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Abstract

Named for its assembly near exon-exon junctions during pre-mRNA splicing, the exon junction 

complex (EJC) regulates multiple aspects of RNA biochemistry, including export of spliced 

mRNAs from the nucleus and translation. Transcriptome analyses have revealed broad EJC 

occupancy of spliced metazoan transcripts, yet inhibition of core subunits has been linked to 

surprisingly specific phenotypes and a growing number of studies support gene-specific regulatory 

roles. Here we report results from a classroom-based RNAi screen revealing the EJC is necessary 

for regeneration in the planarian flatworm Schmidtea mediterranea. RNAi animals rapidly lost the 

stem and progenitor cells that drive formation of new tissue during both regeneration and cell 

turnover, but exhibited normal amputation-induced changes in gene expression in differentiated 

tissues. Together with previous reports that partial loss of EJC function causes stem cell defects 

in Drosophila and mice, our observations implicate the EJC as a conserved, posttranscriptional 

regulator of gene expression in stem cell lineages. This work also highlights the combined 

educational and scientific impacts of discovery-based research in the undergraduate biology 

curriculum.
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1. Introduction

RNA-binding proteins (RBPs) play key roles in controlling the splicing, stability, subcellular 

localization, and translation of their target transcripts (Mitchell and Parker, 2014). One 

important regulator of all these aspects of RNA biochemistry is the exon junction complex 

(EJC). The core of this ribonucleoprotein structure is made up of four conserved subunits 
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– Magoh (Mago nashi), Y14 (RBM8/Tsunagi), the DEAD-box RNA helicase eIF4A3, and 

MLN51 (CASC3/Barentsz) (Andersen et al., 2006; Bono et al., 2006). Magoh and Y14 

form a heterodimer that is brought together with eIF4A3 by the spliceosome. The resulting 

‘pre-EJC’ is deposited on nascent transcripts in a sequence-independent manner, typically 

20–24 nucleotides upstream of exon-exon junctions. It remains associated with mature 

mRNAs during nuclear export, and is joined by the predominantly cytoplasmic protein 

MLN51 to complete the tetrameric core (Bono and Gehring, 2011). EJCs are eventually 

displaced by the ribosome during the pioneering round of translation, but not before heavily 

influencing the fate of bound transcripts. This entails transient interactions between the 

EJC core and ‘peripheral’ subunits that carry out specific biochemical functions, including 

splicing, nuclear export, translation, and nonsense-mediated mRNA decay (Le Hir et al., 

2016).

Intriguingly, while transcriptome-wide analyses have shown EJCs associate with the large 

majority of exon-exon junctions (Hauer et al., 2016; Saulière et al., 2012; Singh et al., 

2012), multiple lines of evidence indicate they function in more than just ‘housekeeping’ 

capacities. Not only is there substantial heterogeneity in the extent and distribution of 

EJC binding, but numerous cases of gene-specific regulation have been documented. For 

example, the EJC controls splicing of genes such as MAPK, BCLX, DLG1, and piwi 
(Ashton-Beaucage et al., 2010; Hayashi et al., 2014; Liu et al., 2016; Malone et al., 2014; 

Michelle et al., 2012; Roignant and Treisman, 2010). EJC subunits also regulate localization 

of oskar mRNA to the posterior of the Drosophila oocyte (Ghosh et al., 2012; Hachet and 

Ephrussi, 2001; Mohr et al., 2001; Newmark and Boswell, 1994; Palacios et al., 2004; 

van Eeden et al., 2001), and expression levels of the germline protein PIE-1 in the C. 
elegans embryo, likely via translational control of maternally deposited transcripts (Gauvin 

et al., 2018). Non-housekeeping roles for the EJC are further supported by the specificity 

of magoh, Y14, and eIF4A3 loss-of-function phenotypes. These include defects in axis 

formation in the Drosophila oocyte (Micklem et al., 1997; Mohr et al., 2001; Newmark et 

al., 1997), masculinization of the germline in C. elegans (Li et al., 2000), and heart looping 

abnormalities in Xenopus (Haremaki et al., 2010). In summary, it appears the EJC may 

function as much as a transcript-specific regulator of genes with specialized developmental 

functions as a global effector of processes such as maturation and export of mRNAs from 

the nucleus.

One emerging role for the EJC in development is the regulation of stem and progenitor 

cell populations. In Drosophila, mago nashi and Y14 are required to restrict oocyte 

fate to a single descendent of the germline stem cells (GSCs), and mago nashi 
functions independently of Y14 to drive GSC differentiation (Parma et al., 2007). In 

mice, haploinsufficiency of magoh, Y14, or eIF4A3 results in neurogenesis defects and 

microcephaly (reduced brain size), due to depletion of neural stem cells and transit­

amplifying neural progenitors (Mao et al., 2016, 2015; Silver et al., 2010). Inhibition of 

EJC subunits also causes hypopigmentation in both frogs and mice, resulting from decreased 

numbers of melanocyte/melanophore progenitors derived from the neural crest (Haremaki et 

al., 2010; Silver et al., 2013). The direct RNA targets of the EJC in these undifferentiated 

cell types are currently unknown.
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We now extend these observations by reporting a functional analysis of the EJC in the 

planarian flatworm Schmidtea mediterranea. Planarians are a classic model for the study of 

regeneration (Reddien, 2018), and recent single-cell sequencing efforts have dramatically 

enhanced our understanding of the somatic stem cell lineage that drives formation of new 

tissue at sites of amputation (Fincher et al., 2018; Molinaro and Pearson, 2016; Plass et 

al., 2018; van Wolfswinkel et al., 2014; Wurtzel et al., 2015; Zeng et al., 2018). At the top 

of this hierarchy are pluripotent stem cells, also known as ‘clonogenic neoblasts,’ that are 

capable of rescuing viability and regenerative potential when injected into lethally irradiated 

animals (Wagner et al., 2011; Zeng et al., 2018). These cells give rise to fate-determined 

division progeny, or progenitors, during physiological cell turnover as well as regeneration. 

Progenitor cells retain an undifferentiated morphology, but adopt lineage-specific gene 

expression profiles as they acquire their specialized fates (Fincher et al., 2018; Plass et 

al., 2018; Scimone et al., 2014; Zeng et al., 2018).

Posttranscriptional control mechanisms have emerged as key regulators of the planarian 

stem cell lineage (Krishna et al., 2019). Many RBPs show enriched expression in stem 

and/or progenitor cells, including homologs of the piRNA-binding protein PIWI (Palakodeti 

et al., 2008; Reddien et al., 2005; Rouhana et al., 2014), the PUF family protein Pumilio 

(Salvetti et al., 2005), the DEAD-box helicases Vasa and RCK/p54/Me31B (Rouhana et 

al., 2010; Shibata et al., 1999; Wagner et al., 2012; Yoshida-Kashikawa et al., 2007), 

the translational regulators Bruno and MEX-3 (Guo et al., 2006; Solana et al., 2016; 

Zhu et al., 2015), the dimethylarginine-associated factors Tudor and PRMT5 (Rouhana et 

al., 2012; Solana et al., 2009), components of the snRNA-processing Integrator complex 

(Schmidt et al., 2018), LSm splicing factors (Fernandez-Taboada et al., 2010), and the 

deadenylating complex subunit CCR4-NOT (Solana et al., 2013). Together with RBPs 

exhibiting constitutive expression, these factors help to orchestrate gene expression, cell fate 

specification, and differentiation (Bansal et al., 2017; Krishna et al., 2019; Lakshmanan et 

al., 2016; Palakodeti et al., 2008; Reddien et al., 2005; Rouhana et al., 2010; Shibata et al., 

2016; Solana et al., 2016, 2013; Zhu et al., 2015).

Here, we show RNAi knockdown of the broadly expressed EJC core subunits leads to 

rapid loss of stem and multiple progenitor cell sub-populations in S. mediterranea. By 

extension, this blocks regeneration, but not amputation-induced changes in gene expression 

or re-patterning of the body axes in differentiated tissues. Our results further support the 

importance of posttranscriptional control mechanisms in planarian neoblasts and establish 

the EJC as an evolutionarily conserved regulator of metazoan stem cell lineages.

2. Materials and methods

2.1. Planarian maintenance

A clonal, asexual population of S. mediterranea (strain CIW4) was maintained under 

standard laboratory conditions on a diet of homogenized calf liver, as previously described 

(Oviedo et al., 2008). All animals were fed one to three times per week and then starved 

between five days and two weeks prior to initiation of RNAi feedings.
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2.2. Cloning and RNA interference

cDNAs were amplified by RT-PCR (see Table S1 for primer sequences) and cloned into 

the dsRNA expression vector pT4P as previously described (Accorsi et al., 2017). The C. 
elegans gene unc-22 was used as a negative control. RNAi clones were transformed into 

E. coli strain HT115, and transformants were used to grow dsRNA-expressing cultures. 

These were pelleted, mixed with homogenized calf liver, and fed to animals according to 

a standard protocol (Newmark et al., 2003; Accorsi et al., 2017). For the RNAi screen, 

animals were fed six to eight times, except in cases where tissue homeostasis phenotypes 

prevented completion of feedings (see Supplementary Materials and Methods for further 

screen details). For remaining experiments, animals were administered four RNAi feedings 

on days 0, 2, 4, and 6 (with the exception of CAM-1 knockdown, which entailed a single 

feeding). Any animals that failed to eat were removed. RNAi animals were then amputated 

and/or fixed as indicated in figure legends.

RNAi knockdown of magoh, Y14, eIF4A3, and MLN51 was confirmed by qRT-PCR 

and in situ hybridization (Fig. S1). Extended knockdown (20 feedings interspersed with 

multiple rounds of amputation and regeneration, over a total period of nearly three months) 

did not result in a visible phenotype for MLN51. Several magoh(RNAi), Y14(RNAi), 
and eIF4A3(RNAi) animals were amputated to confirm the presence of a regeneration 

phenotype in experiments where RNAi knockdown of these genes had no apparent effects on 

differentiated tissues.

2.3. WISH, TUNEL, and H3P immunostaining

Whole-mount in situ hybridization (WISH) and whole-mount TUNEL were performed as 

previously described (Pearson et al., 2009; Pellettieri et al., 2010). For H3P immunostaining, 

animals were killed in 5% n-acetyl cysteine in PBS, fixed for 20 min in 4% formaldehyde in 

PBS with 0.3% Triton X-100 (PBST), and bleached overnight in 6% H2O2 in PBST. Fixed 

animals were incubated in 1:300 Anti-Phospho-Histone H3 (Ser 10) primary antibody (EMD 

Millipore, Cat. No. 05–817R–I) and 1:300 Goat Anti-Rabbit HRP secondary antibody 

(ThermoFisher Scientific, Cat. No. 65–6120); both antibody incubations were overnight 

at room temperature and were followed by eight 15-min washes in PBST. Labeling 

was visualized using tyramide signal amplification (TSA) with 1:3000 FITC-tyramide, as 

previously described (Pearson et al., 2009). Following TSA development, animals were 

again washed in PBST and mounted in Vectashield (Vector Laboratories). All animals 

labeled by WISH, TUNEL, and H3P were imaged and analyzed as described below.

2.4. Microscopy, image acquisition, and image analysis

All RNAi phenotypes (or lack thereof) were documented with an Olympus SZX16 

microscope equipped with a DP72 digital camera. Live animals were photographed to show 

gross phenotypes. Labeled specimens were mounted on glass slides under coverslips. For 

each experiment, all images were acquired using identical camera settings. Images were 

processed by aligning cropped photographs of representative animals in panels with uniform 

black or white backgrounds, and then applying the same brightness and contrast adjustments 

evenly across all RNAi conditions. TUNEL and H3P results were quantified using ImageJ 
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(http://rsb.info.nih.gov/ij), with the number of TUNEL-positive or H3P-positive nuclei 

normalized for animal area.

2.5. qRT-PCR

qRT-PCR was performed in technical and biological triplicate. Following RNAi feedings, 

total RNA was isolated from 10 pooled RNAi animals per condition by homogenization 

in TRIzol Reagent (ThermoFisher Scientific). Samples were DNase treated with the 

TURBO DNA-free Kit (ThermoFisher Scientific) and quantified using a NanoDrop 2000 

spectrophotometer. 1 μg purified RNA per sample was then reverse transcribed using an 

oligo (dT)20 primer and the SuperScript III First-Strand Synthesis System (ThermoFisher 

Scientific). cDNA products were diluted 1:10 in molecular biology-grade water and used as 

templates in triplicate, 20 μL qPCRs, with 5 μL 1:10 cDNA, 10 μL iTaq Universal SYBR 

Green Supermix (BIO-RAD), and 1.2 μL forward and reverse primers added to each reaction 

(final primer concentrations of 0.6 μM; see Table S1 for sequences and amplicon sizes). 

Reactions were cycled in an Applied Biosystems StepOnePlus Real-Time PCR System (95 

°C for 15 s; 60 °C for 60 s; 40 cycles), with specificity verified by gel electrophoresis, 

melt curve analysis, and inclusion of no-template controls. Results were normalized by 

the delta-delta CT method, using the ubiquitously expressed GAPDH gene as a reference 

(Eisenhoffer et al., 2008).

2.6. RT-PCR splicing analysis

To analyze splicing, total RNA and cDNA were prepared from neg. con.(RNAi) and 

magoh(RNAi) animals using Trizol Reagent and the SuperScript III First-Strand Synthesis 

System, respectively (ThermoFisher Scientific). Reverse transcriptase was omitted from 

negative control (-RT) reactions. cDNA and -RT control samples were used as templates in 

PCRs (see Table S1 for primer sequences). Reaction products were analyzed on 1% agarose 

gels.

3. Results and discussion

3.1. A classroom-based RNAi screen for stem cell and regeneration genes

This line of research originated with a discovery in a semester-long lab conducted as 

part of an undergraduate developmental biology course. Students in this class clone and 

characterize novel S. mediterranea genes using RNA interference, simultaneously advancing 

their personal knowledge of key concepts in the field and our collective understanding of 

stem cell biology and regeneration (Fig. 1A and B; Supplementary Materials and Methods). 

To date, this screen has identified three genes required for formation of the blastema, the 

stem cell-derived mass of new tissue that forms at sites of amputation (Fig. 1C; Table 

S2). One of these, Smed-β1-integrin (Smed prefixes are hereafter omitted for brevity), was 

independently observed to be necessary for blastema outgrowth (Bonar and Petersen, 2017; 

Seebeck et al., 2017). A second, magoh (mago nashi homolog), was known to be expressed 

in the ovaries of sexually reproducing S. mediterranea hermaphrodites (Zayas et al., 2005), 

but had not previously been analyzed in the asexual strain we used here.
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3.2. The EJC is required for regeneration and tissue homeostasis

Given that magoh encodes a core subunit of the EJC (Fig. 2A), we also identified, cloned, 

and characterized S. mediterranea homologs of Y14, eIF4A3, and MLN51 (Fig. S2). Like 

magoh, Y14 and eIF4A3 were required for blastema formation (Fig. 2B). RNAi knockdown 

of MLN51 did not generate a visible phenotype, despite the fact that its expression 

was reduced to approximately the same extent as the other EJC subunits in our RNAi 

experiments (Fig. S1A). Our negative results for this gene are consistent with reports that it 

is dispensable for EJC function in some other systems, including the developing mouse brain 

(Mao et al., 2017). However, we cannot exclude the possibility that stronger knockdown 

would have elicited a phenotype. In uncut animals, RNAi knockdown of magoh, Y14, or 

eIF4A3, but not MLN51, led to head regression, ventral curling, and eventual lysis (Fig. 

2C and E). Variability in the level of gene knockdown is likely to account for at least part 

of the variable penetrance of these phenotypes; it is also possible that magoh, Y14, and/or 

eIF4A3 have at least some EJC-independent functions. A small number of magoh(RNAi), 
Y14(RNAi), and eIF4A3(RNAi) animals exhibited one or more dorsal lesions (Fig. 2D and 

E). We conclude that the EJC is necessary for both regeneration and adult tissue homeostasis 

in planarians.

3.3. The EJC is required for stem and progenitor cell maintenance

Failure to form a blastema, head regression, and ventral curling are all hallmarks of stem cell 

loss or dysfunction in S. mediterranea (Reddien et al., 2005). We therefore directly assessed 

the effects of EJC inhibition on stem cell number using an immunostaining approach with an 

antibody to a phosphorylated form of histone H3 (H3P) (Newmark and Sánchez Alvarado, 

2000). H3P+ cells rapidly decreased following magoh knockdown, reaching near zero by 

five days following the final RNAi feeding, with a similar decline observed in Y14(RNAi) 
and eIF4A3(RNAi) animals (Fig. 3A and B; Fig. S3A). The decline in H3P+ cells was 

associated with a significant increase in whole-mount TUNEL (Fig. 3C and D), which may 

indicate stem cell depletion occurs through cell death. This approach does not distinguish 

between undifferentiated and differentiated cell types, however, so we cannot presently 

exclude alternative possibilities, such as a defect in self-renewal.

Planarian stem cells and their differentiating division progeny have traditionally been 

defined by morphology, but can now be categorized according to expression of specific 

lineage markers (Baguñà, 2012; Reddien, 2018). The piwi homolog smedwi-1 is highly 

expressed in pluripotent neoblasts (Reddien et al., 2005; Wagner et al., 2011; Zeng et al., 

2018). We conducted whole-mount in situ hybridization (WISH) with a probe for smedwi-1, 

and this confirmed stem cell loss following knockdown of EJC subunits (Fig. 4A). 

smedwi-1 qRT-PCR yielded similar results (Fig. S3B). Fate-determined stem cell division 

progeny adopt lineage-specific gene expression profiles as they become incorporated into 

differentiated tissues (Fincher et al., 2018; Plass et al., 2018; Scimone et al., 2014; Zeng 

et al., 2018). To assess the effects of EJC inhibition on these progenitor populations, we 

conducted WISH with probes for prog-1 and dd_554, markers for epidermis and pharynx 

precursors, respectively (Eisenhoffer et al., 2008; Zhu et al., 2015). Both were strongly 

reduced following magoh, Y14, or eIF4A3 knockdown, indicating these cell types are also 

eliminated by inhibition of EJC function (Fig. 4A).

Kimball et al. Page 6

Dev Biol. Author manuscript; available in PMC 2021 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We completed a more detailed, temporal analysis of stem and progenitor cell loss in 

magoh(RNAi) animals using probes for smedwi-1 and prog-1, as well as agat-1 and 

zpuf-6, which are expressed during later stages of epidermal differentiation (Fig. 4B) 

(Eisenhoffer et al., 2008; Tu et al., 2015). smedwi-1+, prog-1+, and agat-1+ cells all 

decreased rapidly, with agat-1 expression showing an especially pronounced decline (Fig. 

4C). This represents a marked contrast from the sequential loss of these markers in lethally 

irradiated animals (Eisenhoffer et al., 2008), where progenitor depletion is thought to be 

a secondary consequence of stem cell ablation. Our results therefore suggest the EJC is 

directly required for maintenance of both undifferentiated stem cells and differentiating 

progenitors. zpuf-6+ cells were more resistant to EJC inhibition, displaying only a modest 

reduction by the time cells expressing the other markers were almost completely eliminated 

(Fig. 4C). prog-1 and agat-1 label mesenchymal progenitors, whereas zpuf-6 marks cells 

beginning to intercalate into the mature epidermis (Tu et al., 2015). Taken together, then, our 

results are consistent with a model in which stem cells and their early division progeny are 

particularly reliant on EJC-regulated gene expression, with cells becoming more resistant to 

the effects of EJC inhibition as they approach a terminally differentiated state.

3.4. The EJC is not required for differentiated cells to respond to amputation

magoh, Y14, eIF4A3, and MLN51 all exhibited broad expression (Fig. 5), raising the 

possibility the EJC plays a predominantly house-keeping role, with stem and progenitor cell 

loss in RNAi animals merely reflecting greater susceptibility of these cell types to global 

perturbation of gene expression. To begin addressing this possibility, we first analyzed the 

expression of markers for fully differentiated epidermal and pharynx cells. In contrast to 

the progenitor markers in these lineages, neither the mature epidermal markers PRSS12 and 

ifb (Molina et al., 2011; Wurtzel et al., 2017) nor the pharynx marker VIT (Fincher et al., 

2018) exhibited altered expression in magoh(RNAi) animals (Fig. 6A). ifb expression was 

also indistinguishable in Y14(RNAi), eIF4A3(RNAi), and negative control(RNAi) animals 

(Fig. S4A).

We next analyzed the effects of EJC inhibition on a series of regenerative responses known 

to occur in fully differentiated tissues (Pellettieri, 2019; Reddien, 2018). Amputation, like 

other types of injury, leads to rapid induction of gene expression and elevated cell death 

near the wound site (Pellettieri et al., 2010; Scimone et al., 2017; Wenemoser et al., 2012; 

Wurtzel et al., 2015). A subsequent ‘missing-tissue’ response, specific to regeneration, 

encompasses remodeling of uninjured tissues to restore anatomical scale and proportion. 

This process reestablishes normal patterning information, including regionalized expression 

of ‘positional-control genes’ (PCGs) in the body-wall muscle, and is associated with 

systemic induction of cell death (Gurley et al., 2010; Pellettieri et al., 2010; Petersen 

and Reddien, 2009; Scimone et al., 2017; Witchley et al., 2014). magoh(RNAi) animals 

exhibited no apparent defects in these events, displaying normal transcriptional activation 

of the wound-induced genes egr-2, fos-1, nlg1, and wntless (Fig. 6B), restoration of 

graded PCG expression along the anterior-posterior axis (Fig. 6C), and both localized 

and systemic cell death responses (Fig. 6D). Similar results were observed in Y14(RNAi) 
and eIF4A3(RNAi) animals (Fig. S4B–D). Importantly, these analyses were conducted in 
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animals unable to form a blastema, confirming efficacy of gene knockdown (Materials and 

Methods).

3.5. magoh knockdown fails to prevent splicing of piwi family transcripts

Disruption of EJC subunits in Drosophila causes intron retention in piwi transcripts (Hayashi 

et al., 2014; Malone et al., 2014). In S. mediterranea, the piwi homologs smedwi-1–3 are 

key stem cell regulators, and RNAi knockdown of smedwi-2 results in a stem cell loss 

phenotype similar to the one reported here (Palakodeti et al., 2008; Reddien et al., 2005). 

These observations prompted us to test whether magoh knockdown impacts smedwi-1–3 
splicing using an RT-PCR assay (Materials and Methods). We failed to observe any evidence 

of intron retention (Fig. S5). While we cannot exclude the possibility that our assay missed 

some aberrant splicing events, these results suggest unbiased approaches may be more 

effective in identifying EJC target transcripts in planarians (Conclusions).

3.6. Conclusions

Our results indicate the EJC is not required for gene expression per se in planarians, or 

for all aspects of the regenerative response, but rather for maintaining the population of 

undifferentiated cells that give rise to new tissue. It remains a formal possibility that RNAi 

knockdown of core subunits broadly alters gene expression, without detectably influencing 

the ability of differentiated tissues to respond to amputation, but we favor the alternative 

that the EJC has a specialized role in regulating stem and progenitor cell types. Indeed, 

previous observations that germline and somatic stem cells are highly sensitive to inhibition 

of magoh, Y14, and eIF4A3 in other organisms (Introduction) suggest this role may be 

evolutionarily conserved.

A key challenge for the future will be identifying direct RNA targets of the EJC in stem 

cell lineages, and determining whether those transcripts are regulated at the level of splicing, 

stability, subcellular localization, or translation. Transcriptomic approaches like CLIP-seq 

have proven effective in other organisms and represent one promising strategy (Hauer et 

al., 2016; Saulière et al., 2012). It is also noteworthy that a subset of the RBPs enriched 

in planarian stem cells localize to chromatoid bodies, perinuclear structures thought to 

be analogous to germ granules (Krishna et al., 2019). As these have been linked to the 

regulation of mRNA localization, stability, and translational control in the germline (Strome 

and Updike, 2015), it will be interesting to examine whether EJC subunits and their target 

RNAs might associate with chromatoid bodies or other subcellular structures, and how 

that localization is affected by differentiation. Research on these and related questions in 

the experimentally tractable stem cell system in planarians promises to further expand our 

growing knowledge of developmental roles of the EJC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Identification of genes required for regeneration through an in-class RNAi screen. (A,B) 
RNAi screen approach and schedule. Students in a 15-week, undergraduate developmental 

biology course chose genes of interest from the primary research literature and identified 

their planarian homologs by conducting BLAST searches against S. mediterranea EST 

databases (SmedGD and PlanMine) (Brandl et al., 2016; Robb et al., 2015). Partial 

cDNAs were amplified by RT-PCR, cloned into an RNAi vector, and transformed into 

the HT115 E. coli strain with inducible T7 RNA polymerase to generate double-stranded 

RNA (dsRNA). dsRNA-expressing bacteria were then mixed with homogenized calf liver 

and fed to planarians, which were amputated and screened for regeneration phenotypes. 

See Supplementary Materials and Methods for details. Schematic diagram adapted from 

(Newmark et al., 2003). (C) We identified 3 genes (out of 29 screened) required for 

formation of the regeneration blastema: β1-integrin (Bonar and Petersen, 2017; Seebeck 

et al., 2017), a putative cell adhesion molecule (CAM-1), and a homolog of Drosophila 
mago nashi (magoh). Images show representative animals amputated the day after the final 

RNAi feeding and photographed 5 days post-amputation. Arrowheads denote approximate 

positions of original amputation planes. Scale bars: 100 μm.
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Fig. 2. 
The EJC is required for regeneration and tissue homeostasis. (A) Schematic model of EJC 

assembly. Magoh and Y14 form a heterodimer that is brought together with eIF4A3 by the 

spliceosome in the nucleus and deposited just upstream of exon-exon junctions. MLN51 is 

the last subunit to join the complex, possibly after nuclear export of spliced mRNAs, and is 

dispensable for many EJC functions. (B–D) RNAi knockdown of magoh, Y14, or eIF4A3, 

but not MLN51, resulted in failure to form a blastema (B), head regression and ventral 

curling (C), and occasional dorsal lesions (D). For analysis of regeneration phenotypes, 

animals were amputated the day after the final RNAi feeding and trunk fragments were 

then photographed 5 days post-amputation. Similar results were observed for head and 

tail fragments. Representative tissue homeostasis phenotypes are shown in uncut animals 

photographed between 4 and 7 days after the final RNAi feeding [4 days: Y14(RNAi) 
dorsal lesion; 5 days: eIF4A3(RNAi) head regression and all ventral curling; 7 days: 

magoh(RNAi) and Y14(RNAi) head regression, neg. con.(RNAi), and MLN51(RNAi)]. (E) 
Percentage of animals exhibiting tissue homeostasis phenotypes 5 and 7 days after the final 

RNAi feeding. H.R. = head regression; V.C. = ventral curling; Les. = one or more dorsal 

lesions. Multiple phenotypes were sometimes present simultaneously (e.g., head regression 

and ventral curling). 100% of neg. con.(RNAi) and MLN51(RNAi) animals exhibited no 

discernible phenotypes. Results were compiled from 3 independent experiments with a sum 

total of over 50 animals per condition (neg. con.: n = 56; magoh: n = 59; Y14: n = 63; 

eIF4A3: n = 61; MLN51: n = 53). Scale bars: 200 μm (B,C); 100 μm (D).
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Fig. 3. 
EJC inhibition results in loss of cycling stem cells and increased cell death. (A) H3P 

labeling of cycling stem cells. Images show representative animals labeled 5 days after the 

final RNAi feeding (see Fig. S3A for timecourse). (B) Quantitative analysis of H3P labeling. 

Boxes denote interquartile range with median. Whiskers denote minimum and maximum 

values. Asterisks indicate p-values for two-tailed T-tests in comparison with negative 

controls < 1 × 10−30; N.S. = not significant. Results were compiled from 3 independent 

experiments with a sum total of over 25 animals per condition (neg. con.: n = 58; magoh: n = 

29; Y14: n = 37; eIF4A3: n = 54; MLN51: n = 55). (C,D) Stem cell loss was associated with 

increased cell death, as visualized by whole-mount TUNEL. Images (C) show representative 

animals labeled 3 days after the final RNAi feeding. TUNEL levels (D) were determined 

from 3 independent experiments with a sum total of over 15 animals per condition (neg. 
con.: n = 23; magoh: n = 27; Y14: n = 25; eIF4A3: n = 17; MLN51: n = 21). Boxes denote 

interquartile range with median. Whiskers denote minimum and maximum values. Asterisks 

indicate p-values for two-tailed T-tests in comparison with negative controls <0.005; N.S. = 

not significant. Scale bars: 100 μm (A,C).
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Fig. 4. 
The EJC is required for stem and progenitor cell maintenance. (A) WISH for stem and 

progenitor cell markers. Images show representative animals labeled 5 days after the final 

RNAi feeding. (B) Schematic model of epidermal lineage, adapted from (Tu et al., 2015). 

Note that marker co-expression can occur during transition states and that epidermal cells 

at the dorsal-ventral boundary arise from a divergent lineage (Plass et al., 2018). (C) WISH 

timecourse for stem and progenitor cell markers from 2 to 4 days after the final RNAi 

feeding. Expression patterns for neg. con.(RNAi) animals did not vary over this timeframe. 

Scale bars: 200 μm (A,C).
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Fig. 5. 
EJC subunits are broadly expressed. (A) t-SNE plots illustrating relative gene expression 

levels determined by single-cell sequencing (Fincher et al., 2018). Unlike smedwi-1, EJC 

subunits do not exhibit enriched expression in any particular cluster/cell type. (B,C) 
Representative WISH patterns in control (B) and irradiated (C) animals (the latter were 

fixed 24 h after exposure to a 10, 000 rad dose). Irradiation ablated smedwi-1+ cells, as 

expected, but did not change the expression patterns of EJC subunits. Scale bars: 100 μm 

(B,C).

Kimball et al. Page 18

Dev Biol. Author manuscript; available in PMC 2021 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
The EJC is not required for differentiated cells to respond to amputation. (A) WISH for 

differentiated epidermal and pharynx markers in uncut animals labeled 5 days after the 

final RNAi feeding. PRSS12 is expressed throughout the dorsal and ventral epidermis, 

whereas ifb expression is restricted to the dorsal-ventral boundary. (B) Wound-induced gene 

expression analyzed by WISH in trunk fragments fixed immediately after amputation (0 h) 

and 6 h later. (C) WISH for the respective anterior and posterior positional control genes 

sFRP-1 and wntP-2 (wnt 11–5) in uncut animals (top), and head, trunk, and tail fragments 

fixed 48 h post-amputation (bottom). Arrowheads denote sFRP-1 induction at the new 

anterior pole in trunk and tail fragments (left), wntP-2 induction at the new posterior pole 

in head and trunk fragments (right), and retraction of the wntP-2 expression domain toward 

the posterior pole in tail fragments (lower right). (D) Localized (arrowheads) and systemic 

cell death responses in head fragments labeled 4 and 72 h post-amputation, respectively. 

Amputations were conducted 5 days (B,C) or 3 days (D) after the final RNAi feeding. Scale 

bars: 200 μm (A–C); 100 μm (D).
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