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SUMMARY

A large population of proliferative stem cells (neo-
blasts) is required for physiological tissue homeo-
stasis and post-injury regeneration in planarians.
Recent studies indicate that survival of a few neo-
blasts after sublethal irradiation results in the clonal
expansion of the surviving stem cells and the eventual
restoration of tissue homeostasis and regenerative
capacity. However, the precise mechanisms regu-
lating the population dynamics of neoblasts remain
largely unknown. Here, we uncovered a central role
for epidermal growth factor (EGF) signaling during
in vivo neoblast expansion mediated by Smed-
egfr-3 (egfr-3) and its putative ligand Smed-neuregu-
lin-7 (nrg-7). Furthermore, the EGF receptor-3 protein
localizes asymmetrically on the cytoplasmic mem-
brane of neoblasts, and the ratio of asymmetric to
symmetric cell divisions decreases significantly in
egfr-3(RNAi) worms. Our results not only provide
the first molecular evidence of asymmetric stem cell
divisions in planarians, but they-also demonstrate
that EGF signaling likely functions as an essential
regulator of neoblast clonal expansion.

INTRODUCTION

The ability of planarians to restore their stem cells after substan-
tial damage is in contrast to mammals, which lack a robust ca-
pacity to replenish a variety of stem cell pools after ablation by
chemo- or radiotherapy (Biteau et al., 2011; Miyajima et al.,
2014; Vermeulen and Snippert, 2014). Self-renewal and the pro-
duction of differentiated progeny are key stem cell attributes
required to sustain the function of many adult tissues (Hsu and
Fuchs, 2012). Understanding how planarian stem cells regulate
these processes during homeostasis and in response to injury
has important implications for regenerative medicine and for
developing effective cancer therapies.

Planarians harbor a remarkable capacity to regenerate com-
plete animals from small tissue fragments (Morgan, 1900; San-

chez Alvarado and Newmark, 1998). This ability derives, in part,
from an abundant population of adult stem cells collectively
known as neoblasts (Baguna et al., 1989a, 1989b; Reddien
and Sanchez Alvarado, 2004). In asexually reproducing planar-
ians, neoblasts are the only known proliferating cells (New-
mark and Sanchez Alvarado, 2000). As such, it is possible to
completely or partially ablate these cells by exposing animals
to ionizing radiation (Bardeen and Baetjer, 1904; Guedelhoefer
and Sanchez Alvarado, 2012; Reddien et al., 2005; Reddien
and Sanchez Alvarado, 2004; Wolff and Dubois, 1948). Interest-
ingly, these two experimental paradigms have helped demon-
strate that the entire population of planarian stem cells can
be fully reconstituted from a single pluripotent neoblast pres-
ently termed “cNeoblast” (Salvetti et al., 2009; Wagner et al.,
2011, 2012). Therefore, the robust stem cell regulation occur-
ring in planarians combined with methodologies to effectively
visualize neoblasts at whole-organism resolution makes these
animals a powerful in vivo model system to study the molecular
mechanisms underpinning adult stem cell repopulation and the
dynamics of stem cell populations under normal and aberrant
conditions.

Extracellular signals usually associated with stem cell niches
such as epidermal growth factor (EGF), fibroblast growth factor
(FGF), vascular endothelial growth factor (VEGF), Wnt, Notch,
and transforming growth factor g (TGF-B) are known to play
prominent roles in regulating stem cell homeostasis and repopu-
lation in vertebrate and invertebrate species (Hogan et al., 2014;
Hsu and Fuchs, 2012; Kotton and Morrisey, 2014; Mendelson
and Frenette, 2014; Shi and Garry, 2006). In many organisms,
these extracellular signals affect cell proliferation by regulating
the frequency of cell division (Alberts et al., 2002) and/or the
type of daughter cells produced by modulating whether symmet-
ric or asymmetric cell divisions take place (Morrison and Kimble,
2006; Neumuller and Knoblich, 2009). However, the roles that
developmental signaling pathways play in neoblast population
dynamics remain unclear.

In planarians, it is known that Wnt/B-catenin and Hedgehog
signaling are required for establishing anterior-posterior polarity
during homeostasis and tissue regeneration (Adell et al., 2009;
Gurley et al., 2008; Iglesias et al., 2008; Kobayashi et al., 2007;
Petersen and Reddien, 2008, 2009; Reddien et al., 2007; Rink
et al., 2009). TGF-B signaling is essential for maintenance and
regeneration of dorsal-ventral and medial-lateral axes (Gavifio
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and Reddien, 2011; Molina et al., 2007; Reddien et al., 2007), as
well as for sensing signals related to wound and/or missing
tissues (Gavifio et al., 2013; Roberts-Galbraith and Newmark,
2013; Yazawa et al., 2009). FGF signaling is required for brain
patterning (Cebria et al., 2002) and tissue homeostasis (Wagner
et al., 2012). EGF and insulin signaling pathways are crucial for
maintenance of the neoblast population during homeostasis
and regeneration (Fraguas et al., 2011; Miller and Newmark,
2012). However, little is known about the potential functions
these signaling pathways may play in regulating neoblast popu-
lation dynamics, and no roles have been reported for any of
these pathways in modulating neoblast repopulation after chal-
lenge by sublethal irradiation. For example, a previous RNAI
screen aimed at identifying modulators of stem cell proliferation
and differentiation did not include these pathways except for
FGF (Wagner et al., 2012). In addition, even though both sym-
metric and asymmetric cell divisions within the planarian stem
cell pool have long been hypothesized to occur, no direct evi-
dence demonstrating these two phenomena has yet been put
forward (Coward, 1974; Reddien, 2013; Rink, 2013; Zhu et al.,
2015).

In this study, we aimed to determine whether the EGF, FGF,
insulin, VEGF, TGF-B, Wnt/B-catenin, Hedgehog, and/or Notch
signaling pathways play a role in regulating the proliferation dy-
namics of planarian stem cells. By taking advantage of double-
stranded RNA (dsRNA)-mediated gene knockdown (Newmark
et al., 2003; Reddien et al., 2005) and a colony expansion
assay (Wagner et al., 2012), we performed a screen to test
whether abrogation of signaling pathways would have an effect
on neoblast expansion after sublethal irradiation. We found that
EGF receptor 3 (EGFR-3) and a putative planarian EGF ligand,
NEUREGULIN-7, are required for neoblast repopulation. In
addition, a candidate approach and RNA-sequencing (RNA-
seq) analysis revealed EGFR-3 downstream factors, including
Ikb1, ampk, and a DNA-damage response gene rad54b, as
being required for neoblast repopulation following sublethal
irradiation. We also provide evidence for the existence of
asymmetric cell division in planarian stem cells and show
that asymmetric cell division and early progeny differentiation
during neoblast repopulation is blocked in egfr-3(RNA/) worms.
We propose that EGF signaling plays a central role in regulating
asymmetric cell division and cell-fate decision during neoblast
repopulation.

RESULTS

egfr-3 Is Required for Neoblast Repopulation after
Sublethal Irradiation

To assess the role of evolutionarily conserved extracellular
signaling pathways in regulating stem cell repopulation, we first
determined which of these candidate genes were expressed
in neoblasts. Since neoblasts can be selectively eliminated
within 24 hr following lethal irradiation (Reddien et al., 2005),
we compared the expression of candidate genes in normal
versus lethally irradiated planarians. We performed whole-
mount in situ hybridization (WISH) for the receptors of EGF
(egfr-1, egfr-2, egfr-3), FGF (fgfr-1, fgfr-2, fgfr-3, fgfr-4), TGF-B
(activinR-1, activinR-2), insulin (inr-1), VEGF (vegfr-1), and
Hedgehog (ptc) pathways. We also assessed the expression of
the transcriptional effectors of the canonical Wnt (3-catenin-1)
and Notch (su(H)) pathways. After lethal irradiation (6,000 rad)
and 1 day post irradiation (dpi), we detected a noticeable
decrease in the expression levels of egfr-3, fgfr-1, fgfr-3, fgfr-4,
and inr-1 (Figure S1A), suggesting expression of these genes
in neoblasts. We then carried out double fluorescence in situ hy-
bridization (FISH) with the neoblast-specific marker smedwi-1 to
examine egfr-3, fgfr-1, fgfr-3, fgfr-4, and inr-1 co-expression.
Indeed, the majority of the egfr-3* (85%), fgfr-1* (79%), fgfr-3*
(74%), fgfr-4* (92%), and inr-1* (100%) cells also expressed
smedwi-1 (Figure S1B), consistent with previous reports (Fra-
guas et al.,, 2011; Miller and Newmark, 2012; Ogawa et al.,
2002; Wagner et al., 2012). This suggests a functional role for
the EGF, FGF, and insulin pathways in neoblasts.

Next, we confirmed previous observations on the dynamics of
neoblast repopulation following sublethal (1,250 rad) irradiation
(Wagner et al., 2011, 2012), and defined a quantitative neoblast
depletion and recovery assay that scores smedwi-1* cellsat0, 1,
2,3,5,7,9, 11, and 14 dpi. We noted the total number of neo-
blasts decreased dramatically within the first 3 days (Figure 1A),
followed by a significant increase at 7 dpi in control animals (Fig-
ures 1A and 1B, 14 dpi). To determine whether the candidate
EGF, FGF, or insulin receptors are required for neoblast repopu-
lation, we reasoned that the number of neoblasts in both control
and RNAi-treated animals should be comparable at 7 dpi, but
significantly lower in RNAi-treated animals at 14 dpi (Figure 1C).
Using this assay, we quantified the density of neoblasts in con-
trol versus RNAi-treated planarians at 7 and 14 dpi (Figure 1C).

Figure 1. egfr-3 Is Required for Neoblast Repopulation

(A) smedwi-1 WISH of uninjured wild-type planarians exposed to sublethal irradiation (1,250 rad) at indicated days post irradiation (dpi).
(B) Quantification of smedwi-1* cells/mm? following sublethal irradiation in wild-type planarians. Each triangle represents one animal. Error bars denote SEM. *p <

0.05, ***p < 0.001 compared with 3 dpi.

(C) Experimental strategy to identify gene(s) (geneX) required for neoblast repopulation following sublethal irradiation. Red dots represent smedwi-1* neoblasts.
(D) Live egfr-3(RNAI) planarians display head regression at 14 dpi following 1,250 rad of irradiation. The dashed boxes and arrows indicate the area with head

regression in egfr-3(RNAI) but not in control animals.

E) Histogram of number of control(RNAI) versus egfr-3(RNAI) planarians with head regression or death at indicated times.
F) control(RNAJ) and egfr-3(RNAI) planarians at 7 and 14 dpi stained for smedwi-1 FISH.

H) control(RNAI) and egfr-3(RNAI) planarians at 7 and 14 dpi immunostained with anti-H3P antibody.

(
(
(G) Quantification of smedwi-1* cells/mm? in £9fr-3(RNAJ) planarians. **p < 0.01 versus control(RNAI).
(
(

) Quantification of H3P* cells/mm? in sublethally irradiated ggfr-3(RNAI) planarians,
(J) Unirradiated control(RNAIJ) and egfr-3(RNAI) planarians stained for smedwi-1 FISH.

(
(

K) Unirradiated control(RNA/) and egfr-3(RNAIJ) planarians immunostained with anti-H3P antibody.
L) Quantification of H3P* cells/mm? in unirradiated egfr-3(RNAI) planarians compared with controls.

Scale bars represent 200 um (A, D) and 500 um (F, H, J, K). See also Figures S1 and S2.
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Neither individual, nor combination knockdown of fgfr-1,
fgfr-3, or fgfr-4 caused defects in neoblast repopulation after
sublethal irradiation (Figures S1C-S1F). On the other hand,
inr-1(RNAI) ablated the neoblast population in both unirradiated
and sublethally irradiated planarians, and caused locomotion
defects (Figures S2A-S2E and S2K-S2M). When assayed by
smedwi-1 FISH and immunostaining for mitotic cells using an
anti-phospho-histone H3 (Ser10) antibody (anti-H3P), RNAi of
insulin-like peptide 1 (ilp-1) (Figure S2F) (Miller and Newmark,
2012) yielded similar numbers of smedwi-1* and H3P* cells in
unirradiated planarians compared with controls (Figures S2K-
S2M), while in sublethal irradiations it resulted in slower neoblast
repopulation (Figures S2G-S2J). In marked contrast, egfr-
3(RNAIJ) animals displayed a density of neoblasts and mitotic
cells similar to that of controls at 7 dpi, but significantly lower
at 14 dpi (Figures 1F-1l). egfr-3(RNAJ) planarians also showed
head regression after 14 dpi and ultimately lysed, while con-
trol(RNAIJ) animals recovered (Figures 1D and 1E). Consistent
with a previous report (Fraguas et al., 2011), no significant
change in smedwi-1* and H3P* cell density was observed in un-
irradiated egfr-3(RNAI) planarians (Figures 1J-1L). Flow cytom-
etry analyses further confirmed that neoblasts did not decrease
in number before sublethal irradiation in egfr-3(RNAJ) planarians
(Figure S1G).

Altogether, these data indicate that FGF signaling may not be
required for neoblast repopulation. In contrast, insulin signaling
facilitates both homeostatic neoblast population maintenance
and expansion after irradiation damage, and additional insulin-
like peptides may exist and function redundantly with ilp-7.
Only egfr-3(RNAI) specifically prevented neoblast expansion
without affecting homeostasis. We conclude that EGF signaling
via egfr-3 is required for the expansion of neoblasts when their
numbers are diminished by sublethal irradiation and that this
role is distinct from that of other signaling molecules.

egfr-3 Is Required for Cell Proliferation during Neoblast
Repopulation

Defects in neoblast repopulation can be caused by either slower
proliferation or increased cell death. To distinguish between
these two possibilities, we carried out BrdU labeling and TUNEL
assays, respectively. Cells were labeled with BrdU for 4 hr in
control(RNAI) and egfr-3(RNAJ) at 7 dpi (Figure 2A). In controls,
the number of BrdU* cells increased gradually and doubled
approximately 24 hr after labeling (Figures 2B and 2D). How-
ever, no obvious increase was observed in egfr-3(RNAJ) (Fig-
ures 2C and 2D). Furthermore, smedwi-1* cells increased in
control(RNAI), but not in egfr-3(RNAI) (Figures 2E-2G). These
results suggest that egfr-3 promotes cell proliferation during neo-
blast repopulation.

To examine apoptosis, we carried out TUNEL assays in
control(RNAI) and egfr-3(RNAJ) animals after sublethal irradia-
tion. In controls there was a large number of apoptotic cells at
1 dpi, which was consistent with the observed neoblast deple-
tion during this time (Figures 2H and 2lI). After 3 dpi, the density
of TUNEL" cells leveled off in controls (Figures 2H and 2I). In
egfr-3(RNAJ) animals, the density of TUNEL* cells was similar
to that of controls at 13 dpi (Figures 2J and 2K), suggesting
that egfr-3 may not drastically affect the extent of apoptosis
during neoblast repopulation. Therefore, the egfr-3(RNAI) repo-

4 Developmental Cell 38, 1-17, August 22, 2016

pulation defects appear likely to be due to a failure in neoblast
proliferation following sublethal irradiation.

Previous studies have shown that amputation induces neo-
blast proliferation (Newmark and Sanchez Alvarado, 2000; We-
nemoser and Reddien, 2010). We therefore tested whether
egfr-3 also functions in amputation-induced cell proliferation.
Control(RNAi) and egfr-3(RNAI) planarians were amputated
and immunostained with anti-H3P antibody to compare the
number of proliferating cells. Consistent with a previous report
(Fraguas et al., 2011), egfr-3(RNAIJ) animals displayed impaired
regeneration at 3 days post amputation (Figure S3A). At 6 hr
post amputation (hpa), the first peak of amputation-induced hy-
perproliferation was slightly lower in egfr-3(RNAi) compared with
controls (Figures S3B and S3C). In contrast, the second peak of
hyperproliferation at 48 hpa was dramatically decreased in egfr-
3(RNAI) animals (Figures S3B and S3C). These results suggest
that egfr-3 is required for both phases of regeneration-associ-
ated hyperproliferation.

The Putative EGF Ligand Neuregulin-7 Also Regulates
Neoblast Repopulation

Since egfr-3 is a signaling molecule that appears to play a signif-
icant role in neoblast repopulation, we sought to identify its up-
stream ligands. Twelve putative EGF ligands were predicted to
exist in the planarian genome based upon EGF domain and ho-
mology sequence comparisons (Figures S4A and S4B). Their
expression patterns were examined by WISH in unirradiated
and lethally irradiated planarians (6,000 rad, 1 dpi) (Figure 3A).
None of the tested ligand-encoding genes were expressed in
irradiation-sensitive cells, suggesting that they do not show
enriched expression in neoblasts. To examine their function in
neoblast repopulation, we screened the putative ligands in the
sublethal irradiation assay following RNAI feeding (see Figure 1C
for experimental strategy) and found that only neuregulin-7
(nrg-7) RNAI robustly impaired neoblast repopulation (Figures
3B-3E and S4C-S4l). Like egfr-3(RNAJ), nrg-7(RNAI) did not
affect the homeostasis of the neoblast population compared
with controls (Figures 3F-3H), nor did it affect regeneration.
As was the case in egfr3(RNAIJ) animals, flow cytometry analyses
further confirmed that neoblasts did not decrease in number
before sublethal irradiation in nrg-7(RNA/) planarians (Fig-
ure S4J), nor was recovery observed. To determine the cell types
in which nrg-7 is expressed, we performed nrg-7 FISH with
smedwi-1, epidermal progeny markers (early and late progeny
prog-1 and agat), and differentiated cell markers (muscle:
collagen; CNS: PC2). We found that nrg-7 was expressed in
prog-1* and PC2" cells (Figure S4K). To test whether this mole-
cule could interact with EGFR-3, we performed in vitro binding
assays using purified recombinant EGFR-3 and NRG-7. Our an-
alyses showed a direct interaction between NRG-7 and EGFR-3
in vitro (Figure 3l). Together, these data suggest that NRG-7 is a
likely ligand of EGFR-3 required during neoblast repopulation.

Ikb1 and ampk Function Downstream of egfr-3 during
Neoblast Repopulation

To better understand how egfr-3 regulates neoblast repopula-
tion, we tested the function of downstream, conserved EGF
pathway components erk, pi3k, stat, kb1, and ampk. First,
WISH was performed to examine their respective expression

DEVCEL 3668


veerubhotlas
Inserted Text
-


opmental Cell (2016), http://dx.doi.org/10.1016/j.devcel.2016.07.012

Please cite this article in press as: Lei et al., Egf Signaling Directs Neoblast Repopulation by Regulating Asymmetric Cell Division in Planarians, Devel-

A 7dpi control(RNAI)
vs. egfr-3(RNAI)

—

soak with
BrdU for 4hr

—_—

wash out
BrdU

egfr-3 (RNAJ) 7dpi D
48h

B control (BNA) 7dpi C

BrdU+/mm?

anti-BrdU

to fix at indicated time points

-o- control(RNAi)
-8~ egfr-3(RNAI)

009
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3(RNAIJ) planarians versus controls a4 72 hr post
chase. **p < 0.001.

(E and F) FISH for smedwi-1 shows neoblasts in
control(RNAI) (E) and egfr-3(RNAI) (F) planarians at 4
and 48 hr after BrdU labeling. Scale bars, 200 pm.
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patterns in wild-type and lethally irradiated animals (6,000 rad, 1
dpi). While none of these genes displayed obvious neoblast
expression patterns, erk-1, lkb1, and ampk were noticeably
decreased after 6,000 rad (Figures 4A, S5A, and S5B). Double
FISH with smedwi-1 confirmed that erk-1, Ikb1, and ampk were
expressed in neoblasts (Figures 4B and S5C). To determine
whether any of these downstream effectors were required for
neoblast repopulation, we subjected RNAi-treated animals to
sublethal irradiation (1,250 rad). erk-1(RNAJ) planarians dis-
played normal neoblast repopulation (Figures S5D-S5G). How-
ever, lkb1(RNA/) and ampk(RNAJ) showed disrupted neoblast
repopulation (Figures 4C—4F). Similar to egfr-3(RNA), unirradi-
ated lkb1(RNAJ) and ampk(RNAI) planarians maintained normal
levels of neoblasts and proliferating cells (Figures 4G—4l). These

control
(RNAI)

(K) Quantification of TUNEL* aueeli/mm? in con-
trol(RNAIJ) and egfr-3(RNAI) planarians at 13 dpi.
See also Figure S3.

results suggest that egfr-3 regulates neo-
blast repopulation through the lkb7-ampk
branch of the EGF signaling pathway; how-
ever, future biochemical work assessing
pathway activation is still needed.

rad54b Is Likely an Effector of egfr-3
Signaling in Neoblast Repopulation
To further address how egfr-3 may regu-
late changes in gene expression during
neoblast repopulation, we used an RNA-
seq approach to identify differentially ex-
pressed genes in control(RNAI) versus
egfr-3(RNAI) planarians in whole animals
during neoblast repopulation and in iso-
lated neoblasts (X1 cells) from unirradiated
animals (Figure 5A). During neoblast repo-
pulation at 8 and 10 dpi, 418 genes were downregulated in egfr-
3(RNAI) animals compared with control planarians. Of these, 35
genes were also downregulated in X1 neoblasts isolated from
egfr-3(RNAI) animals compared with X1s from controls (Figure 5B
and Table S1, p < 0.05). To identify genes that may function
specifically during neoblast repopulation, we focused on genes
functioning in DNA-damage response and transcription regula-
tion. Gene ontology analysis was performed in the remaining
383 genes downregulated after sublethal irradiation (Figures
5B and S6). Forty-eight genes were identified based on the terms
of transcription factor complex or DNA binding that may function
in DNA-damage response and gene-transcription regulation
(Table S2). Because the decreased levels identified in RNA-seq
may be caused by fewer neoblasts in egfr-3(RNAJ), WISH was

egfr-3
(RNAI)
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carried out to compare the gene expression in neoblasts (Fig-
ure 5C). Candidate genes were cloned and WISH was performed
to determine whether they were expressed in neoblasts. In the
end, 27 genes were verified to be expressed in neoblasts (Fig-
ure 5D). Furthermore, FISH was performed to determine whether
gene expression was affected in egfr-3(RNA/) compared with
control(RNAJ) animals. The data revealed that a DNA-damage
repair gene rad54b (Hiramoto et al., 1999) was significantly
downregulated in egfr-3(RNAi) compared with control(RNAI) an-
imals (Figures 5E and 5F). Knockdown of rad54b impaired the
dynamics of neoblast repopulation without affecting neoblast
homeostasis (Figure 6). These results suggest that egfr-3 regu-
lates the expression of rad54b during neoblast repopulation
and functionally associates aspects of DNA repair with EGF
signaling. Because EGFR and Ikb1-ampk have been found to
be associated with DNA-damage repair in other systems (Chen
and Nirodi, 2007; Sanli et al., 2014; Mahajan and Mahajan,
2015), the regulatory role of EGFR-3 in DNA damage is likely
to be conserved in planarians in maintaining genome stability
and ushering neoblast repopulation. Recently, another essential
DNA-damage repair gene, rad51, was characterized in planar-
ians to be required for DNA integrity, cell proliferation, and cell
apoptosis during cell turnover (Peiris et al., 2016). Neoblasts
could not recover in rad51(RNAJ) animals after sublethal irradia-
tion (Peiris et al., 2016), which is consistent with our study of
rad54b, a rad51 functional partner. This suggests that DNA-
damage response and repair pathways are conserved in planar-
ians, and future studies will explore the mechanism by which
planarians maintain their genome stability through incessant
cell proliferation.

Egfr-3 Regulates Asymmetric Cell Division in Neoblast
Repopulation

To understand how egfr-3 regulated neoblast repopulation af-
ter sublethal irradiation, we sought to determine the subcellular
localization of EGFR-3 protein in neoblasts. cDNA of egfr-3
was cloned from Schmidtea mediterranea and co-transfected
along with EGFP-H1b, a nuclear marker, or Frizzled4-GFP, a
cytoplasmic membrane marker, in 293T cells. Immunofluores-
cent staining showed clear cytoplasmic membrane localization
of EGFR-3, consistent with its SMART structure prediction
(Figures S7A-S7C). Next, an anti-EGFR-3 antibody was raised
to determine the subcellular localization of EGFR-3 in vivo.
Western blot of lysate from egfr-3 transfected cells and egfr-
3(RNAI) planarians verified the specificity of the antibody (Fig-
ures S7D-S7I). Together with smedwi-1 in situ hybridization, it
was clear that EGFR-3 was mainly expressed on the cyto-
plasmic membrane of neoblasts in control(RNAi) planarians
(Figure 7A). As expected, EGFR-3 could not be detected in
egfr-3(RNAI) neoblasts (Figure 7A). These results confirm that

Smed-egfr-3 codes for a cytoplasmic membrane protein in
planarian neoblasts.

Further analysis of EGFR-3 subcellular localization uncovered
an asymmetric distribution of this protein on the cytoplasmic
membrane of neoblasts (Figure 7A). We hypothesized that
egfr-3 likely regulates neoblast repopulation by controlling
asymmetric versus symmetric cell division. To test this idea,
we first examined the distribution of EGFR-3 in dividing cells
and found that EGFR-3 distribution was associated with sym-
metric/asymmetric distribution of smedwi-1 transcripts (Figures
7B and 7C). We next examined anti-H3P* dividing cells at mitotic
anaphase and telophase during homeostasis and neoblast repo-
pulation and analyzed the symmetric and asymmetric cell divi-
sion based on the distribution of smedwi-1 transcripts (Figures
S7J-S7L). Both symmetric and asymmetric cell divisions were
found in unirradiated and sublethally irradiated control(RNA/) an-
imals (Figures 7D and S7M). To our surprise, asymmetric but not
symmetric cell divisions were markedly decreased in sublethally
irradiated egfr-3(RNAI) and nrg-7(RNAI/) animals (Figure 7D, p =
0.0055 and p = 0.0199, respectively), suggesting that egfr-3 pro-
motes asymmetric cell division during neoblast repopulation.
The direct consequence of symmetric and asymmetric cell divi-
sion in neoblasts remains to be further characterized. However, a
neoblast-specific organelle known as the chromatoid body also
displays symmetric or asymmetric distribution in dividing cell
pairs (Figure 8A), which is consistent with smedwi-1 distribution.
Asymmetric cell divisions shown with chromatoid bodies were
also markedly decreased in sublethally irradiated egfr-3(RNA/)
animals (Figure 8A, p = 0.0449), suggesting disturbed cell-fate
regulation in egfr-3(RNAI) animals. A previous study reported
that egfr-3 functions in cell differentiation during head regenera-
tion after amputation (Fraguas et al., 2011). Therefore, we
suspected that egfr-3 may also function in cell differentiation
during neoblast repopulation. The density of prog-1* cells was
measured and the ratio of [prog-1*)/[smedwi-1"] at 14 dpi was
significantly lower in egfr-3(RNAJ) compared with controls, sug-
gesting a defect in prog-1* cell differentiation in egfr-3(RNAI)
planarians (Figure S8). These results suggest that egfr-3 might
regulate neoblast repopulation and their subsequent differentia-
tion by controlling asymmetric cell division.

We must emphasize that even though the ratio of asymmetric
versus symmetric cell division changed, the total number of
mitotic events during neoblast repopulation also decreases in
egfr-3(RNAI) animals (see Figures 1H and 1l). Although we can
only speculate as to why the cells fail to expand under a symmet-
ric cell division strategy, the most likely explanation may be that
the necessary post-mitotic progeny fail to form and signals likely
supporting the neoblasts proper made by these cells are absent.
We have seen similar outcomes already for two different RNAi
treatments in the past: smedwi-2 (Reddien et al., 2005) and

D) Immunostaining with anti-H3P antibody in control(RNAi) and nrg-7(RNAI/) planarians at 7 and 14 dpi.

E) Quantification of H3P* cells/mm? in nrg-7(RNAJ) planarians. **p < 0.01.

G) Immunostaining with anti-H3P antibody in control(RNAi) and nrg-7(RNAJ) unirradiated planarians.

(
(
(F) FISH for smedwi-1 in control(RNAI) and nrg-7(RNAI) unirradiated planarians at 14 days post feeding.
(
(

H) Quantification of H3P* cells/mm? in nrg-7(RNAJ) compared with control(RNA).
(1) Purified recombinant MYC-NRG-7-HIS (NRG-7) and the extracellular domain of FLAG-EGFR-3-HIS (EGFR-3) (residues 1-818) were incubated together and
NRG-7 was captured using anti-MYC affinity resin. EGFR-3 and NRG-7 are detected only in the experimental reaction containing NRG-7.

Scale bars represent 200 um (A, B, D) and 500 um (F, G). See also Figure S4.
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(C) FISH for smedwi-1 in control(RNAI), ampk(RNAI), and lkb1(RNAI) animals at 7 and 14 dpi.
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p53 (Pearson et al., 2009). Under both of these conditions, the
neoblasts are initially not affected in their capacity to proliferate
but eventually, as the neoblasts fail to generate normal post-
mitotic progeny, the neoblast population becomes exhausted
and disappears. As such, it is likely that a hypothetical differen-
tiation factor may be normally distributed to the opposite poles
leading to asymmetric cell division, but that in egfr3(RNAI)-
treated animals such asymmetry does not occur. This idea is
supported by the fact that we observed the distribution of the
cytoplasmic chromatoid bodies to be affected in egfr-3(RNAI)
animals (Figure 8A). However, we cannot exclude the possibility
that egfr-3 regulates both cell cycle and asymmetric cell division
independently through lkb1/ampk and rad54b or other uniden-
tified factors. Taken together, our studies have led us to propose
a model in which egfr-3 regulates cell proliferation and asym-
metric cell division during neoblast repopulation (Figures 8B
and 8C).

DISCUSSION

Planarians Are a Powerful System to Study Signaling
Regulation of Stem Cell Expansion In Vivo

How does the organism instruct stem cells to produce the
correct types and numbers of cells to maintain normal tissue
homeostasis? How do stem cells regulate the balance be-
tween self-renewal and the production of post-mitotic division
progeny? How do stem cells control their expansion during
regeneration? The relatively large abundance of a constantly
cycling population of pluripotent stem cells in planarians
(Newmark and Sanchez Alvarado, 2000; Wagner et al., 2011)
provides a robust and experimentally accessible in vivo
setting in which to examine fundamental problems of prolifer-
ative dynamics.

In humans, resident stem cells have been shown to facilitate
homeostasis in many adult tissues (Biteau et al., 2011). However,
their population dynamics and contributions to regeneration af-
ter tissue damage remain challenging to study (van Es et al,,
2012; Vaughan et al., 2015; Zuo et al., 2015). Animal model sys-
tems help to overcome the difficulties by enabling the molecular
and genetic dissection of stem cell biology. In particular, the
abundance, experimental accessibility, and remarkable pluripo-
tency of planarian neoblasts make this animal a tantalizing in vivo
system for investigating fundamental questions of stem cell
biology (Newmark and Sanchez Alvarado, 2000; Wagner et al.,
2011). How, for instance, does the organism instruct stem cells
to produce the correct types and numbers of cells during tissue
homeostasis and regeneration? How do stem cells regulate
the balance between self-renewal and the production of post-
mitotic division progeny? How do planarians achieve all this
without developing stem cell-associated diseases observed in
other animals, such as cancer?

By using sublethal irradiation to induce clonal expansion of
planarian neoblasts (Wagner et al., 2011), we tested the role
of conserved signaling pathways in regulating this process. We
identified a specific role for the EGF pathway in modulating the
expansion of neoblasts, further demonstrating the utility of pla-
narians for studying the behavior and functions of adult stem
cells in vivo.

The EGF Signaling Pathway Regulates Planarian Stem
Cell Expansion

In S. mediterranea, four EGFRs have been identified: egfr-1,
egfr-2, egfr-3, and egfr-5. All these genes are expressed in differ-
entiated tissues, but egfr-3 distinguishes itself by also being ex-
pressed in neoblasts (Fraguas et al., 2011; Rink et al., 2011).
Interestingly, loss of egfr-3 expression affects cephalic regener-
ation and has been suggested to play a role in modulating neo-
blast functions (Fraguas et al., 2011). However, a direct role for
egfr-3 in regulating neoblast proliferation had not been demon-
strated, and RNAI screens aimed at identifying modulators of
stem cell proliferation did not include this gene, likely because
its expression is not confined exclusively to neoblasts (Wagner
et al., 2012). Because our study used a candidate approach
to identify extracellular signals capable of modulating neoblast
repopulation, egfr-3 was included as a candidate in our RNAI
screen. Given that under normal, homeostatic conditions RNAI
of either egfr-3 or its putative ligand nrg-7 did not result in detect-
able defects, our findings suggest that EGFR-3/NGR-7 are not
required for the maintenance of neoblasts, but may instead
have a specialized role in the expansion and/or self-renewal of
stem cells.

Multiple Cytokine Sources Regulate Tissue
Homeostasis, Regeneration, and Neoblast Repopulation
In most studied species, stem cell activities are greatly influ-
enced by diverse cytokines or niche signals (Forbes and Rosen-
thal, 2014). Our finding that loss of egfr-3 and nrg-7 via RNAI
resulted in a repopulation-specific neoblast deficiency indicates
that a high degree of specialization of signaling molecules and
their pathways must exist in planarians. Planarian muscle cells
have recently been shown to serve as signaling centers capable
of generating multiple factors for tissue regeneration and turn-
over (Witchley et al., 2013), and neuropeptides (Baguna et al.,
1989a, 1989b; Saldé and Baguna, 1986) and Hedgehog ex-
pressed in the nervous system (Rink et al., 2009; Yazawa
et al., 2009) have been shown to affect neoblast division rates.
Cells undergoing differentiation have also been reported to
affect the maintenance and dynamics of the neoblast population
(Tu et al., 2015; Zhu et al., 2015). Our finding that nrg-7 is
expressed in prog-1* cells and PC2* neuron cells (Figure S4K)
provides additional cytokine sources regulating neoblasts in
planarians.

D) Quantification of smedwi-1* cells/mm? in ampk(RNAI) and lkb1(RNAI) planarians. **p < 0.01, ***p < 0.001.
E) Immunostaining with anti-H3P antibody in control(RNAi), ampk(RNAI), and lkb1 (RNAJ) planarians at 7 and 14 dpi.

G) FISH for smedwi-1 in control(RNAi), ampk(RNAI), and lkb1(RNAJ) unirradiated animals.
H) Immunostaining with anti-H3P antibody in control(RNAi), ampk(RNAI), and Ikb1(RNA/) unirradiated animals.

(
(
(F) Quantification of H3P* cells/mm? in ampk(RNAi), and lkb1(RNAI) planarians. *p < 0.05.
(
(
(

) Quantification of H3P* cells/mm? shows no significant reduction in proliferating cells in ampk(RNAJ) and Ikb7(RNAJ) compared with controls.

Scale bars, 200 um (A, C, E, G, H), 20 um (B). See also Figure S5.
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Figure 5. RNA-Seq Analysis of egfr-3(RNAi) in Neoblast Repopulation

(A) Feeding schedule and sample collection of control(RNAJ) and egfr-3(RNAI) planarians for RNA-seq.

(B) Venn diagram showing differentially expressed genes in egfr-3(RNAJ) compared with control(RNAI) planarians at 8 and 10 dpi, and in X1 cells of unirradiated
animals.

(C) Procedure for identifying the egfr-3 regulated gene including gene ontology analysis, WISH, and FISH.

(D) WISH of candidate genes in unirradiated and 6,000-rad irradiated planarians. Scale bars, 200 um.

(E) FISH for rad54b (red) in smedwi-1* neoblasts (green). The orange arrowheads indicate cells expressing rad54b. Scale bar, 20 um.

(F) Histogram showing rad54b fluorescence intensity in control(RNAI) and egfr-3(RNAI) planarians. *p < 0.05.

See also Figure S6; Tables S1 and S2.
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EGFR-3 Signaling Is Required for Asymmetric versus
Symmetric Cell Division in Neoblasts during Neoblast
Repopulation

Adult stem cells rely on asymmetric cell division for both self-
renewal and generation of differentiated progeny, a process that
allows organisms to precisely maintain stem cell numbers and
regulate somatic cell turnover (Inaba and Yamashita, 2012). While
asymmetric cell division has long been proposed to exist in planar-
ians (Reddien, 2013; Rink, 2013), there has been no direct evi-
dence supporting its existence until now. As in tissue homeostasis,
precise regulation of stem cell self-renewal and differentiation is
also required for regeneration (Tanaka and Reddien, 2011). Hence,
molecular heterogeneity of the stem cell population in planarians
isto be expected, and has begunto be uncovered inrecent studies
(Hayashi et al., 2006; Lapan and Reddien, 2011; Pearson and San-
chez Alvarado, 2010; Tu et al., 2015; van Wolfswinkel et al., 2014).

ulation (Reddien, 2013). It is not clear,
however, whether asymmetric cell division
functions in the generation of specialized
neoblasts from cNeoblasts.

Here we show that smedwi-7 mRNA and chromatoid bodies
display both symmetric and asymmetric distribution in dividing
neoblasts during homeostasis (Figures 7D, S7M, and 8A). egfr-
3(RNAI) did not noticeably alter the ~1:1 ratio of symmetric to
asymmetric cell divisions in unirradiated animals (Figure S7M).
However, after sublethal irradiation asymmetric cell divisions
were impaired in egfr-3(RNAJ) animals (Figure 7D), drastically
affecting neoblast repopulation and the production of a special-
ized lineage (Figures 1F-11 and S8). This is the first functional
demonstration of a role for asymmetric cell division in stem cell
function in planarians. Altogether, we propose a model in which
the observed asymmetric distribution of EGFR-3 (Figures 7A and
7B) is required for the proliferation and differentiation of neo-
blasts surviving from sublethal irradiation into lineage-specified
neoblasts (Figure 8C). In the future, experiments aimed at
determining the requirement of asymmetric cell division in the

cor;tro/ rac;’54b
(RNAI)
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Figure 7. Knockdown of egfr-3 Reduces Asymmetric Cell Division during Neoblast Repopulation after Sublethal Irradiation
(A) Immunostaining with an antibody against EGFR-3 in control(RNAI) planarians. Egfr-3 knockdown eliminates the staining.
(B) Representative images showing EGFR-3 and smedwi-1 distribution in symmetric cell division.

(legend continued on next page)
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Figure 8. Asymmetric Distribution of Chromatoid Body in Dividing Cells Is Impaired in egfr-3(RNAi) Animals during Neoblast Repopulation
after Sublethal Irradiation

(A) Representative images and numbers of asymmetric versus symmetric cell divisions observed in control(RNAJ) and egfr-3(RNAIJ) planarians at 14 dpi based
upon distribution of chromatoid bodies (anti-Y-12* antibody, purple), and smedwi-1 RNA (green). p = 0.0449. Dividing cells are labeled with anti-H3P antibody
(red), and nuclei are stained with DAPI (blue). Scale bar, 10 um.

(B) EGF signaling regulation of asymmetric cell division and cell cycle through nrg-7, egfr-3, lkb1/ampk, and rad54b during neoblast repopulation after sublethal

irradiation.
(C) Proposed model of EGF signaling in asymmetric cell division in planaria.
See also Figure S8.

ontogeny of the observed neoblast heterogeneity in planarians
will help shed light on how this remarkable population of adult
stem cells regulates its dynamics.

The Role of EGF Signaling in Regulating Asymmetric
Stem Cell Division and Repopulation Is Likely
Evolutionarily Ancient

Asymmetric distribution of EGFR in stem cells was first
described in mice, in which adult neural stem cells are regulated
by the asymmetric distribution of EGFR (Sun et al., 2005). In the
mouse brain, Egfr is required for both maintaining adult stem
cells in the subventricular zone (Suh et al., 2009) and generating

CNS progenitor cells (Sun et al., 2005). egfr is also required in
Drosophila for intestinal stem cell proliferation and midgut regen-
eration (Jiang et al., 2011), maintenance of the germline niche
architecture (Chen et al., 2013), and self-renewal and establish-
ment of the cell polarity of epidermal follicle stem cells (Casta-
nieto et al., 2014). The discovery in the Lophotrochozoa (e.g.,
planarians), a sister group to the Deuterostomes (e.g., verte-
brates) and the Ecdysozoa (e.g., Drosophila), of the asymmetric
distribution of EGFR-3 in stem cells (Figure 7A) and the role it
plays in the asymmetric production of daughter cells (Figures
7B-7D), indicates an ancient evolutionary origin for these
functions.

(C) Representative images showing EGFR-3 and smedwi-1 distribution in asymmetric cell division.
(D) Representative images and numbers of asymmetric versus symmetric cell divisions in control(RNAI), egfr-3(RNAI), and nrg-7(RNAI) planarians at 14 dpi.
Scale bars, 10 um. p Value calculated for egfr-3(RNAIJ) versus control(RNA/) and nrg-7(RNAI) versus control(RNAI), respectively, using two-tailed Fisher’s exact

test. See also Figure S7.
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Such conservation may be intricately associated with the evo-
lution of cell polarity in complex tissues. A recent study in
Drosophila revealed that asymmetric EGFR distribution in follicle
stem cells is required for the establishment of cell polarity via
ERK and liver kinase B1 (LKB1)-AMP-activated protein kinase
(AMPK) and for the proper localization of the Par-PKC-Baz cell
polarity complex, which disappeared when egfr was mutated
(Castanieto et al., 2014). Our study also suggests a similar role
for LKB1-AMPK. RNAI of these genes in sublethally irradiated
animals affected neoblast repopulation in a manner indistin-
guishable from that in egfr-3(RNAi)-treated animals. However,
it remains to be determined whether EGFR-3 regulates LKB1-
AMPK directly or indirectly. Moreover, Ikb1 and ampk function
in planarians may be pleiotropic, as suggested by the broad
expression of these genes and the reduction in animal size
observed in unirradiated animals during homeostasis (Figure 4).
Exploring the possible roles of planarian egfr-3 in the conserved
hierarchy of polarity establishment and maintenance, along
with the identification and characterization of additional
mitogen-activated protein kinases, will be the focus of future
investigations.

Egfr-3 May Be a Regulator of Genomic Stability during
Neoblast Expansion

The mechanisms by which the lifelong maintenance of the neo-
blast population in planarians is regulated and how these cells
are kept from uncontrolled hyperproliferation and genomic insta-
bility remain unknown. Our analyses of the genomic output
modulated by egfr-3 identified not only expected regulators of
the cell cycle (e.g., cyclin b, cyclin dependent kinase 1), but
also DNA-damage response genes (rad54b, rnf8, p53, DNA
lyase). The link between egfr-3, DNA-damage repair, and asym-
metric cell divisions suggests the intriguing possibility that a
detection/checkpoint mechanism for asymmetric cell division
may normally occur during neoblast proliferation, which may
have been exacerbated by the DNA damage introduced by sub-
lethal irradiation. Therefore, we hypothesize that the DNA-dam-
age response and repair complex in neoblasts may be under
EGF signaling regulation and may play an essential role in sym-
metric versus asymmetric cell divisions by maintaining planarian
stem cell genomic stability, and mitigating normal cellular aging
processes. Given our increasing ability to visualize DNA damage
in planarian chromosomes (Xiang et al., 2014), future studies will
aim to measure this process during neoblast proliferation and
clonal expansion.

EXPERIMENTAL PROCEDURES

Planarian Culture and Irradiation Treatment

Asexual S. mediterranea (strain CIW4) were maintained at 20°C as previously
described (Newmark and Sanchez Alvarado, 2000). For all experiments, ani-
mals were starved for 7-14 days. A GammaCell 40 Exactor irradiator exposed
animals to either 1,250 or 6,000 rad for sublethal and lethal irradiations,
respectively.

Molecular Cloning and RNAi Feeding

cDNAs of all tested genes were cloned into a pPR-T4P vector as described
previously (Gurley et al., 2008). RNAi food was prepared by adding 125 pL
of liver paste (9 parts of liver to 1 part of water) into a bacterial pellet obtained
from 50-mL overnight cultures. Unc22, a Caenorhabditis elegans gene without
nucleotide sequence homology in planarians, was used as control RNAI.
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Animals in all RNAi experiments were fed six times with 3 days between feed-
ings. 1,250 rad of irradiation or amputation was carried out 7 or 4 days
after the last feeding, respectively. Day 0 represents time of irradiation or
amputation.

In Situ Hybridizations and Antibody Staining

In situ hybridizations were performed as previously described (King and New-
mark, 2013; Pearson et al., 2009) with some modifications. Animals were fixed
for 45 min in 4% formaldehyde, 0.5% Triton X-100, and 1x PBS. To improve
optical clarity after signal development, we used Sca/A2 (Hama et al., 2011)
with 80% glycerol and 4 M urea for colorimetric WISH. Glycerol (20%), DABCO
(2.5%) (Sigma-Aldrich), and 4 M urea Sca/A2 with was used for FISH. Anti-
phospho-histone H3 (Ser10) (H3P) antibody (1:1,000; Abcam, ab32107) and
Alexa-conjugated goat anti-rabbit secondary antibodies (1:1,000; Abcam,
ab150086) were used to stain proliferating cells at the Go/M phase of the cell
cycle.

Bromodeoxyuridine Labeling

Animals were soaked in 25 mg/mL BrdU (Fluka, Sigma-Aldrich) for 4 hr (van
Wolfswinkel et al., 2014) and fixed at specified time points. In situ hybridization
and BrdU antibody staining were performed as previously described (Thi-Kim
Vu et al., 2015). BrdU was detected via a rat anti-BrdU antibody (1:1,000;
Abcam, ab6326).

TUNEL Assay

Animals were fixed and stained with a TUNEL assay kit (Roche) as previously
described (Pellettieri et al., 2010). TUNEL-stained specimens were imaged for
quantification on a PerkinElmer Ultraview spinning-disc microscope.

Antibody Generation

The anti-EGFR-3 antibody was generated by YenZym Antibodies. We used a
peptide antigen derived from EGFR-3 amino acids 361-376 to immunize rab-
bits. Polyclonal antibodies were affinity purified with a Hitrap NHS-activated
HP column (GE Healthcare Life Sciences).

Microscopy

Colorimetric WISH images were captured using a Zeiss SteREO Lumar stereo-
scope. Confocal images were captured using either a Zeiss LSM-700 or a
Zeiss LSM-510. For quantification, tiled images of individual worms were ac-
quired using a PerkinElmer Ultraview spinning-disc microscope, then stitched
and spots counted as described previously (Adler et al., 2014).

Protein In Vitro Binding Assay

Recombinant MYC-NRG-7-HIS was expressed in bacteria, and recombinant
FLAG-EGFR-3-HIS extracellular domain (residues 1-818) was expressed in
baculovirus. Proteins were affinity purified using standard methods with nickel
affinity resin. To determine direct ligand/receptor interaction, we incubated
NRG-7 and EGFR-3 along with Anti-c-Myc Agarose Affinity Gel (Sigma-Al-
drich) with 100 ng/uL BSA in NETN buffer (250 mM NaCl, 5 mM EDTA,
50 mM Tris-HCI [pH 8.0], 0.5% NP-40, 10% glycerol, 1 mM DTT). After 1 hr
at 4°C, the affinity resin was washed five times with 15 volumes of NETN.
Bound proteins were eluted with 2x urea-based Laemmli buffer (50 mM
Tris-HCI [pH 6.8], 1.6% SDS, 7% glycerol, 8 M urea, 4% B-mercaptoethanol,
0.016% bromophenol blue). Samples were heated for 10 min at 80°C and frac-
tionated by SDS-PAGE for analysis.

Next-Generation RNA-Seq

Worms and sorted X1 cells were homogenized in TRIzol (Life Technologies),
and RNA isolated according to the manufacturer’s protocol. Approximately
100 ng of RNA per sample were used for library generation using the lllumina
TruSeq kit. Libraries were sequenced in 50-bp single reads using an lllumina
HiSeq 2500 sequencer. A set of 43,806 predicted S. mediterranea transcripts
were used to analyze the RNA-seq data (Robb et al., 2015).

Statistical Analyses

A two-tailed Fisher’s exact test was performed for statistical analyses of sym-
metric versus asymmetric cell divisions. All other statistical analyses were per-
formed using Student’s t test. p < 0.05 was considered a significant difference.
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