and goblet cell morphology (Pascolini
and Gargiulo, 1975; Garcia-Corrales and Gamo, 1986), however, appeared normal. Based
on these results we conclude that CerS1 is required for later stages of differentiation of
functional phagocytes.

nkx-2.2 is required for neoblast proliferation

We further characterized Smed-nkx-2.2 (Figure S4A) because it was one of the most
differentially expressed genes to yield an RNAI phenotype (Table S4), and because nkx-2.2
orthologs regulate transcription and differentiation in the mammalian intestine and pancreas
(Sussel et al., 1998; Desai et al., 2008; Wang et al., 2009b). nkx-2.2is expressed throughout
the intestine in intact animals (Figure 5A); in amputated fragments, nkx-2.21is upregulated in
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regenerating branches (Figures 5B and 5C). nkx-2.2(RNA) animals lysed in a pattern over
gut branches within five days after the second RNAI feeding (Figures 5D and 5E). In
knockdown animals fixed just prior to the formation of lesions, the intestine of uninjured
animals labeled less intensely, but intestinal morphology was otherwise normal (Figure 5F
and 5G). In regenerates, blastemas were severely reduced in size (Figures 5H-5K). In head
fragments, posterior intestine branches did not form (Figures 5L and 5N), while in tail
fragments, anterior branches fused at the midline, but did not elongate as in controls
(Figures 5M and 50).

Reduced blastema growth is often associated with knockdown of genes required for stem
cell maintenance or proliferation, since new cells are no longer generated in response to
injury (Reddien et al., 2005; Guo et al., 2006; Rouhana et al., 2010). Therefore, we next
asked whether neoblasts were able to proliferate in various contexts. In uninjured animals,
neoblast proliferation increases up to five-fold after feeding, to supply new cells for growth
(Figure 6A) (Bagufa, 1974, 1976a; Bagufia and Romero, 1981). However, proliferation in
nkx-2.2(RNAi) animals after feeding was reduced by ~45% (Figures 6A-6C). The failure in
neoblast proliferation was accompanied by only a moderate loss of stem cells anteriorly,
suggesting that nkx-2.2(RNA) affects neoblast proliferation, not survival (Figure S4B).

Neoblasts also respond to tissue loss: several days after amputation, proliferation increases
near the site of injury to provide new cells for the regeneration of missing structures
(Bagufia, 1976b; Sal6 and Bagufa, 1984). In nkx-2.2(RNAI) fragments three days after
amputation, regenerative proliferation in head, trunk, and tail fragments was almost entirely
abolished (Figures 6D-6J). Because at this time point, intestinal regeneration is in its earliest
stages (Forsthoefel et al., 2011), it is likely that the failure of intestinal regeneration in
nkx-2.2(RNAi) animals is secondary to the proliferation defect.

Neoblasts also proliferate in an earlier, animal-wide mitotic burst that peaks at 4-10 hr after
injury, even in response to wounds that do not involve tissue loss (Wenemoser and Reddien,
2010). nkx-2.2is required for this earlier mitotic peak after a variety of minor wounds
(Figures 6K-6V), indicating that the effect of nkx-2.2knockdown on proliferation is not
dependent exclusively on either tissue loss or intestinal damage. Intriguingly, after minor
injuries such as anterior amputation or tail tip incisions, wound healing occurred normally,
and some nkx-2.2knockdown animals partially regenerated, even when lysis had begun
(Figure SAC). These observations imply that neoblasts remaining after nkx-2.2 knockdown
retain the ability to migrate and differentiate, further supporting the idea that nkx-2.2(RNAi)
specifically affects proliferation.

We examined whether the effect of nkx-2.2(RNAi) on proliferation was due to general
defects in phagocyte viability, function, or integrity of the intestinal epithelium. We did not
observe increased apoptosis in the intestine or elsewhere (Figure S4D). Furthermore, in
contrast to CerSI knockdown experiments (Figure S3D), most nkx-2.2(RNAi) animals
retained a lipid-binding dye (Figure S4E) and fluorescent dextrans (not shown), in some
cases even after lysis had begun (Figure S4E). Similarly, we were able to isolate equivalent
numbers of viable phagocytes by magnetic sorting from control and nkx-2.2(RNAi) animals
fed iron particles concurrently with the second RNAI feeding (not shown).

Finally, we examined whether nkx-2.2 might act autonomously in neoblasts. Colorimetric in
situ hybridizations suggested only weak, diffuse nkx-2.2 expression outside the intestine
(Figure 6A-6C), but fluorescent detection revealed scattered, punctate 7kx-2.2 expression in
mesenchymal cells (Figure S4F). These cells persisted for several days after gamma
irradiation, a treatment that selectively ablates neoblasts (Dubois, 1949; Hayashi et al.,
2006), demonstrated by the loss of smeadwi-1-mRNA- positive cells (Figure S4F). Non-
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intestinal expression of Smed-hepatocyte nuclear factor 4 (hnf4), another putative
endodermal marker (Wagner et al., 2011), was similarly maintained for several days after
irradiation (Figure S4F). Delayed loss of gene expression in mesenchymal cells after
irradiation is an indicator of fate-restricted stem cell progeny that are differentiating
(Eisenhoffer et al., 2008). These observations imply that the role of NKX-2.2 in neoblasts, if
any, is restricted to differentiation, and that the observed proliferation defects are due to the
loss of nkx-2.2in postmitotic intestinal phagocytes.

DISCUSSION

The planarian intestine is a fascinating system for studying post-embryonic organogenesis:
during both growth and regeneration, new intestinal branches are generated by the
coordinated remodeling of differentiated tissues with the birth of new enterocytes
(Forsthoefel et al., 2011). In this study, we have begun to elucidate the molecular
mechanisms regulating these processes by purifying a single intestinal cell type, the
phagocyte, and identifying over 1500 genes that are expressed differentially in the intestine.
Functional characterization of several of these genes demonstrates that planarians utilize
evolutionarily conserved molecules to regulate branching morphogenesis and the generation
of functional enterocytes during growth and regeneration.

Phagocytes express a complement of intestine-specific cytoskeletal regulators, including
homologs of actin, myosin, tropomyosin, cofilin, Arp2/3 complex proteins, Rho-family
GTPases, EVL (Ena/VVASP-like), and F-actin capping protein (Table S1). Knockdown of
several of these genes caused rapid animal lysis and death after only one or two dsRNA
feedings, indicating that they may play critical roles in adhesion, polarity, or other processes
required for intestinal integrity. Two genes, however, regulated branching morphogenesis
specifically in either uninjured (fom-1) or regenerating (r#10-A) animals. Although best
known for their role in actomyosin contractility in skeletal and cardiac muscle, many
mammalian tropomyosin isoforms are expressed in specific spatiotemporal patterns during
development (Gunning et al., 2008), and also regulate cell migration and motility (Bach et
al., 2010). To the best of our knowledge, however, tropomyosins have not been implicated
in the morphogenesis of epithelial tubes. Rho-family GTPases control the dynamics of the
actin and microtubule cytoskeletons, regulating polarity, adhesion, and motility in response
to Whnts and other signals (Heasman and Ridley, 2008; Schlessinger et al., 2009).
Knockdown of rho-A affected only tail fragment regeneration, suggesting a role downstream
of axial polarity cues that influence the maintenance and regeneration of the intestine’s
anteroposterior morphology (Forsthoefel and Newmark, 2009; Reddien, 2011). Future
experiments will be required to determine whether TPM-1 and RHO-A regulate migration of
differentiating enterocytes into the intestinal epithelium, and/or coordination of cell shape
changes and collective migration during remodeling.

We also identified a requirement for CerS1 during phagocyte differentiation into functional
cells capable of food uptake and lipid storage. CerSI encodes a planarian member of the
LASS (longevity assurance homolog) family of ceramide synthases, enzymes that catalyze
the production of ceramide and dihydroceramide, precursors for a variety of sphingolipids
(Figure S3A) (Spassieva et al., 2006; Teufel et al., 2009; Mullen et al., 2012). Sphingolipid
biosynthetic pathways are found in all eukaryotes, and control the production of structural
components of membranes (Grassme et al., 2007; Silva et al., 2012). Additionally, ceramide
is the precursor for ceramide-1-phosphate, sphingosine-1-phosphate, and other bioactive
lipids (Hannun and Obeid, 2008; Mullen et al., 2012). These metabolites regulate diverse
processes including cell junction formation (Wang et al., 2009a), cell polarity (Bieberich,
2011), the response of epithelial sheets to dying cells (Gu et al., 2011; Eisenhoffer et al.,
2012), and differentiation of neural stem cells and adipocytes (Xu et al., 2010; Bieberich,
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2011, 2012). Furthermore, ceramide and other sphingolipids also regulate lipid storage and
mobilization (Bauer et al., 2009; Kohyama-Koganeya et al., 2011; Worgall, 2011). Thus,
further exploration of sphingolipid metabolic pathways in planarians may illuminate novel
role(s) for bioactive lipids, and the coordination of energy stores during growth and
regeneration.

Finally, knockdown of the homeodomain transcription factor nkx-2.2blocked intestinal
regeneration and neoblast proliferation after feeding, amputation, and minor injuries.
nkx-2.21is expressed predominantly throughout the intestine, in addition to a small number
of mesenchymal cells outside the intestine. We found that nkx-2.2-positive mesenchymal
cells persist after irradiation, and others have noted that mesenchymal expression only
increases during later stages of regeneration, after initial proliferative peaks have occurred
(Garcia-Fernandez et al., 1993). These data suggest that mesenchymal rkx-2.2-positive cells
are likely neoblast progeny in the process of differentiation. Consistent with this idea,
nkx-2.2is required in mice for the specification of hormone-secreting pancreatic islet cells
and enteroendocrine cells of the small intestine (Sussel et al., 1998; Wang et al., 2004; Desai
et al., 2008).

Despite a potential role in differentiation, the primary defect we observe in nkx-2.2(RNAI)
animals, attenuation of proliferation, occurs prior to early stages of intestinal regeneration.
nkx-2.2 does not appear to be required for neoblast survival or migration, nor is it required
for phagocyte viability, food uptake, or nutrient storage. Therefore, we suggest that the
major cause of decreased neoblast proliferation during the early phase of the nkx-2.2(RNAI)
phenotype is not abrogated differentiation or phagocyte death, but the dysregulation of
NKX-2.2 targets in terminally differentiated intestinal phagocytes. Intriguingly, in addition
to the role of NKX-2.2 in the differentiation of endocrine cell types, in the mouse pancreas
NKX-2.2 is required for the expression of several secreted molecules, including peptide
hormones such as insulin and glucagon (Anderson et al., 2009).

In planarians, the mechanisms by which differentiated tissues communicate with stem cells
to regulate their numbers and differentiation into specific cell types are poorly understood.
Mitotically active neoblasts are closely associated with the intestine in uninjured animals,
and cluster around the severed tips of intestinal branches near the plane of amputation after
injury (Newmark and Sanchez Alvarado, 2000; Wenemoser and Reddien, 2010).
Furthermore, after feeding (Bagufia, 1974, 1976a) or tissue loss (Bagufia, 1976b; Sal6 and
Bagufia, 1984; Wenemoser and Reddien, 2010), neoblast proliferation increases
dramatically, but the molecular cues that stimulate cell division in these contexts have not
been identified.

Attenuation of neoblast proliferation by knockdown of an intestinally expressed
transcription factor provides evidence that intestinal phagocytes may play a niche-like role
in the regulation of neoblast dynamics. In planarians, phagocytes are the main cell type in
which lipid droplets and glycogen granules are found, and the only cell type responsible for
food digestion (Willier et al., 1925; Garcia-Corrales and Gamo, 1987, 1988). In addition,
planarian body size is extremely plastic: planarians grow when food is available, and
degrow through cell loss during starvation (Bagufia and Romero, 1981), processes that are
regulated in part by insulin-like peptide signaling (Miller and Newmark, 2012). Intestinal
phagocytes are uniquely positioned to coordinate these processes by playing an endocrine-
like role in the communication of metabolic state to other cells, including neoblasts. Because
some proliferative responses are affected even in the absence of gut damage and tissue loss,
future experiments must determine how NKX-2.2 and/or its targets regulate proliferation,
and whether they respond differently to stimuli such as feeding or various kinds of injury.

Dev Cell. Author manuscript; available in PMC 2013 April 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Forsthoefel et al.

Page 9

Ongoing investigations in a range of organisms have begun to elucidate the molecular
mechanisms by which digestive organs respond to damage (Amcheslavsky et al., 2009;
Chatterjee and Ip, 2009; Jiang et al., 2009; Ashton et al., 2010) and nutrient availability
(Park and Takeda, 2008; Choi et al., 2011; O’Brien et al., 2011). Furthermore, recent studies
have emphasized the importance of understanding the role of post-mitotic cells in regulating
proliferation and differentiation in the gastrointestinal stem cell niche (Sato et al., 2011;
Durand et al., 2012; Kim et al., 2012; Yilmaz et al., 2012), and after traumatic injury to
organs in other regenerating animals such as salamander, newt, and zebrafish (Kumar et al.,
2007; Berg et al., 2011; Choi and Poss, 2012). Our work illustrates the utility of the
planarian intestine as a complementary system in which to unravel the mechanisms that
coordinate cellular responses during stem cell-based organ growth and regeneration.

EXPERIMENTAL PROCEDURES

Animal care and maintenance

Asexual Schmidtea mediterranea (clonal line CIW4) were maintained as described (Cebria
and Newmark, 2005).

Purification of intestinal phagocytes

Large planarians (>8 mm in length) were fed a mixture of 135 L liver homogenate (1:3,
liver paste:H,0), 0.7 nL food coloring (Durkee), 60 L 2% ultra-low melting point agarose,
and 4 pL of a 1:4 dilution of Feridex (AMAG Pharmaceuticals). Forty-eight hours later,
animals were dissociated into single cell suspensions (Reddien et al., 2005) using dispase
(0.6 U/mL, Worthington Biochemical) instead of trypsin. Dissociated cells were filtered
sequentially through 160 pm, 53 um, and 30 wm meshes, resuspended in de-gassed CMF
with 0.5 mM EDTA, and purified on MACS LS separation columns (Miltenyi).

RNA isolation, amplification, labeling, and microarray analysis

Total RNA was isolated from intestinal and non-intestinal cells using Trizol (Invitrogen).
RNA was amplified with the Amino Allyl MessageAmp 1l aBRNA Amplification Kit
(Ambion), coupled to Alexa Fluor 555 or Alexa Fluor 647 succinimidyl ester dyes
(Molecular Probes), and hybridized to CombiMatrix oligonucleotide arrays according to
manufacturer protocols. Arrays were imaged using a GenePix 4000B Scanner and GenePix
Pro 6.0 software (Axon Instruments/Molecular Devices). Data were processed in
Bioconductor (Gentleman et al., 2004; Smyth, 2004; Ritchie et al., 2007). Detailed protocols
in Extended Experimental Procedures.

GO annotation

Gene ontology terms (Ashburner et al., 2000) were assigned using Annot8r (http://
www.nematodes.org/bioinformatics/annot8r/index.shtml) (Schmid and Blaxter, 2008), and
mapped to custom slim ontologies with “map2slim” in GO-Perl. Detailed methods in
Extended Experimental Procedures.

Whole mount and fluorescent in situ hybridization (WISH, FISH)

Validation of microarray results by WISH was conducted on Carnoy’s fixed samples as
described (Forsthoefel et al., 2011). For Smed-CerS1 and Smed-nkx-2.2 intact (uninjured)
animals, WISH was conducted as in Pearson et al. (2009). FISH was also performed as
described (Pearson et al., 2009) except that 1% casein (Sigma) was added to maleic acid
blocking buffer and anti-DIG antibody solution; detection was performed using Cy3-
tyramide (Perkin Elmer).
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RNAI experiments

ESTs (Zayas et al., 2005) were amplified from pBluescript, and then TA-cloned into a
derivative of the vector “p2T7TAblue” (Alibu et al., 2005) (http://
trypanofan.path.cam.ac.uk/trypanofan/vector/). (Detailed vector modifications are in
Extended Experimental Procedures.) Constructs were transformed into £. coli strain
HT115(DE3); dsRNA expression was induced and bacteria were mixed with 30-60 p.L of
liver homogenate and fed to planarians as described (Gurley et al., 2008). In the primary
screen, planarians were fed five times, every five days; for regenerates, animals were fed
three times, then amputated and allowed to regenerate for seven days. For
immunofluorescent characterization of knockdowns that caused lysis, intact animals were
fixed when animals first began to develop lesions. 3G9 phenotypes and blastema phenotypes
were scored if present in >25% of undamaged/non-lysing animals. A secondary screen was
performed to verify all phenotypes; genes with non-reproducible phenotypes were not
considered further. For further gene characterizations, dSSRNA was sometimes fed fewer
times prior to lysis to enable fixation and amputation (see Table S4), and non-eating animals
were removed after each round of feeding.

Immunofluorescence

For MAb 3G9 labeling, animals were relaxed and killed in 0.66 M MgCls (diluted in
planarian salts) for 15-30 sec, rinsed in PBS, shaken in ice-cold 2% HCI (3 min), fixed in
methacarn (15 min), rinsed in methanol (15 min), then bleached O/N in 6% H>0.. For
proliferation analysis, animals were fixed in Carnoy’s (Umesono et al., 1997). After
rehydration, standard methods (Forsthoefel et al., 2011) were utilized to label animals with
MAb 3G9 supernatant (Forsthoefel et al., in preparation), rabbit anti-muscle serum,
rhodamine-LCA (Vector Labs) (Zayas et al., 2010), and anti-phosphohistone-H3-S10.
Detailed protocols in Extended Experimental Procedures.

Feeding of fluorescent compounds

Dextran feeding was conducted as described (Forsthoefel et al., 2011). Alternatively,
BODIPY 493/503 (1 mg/mL in DMSO, Molecular Probes) or Neutral Red (4.5 mg/mL in
PBS, Sigma) were diluted 1:10 into liver homogenate. In experiments to assess
phagocytosis/storage in CerS1 and nkx-2.2 knockdowns, dextrans or BODIPY were diluted
as above into liver mixed with dsSRNA-expressing £. coli. Animals that did not ingest food
initially were removed so as not to confound analysis of dextran/BODIPY retention two
days later.

BODIPY and Prussian Blue labeling

dsRNA-fed animals were relaxed and killed individually in 0.66 M MgCl; as above, rinsed
quickly in PBS, and fixed overnight in 4% formaldehyde/PBS. Following two rinses in PBS,
animals were incubated for 10 min each in 15% sucrose/PBS and 30% sucrose/PBS,
mounted in Tissue Freezing Medium (TBS), then cryosectioned at 12 pm. Sections were
adhered to Superfrost Plus slides (Fisher) coated with 0.5% gelatin and 0.05% chromium
potassium sulfate. Slides were rehydrated in deionized water, rinsed in PBS-Tween-20
(0.01%), then incubated for 15 min at room temperature in BODIPY 493/503 (0.2 p.g/mL),
Alexa 568-phalloidin (2 U/ml, Molecular Probes), and DAPI at 1 pg/mL for 15 min at RT.
Following three washes in PBS-Tween-20 (0.01%) (5 min each), slides were mounted in
Vectashield.

For Prussian Blue labeling, cryosections from animals fed Feridex were prepared as above
(fixed two days after feeding), then incubated for 20 minutes in a 1:1 solution of 10%
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potassium ferrocyanide and 20% concentrated HCI (7.2% final). Slides were rinsed in 95%
ethanol, 100% ethanol, and xylenes, then mounted in Permount.

Imaging and image processing were conducted as described (Forsthoefel et al., 2011).
Anterior amputations, tail incisions, and other minor injuries were performed as described
(Wenemoser and Reddien, 2010); living animals were imaged on a Leica MZ125 with a
MicroFIRE camera (Optronics) and PictureFrame 3.00.03. Confocal imaging was conducted
on a Zeiss LSM 710 running Zen.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Isolation of planarian intestinal phagocytes. (A) Intestinal branches in a live planarian fed
Alexa 568-conjugated dextrans. One primary anterior branch (a) extends to the head; two
posterior branches (p) project around the pharynx (phx); secondary and tertiary branches
extend laterally. Dotted line indicates sectioning plane in (B) and (C). (B) Prussian Blue-
labeled parasagittal section of a planarian fed iron beads. (C) Correlation with intestinal
autofluorescence (red) demonstrates intestine-specific iron uptake. (D and E) Magnification
of boxed regions in (B) and (C); yellow dashed lines delineate gut branches. (F and G)
Animals fed liver only do not label with Prussian Blue. (H) Schematic depicting intestinal
phagocyte purification. (I and J) Non-intestinal (“flow-through,” ) and purified intestinal
cells (J) obtained by magnetic sorting. (A) Anterior is to the left, dorsal view. (B-G)
Anterior is to the left, dorsal is up. Scale bars: 1 mm (A); 500 wm (B and C); 50 um (D-G, |
and J).
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Figure2.

Validation of intestinal phagocyte gene expression by whole-mount in situ hybridization.
(A) Example of a gene expressed in the intestine, but not upregulated during regeneration.
(B-F) Genes upregulated in regenerating intestinal branches (arrows, B and C), pharynx
(arrowheads, C, D, and F), central nervous system (arrows, D), or in the blastema (arrows,
E). (G-1) Examples of genes upregulated in primary branches (G and H) or subsets of cells
(). In panels A-1, anterior is to the left. Gene identity is indicated in each panel. Yellow
dotted lines indicate plane of amputation in five-day regenerates. Scale bars: 500 wm (intact
animals); 250 wm (regenerates). See also Figure S1 and Tables S1, S2, and S3.

Dev Cell. Author manuscript; available in PMC 2013 April 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Forsthoefel et al. Page 19

| intact animals I

A egfo(RNA) - control | B NFxB-p105(RNAI) | C capz-a2(RNA)| D

actin-1(RNAi)} F clathrin heavy chain(RNAI)| G bel2-1(RNAJ)

| regenerates (7 day) }

| heads | | trunks I I tails |

ccdc-93(RNA) K

elmo-2(RNA) | M

N-WASP(RNA)| O

med-21(RNA)| Q

par6-b(RNA)| S

tropomyosin-1(RNA) | U

rho-A(RNA) |W

Figure 3.

RNAI phenotypes visualized by an intestine-specific MAb. (A) egfo(RNAI) control:
primary, secondary, and tertiary intestinal branches are labeled by MAb 3G9 (green). (B-G)
Phenotypes of early-lysing RNAIi knockdowns in intact animals, including loss of intestinal
labeling (B-C), increased diffuse background (B-D, F), increased punctate background (B-
D), dissociation of intestinal cells from each other (D-F), and intestinal disintegration (F-G).
(H-W) Phenotypes of late- and non-lysing RNAIi knockdowns in intact and regenerating
animals. (H and 1) egfo(RNAI) controls: regenerating branches indicated by yellow
arrowheads (1). RNAI phenotypes include decreased labeling (J and K), loss of integrity,
dissocation and/or lysis of intestinal cells (L-Q), small blastemas (magenta arrowheads in M,
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0, Q, and S), and stalled or delayed intestinal regeneration (yellow arrowheads in Q and S).
(T and U) om-1 knockdown causes decreased branching in uninjured animals (T);
regenerates are unaffected (U). (V and W) In rho-A(RNAI) tail regenerates, branches do not
fuse at the midline (W, yellow arrowheads, compare to | and U); intact animals and anterior
fragments are unaffected, aside from decreased signal. Dashed yellow lines indicate plane of
amputation. Gene identity is indicated in each panel. Anterior is to the left in all panels.
Scale bars: 500 um (A-G, H, J, L, N, P, R, T, and V); 200 um (I, K, M, O, Q, S, U, and W).
See also Figure S2 and Table S4.
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Figure4.

Expression and functional analysis of Smed-CerS1. (A-C) Whole-mount in situ
hybridization to detect CerSI transcripts in uninjured animals (A), and head (B) and tail (C)
regenerates (arrows, gut branches; arrowheads, regenerating pharynx). (D and E) MAb 3G9
(green) and enteric muscle labeling (magenta) of uninjured control (D) and CerS1(RNAI)
animals (E). (F-K) MAb 3G9 (green) and enteric muscle labeling (magenta) of regenerates.
Blue arrows, partial retention of labeling in branches surrounding the pharynx in
CerS1(RNAI) fragments. Yellow dashed lines (F-K), plane of amputation; yellow arrows (1-
K), regenerating intestinal branches; arrowheads (I and K), regenerating pharynges.
Confocal projections (D-K). (L-N) Visualization of fluorescent dextran retention after
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feeding in intact control (L and M) and CerS1(RNAi)animals (N). (O-Q) Fluorescent
dextran retention in trunk regenerates of control (O and P) and CerS1(RNAI) (Q) animals.
Arrows (Q) indicate dextran retention only in branches around the pharynx, but not in
anterior or posterior branches. Images of living animals (L-Q). (R and S) Visualization of
intestinal lipid storage in control (R) and CerS1(RNAI) (S) animals. Epifluorescent images
of fixed cryosections labeled with phalloidin (magenta, muscles) and BODIPY (green,
lipids). (A-Q) Anterior, to the left. (R-S) Dorsal, to the top. Time courses are indicated
below each experiment. Scale bars: 500 wm (A); 250 um (B-E); 200 pm (F-K); 1 mm (L-
Q); 100 pm (R-S). See also Figure S3.
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5.

Expression and functional analysis of Smed-nkx-2.2. (A-C) In situ hybridization to detect
nkx-2.2 expression in uninjured animals (A), and regenerating head (B) and tail (C)
fragments (arrows, upregulation in regenerating branches). (D and E) Lysis of uninjured
nkx-2.2(RNAi) planarians, dorsal to intestinal branches. (F and G) MAb 3G9 labeling of
control (F) and nkx-2.2(RNAi) animals (G). (H-K) Blastemas (arrows) in control (H and I)
and nkx-2.2(RNAI) (J and K) regenerates. (L-O) MADb 3G9 labeling of control (L and M)
and nkx-2.2(RNAi) (N and O) regenerates. Arrows indicate lack of intestinal branches in
nkx-2.2(RNAi) fragments. Dashed lines, planes of amputation. (D and E, H-K) Images of
live planarians. (D and E) Anterior to the top; all other panels, anterior to the left. Scale bars:
250 um (B and C); 500 pum (A, F, G, L-0).
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Figure6.

Smed-nkx-2.2is required for neoblast proliferation. (A and B) Phosphohistone H3-S10 (H3-
S10P) labeling of uninjured control (A) and nkx-2.2(RNAJ) (B) planarians two days after
feeding. (C) Proliferation is most dramatically reduced anterior to the pharynx, and by ~45%
overall. Error bars, standard deviation. ***p<0.001, **p<0.01, Student’s #test. n=5 animals
per condition. Regions were delineated as in the schematic in (D). (D-J) H3-S10P labeling
of three-day regenerates; proliferation is nearly abolished in nkx-2.2(RNAi) fragments
(arrows). Red dashed lines, plane of amputation. (K-U) H3-S10P labeling four hours after
various minor injuries, including amputation of the anterior head tip (1), mid-anterior
incision through an intestine-containing region (“2”), posterior tail poke through an
intestine-containing region (“3”), and a poke injury to the tail tip (“4”). (V) Quantification of
experiments in (L-U). Error bars, standard deviation. ***p<0.0005, Student’s #test (injuries
were compared to intact samples within each RNAI treatment group); n=8 animals per
condition. Orientation: anterior to the left (A, B, L-U); to the top (E-J). H3P-S10-labeled
animals in all panels were imaged under epifluorescence. Scale bars: 500 um (A, B, L-U);
250 wm (E-J). See also Figure S4.
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