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Abstract

Regeneration requires the precise integration of cues that initiate proliferation, direct differentia-
tion, and ultimately re-pattern tissues to the proper size and scale. Yet how these processes
are integrated with wounding responses remains relatively unknown. The freshwater planarian,
Schmidtea mediterranea, is an ideal model to study the stereotyped proliferative and transcrip-
tional responses to injury due to its high capacity for regeneration. Here, we characterize the
effector of the Hippo signalling cascade, yorkie, during planarian regeneration and its role in
restricting early injury responses. In yki(RNAi) regenerating animals, wound responses are
hyper-activated such that both stem cell proliferation and the transcriptional wound response
program are heighted and prolonged. Using this observation, we also uncovered novel wound-
induced genes by RNAseq that were de-repressed in yki(RNAI) animals compared with con-
trols. Additionally, we show that yki(RNAi) animals have expanded epidermal and muscle cell
populations, which we hypothesize are the increased sources of wound-induced genes. Finally,
we show that in yki(RNAI) animals, the sensing of the size of an injury by eyes or the pharynx is
not appropriate, and the brain, gut, and midline cannot remodel or scale correctly to the size of
the regenerating fragment. Taken together, our results suggest that ykifunctions as a key mole-
cule that can integrate multiple aspects of the injury response including proliferation, apoptosis,
injury-induced transcription, and patterning.

Author summary

The planarian displays a remarkable ability to regenerate any tissue from mere fragments
of its original size. This high capacity to regenerate is attributed to the abundant popula-
tion of pluripotent adult stem cells. In response to an injury, such as an amputation, stem
cells proliferate and replace the lost tissues de novo (epimorphosis), whereas existing tis-
sue must rescale to the correct proportions in relation to the new fragment size (morphal-
laxis). Currently, the molecules that control either the responses to injury or the ones

that mediate size and scaling are not well understood. For instance, how are the injury
responses precisely activated and shut down to ensure regenerating tissues are not under-
or overgrown? Here, we find that Yki, the effector of the Hippo signalling cascade, is a
critical molecule that influences several injury processes during regeneration. Loss of Yki
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function in regenerating animals resulted in increased and temporally dysregulated
expression of wound-induced genes, proliferation, and apoptosis. Genes that are injury
induced were mis-expressed in yki(RNAi) animals, which also showed increases in the epi-
dermal and muscle cell populations. Taken together, our findings suggest that the injury
responses must be restricted to ensure proper regenerative outcomes of correct scale, and
that Yki is a key regulator in these processes.

Introduction

Regeneration is a growth-controlled program that is observed across the animal kingdom [1].
Neo-natal mice can regrow missing digit tips, salamanders can replace missing limbs, while
other organisms, such as hydrazoans and planarians, can regenerate virtually any tissue
[1,2,3,4,5]. A common path to successful regeneration is a wounding program that first
replaces the missing tissue through proliferation (epimorphosis) and subsequently re-patterns
and re-scales the pre-existing tissue to match the new proportions of the animal (morphallaxis)
[6,7]. Failure to initiate or cease aspects of either process can result in under- or overgrown tis-
sues, respectively. Yet how proliferation and patterning may be regulated in the correct spatio-
temporal manner to determine size and scaling of regenerating tissues remains poorly
understood.

The asexual planarian, Schmidtea mediterranea, displays a remarkable ability control
growth because it can regenerate any missing tissue upon amputation, then rescale the entire
animal in proportion to the amount of remaining tissue. Planarian regenerative capacity is
derived from its near ubiquitous population of adult stem cells (neoblasts), which are also the
only mitotic cells in the animal and at least some of which are pluripotent [8,9,10]. In response
to tissue removal, a stereotypical bimodal pattern of proliferation occurs, first at 6 hours post
amputation (hpa) and then at 48 hpa [11]. Simultaneously, a generic transcriptional injury
response program is expressed with distinct temporal and spatial patterns [12,13]. However, it
is unknown how these two processes may be linked and what regulator(s) may determine the
onset or decay of responses to injury. As regeneration progresses, the missing tissues are
replaced, reintegrated with the prexisiting tissue, and then morphallaxis begins to achieve
proper proportions of the regenerated animal [6]. For example, in planarians the WNT polar-
ity gradients must be rescaled to accommodate the new size of the worm [14], and the brain
can be dynamically scaled by the combined action of WNT, notum, and the hedgehog path-
ways [15,16]. Therefore, the planarian is a unique model to understand the active processes of
growth—proliferation, patterning, and scaling—in an adult regenerative context.

The Hippo pathway is universal regulator of growth control and is a kinase cascade that
impinges on the transcriptional co-activator, Yorkie, (in vertebrates: YAP1/2 and paralog
TAZ) [17,18]. Constitutive activation of Yki or YAP results in overgrown tissues in flies and
vertebrates, suggesting a conserved role in promoting cell division [17,19,20]. However, YAP
can be growth-restrictive in highly proliferative and regenerative tissues, such as the mamma-
lian intestine [21]. Indeed, we have previously demonstrated that planarian yorkie (Smed-yki)
is required to restrict stem cell proliferation, yet yki(RNAi) animals also fail to regenerate [22].
This conundrum between increased proliferation with an undergrowth phenotype suggests
that growth control, patterning, and/or wound-responses are dysregulated, although this
remains to be tested. Here, we examine the role of Yki in the known responses to injury, specif-
ically stem cell proliferation and the early transcriptional wound response. In yki(RNAi) ani-
mals, we demonstrate that the proliferative and transcriptional injury responses are both
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hyper-activated and temporally prolonged. Despite increased proliferation, stem cells showed
no block in differentiation, and surprisingly, produced increased numbers of epidermal and
muscle cells. Using an RNA-deep sequencing (RNAseq) time course, we determine that yki
(RNAi) regenerates have significantly up-regulated known and novel wound-induced genes,
many of which have known roles in patterning. We then show that yki(RNAi) animals fail to
maintain proper size and scaling of the brain, midline, and gut during morphallaxis and have
altered kinetics of homeostatic eye replacement. Altogether, this study demonstrates that Yki
is a highly pleiotropic yet critical regulator of multiple early wound response processes.

Results
yorkie restricts stem cell proliferation during regeneration

We previously reported that yki was required for planarian regeneration, but the underlying
causes remained to be elucidated. [22]. Failures in regeneration are often correlated with aber-
rant stem cell dynamics, including alterations in stem cell proliferation [23,24,25]. Thus, we
first tested yki(RNAi) regenerating heads, trunks, and tails for defects in proliferation using the
G2/M cell-phase marker phosphorylated histone 3 (H3P). In a control(RNAi) regeneration
time course, we observed that proliferation occurred in a bimodal pattern with the two peaks
of proliferation occurring at 9 and 48 hours post amputation (hpa), similar to what has been
previously described (Fig 1A) [11]. Surprisingly, in the yki(RNAi) time course, the bimodal
pattern remained, but the peaks were higher and prolonged. For all 3 fragments, the first wave
of proliferation peaked between 12 and 24 hpa, whereas the second wave of proliferation con-
sistently peaked around 72 hpa in yki(RNAi) animals (Fig 1A). Proliferation was also sustained
at the wound margin in yki(RNAi) tail fragments at 72 hpa; whereas, in control(RNAi) tails,
proliferation predominantly shifted posteriorly away from the wound site by 72 hpa (S1A Fig).
From these data, we concluded that similar to intact animals [22], yki(RNAi) fragments had
increased proliferation based on H3P staining.

Canonical target genes for Drosophila Yki are the cell cycle regulator cyclin E, and apoptosis
inhibitor, diap1 [17]. Thus, H3P may be an insufficient measure because increased prolifera-
tion in yki(RNAi) regenerates could be attributed to a change in the cell cycle length. Using
BrdU pulse-time-chase experiments, we measured the proportion of label-retaining cells at the
wound edge by administering BrdU at 3fd15, amputating worms 5 days later, and fixing and
assaying tail fragments at 24 hpa (Fig 1B). The fraction of labeled mitoses at 24 hpa (BrdU*/
H3P" out of the total H3P") suggested that not only is the proliferation response to injury
heightened, but that yki does not inhibit S-phase entry or exit. Moreover, the ratio of label
retaining cells (H3P*/BrdU"™) to the total amount of H3P cells was not different between con-
trol(RNAi) and yki(RNAi), 59+9% and 60+7%, respectively, despite higher proliferation in yki
(RNAi) (Fig 1C). Therefore, the changes in proliferation in yki(RNAi) animals cannot be attrib-
uted to alterations in the length of the S or G2/M phases individually, although we cannot rule
out the possibility that the whole cell cycle is accelerated or that the G1 phase is significantly
faster in yki(RNAi) fragments. Finally, the increased proliferation was from both sigma- and
non-sigma stem cell classes and was also accompanied by increased cell death (S1B and S1C
Fig) [26].

Congruent with our previous results, single-cell RNA sequencing (scRNAseq) [13,27] of
stem and differentiated tissues demonstrated that yki was not enriched in any of the stem cell
sub-classes (y, { or 0), and instead, was primarily expressed in differentiated tissues, such as
the epidermis, muscle, and gut (S1D Fig) [22]. Interestingly, these same differentiated tissues
have recently been shown to be enriched for the expression of wound-induced genes, collec-
tively known as the “transcriptional injury response” [13]. Therefore, we next tested whether
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Fig 1. ykiregulates stem cell proliferation dynamics during regeneration. (A) Representative images for a
time course of regenerating fragments (heads, trunks, and tails) stained with mitotic marker, phosphorylated
histone 3 (H3P) with quantification on the right (n>5, N>2). (B) yki(RNAI) does not affect the cell cycle. Top:
Timeline and schematic of the pulse-chase experimental details. Bottom: Double positive cells (H3P*/BrdU™) are
marked with blue arrows. Red dotted line is the wound boundary. Yellow box indicates the high magnification of a
double positive cell shown in the far right panels. (C) Quantifications of the images in B. Top: A significant increase
in the total number of H3P cells is observed in yki(RNAI) in both the BrdU* and BrdU™ populations. Bottom: No
difference is observed (p = 0.67) in the percentage/distribution of H3P*/BrdU* cells (orange bar) to the total
amount of H3P cells in control(RNAI) compared to yki(RNAI) tail fragments (59+9% and 60+7%, respectively).
Error bars are 1 standard deviation. All statistical tests were determined using two-tailed unpaired student’s t-tests
with *p<0.05, **<p<0.01, ***p<0.001, n.s. = not significant. Scale bars indicate 100 um.

https://doi.org/10.1371/journal.pgen.1006874.9001

changes in the early transcriptional response to wounds could explain either the heightened
proliferative response or the failure to regenerate in yki(RNAi) fragments.

yki is required to restrict the transcriptional injury response

In planarians, the transcriptional wounding response program is activated immediately follow-
ing any type of injury, whether tissue is removed—such as a wedge cut or an amputation—or
not, such as an incision or a poke [12]. This response can be subcategorized temporally into
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two waves of transcription: an immediate “early wave” that peaks in expression by ~6 hpa,
and; a subsequent “late wave” that lasts in expression until ~24 hpa [12,13]. In yki(RNA), the
early-wave marker fos-1, was precociously expressed at 0.5 hpa and was prolonged until 12
hpa (Fig 2A). Similarly, the late marker delta-1 was also increased and temporally unre-
stricted in its expression (Fig 2B). The time courses observed by WISH were supported by
parallel experiments using qRT-PCR (Fig 2A and 2B). Two other known, wound-induced
genes, jun-1 and tyrosine-kinase2, showed similar, upregulated expression in regenerating
yki(RNAi) head, trunk, and tail fragments (Fig 2C, S2A Fig). Additionally, yki(RNAi)-irradi-
ated animals showed no difference in fos-1 or delta-1 expression compared to their yki
(RNAi)-non-irradiated counterparts, suggesting that the increased stem cells/proliferation
in yki(RNAi) do not contribute to the elevated wound-induced gene expression (Fig 2D).
Furthermore, yki itself was not injury-induced [13] (https://radiant.wi.mit.edu/app/) and
cycloheximde, which blocks protein translation, did not block these transcriptional respon-
ses, similar to what has been previously reported (52B and S2C Fig) [12]. Finally, the known
effects of yki(RNAi) on the excretory system (edemas) did not alter the proliferative or tran-
scriptional injury responses, demonstrating that the pleiotropic effects of yki on the excre-
tory system were independent (S3 Fig) [22]. Due to the heightened transcriptional wound
responses in yki(RNAi) fragments, we next tested whether transcriptomics of these frag-
ments could be used to discover novel wound-induced transcripts.

The identification of novel wound-induced genes by RNAseq

The heightened transcriptional injury response in yki(RNAi) animals suggested that transcrip-
tome profiling may be able to uncover novel wound-induced genes as well as assay how
known wound-induced genes were changing in a more global way. Even though irradiation
can cause multiple transcriptional responses in addition to eliminating stem cells [28], we also
chose to irradiate animals because yki(RNAi) caused an expanded stem cell population and
hyper-proliferation, which could significantly alter many non-injury responsive transcripts
[22]. Thus, biologically-triplicated RNAseq was performed on 1 day post-irradiated intact ani-
mals as well as 1 day post-irradiated regenerating tails at 6, 12, and 24 hpa (see Materials and
Methods). Because the transcriptional and proliferative injury responses were not fragment
dependent (Figs 1 and 2) and tail fragments had the most penetrant and severe regeneration
defects [22], we chose to focus our subsequent analyses on tails.

In order to determine differential expression between yki(RNAi) and control(RNAi) tail frag-
ments, we used pair-wise DEseq2, which found 41 transcripts significantly upregulated in the yki
(RNAi) conditions at any time point (Fig 3A, S1 Table). In general, wound-induced transcripts
tell into 3 categories: 1) detected but not validated in previous studies [12,13]; 2) novel from
these data, but tail specific [29]; and 3) novel from these data (Fig 3A, S4A and S4B Fig). We sub-
sequently validated several of these transcripts by WISH (Fig 3B-3D; S4C Fig). From these data,
we concluded that yki(RNAi) animals can not only be used to detect novel wound-induced tran-
scripts, but that wound-responsive transcripts are generally upregulated when yki is knocked
down (S1 Table). Interestingly, by scRNAseq analyses, many novel candidates had expression in
the muscle, while Smed-Post-2d, IMDH2, and SmexASXL_061347 also had predominant enrich-
ment in the epidermal (early and late) progenitor populations (54D Fig) [13]. Therefore, we next
examined the epidermal and muscle cell populations for defects in yki(RNAi) animals.

yki(RNAI) animals exhibit higher epidermal density and smaller cell size

The epidermis is enriched for wound-induced genes and has a well-defined lineage that can
be readily assayed [12,13,24,26,30,31]. Early epidermal progenitors, marked by prog-2, were
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Fig 2. ykiis required to restrict the transcriptional injury response. Representative WISH time course images of all three regenerating fragments
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**<p<0.01, ***p<0.001. All statistical tests were determined using two-tailed unpaired student’s t-tests.

https://doi.org/10.1371/journal.pgen.1006874.9002
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https:/doi.org/10.1371/journal.pgen.1006874.g003

significantly increased in density in yki(RNAi) tails at 2 dpa. Similarly, at 7 dpa, yki(RNAi) tails
showed significantly more AGAT-1" late epidermal progenitors and differentiated dorsal epi-
dermal cells compared to control(RNAi) tails (Fig 4A and 4B). This suggested that epidermal
differentiation was not blocked in yki(RNAi), and in contrast, yki was required to restrict epi-
dermal numbers. The increased epidermal density in yki(RNAi) came at the expense of the cell
size, and accordingly, the cell size of epidermal cells were also smaller by Concanavalin A
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Fig 4. ykirestricts epidermal density and cell size. (A) Epidermal populations are assayed by WISH for prog-2 at 2 dpa, AGAT-1and DAPI at 7 dpa.
Concanavalin A stains for the junctions between epidermal cells. Regenerating tail fragments (n>8) were assayed for each stain. Red dotted line indicates
wound margin, while yellow dashed lines outline the animal. Dorsal views. (B) Histograms of epidermal cell counts and cell sizes by quantifying
corresponding images from (A). Each point represents quantification from 1 animal. Error bars are standard deviation. Statistical tests were conducted
with two-tailed unpaired student’s t-tests with *p<0.05, **p<0.01, ***p<0.001. Scale bars are 100 ym.

https://doi.org/10.1371/journal.pgen.1006874.9004

staining (Fig 4A and 4B) [32]. Together, these data suggested that the increased stem cell pro-
liferation led to increased epidermal progenitors, and ultimately, increased epidermal density.

An expanded population of muscle cells and patterning molecules are
observed in yki(RNAI) animals

We next focused on the muscle population because it was another cell type that was enriched
for many dysregulated wound-induced genes in yki(RNAi) (S4D Fig). Moreover, the collagen™
muscle subpopulation is the source of many patterning signals that belong to major signalling
cascades such as WNT, BMP, and TGF-f [33,34]. In order to understand the dynamics of the
muscle cell population during regeneration, we administered BrdU at 3fd15, amputated
worms 5 days later, and subsequently fixed them after 7 days of regeneration (Fig 5A). In yki

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006874 July 7,2017 8/22


https://doi.org/10.1371/journal.pgen.1006874.g004
https://doi.org/10.1371/journal.pgen.1006874

@’PLOS | GENETICS

Yorkie regulates the wound program in planarians

(RNAi) animals, an increased number of collagen™/BrdU™ cells was observed compared to con-
trols (Fig 5B and 5C). Accordingly, we found that collagen and another muscle-specific gene,
troponin, were significantly upregulated immediately after injury in yki(RNAi) tail fragments
by qRT-PCR (Fig 5D). Thus, the increased muscle cell population could also explain the
heightened transcriptional wound response in yki(RNAi) (see Discussion).

To test whether the overproduction of muscle cells in yki(RNAi) was attributed to increased
wound-induced gene expression, we examined wnt1. Injury induces wntl expression, which is
also a polarity determinant that has >90% co-localization within the collagen™ muscle cell
population [34,35]. In yki(RNAi) animals at 6 and 12 hpa, significantly more wnt1" cells
were observed along the tail midline, but also ectopically at the wound margin (Fig 5E).
These ectopic wnt1" cells were predominantly collagen™ with no significant difference in
the percentage or distribution of wnt1*/collagen” cells in yki(RNAi) as compared to control
(RNAi) (14.24£3.9% and 11.8+8.1%, respectively; p = 0.39) (Fig 5F and 5G). Therefore, wnt1*
was not ectopically expressed in a different cell type and suggested that the expanded muscle
population can contribute to the increase in wound-induced gene expression.

Many non-wound-induced body patterning molecules are also known to be highly
expressed in collagen™ cells, including the HOXs and FGFs [33,34]. With the increased muscle
population in yki(RNAi) animals, we tested whether other wound and non-wound induced
patterning molecules were aberrantly expressed. Using the same RNAseq paradigm discussed
above (Fig 3A), we compared yki(RNAi) tails to control(RNAi) tails at matched time points and
found 33 patterning genes that were significantly dysregulated (Fig 5H, S2 Table). A high pro-
portion of these genes were associated with WNT signalling—a key determinant in anterior-
posterior identity—which was expected because yki(RNAi) tails do not regenerate their ante-
rior [22]. However, the anteriorly-expressed WNT signalling antagonists, notum and sfrp-2
were still expressed in yki(RNAi) tails (Fig 5H, S5A and S5B Fig) [36]. Thus, the yki(RNAi)
regenerative defects were not simply a failure to express anterior-specification genes. Indeed,
the changes in patterning molecules were not limited to the WNTs, but also included genes
associated with patterning the midline such as netrin-2A and slit (S5C and S5D Fig), or the
dorsal-ventral axis such as bmp, tolloid-1, noggin-1, and -7 (Fig 5H). Alterations in expression
of these signalling pathways can affect regeneration with improperly sized organs, thus, we
next tested whether yki(RNAi) animals had defects in organ scaling [16,33,37].

yki(RNAI) animals ex