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The extracellular matrix (ECM) provides a precise physical and mo-
lecular environment for cell maintenance, self-renewal, and differ-
entiation in the stem cell niche. However, the nature and organization
of the ECM niche is not well understood. The adult freshwater
planarian Schmidtea mediterranea maintains a large population
of multipotent stem cells (neoblasts), presenting an ideal model
to study the role of the ECM niche in stem cell regulation. Here we
tested the function of 165 planarian homologs of ECM and ECM-
related genes in neoblast regulation. We identified the collagen
gene family as one with differential effects in promoting or sup-
pressing proliferation of neoblasts. col4-1, encoding a type IV col-
lagen a-chain, had the strongest effect. RNA interference (RNAI) of
col4-1 impaired tissue maintenance and regeneration, causing tis-
sue regression. Finally, we provide evidence for an interaction
between type IV collagen, the discoidin domain receptor, and
neuregulin-7 (NRG-7), which constitutes a mechanism to regu-
late the balance of symmetric and asymmetric division of neo-
blasts via the NRG-7/EGFR pathway.
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Across the animal kingdom, stem cell function is regulated by
the microenvironment in the surrounding niche (1), where
the concentration of molecular signals for self-renewal and dif-
ferentiation can be precisely regulated (2). The niche affects stem
cell biology in many processes, such as aging and tissue regener-
ation, as well as pathological conditions such as cancer (3). Most
studies have been done in tissues with large stem cell pop-
ulations, such as the intestinal crypt (4) and the hair follicle (5) in
mice. Elucidation of the role of the stem cell niche in tissue
regeneration requires the study of animals with high regenerative
potential, such as freshwater planarians (flatworms) (6). Dugesia
japonica and Schmidtea mediterranea are two well-studied species
that possess the ability to regenerate any missing body part (6, 7).

Adult S. mediterranea maintain a high number of stem cells
(neoblasts)—~10 to 30% of all somatic cells in the adult
worm—with varying potency, including pluripotent cells (8-14).
Neoblasts are the only proliferating somatic cells: they are mo-
lecularly heterogeneous, but all express piwi-1 (15-18). Lineage-
committed neoblasts are “progenitors” that transiently express
both piwi-1 and tissue-specific genes (15, 19). Examples include
early intestinal progenitors (y neoblast, piwi-1*/hnf4*) (8, 10, 15,
19-21) and early epidermal progenitors ({ neoblast, piwi-1*/zfp-1")
(8, 15). Other progenitor markers include collagen for muscles (22),
ChAT for neurons (23), and cavil for protonephridia (24, 25).
During tissue regeneration, neoblasts are recruited to the wound
site, where they proliferate then differentiate to replace the
missing cell types (16, 26). Some neoblasts express the pluri-
potency marker #gs-1, and are designated as clonogenic neoblasts
(cNeoblasts) (10, 11). cNeoblasts are located in the parenchymal
space adjacent to the gut (11).

Neoblasts are sensitive to y-irradiation and can be preferentially
depleted in the adult planarian (27). After sublethal y-irradiation,
remaining cNeoblasts can repopulate the stem cell pool within their
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niche (10, 11). The close proximity of neoblasts to the gut sug-
gests gut may be a part of neoblast niche (28, 29). When gut
integrity was impaired by silencing gata4/5/6, the egfi-1/nrg-1
ligand-receptor pair, or wwpl, maintenance of non—y-neoblasts
were also disrupted (20, 30, 31), but whether that indicates the
gut directly regulates neoblast remains unclear. There is evi-
dence indicating the dorsal-ventral (D/V) transverse muscles
surrounding the gut may promote neoblast proliferation and mi-
gration, with the involvement of matrix metalloproteinase mi-mmpB
(32, 33). The central nervous system has also been implicated in
influencing neoblast maintenance through the expression of EGF
homolog neuregulin-7 (nrg-7), a ligand for EGFR-3, affecting the
balance of neoblast self-renewal (symmetric or asymmetric
division) (34).

In other model systems, an important component of the stem-
cell niche is the extracellular matrix (ECM) (35). Germline stem
cells in Drosophila are anchored to niche supporting cells with
ECM on one side, while the opposite side is exposed to differ-
entiation signals, allowing asymmetric cell fate outcomes for self-
renewal or differentiation following division (36-38). Few studies
have addressed the ECM in planarians, largely due to the lack of
genetic tools to manipulate the genome, the absence of antibodies to
specific planarian ECM homologs, or the tools required to study cell
fate changes. However, the genomes of D. japonica (39-41) and S.
mediterranea (41-45), and single-cell RNA-sequencing (scRNA-seq)
datasets for S. mediterranea are now available (11, 46-50). A recent
study of the planarian matrisome demonstrated that muscle cells are
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the primary source of many ECM proteins (51), which, together
with those produced by neoblasts and supporting parenchymal
cells, may constitute components of the neoblast niche. For ex-
ample, megf6 and hemicentin restrict neoblast’s localization
within the parenchyma (51, 52). Functional studies also implicate
ECM-modifiers, such as matrix metalloproteases (MMPs) in
neoblast migration and regeneration. For example, reducing the
activity of the ECM-degrading enzymes mt-mmpA (26, 33),
mt-mmpB (53), or mmp-1 (33) impaired neoblast migration,
proliferation, or overall tissue growth, respectively. Neoblasts are
also likely to interact with ECM components of the niche via cell
surface receptors, such as Bl integrin, inactivation of which im-
pairs brain regeneration (54, 55).

Here, we identified planarian ECM homologs in silico, fol-
lowed by systematic functional assessment of 165 ECM and
ECM-related genes by RNA interference (RNAi), to determine
the effect on neoblast repopulation in planarians challenged by a
sublethal dose of y-irradiation (10). Surprisingly, multiple classes
of collagens were shown to have the strongest effects. In par-
ticular, we show that the type IV collagens (COLIV) of basement
membranes (BMs), were required to regulate the repopulation
of neoblasts as well as lineage progression to progenitor cells.

Furthermore, our data support an interaction between COLIV
and the discoidin domain receptor (DDR) in neurons that acti-
vates signaling of NRG-7 in the neoblasts to regulate neoblast
self-renewal versus differentiation. Together, these data dem-
onstrate multifaceted regulation of planarian stem cells by ECM
components.

Results

Identification and Characterization of Planarian ECM Genes. To
identify conserved ECM components in the planarian genome,
we searched for homologs to sequences in the human/mouse
matrisome database that contains all known core ECM and
ECM-related proteins (56) (SI Appendix, Fig. S14). We identi-
fied 165 candidates and verified the sequence identities by
reverse-BLAST to human and Caenorhabditis elegans counter-
parts. This represented our primary set of planarian ECM genes
for functional assessment (Fig. 14 and SI Appendix, Fig. S14).
An additional 68 genes containing some ECM domains formed a
secondary set that was not investigated in this study (Materials
and Methods and SI Appendix, Supplementary Methods). Of the
primary set, 94 encode core ECM proteins, 15 ECM-affiliated
proteins, 40 ECM regulators, and 16 ECM receptors (Fig. 14, ST
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Fig. 1. Identification of stem cell-regulatory ECM genes in the planarian. (A) Summary of the planarian matrisome identified in reference to the human

matrisome. Major ECM groups and the respective number of genes are listed. Aff, ECM specific-affiliated protein; COL, collagen; Core, core ECM; ECMR, ECM-
receptor; GP, glycoprotein; PG, proteoglycan; Reg, ECM-regulator. (B) Schematic diagram outlining the RNAi screening (primary), from RNAi feeding, sub-
lethal y-irradiation, to neoblast repopulation. (C) Representative FISH-confocal (tiled z-projection) images of ECM(RNAI) resulted in reduced neoblast density
for colf-7(RNAI) or increased for col4-2(RNAi). Background outside the margin of the worm is removed for presentation consistency. (Scale bars, 100 um.) (D)
Summary of ECM candidate genes with positive or negative effects on neoblast repopulation from RNAi screening, expressed as percentage change relative
to control worms. Unless specified, all groups are inspected at 14 dpi. Each dot represents the result of a single animal in each group, and the mean + SEM is
presented. Statistical analysis was assessed using two-tailed unpaired Student t tests. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Appendix, Fig. S14, and Dataset S1). The genes in our primary
set contained 94 of the 133 core matrisome proteins and 71 of
the 167 matrisome-associated proteins identified in a recent
in silico assessment of the planarian matrisome (51). In situ
hybridization (ISH) and analysis of scRNA-seq data showed
these ECM genes were expressed in diverse tissue types, in-
cluding intestine, muscles, pharynx, parenchymal cells, neurons,
pigment cells, and putative immune cells (S Appendix, Fig. S1C
and Dataset S1).

Planarian Collagen Genes Can Be Classified as Fibrillar, FACIT, or
COLIV Types. Similar to the study of the planarian matrisome (51),
we identified 18 collagen genes in the S. mediterranea genome with
predicted protein structure and domains with characteristics for fi-
brillar collagen and COLIV a-chains (SI Appendix, Fig. S1B). We
used the same gene nomenclature of the collagen genes as previ-
ously reported (51).

From phylogenetic analysis, 11 planaria collagen genes were
clustered and predicted to be fibrillar collagens, colf-1 to -11 (SI
Appendix, Fig. S2, Upper). The predicted a-chains for colf-§ and
colf-11 were most consistent with fibril-forming collagens with no
interruptions within the predicted triple helical domain, while
others contained multiple interruptions (SI Appendix, Fig. S2,
Lower) that were more consistent with vertebrate fibril-associated
collagens with interrupted triple helix (FACIT) collagen type. The
predicted a-chain for colf-10 had a short helical domain with four
interruptions and two predicted TSPN-like domains in the
N-terminal region (SI Appendix, Fig. S2, Lower), which resembled
the short-chain collagens found in vertebrates and the non-
vertebrate chordate Ciona intestinalis (57).

Seven planarian collagen genes, col4-1 to -7, had predicted
protein sequences characteristic of COLIV chains. Phylogenetic
analysis showed that these genes did not fall into the conven-
tional COLIV al-like and o2-like clusters (58), but formed a
separate cluster with other platyhelminth sequences, within which
col4-1 and col4-7 were in one subcluster, and col4-2 to -6 in an-
other (SI Appendix, Fig. S3, Upper). The predicted protein do-
mains showed the characteristic 7S, interrupted triple helix, and
NC1 domains of COLIV (SI Appendix, Fig. S3, Lower). With the
exception of col4-3, all COLIV chains contained the hydroxylysine
and methionine residues used for the formation of a sulfilimine
bond in the NC1 domain (59). The presence of these conserved
domains suggested conservation of function across species.

Assessment of ECM Function during Neoblast Repopulation. We
performed RNAI of all genes in the primary set (SI Appendix,
Fig. S44) and, following sublethal y-irradiation (1,250 rad),
measured the effect on neoblast repopulation at 11 or 14 d (Fig.
1B and SI Appendix, Fig. S4B). All genes were screened using the
standard eight-feed schedule (Materials and Methods). In brief,
worms in this schedule were y-irradiated on the 7th day after the
last feed, designated as eight feeds-day 7 (8fd7), corresponding
to day 28 of RNAIi. Genes with no observable phenotype were
rescreened using an alternative feeding schedule (SI Appendix,
Fig. S4B).

In control(RNAi) worms on the standard eight-feed schedule,
neoblasts repopulated from an average of 13.4 + 2.50 cells/mm”
at 3 d post—y-irradiation (dpi) to 169.4 + 37.81 cells/mm? at 14
dpi (SI Appendix, Fig. S5). Key changes in neoblast repopulation
behavior are summarized in Dataset S1. RNAi of COLIV (col4-
1,-2,-3, or -4) and laminin (lamA, -B, or -C) genes, encoding BM
and pericellular matrix (PCM) components, resulted in signifi-
cantly higher neoblast densities than in control(RNAi) worms at
11 or 14 dpi, suggesting these ECM molecules hinder neoblast
repopulation (Figs. 1 C and D and 2 4 and B and SI Appendix,
Fig. S6A4). RNAI of two classes of ECM receptor genes, ddr-1,
and integrins (itgB1, itgAl, or itgA4), also resulted in higher
neoblast densities during repopulation (Fig. 1D and SI Appendix,
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Fig. S6B), suggesting the BM/PCM proteins interact with neo-
blast ECM receptors. Conversely, RNAI of fibrillar or fibrillar-
related collagen genes, colf-2, colf-7, or colf-8, reduced neoblast
densities, suggesting they facilitate neoblast repopulation (Figs. 1
Cand D and 2 C and D). An exception was that RNAI of colf-10
resulted in a higher density of neoblasts during repopulation
(Fig. 2 C and D). Under the alternative feeding schedule, RNAi
of netrin-2 resulted in more condensed local neoblast clusters
during repopulation, but the overall neoblast density remains
similar to the control group (SI Appendix, Fig. S6C). megf6(RNAi)
or hemicentin-1(RNAi) resulted in ectopic neoblast cluster for-
mation at the epidermis (SI Appendix, Fig. S6D), consistent with
previous studies (51, 52).

To investigate the differential effects of collagen types on neo-
blast behavior, we assessed recovery/repopulation of neoblasts over
time in collagen RNAi worms. At 7 dpi, the densities of repopu-
lating neoblasts for colf-2(RNAi) or colf-7(RNAi) worms were sim-
ilar to control(RNAi) worms (Fig. 2F), indicating the observed
change at 14 dpi was the result of a later-stage decline in neoblast
proliferation (Fig. 2D). Using histone-H3-phosphate on serine 10
(H3P) as an active cell cycle marker, we confirmed a significant
reduction of proliferating neoblasts in colf-2(RNAi) or colf-8(RNAi)
worms at 14 dpi (Fig. 2F). For colf-10(RNAi) worms, a higher
density of repopulating neoblasts was observed at 3 dpi, but the
opposite was seen in colf-8(RNAi) worms (Fig. 2E), suggesting colf-8
or -0 may both regulate neoblast proliferation after the early
repopulation phase, but with opposite roles.

Of the COLIV genes, col4-1(RNAi) had the greatest effect at
11 dpi. A time series showed that RNAi of col4-1 increased
neoblast density throughout the repopulation process (Fig. 2 G
and H), from the earliest time point of repopulation at 3 dpi. This
indicated that col4-1 regulates the early repopulation process. It is
also possible that in col4-1(RNAi) worms, more neoblasts might
have survived after y-irradiation, meaning there may be a higher
density of radiation-resistant neoblasts before y-irradiation.

Fibrillar and Type IV Collagens Provide Distinct Microenvironments
for Neoblast Function. Fibrillar and BM collagens are normally
found in distinct tissue and cell compartments (60). Our finding
of opposing effects of the fibrillar and BM collagens on repo-
pulation was intriguing. We therefore investigated the cellular
expression and physical location of these proteins with respect to
the neoblast microenvironment.

Most of the collagen genes were expressed in muscle cells (51)
(SI Appendix, Figs. S7 and S84). The expression patterns of fi-
brillar collagen genes, colf-1 to -6, -8, and -9 were similar in all
mature muscles and subclusters of the subepidermal, gut, pha-
ryngeal, and intestinal types, while colf-7 and colf-10 were de-
tected predominantly in the pharynx muscles and subepidermal
layer, respectively (SI Appendix, Fig. S7). COLIV genes, col4-1,
col4-2, and col4-3, were expressed across all subclusters of muscle
cells (SI Appendix, Fig. S84, circled) and in the muscle-specialized
neoblast subcluster (SI Appendix, Fig. S8B), with col4-1 as the
most highly expressed COLIV gene in neoblasts (SI Appendix, Fig.
S8A4). col4-4 and col4-7 showed a similar, but weaker, pattern of
expression, and col4-6 was not detected in any of the muscle
subgroups (S Appendix, Fig. S84). col4-1, but not other collagen
genes, was expressed in pluripotent (tgs-I*) and other tissue-
committed neoblast subclusters, including y- (intestinal, pharyn-
geal; cathepsin®™ and hnf4"), (- (epidermal; cathepsin®™ and zfp-17),
and protonephridia (pou2/3* and cavIlI™) neoblasts (Fig. 3B and
SI Appendix, Fig. S8 A and B).

To validate the scRNA-seq collagen expression findings, we
performed ISH, which showed cells in the subepidermal/superficial
parenchyma expressed colf-8, and cells in the deep parenchyma
expressed col4-1, -2, and -3 (Fig. 3 A and B). From cell quanti-
fication using double-fluorescent ISH (dFISH) of col4-1 and
piwi-1, we estimated 27.5 + 3.01% and 17.2 + 1.56% of col4-1*
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Fig. 2. Effect of collagen types on the dynamics of neoblast repopulation. (A and B) Representative FISH-confocal images (A) and density quantifications (B)

of repopulating neoblast (piwi-1*) in COLIV(RNAI) at 8fd7, 11 dpi. (C and D) Representative FISH-confocal images (C) and density quantifications (D) of
repopulating neoblast (piwi-1*) in fibrillar/short chain collagen(RNAi) at 14 dpi. (E) Density of repopulating neoblasts in fibrillar/short chain collagen(RNAI),
quantified by number of piwi-1* cells at 8fd7, 3 dpi. (F) Ratio between H3P*/piwi-1* cells vs. all piwi-1* cells. (G and H) Neoblast densities compared between
control(RNAJ) and col4-1(RNA|) (8fd7) from 3 to 11 dpi. Background outside the margin of the worm is removed for presentation consistency. (Scale bars,
100 pm.) For B-F and H number of animals tested is stated by the number of dots in each group. The mean + SEM of each group is presented. Statistical
significance was assessed using two-tailed unpaired Student t tests. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant. All FISH images

are tiled z-projections.

cells within the anterior and posterior deep parenchyma, respec-
tively, were neoblasts (Fig. 3C). Reducing the number of neoblasts
by sublethal y-irradiation decreased col4-1 expression at 3 dpi (S
Appendix, Fig. S8 C and D). These findings suggest neoblasts may
contribute to the COLIV matrix in the parenchyma.

Different Cell Types Contribute to the Neoblast Microenvironment.
Laminin genes encode another class of the ECM component that
negatively affects neoblast proliferation, as shown using RNAIi
(81 Appendix, Fig. S6A4). LamA is expressed in adjacent intestinal
cells, but not in piwi-1* neoblasts (Fig. 3D). Using an antibody
known to stain planarian COLIV proteins (61) and costained with an
antibody for muscle (x6G10) (62), we detected BM-like structures
within the deep parenchyma (Fig. 3E), enclosing the subepidermal
muscles (Fig. 3 E, i), D/V muscles (Fig. 3 E, ii), gut branches
(Fig. 3 E, iii and vi), D/V muscles through the brain (Fig. 3 E, iv), and
surrounding the pharynx (Fig. 3 E, v). Suppression of COLIV pro-
duction reduced COLIV secretion (SI Appendix, Fig. SSE), specifi-
cally in subepidermal, gut, and D/V muscles in the parenchyma
(Fig. 3F). Dense COLIV patches were observed in some deep
gut-parenchymal regions (SI Appendix, Fig. S8F), indicating al-
tered ECM structure. tgs-1" pluripotent neoblasts in the deep
parenchyma contributed 8.89 + 1.02% of the neoblast population
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in the anterior parenchyma (Fig. 3G) and were located close to
the gut BM (Fig. 3H). At midcoronal sections of the animal, the
majority of tgs-1* neoblasts are located closer to the gut boundary
compared to #gs-I~ neoblasts (Fig. 3 G and I). Thus, a COLIV/
laminin-containing BM environment may provide a niche for #gs-
I neoblasts, with laminins contributed by intestinal cells.

col4-1 Regulates the Proportion of Pluripotent and Progenitor Cell
Pools. Under homeostatic (non—y-irradiated) conditions, eight-
feed RNAI of colf-2, -7, or -8 resulted in no change in neoblast
proliferation (SI Appendix, Fig. S9 A and B) and muscle fiber
density (SI Appendix, Fig. S9 C and D), whereas ifgBI(RNAi)
disrupted muscle fiber density (ST Appendix, Fig. S9C). In contrast,
col4-1(RNAi) resulted in an increase in the neoblast population
that was noticeable after six RNAI feeds (SI Appendix, Fig. S9 E
and F). The proportion of 7gs-1* neoblasts increased from 8.66 +
0.87% in control(RNAi) worms to 15.31 + 0.51% in col4-1(RNAi)
worms, following the standard RNAi feeding protocol (Fig. 44).
After sublethal y-irradiation, the proportion of tgs-1* neoblasts
in control(RNAi) worms increased to 17.82 + 3.98% at 3 dpi, and
46.94 + 6.81% by 7 dpi (Fig. 4 B-D). In col4-1(RNAi) worms,
there were more fgs-1* neoblasts than in confrol(RNAi) at 0 (be-
fore y-irradiation) and 3 dpi, but not at 7 dpi (Fig. 4D). This

Chan et al.

Collagen IV differentially regulates planarian stem cell potency and lineage progression


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021251118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021251118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021251118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021251118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021251118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021251118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021251118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021251118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021251118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021251118/-/DCSupplemental
https://doi.org/10.1073/pnas.2021251118

Expression of collagens
col4-1 col4-2 col4-3

col4-4

n ﬁ‘ R

i anterior gut
‘mf..? v 3 :

D/V
r/“

posterior

H I

G Anterior parenchyma Mid-body transverse section Neoblast perpendicular

distance from gut boundary

n=5
180 -

-
tgs-1+ tgs-1-
piwi-1+

Fig. 3. Fibrillar and type IV collagens have different environmental distributions. (A) Wild-type colorimetric-ISH of colf-8 and col4-1 to -4. Background outside
the margin of the worm is removed for presentation consistency. (B-H) FISH/immunofluoresent (IF) confocal-images of single z-plane. (B) Coexpression of colf-
8 and col4-1 by FISH in whole animal (Left), head coronal section (Upper Right), and midbody transverse section (Lower Right). Dotted line: gut-parenchymal
boundary. The “superficial” and “deep” parenchymal regions are indicated. (C) Coexpression of col4-1 with piwi-1 by FISH. Inner head (green frame), anterior
deep parenchyma (orange frame), lateral epidermis, and superficial (blue frame), and posterior deep parenchyma (purple frame). White arrowheads and
small panels: col4-1*/piwi-1* neoblasts. The percentage of col4-1*/piwi-1* cells within all co/4-1* cells is indicated in each panel (value + SEM n = 5). (D)
Neoblasts and muscles produce col4-1 and gut enterocytes produce lamA. (E) aCOLIV and muscle (x6G10) stains BM and PCM-like structures surrounding
subepidermal (i), D/V (ii), anterior gut (iii), brain (iv), pharynx (v), and posterior gut (vi) muscles. (F) «aCOLIV and a6G10 after six RNA feeds (18 d post-RNAI,
6fd3: 6-feeds-day3). (Lower) Gut-parenchyma. (G) Dorsal view of parenchymal region showing tgs-1*/piwi-1* (outlined in Inset images) and other (piwi-1*/tgs-
17) neoblasts relative to the position of the gut BM (white dotted lines). (H) BM and PCM-like structures («COLIV, hollow arrowheads) costained with piwi-1*/
tgs-1* and other neoblasts (piwi-1*/tgs-17). White outlines: neoblasts; arrowheads: COLIV-contacting neoblasts. (/) Quantifications of tgs-1*/piwi-1* and piwi-
1*/tgs-1~ cells’ closest perpendicular distance to gut boundary (254 neoblasts are measured in the anterior parenchyma (region shown in G) from five animals,
each dot represents one neoblast). Mean + SEM is presented, and statistical significance was assessed using two-tailed unpaired Student t tests. ****P <
0.0001. For B—F: b, brain; D/V, D/V muscles; g, gut; gl, gut lumen; gm, gut muscles; head M, middle head section; head V, ventral head section; p, pharynx; pa,
parenchyma; pm, pharyngeal muscles; sm, subepidermal muscles; tail M, middle tail section. (Scale bars: C small panels and G small panels, 10 um; others,
100 pm.)

suggests that in a COLIV-deficient niche, there is a higher pro-
portion of #gs-1" neoblasts prior to y-irradiation and more neo-
blasts survive the y-irradiation.

Following col4-1(RNAi), quantitative analyses showed in-
creased densities for ¢- (piwi-1*/zfp-17) and y- (piwi-1"/hnf4™)
neoblasts (Fig. 4 E and F). Higher percentages of zgs-1" and
y-types were observed compared to control(RNAi). The {-neoblast
proportion remained unchanged, while the proportion of the
“other” lineages (piwi-1"/tgs-1"/hnf4 /zfp-17) decreased (SI Ap-
pendix, Fig. S9G). The proportion (SI Appendix, Fig. SOH) and
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density (Fig. 4G) of piwi-1* lineage-specific progenitor cells
expressing cavll (protonephridia), ChAT (nervous system), or
col4-2 (D/V, gut, subepidermal, and head tip muscles) generally
increased. Corresponding decreases of density were observed in
the respective differentiated (piwi-17) cell types (Fig. 4H). The
changes in the progenitor/differentiated cell proportions were
quantified using dFISH with piwi-1, together with markers for the
protonephridia (cavil), neurons (ChAT), intestine (hnf4), or
muscle (col4-2) (Fig. 41), as well as epidermal progenitors (zfp-1)
(Fig. 4E). Overall, these findings suggested that the COLIV
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environment regulates the proportions between stem cell and
postmitotic tissues.

COLIV Deficiency Impairs Differentiation of Tissue Progenitor Cells.
RNAI of col4-1 led to a spectrum of morphological phenotypes,
classified as: 1) mild with no obvious tissue loss, 2) intermediate
with reduction of head size anterior to the eyespots, and 3) se-
vere with complete loss of the head (Fig. 54). Assessment of
ChAT expression in worms with intermediate phenotype showed
smaller brains (Fig. 5 B and C). Associated with this phenotype
was ectopic proliferation of neoblasts (piwi-1*/H3P™) in the epi-
dermal progenitor (prog2*) compartment, where neoblasts are
absent in control(RNAi) worms, and fewer epidermal progenitor
cells (prog2™) and muscle fibers (6G10™) (Fig. 5D and SI Ap-
pendix, Fig. S10 A-E). The reduction in progenitor cells correlated
with severity of anterior tissue regression (Fig. 5C). Similarly, in
col4-1(RNAi) worms with intermediate phenotypes, all three
muscle types (circular, longitudinal, and diagonal) were reduced in
the regressing regions, although muscles appeared to be intact in
the region posterior to the eyespots (SI Appendix, Fig. S10E)

While tissue regression and muscle defects occurred primarily
in the head tip in col4-1(RNAi) worms, epidermal progenitors
were decreased throughout the body (SI Appendix, Fig. S104).
Detailed analyses of progenitor cell density in regions posterior
to the regressing site showed fewer progenitor cells in the head
region posterior to the eyespots and the midbody prepharyngeal
region (SI Appendix, Fig. S10 B and C). Neoblast numbers were not
affected, leading to an overall change in the progenitor/neoblast
ratio (SI Appendix, Fig. S10D).

To assess whether anterior regression may be due to impaired
tissue patterning, we analyzed the expression of anterior (notum-
1) and midline (slit-1) patterning genes, which showed no ob-
servable changes (SI Appendix, Fig. S10F). Apoptotic cell density
was similar to control(RNAi) in mild col4-1(RNAi) worms, but
significantly increased at the anterior regions in the intermediate
and severe phenotypes (SI Appendix, Fig. S10 G and H). Thus,
cell death was correlated with severity of tissue regression. Tissue
dysmorphology was not restricted to the anterior region, as we
observed slight dorsal and ventral bloating at the prepharyngeal
region (Fig. 54). Unlike the previously described edemas caused
by protonephridial defects, increased tissue differentiation and
parenchymal edema were not observed (63, 64). Instead, FISH
of the gut marker mat showed fusion and outgrowth of gut
branches in these worms (SI Appendix, Fig. S10I), accompanied
by invasion of neoblasts (piwi-1*) into the gut (hnf4*) com-
partment (SI Appendix, Fig. S10J). These worms also showed
thinner and disrupted BM as assessed by electron microscopy in
the lateral subepidermis (SI Appendix, Fig. S10K), and by immu-
nostaining with anti-COLIV antibody in the neoblast-gut com-
partment (SI Appendix, Fig. S10L).

Tissue wounding induces temporary neoblast hyperproliferation
and differentiation as part of the normal regenerative mechanism.
Thus, the col4-1(RNAi) phenotypes described above may induce
wounding signals. Serial assessment (SI Appendix, Fig. S114) of
the early wounding signals (fos-1, jun-1, and delta-1) (65) showed
induction after col4-1(RNAi) treatment from day 21 (6fd6)
(Fig. SE and SI Appendix, Fig. S11B), that was concentrated at
the head region at day 24 (7fd6), concomitant with anterior muscle
regression (Fig. 5E). Ablation of neoblasts by lethal y-irradiation
suppressed activation of wound signals at day 21 of RNAi (SI Ap-
pendix, Fig. S11C), suggesting the wounding signals either came
primarily from neoblasts, or from postmitotic tissues but down-
stream of neoblast activities. Next, we assessed neoblasts prior to
tissue wounding and observed that there was an increase in radiation-
resistant neoblast density and neoblast proliferation rate as early
as days 15 (4fd6) and 18 (5fd6), respectively (Fig. 5 E-G). Early in-
crease of radiation-resistant neoblast, reduction of epidermal pro-
genitor, but no change in apoptosis on day 21 of RNAI, suggests the
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observed COLIV-neoblast relationship is independent of known
tissue wounding pathways.

To further assess the relationship between COLIV and neo-
blasts, we employed an in vitro neoblast culturing system on
decellularized planarian ECM (SI Appendix, Fig. S124) (66, 67).
col4-1(RNAi) and control(RNAi) worms from the standard
feeding schedule (8fd7) were decellularized, leaving an intact
ECM scaffold devoid of cells, as indicated by absence of piwi-1 or
DAPI signals (SI Appendix, Fig. S12 B and C). Seeding of neoblast-
enriched cell populations from normal donor worms onto these
scaffolds showed no significant differences between the two scaffold
types in cell attachment following seeding or proliferation after
2 d of culture (SI Appendix, Fig. S12D). However, the relative
proportion of piwi-1* neoblasts was significantly higher in the
col4-1(RNAi) matrix than the control one (SI Appendix, Fig.
S12 E and F). This was consistent with the notion that a COLIV-
deficient ECM scaffold promotes proliferation and maintains
“stemness” of the neoblasts, while suppressing differentiation to
tissue progenitor cells.

Results thus far pointed to an impairment of differentiation of
neoblasts as the primary cause of tissue regression. Thus, we used
BrdU pulse-labeling with a time chase to trace the lineage of prolif-
erating neoblasts and their progeny in the parenchyma and subepi-
dermal regions (Fig. 5H). After 4 d postpulse in control(RNAi) worms,
most of the labeled cells had migrated away from the parenchyma and
entered the subepidermal region (Fig. 5I), while in col4-1(RNAi)
worms many labeled cells remained within the parenchyma, and the
proportion of differentiated cells, represented by BrdU™ cells that
were negative for piwi-1, was reduced (Fig. /). Together, these data
supported a general impairment of progenitor cell differentiation and
survival. As proper lineage commitment and differentiation of plu-
ripotent neoblasts are important for both normal tissue turnover and
regeneration in the planarian, we next investigated the effect of col4-
I(RNAi) on the formation of a blastema in tissue regeneration.

COLIV Is Required for Blastema Growth and Regeneration. Ampu-
tation activates a switch from tissue maintenance to regenera-
tion. This leads to hyperproliferation of neoblasts, in particular
the zgs-1" neoblasts (10, 11), followed by rapid differentiation to
tissue progenitors and formation of the blastema, with complete
tissue restoration by 7 d postamputation (dpa), when the neoblast
population reestablishes a normal state (6, 49, 65).

We studied the expression of col4-1 during regeneration in
wild-type worms amputated at prepharyngeal and postpharyngeal
regions, which produces head, trunk, and tail fragments at key
stages of the regenerative process (SI Appendix, Fig. S13). There
was a gradual increase of col4-1 in the growing blastema but not
in old tissues, while the number of H3P™ proliferating neoblasts
decreased as the blastema grew in size (SI Appendix, Fig. S144).
While the FISH signal intensity may not directly correlate to the
actual gene expression level, it showed a general trend of up-
regulation in the blastema.

In col4-1(RNAi) worms following the standard 8fd7 protocol,
blastema formation appeared normal until 3 dpa, but was unable
to progress to regeneration of the missing tissues, such as the eye
spots, which were reestablished by 9 dpa in control(RNAi) worms
(SI Appendix, Fig. S14B). When blastema progression was
delayed from 3 dpa, the head blastema regressed from 9 dpa, as
measured by the head blastema/body size ratio (SI Appendix, Fig.
S14C). Consistent with col4-1 FISH, we observed enrichment of
COLIV deposition in the blastema of control(RNAi) worms (SI
Appendix, Fig. S14D), which was reduced in col4-1(RNAi) worms
(SI Appendix, Fig. S14D), accompanied with fewer prog2* epi-
dermal progeny and 6G10* muscle fibers (SI Appendix, Fig.
S14 E and F). Regenerating ChAT" brain lobes were substan-
tially smaller and fused at the midline (SI Appendix, Fig. S14 E
and G). The proportion of proliferative cells (H3P™) was higher
in col4-1(RNAi) than control(RNAi) worms (SI Appendix, Fig.
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Fig. 4. COLIV controls tgs-1* neoblast population size and lineage commitment. (A and B) Confocal images of tgs-1*/piwi-1* and tgs-1-/piwi-1* neoblasts at
non-y-irradiated (0 dpi), 3 and 7 d dpi after receiving sublethal y-irradiation, repopulating neoblast clones shown in C, quantified in D. (E) FISH of prepharyngeal
transverse sections showing y (hnf4*/piwi-1*) and ¢-neoblasts (zfp-1*/piwi-1*) (white outlines). Nonneoblast progenitors of gut (hnf4*/piwi-17) and epidermis (zfp-
1*/piwi-17): red and magenta outlines, respectively. (F) Densities of tgs-1*, ¢- and y-neoblasts. (G, H) Densities of piwi-1* (G) and piwi-1~ (H) cells within early
epidermal progenitors (ep) (zfp-1*), protonephridia (pn) (cavil*), neuron (nu) (ChAT), intestine (in) (hnf4*), DV muscles (D/V-mu), gut muscles (in-mu), and
subepidermal muscles (subep-mu) (col4-2*). (I) Lineage-committed neoblasts within tissue compartments. White box and magnified Insets highlight piwi-1 and
tissue marker in control(RNAI) and col4-1(RNAi) worms. For C, D, G, and H, the number of animals tested is indicated by the number of data points in each group.
Mean + SEM is presented for each assessment, and statistical significance was assessed using two-tailed unpaired Student t tests. *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001. Confocal images are shown as tiled z-projection (A-C) or single z-plane (E and /). (Scale bars: A Right, C and E small panels, and / small
panels, 10 um; others, 100 pm.)
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Fig. 5. Impaired neoblast differentiation disrupted tissue homeostasis in col/4-1(RNAi) worms. (A) col4-1(RNAiI) head regression phenotypes, ranked as “mild,”

“intermediate,” to “severe.” White arrowhead: site of tissue regression (n = 100 worms per group). Background outside the margin of the worm is removed for
presentation consistency. (B) Regression of the brain in col4-1(RNAi) animals with the intermediate phenotype. (C) Quantification of brain-to-body length ratio
(n =5 worms per group. int, intermediate; sev, severe). (D, Left) Head region of control(RNAi) and intermediate col4-1(RNAi) worms stained for neoblasts (piwi-1%),
proliferating neoblasts (H3P*), epidermal progenies (prog2*), and muscle fibers (6G10%). White arrowheads: actively proliferating neoblasts in epidermal region
(Center) Muscle fiber network. (Right) Epidermal progeny. (E) FISH/IF of wounding genes (fos-1, jun-1, delta-1), proliferating neoblasts (H3P*), and muscle (6G10*) from
18 to 27 d of RNAI (5fd6 to 8fd6). (F) Quantification of dividing neoblast density (H3P*) in RNAi animals when no detectable wounding was observed (18 of 21 d of
RNAI). (G) Density of neoblasts (piwi-1*) for RNAi worms fed until 3fd3/4fd3/5fd3/6fd3, respectively, and then sublethally y-irradiated and harvested at 3 dpi (in total 12
to 21 d of RNAI). (H) Schematic diagram of BrdU pulse-chase labeling of neoblast in mild phenotype col4-1(RNAi) worms. (/) BrdU and piwi-1. White line: epidermal
edge. (Right) Lateral edge of neoblast compartment. Epi, epidermis; subpei, subepidermal region. (J) Quantification of the ratios of piwi-1~ BrdU* cells to
total BrdU* cells, 4 d after pulse labeling. For F, G, and J, the number of animals tested is indicated by the number of data points in each group. Mean + SEM is
presented, and statistical significance was assessed using two-tailed unpaired Student t tests. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (Scale bars in
I, Right, 10 um; all others, 100 um.) B, D, and E are z-projection images; / is single-plane image.

S14 H and I). Neoblasts, which were scarce in control(RNAi) head
blastemas, were found in the regenerating head blastemas of
col4-1(RNAi) worms at 2 dpa (SI Appendix, Fig. S14 J and K).
Similarly, higher densities of cycling neoblasts were observed at 2
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and 6 dpa (SI Appendix, Fig. S14L), suggesting more cells retained

stem cell characteristics in a COLIV-deficient blastema.
Collectively, our findings indicated that col4-1 was re-

quired spatially and temporally to regulate neoblast number and
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differentiation, fine-tuning tissue homeostasis and regeneration.
Next, we addressed whether a physical interaction between
neoblasts and a COLIV-containing ECM niche might regulate
neoblast behavior.

Integrin or DDR RNAi Worms Phenocopy COLIV Deficiency. Integrins
function as heterodimers of o- and p-chains. S. mediterranea has
four o (irgAI-4) and one P (irgB1) integrin genes (54, 55). One
would predict that the p1 chain could dimerize with each of the
a-chains. S. mediterranea has two ddr genes, ddr-1 and ddr-2. DDR
are collagen receptors (68). In the neoblast repopulation assay,
ddr-1,itgAl, itgA4, or itgB1 (RNAi) showed a similar hyperproliferation
phenotype to col4-1(RNAi) (SI Appendix, Fig. S6B).

Analysis of the scRNA-seq dataset showed integrin genes were
expressed by diverse tissue types, including neoblasts, whereas ddr-
1 was expressed primarily by neurons (SI Appendix, Fig. S154),
particularly PC2* neurons (SI Appendix, Fig. S15B). These ex-
pression patterns were confirmed by ISH (S1 Appendix, Fig. S15C).
In the parenchyma, piwi-1*/itgA4™ neoblasts were located within a
COLIV-containing ECM environment (SI Appendix, Fig. S15D),
supporting the notion that COLIV and neoblast integrins can
interact directly. The parenchyma is dorsal to the neuronal sys-
tem (brain, ventral nerve cord, and multiple transverse neurons)
and enclosing the intestinal system (SI Appendix, Fig. S15E),
suggesting both neurons and intestinal cells could serve as niche
cells for neoblasts. We confirmed ddr-1 was expressed in the
neuronal system (ChAT") immediately adjacent to neoblasts
(piwi-1") and the gut (structure indicated by DAPI) microenvi-
ronment (Fig. 6 A and B). Neurons in the brain were also sur-
rounded by COLIV from the gut and D/V muscles, thus likely to
be in contact with COLIV (Fig. 6C).

PC2" neurons and some epidermal progenitors express nrg-7
and binding of NRG-7 to its receptor (EGFR-3) on neoblasts
regulates asymmetric cell division and self-renewal in neoblast-
repopulating worms (34). We hypothesized that there was a re-
lationship between DDR and nrg-7 expression in neurons. ddr-1"/
ChAT™ neurons in the brain and ventral nerve cord also expressed
nrg-7 (Fig. 6D), demonstrating the presence of ddr-1%/nrg-7"
neurons surrounding the parenchyma, including the gut-neoblast
microenvironment (Fig. 6E). Additionally, we detected a small
population of nrg-7* neoblasts adjacent to the brain compartment,
consistent with neural lineage-committed neoblasts (Fig. 6 E, i),
but we did not detect nrg-7 in other neoblasts (Fig. 6 E, ii). Thus,
an interrelationship between COLIV, neurons, and neoblasts may
exist in the niche; we therefore investigated this with respect to
col4-1 expression and function.

COLIV Regulates Neoblast Pluripotency in Tissue Maintenance via EGF
Signaling. We hypothesized that NRG-7/EGF signaling was down-
stream of the COLIV/DDR-1 interaction in neurons. RNAi of col4-
1 or ddr-1 increased nrg-7 expression as detected by qRT-PCR and
FISH (Fig. 6F and SI Appendix, S15F), including in ddr-I* neurons
(SI Appendix, Fig. S15F). Double RNAI of col4-1 and nrg-7 resulted
in neoblast hyperproliferation similar to single nrg-7(RNAi) worms
in the repopulation assay (Fig. 6 G and H), whereas double RNAi
of ddr-1 and nrg-7 restored neoblast proliferation to control(RNAi)
levels (Fig. 6 G and H). These data support a functional relationship
between these three genes, where nrg-7 was suppressed by COLIV/
DDR interaction in the niche surrounding neurons, consistent with
our hypothesis.

RNAI of col4-1 and ddr-1 resulted in higher piwi-1 expression
in homeostatic worms. While nrg-7(RNAi) caused no significant
changes, double RNAI of nrg-7 with col4-1 or ddr-1 restored piwi-1
expression to the levels in control(RNAi) worms (Fig. 61), sup-
porting a role for NGR-7 downstream of DDR or Col4-1. We
propose that this occurs via a direct ECM/receptor interaction at
the surface of neurons.
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Finally, as RNAi of col4-1 increased the proportion of #gs-17
neoblasts, we assessed fgs-1* neoblast proportions in nrg-7(RNAi)
worms and found no effect compared with control(RNAi) worms
(Fig. 6 J and K). Interestingly, the #gs-1* neoblasts appeared to
be lower in signal intensity compared to all other groups (Fig.
6J). Using a rag/-value cutoff of 100 to define a high #gs-1 in-
tensity (tgs-1"™"), we found significantly fewer of these cells in
nrg-7(RNAi) worms. Thus, nrg-7(RNAi) alters the pluripotent
neoblast characteristics that may contribute to poor neoblast
repopulation. While col4-1(RNAi) resulted in higher proportions
of both total 1gs-1" and fgs-1 """ neoblasts, double RNAI of col4-1
and nrg-7 restored the proportions to those of control(RNAi) worms
(Fig. 6 J and K). Together, these data support a model where
COLIV/DDRI interactions at a neuronal niche limit self-renewal of
pluripotent cells at the neoblast niche via the NRG-7/EGF pathway.

Discussion

In this study, we assessed the role of ECM and ECM-related
genes in neoblast function during planarian stem cell maintenance,
repopulation, and differentiation. Collagens emerged as the most
influential class, with BM and fibrillar collagens showing contrasting
outcomes. BM is known to play a role in stem cell regulation,
involving its major components, COLIV, and laminins (58). For
example, COLIV induces trophoectoderm differentiation of
mouse embryonic stem cells (69) and germline stem cell main-
tenance in Drosophila (70), and laminins facilitate clonal ex-
pansion of a single human blastocyst inner cell mass or blastomere
cell in culture (71). Here, we describe the role of COLIV in the
regulation of stem cell pluripotency in the planarian. COLIV
maintains a constant ratio of neoblast subtypes with high and low
pluripotency. It also promotes differentiation of pluripotent cells,
as the density of tissue progenitor cells is reduced in col4-1(RNAi)
worms. While we have not studied all tissue progenitor types,
COLIV is likely to have general effect.

The planarian COLIV a-chains contain the typical features of
mammalian COLIV a-chains, including the 7S domain, Gly-X-Y
repeats, NC1 (C4) domain, and a sulfilimine bond (72). Al-
though the chains do not cluster with the typical al and a2
classes in a hierarchical analysis with mammalian COLIV chains,
they fall into a separate cluster of two classes, suggesting a similar
requirement for the assembly of heterotrimers, comprising com-
binations of the al and a2 classes.

The similarity in the neoblast repopulation outcomes of col4-1,
-2, and -3(RNAi), with col4-1(RNAi) being the most severe, sug-
gests col4-1 a-chains form heterotrimers with col4-2 and/or col4-3
a-chains. In support of this notion, the combined RNAIi of the
genes for all three a-chains had a similar effect to RNAI of col4-1
alone. scRNA-seq showed col4-1, -2, and -3 were all expressed by
muscle progenitors. As chain trimerization occurs before secre-
tion, Col4-1/2 and Col4-1/3 heterotrimers can be formed. Non-
muscle cells, including neoblasts, express col4-1 in much higher
levels than col4-2 and -3, and thus are likely to produce Col4-1
homotrimers. The redundancy of multiple COLIV types could
explain why col4-1(RNAi) alone led to only partial reduction of
differentiation, together with incomplete removal of COLIV by
knockdown. Other non-COLIV extrinsic pathways that influence
differentiation may also act in parallel. For example, RNAi of
cystic kidney diseases gene NPHPS or inhibition of tubule flow
increased the number of protonephridial lineage-committed neo-
blasts and differentiated progenitors (63). col4-1(RNAi) resulted
in fewer protonephridia (Fig. 4 H and I), which may impair tubule
flow, triggering NPHPS-related phenotypes that partially com-
pensate for the cell loss.

COLIV has been shown in vitro to direct the differentiation of
embryonic stem cells into mesoderm lineages, including hema-
topoietic, endothelial, and smooth muscle cells, in the mouse
(73-75) and human (76). How COLIV contributes to the mam-
malian stem cell niche is not clear. In the adult Drosophila germline
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Fig. 6. COLIV regulates neoblast potency in tissue maintenance via EGF signaling. (A and B) Animal’s anterior dorsal view showing expression of ddr-1 in
relation to neoblasts (piwi-1*) (A), brain neurons (ChAT") (B), and gut (visualized by DAPI, structure highlighted by dotted lines). Box highlighted some ddr-1*/
ChAT* neurons. (C) Brain structure stained with «COLIV and a6G10 (muscle). (D) nrg-7*/ddr-1* neurons, enlarged Right. (E) Gut-neoblast niche enclosed by
nrg-7-producing ddr-1* neurons as niche cells. Boxes: neural-committed neoblasts (/) and other neoblasts (ii). (F) Expression of nrg-7 in the indicated RNAi
groups (six feeds-day 7, non-y-irradiated) by gRT-PCR. (G and H) Neoblast repopulation in col/4-1/ddr-1 and nrg-7 double RNAi worms (6 feeds, 1,250 rad
y-irradiated, 14 dpi). (G) FISH piwi-1* neoblasts, density quantified in H. (/) gRT-PCR quantification of piwi-1 expression in non-y-irradiated double RNAi
worms. (J) Location of pluripotent (tgs-1*/piwi-1*) and other (tgs-1~/piwi-1*) neoblasts in anterior parenchyma (dorsal view). (K) Proportions of tgs-1* (Left)
and tgs-1*M9" (Right) pluripotent subtypes. For all gRT-PCR assays, gene-expression levels are normalized by housekeeping gene gapdh. Each group is done
with biological triplicate (each contained cDNA pooled from three worms) and experimental triplicate. For all gRT-PCR and cell density quantifications with
the mean + SEM presented. Statistical significance was assessed using two-tailed unpaired Student t tests. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
For H and K, the number of data points in each group represents number of animals tested. All images shown are tiled single z-plane confocal. Background
outside the margin of the worm is removed for presentation consistency. (Scale bars: B, Right and E small panels, 10 pm; all others, 100 pm.) (L) A model of
ECM-neoblast niche in homeostasis. Pluripotent neoblasts and their progenitors surrounded by Col4-1 homotrimers as their territorial ECM niches. Territorial
and interterritorial ECM niches act together to restrict population sizes of pluripotent neoblasts in the inner parenchyma, and promotes neoblast differ-
entiation in outer parenchyma. Overall, a broad heterogenicity of neoblasts of different types and potencies can be maintained in close proximity.
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stem cell niche, COLIV (Viking) produced by niche-surrounding
adipose cells interacted directly with the germline stem cell via
pB-integrin and focal adhesion kinase, bringing COLIV close to the
cell surface (70). During Drosophila development, VIKING binds
BMP (Dpp) and promotes the presentation of Dpp receptors at the
cell surface for signaling, which is an important process in the
control of the early germline stem cell population (77, 78).

In the planarian, while neoblasts are the only proliferating
somatic cells, how their cell fates are regulated is poorly un-
derstood. y-Irradiation eliminates the proliferating neoblasts and
varying the dosage controls lethal and nonlethal outcomes, sug-
gesting that neoblasts are heterogeneous in terms of cycling state
(10). Pluripotent neoblasts are more resistant to y-irradiation,
which suggests COLIV might regulate the cell cycle to maintain a
small pool of slow-cycling piwi-1*/tgs-1* neoblasts. However, a
reduction of COLIV in the niche led to amplification/enrichment
of this piwi-1"/tgs-1" neoblast pool, resulting in a hyperproliferative
phenotype after sublethal y-irradiation.

It is likely that neoblasts interact both directly and indirectly
with ECM components, as RNAi of neoblast integrins and
neural DDR both resulted in neoblast hyperproliferation, the
latter through NRG-7 up-regulation. These interactions might
be related to cell proliferation and stem cell quiescence, as in
the slow-cycling quiescent adult stem cells in mammalian tis-
sues that are mobilized to proliferate for self-renewal and dif-
ferentiation for tissue repair (79). Because NRG-7 is involved,
these interactions are also likely to regulate the self-renewal/
differentiation choice (34), but the precise mechanism requires
further investigation.

Laminin normally coexists with COLIV in BM structures (58).
RNAI of lamA, -B, and -C caused hyperproliferation of neoblasts
in the repopulation assay, consistent with cooperation among
these ECM molecules. The composition of the BM appears to be
finely tuned in the planarian, with COLIV and laminin produced
by different cell types, which might provide different and specific
cell niches, even for cells with close proximity (Fig. 6L). Long-
lived, quiescent adult stem cells can give rise to transitory, short-
lived amplifying stem cells, and they both can coexist in close
proximity within the niche (80). How such cell type heterogeneity
is achieved is not well understood.

In the mammalian intestine, adult stem cells reside at the
bottom of crypts and divide continuously. Supporting cells, such
as the Paneth and the surrounding mesenchyme, create a spe-
cialized metabolic environment that, together with a range of
molecular signals, regulates stem cell renewal and differentiation
(81). The role of the ECM in this intestinal crypt system is not
well understood. The mammalian intestinal crypt contains stem
cells with diverse potency and lineage-committed progenitors
(82), and Lgr5"e" intestinal stem cell clones compete against
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each other (4). In the planarian parenchyma, pluripotent and
various subclasses of neoblasts coexist, with possible feedback
mechanisms as exemplified in the intestinal crypt (83-85). A
COLIV-containing ECM niche restricts the population of plu-
ripotent neoblasts, while promoting lineage progression and the
differentiation of functional tissue cells. Supporting neurons, via
interaction with a COLIV environment, could regulate the
supply of NRG-7 for neoblast self-renewal (Fig. 6L). It is pos-
sible that this role for COLIV applies beyond the parenchyma.

The need for COLIV in the neoblast lineage progression from
pluripotent to tissue-specific progenitors is best illustrated in the
regression of the anterior tissue (head) in col4-I-deficient
worms. The same interpretation can be applied to the formation
of the blastema after amputation. COLIV is up-regulated in
blastema, which may promote local neoblast differentiation to
form new tissues.

Understanding how the ECM niche signals to the neoblast is
of great interest from many aspects, such as providing clues to
mimic planarian regeneration in mammalian systems, in vitro
generation of specific progenitor cells, and applications in tissue
engineering. This study showed that the neoblast fate-controlling
mechanism involves COLIV/integrins and neuronal DDR/NRG-
7 in the niche. While the precise mechanism and context of the
response transduction need further investigation, our findings
support COLIV being a key mechanism in the regulation of
symmetric and asymmetric division of neoblasts via the Col4-1/
DDR interaction and NRG-7/EGF pathway in self-renewal and
differentiation.
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available within the article and its S/ Appendix files, or from the corresponding
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ing identification and selection of planarian ECM genes, phylogenetic analysis
of planarian collagens, planarian maintenance, y-irradiation and RNAi feed-
ings, quantitative real-time PCR, single-cell transcriptomic data analysis, whole-
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