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Abstract

Adult regeneration restores patterning of orthogonal body axes after damage in a post-
embryonic context. Planarians regenerate using distinct body-wide signals primarily regulat-
ing each axis dimension: anteroposterior Wnts, dorsoventral BMP, and mediolateral Wnt5
and Slit determinants. How regeneration can coordinate perpendicular tissue axes without
symmetry-breaking embryonic events is not fully understood. Here, we report that the pla-
narian dorsoventral regulator bmp4 suppresses the posterior determinant wnt1 to provide
patterning input to the anteroposterior axis. Double-FISH identified distinct anteroposterior
domains within dorsal midline muscle that express either bmp4 or wnt1. Homeostatic inhibi-
tion bmp4 and smad1 expanded the wnt1 expression anteriorly, while elevation of BMP sig-
naling through nog1;nog2 RNAI reduced the wnt1 expression domain and elevated bmp4
expression. Homeostatic BMP signal perturbation broadly affected anteroposterior identity
as measured by expression of posterior Wnt pathway factors, and caused mislocalization of
AP-regionalized pharynx progenitors, without strongly affecting expression domains of ante-
rior regulators. Additionally, wnt1 inhibition elevated bmp4 expression in the tip of the tail.
Therefore, dorsal BMP signals and posterior wnt1 mutually antagonize for patterning the
tail. Furthermore, homeostatic bmp4 RNAi caused medial expansion of the lateral determi-
nant wnt5 and reduced expression of the medial regulator slit. By contrast, nog1;nog2 RNAI
restricted wnt5 expression. Double RNAi of bmp4 and wnt5 resulted in lateral ectopic eye
phenotypes, suggesting bmp4 acts upstream of wnt5 to pattern the mediolateral axis.
These results indicate bmp4 controls dorsoventral information and also, through suppres-
sion of Wnt signals, influences anteroposterior and mediolateral identity. Based on related
functions across vertebrates and Cnidarians, Wnt and BMP cross-regulation could form an
ancient mechanism for coordinating orthogonal axis patterning.

Author summary

Systems that coordinate long-range communication across axes are likely critical for
enabling tissue restoration in regenerative animals. While individual axis pathways have
been identified, there is not yet a complete understanding of how signaling allows
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repatterning across 3-dimensions. Here, we report an unanticipated linkage between ante-
roposterior, dorsoventral, and mediolateral systems in planarians through BMP signaling.
We find that dorsally expressed BMP restricts posterior and lateral identity by suppressing
distinct Wnt signals in adult planarians. These results reveal a potentially ancient role for
separate axis systems to interact to generate coordinated growth in adult animals.

Introduction

Most animal forms are organized along orthogonal body axes. Bilaterian body plans typically
involve head-to-tail (anteroposterior, AP), back-to-belly (dorsoventral, DV), and midline-to-
lateral (mediolateral, ML) dimensions produced with high fidelity. Signals defining each body
axis can function largely independently, and many animals use canonical Wnt signaling to reg-
ulate the AP axis and BMP signaling to regulate the DV axis [1-3]. Definitive body axes
emerge through embryogenesis from initial asymmetries generated either by maternal cues
such as oocyte polarity [4] or symmetry-breaking events such as sperm entry, cavitation, or
gastrulation [3,5]. However, the ability of some species to undergo whole-body regeneration as
adults suggests embryogenesis can be unnecessary to maintain and restore axis orthogonality.
In planarians, acoels, and Cnidarians, patterning along individual tissue dimensions has been
attributed to distinct spatial signaling pathways [6-13]. Because such organisms can re-estab-
lish body forms for many successive generations asexually, they could in principle inherit AP
and DV asymmetries from each axis dimension separately. Alternatively, perpendicular axis
systems might instead interact to enable coordinated growth.

The freshwater planarian Schmidtea mediterranea is a model for studying the principles of
adult axis patterning due to its ability to regenerate nearly any surgically removed tissue and
undergo perpetual homeostasis in the absence of injury. These abilities are supported by adult
pluripotent stem cells termed neoblasts that differentiate into any of the approximately 150 cell
types comprising the adult animal and assemble into functional and appropriately positioned
and scaled tissues [14,15]. Neoblasts undergo regionalized specialization to form subsets of
progenitors fated for tissues located at particular axial locations such as the eyes, pharynx, and
dorsal-versus-ventral epidermal cells [16-18]. Neoblasts also hone to particular regions
through their migratory ability [19-22] in order to form organs at particular locations in the
body [23-25]. Therefore, spatial information is critical for controlling progenitor function in
order to maintain and regenerate the planarian body plan.

Spatial organization in regeneration and homeostasis is provided by a specialized set of sig-
naling factors termed position control genes (PCGs) that are expressed regionally from body-
wall muscle [26]. Following amputations that truncate the body axis, PCG expression domains
shift to provide tissue identity information, allowing for restoration of missing body regions
[27,28]. The planarian AP axis is controlled by canonical B-catenin signaling involving the use
of posteriorly expressed Wnts and their signaling outputs, and anteriorly expressed Wnt-
inhibitors [7,9,27-30]. The Wnt ligand wntI and secreted Wnt inhibitor notum are expressed
at the posterior and anterior poles, respectively, where they organize tail and head patterning
[7,9,27-29,31]. By contrast, the DV axis is established by BMP signaling. bmp4 is expressed in
a mediolateral gradient within dorsal muscle and acts to promote dorsal fates while repressing
ventral fates, through feedback inhibition of a ventrally and laterally expressed admp homolog
[6,10,32-35]. Fates along the ML axis are determined through the reciprocal antagonism of
medial slit and the laterally expressed non-canonical Wnt ligand wnt5 [28,36]. slit inhibition
results in a collapse of lateral tissues, such as eyes, onto the midline, while wnt5 inhibition
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causes opposite defects in which ectopic tissue, such as eyes, form laterally [28]. Inhibition of
PCG factors results in mis-patterning phenotypes both in amputated animals regenerating a
new blastema and also in uninjured animals using neoblasts to maintain their bodies through
homeostasis [9,10,24]. Therefore, canonical Wnt, BMP, and Slit/Wnt5 signals constitutively
control axis identities across three spatial dimensions. Cross-regulation among these factors
has been documented previously. bmp4, wnt5, and slit all regulate the position of notum+ ante-
rior pole progenitors to target to the DV and ML midpoint as an early step in anterior regener-
ation [37]. In addition, bmp4 also controls mediolateral eye placement, lateral tissue identity,
regeneration of midline tissue after transverse amputation, and blastema outgrowth after lon-
gitudinal amputation [10] and regulates the epidermal injury-induced gene equinox to control
head outgrowth, including the formation of the notum+ anterior pole, in transverse regenera-
tion [38]. By contrast, beta-catenin-1(RNAi) animals regenerate ectopic heads that appear to
have normal DV polarization, yet these outgrowths mainly occur at the lateral edge, corre-
sponding to the surface DV midpoint [9]. These observations suggest a potentially complex set
of interactions among the determinants of each individual body axis that still awaits full
elucidation.

Results

We sought to uncover possible relationships between key determinants of orthogonal body
axes in planarians. Through fluorescence in situ hybridization (FISH), we examined the
expression of bmp4 and observed that in addition to the prominent dorsal-versus-ventral
expression pattern with highest expression on the dorsal midline [6,10,39], bmp4 expression
was stronger in the anterior versus posterior of the animal and reduced at the posterior tip
[10] (Fig 1A). Furthermore, we noted that expression of wntI, a master regulator of posterior
identity, is selective to the dorsal and not ventral side of animals in the posterior tail approxi-
mately where bmp4 expression is lower [9,28] (Fig 1A). wntl is known to be co-expressed in a
posterior subset of muscle cells specific to the dorsal midline marked by expression of dd23400
[40]. Quantification of FISH intensity provided further support for these qualitative observa-
tions, and we compared replicate conditions by normalizing total intensity and position across
either ML or AP axes (S1A-SIF Fig). bmp4 signal was measured to be in a graded pattern
along the mediolateral axis dorsally, with highest expression at the midline, while dd23400 was
expressed only in dorsal midline cells (S1A and S1D Fig). wntI signal had its maximum along
the dorsal midline at the same location as dd23400 but only in the posterior (S1B and S1E Fig).
Finally, comparing AP expression domains of wntl and bmp4 on the dorsal side, the wntI-
high regions also had relatively lower bmp4 expression and vice-versa (S1C and S1F Fig). To
further validate these models of expression behavior, we performed double FISH to examine
the features of co-expression of dorsal posterior wntl, dorsal bmp4, and dorsal midline
dd23400 (Fig 1B). dd23400 was co-expressed in the majority (88.9%) of wntl+ cells (64/72 cells
from 4 animals), similar to results reported previously [40]. Additionally, dd23400 and bmp4
were also co-expressed, as bmp4 expression was detected in 55.4% of dd23400+ cells (169/305
cells from 4 animals) on the dorsal midline. By contrast, bmp4 was only co-expressed in 12.1%
of wntl+ cells (4/33 cells from 3 animals), with double-positive cells only present at the most
anterior of the wntl domain. By contrast, the remaining wntI+ cells scored (29/33 from 3 ani-
mals) were more posterior and did not co-express bmp4. These results suggest a model in
which dd23400+ cells are partitioned into an anterior population co-expressing bmp4 and a
population in the far posterior co-expressing wnt1, with a limited overlap (Fig 1C).

To test for possible functional relationships between bmp4 and wntl, we first used RNA
interference (RNAI) to examine the consequences of bmp4 inhibition. To circumvent the roles
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Fig 1. bmp4 and wntl co-express with dd23400+ dorsal midline cells in a regionally distinct manner. (A)
Fluorescent in situ hybridization (FISH) detecting dd23400 on the dorsal midline, wntI on the dorsal posterior
midline, and bmp4 in a dorsal midline-centered gradient with reduced expression in the far posterior. Dotted line
indicates animal outline. Scale bars represent 150 pm with dorsal or ventral views indicated. (B) Double FISH
detecting co-expression of wntl, dd23400, and bmp4. Left: 88.9% of the cells that were wntl+ were also dd23400+ (64/
72 cells from 4 animals). Middle: 55.4% of dd23400+ cells also expressed bmp4 (169/305 cells from 4 animals). Right:
Only 12.1% of cells expressing wntl+ also co-expressed bmp4 (4/33 cells from 3 animals, top inset). The wntl+ cells
that expressed bmp4 were consistently the anterior-most cells of the wnt1 domain. By contrast, 87.9% (29/33 wnt1+
cells from 3 animals, bottom inset), all located at the posterior tip, did not co-express bmp4. (C) Schematic illustrating
separation of bmp4 and wnt1 domains on the dorsal midline. Along dd23400+ dorsal midline muscle cells, wntI and
bmp4 expression defines largely nonoverlapping AP domains within posterior. Within the wnt1+ domain of the
representative image, wnt1+ cells in the anterior co-expressed bmp4 whereas cells in the posterior of the domain lacked
bmp4 co-expression. Scale bars represent 150 pm.

https://doi.org/10.1371/journal.pgen.1010608.9001

of bmp4 in directing expression of the injury-induced equinox gene essential for blastema out-
growth [38], we examined axis relationships using homeostatic RNAi in the absence of injury
to specifically reveal possible interactions between axis patterning factors. After bmp4 RNAi,
the wntl expression domain expanded dramatically anteriorly, but retained dorsally restricted
specificity (Fig 2A). This domain increase occurred by 10 days of bmp4 RNAi and longer
bmp4 RNAI treatments of 14 and 18 days resulted in wnt1+ cells progressing further toward
the anterior of the animal. Numbers of wnt1+ cells increased in these conditions, indicating
that the expanded range of wntI expression domain after bmp4 RNAi is likely due to control
of expression territory and cell abundance rather than redistribution of a set number of wntI+
cells (S2A Fig). The altered expression of wntl in bmp4(RNAi) animals was more sporadic and
patchier compared to the normal wntl domain in control animals. Consistently, longer bmp4
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Fig 2. A BMP signaling pathway involved in DV identity restricts wntl expression to the posterior. (A) FISH detecting wnt1 expression in animals
following 14 days of homeostatic control RNAi and 10, 14, or 18 days bmp4 RNAI. Inhibition of bmp4 expanded wnt1 expression toward the anterior.
Increased time of bmp4 inhibition results in further anterior expression of wntl. The wntl domain expanded anteriorly and eventually had reduced expression
in the posterior tip (yellow arrows show ectopic wnt1+ cells, white arrows show absence of wntI+ cells relative to controls). (B) wntI expression domain size
was reduced in nogl;nog2(RNAi) animals treated with dsRNA for 18 days of homeostasis (yellow boxes, magnified insets). (C) Top: FISH of wnt1 following 14
days of control, smadl, or smad4 RNAi. Bottom: FISH detecting wnt1 after 18 days of control, tbx2/3, or nlg8 RNAI. Inhibition of these BMP signaling
components resulted in anterior expansion of wntI expression. (A-C) White scale bars represent 150 um, and yellow brackets indicate wnt1 AP expression
domain size. Box plots showing the distance from the posterior tip of the animal to the most anterior wntl expression relative to body length after indicated
treatments. N > 4 animals. Box plots show median values (middle bars) and first-to-third interquartile ranges (boxes); whiskers indicate 1.5x the interquartile
ranges, and dots are data points from individual animals. *p<0.05, **p<0.01, ****p < 0.0001 by one-way ANOVA on ranks test (A,C) or by 2-tailed t-test (B).
(D) Pathway model for components acting in DV determination and control of wntI.

https://doi.org/10.1371/journal.pgen.1010608.9002
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RNAI treatments also resulted in a decrease to wntl expression in the posterior, suggesting
both an expansion and shift of the wnt1 expression domain. In addition, wntI expression
expanded laterally in bmp4(RNAi) animals (S2B Fig), indicative of a dual role for bmp4 in con-
trolling both the AP and ML domain size for posterior wntI expression.

To gain insights into whether BMP signaling acts permissively or instructively in regulation
of wntl, we inhibited Noggin homologs nogl and nog2 known to negatively regulate bmp4 in
planarian DV determination [33]. Homeostatic inhibition of nogl and nog2 for 18 days
decreased the wnt1 expression domain (Fig 2B), which corresponded to a decline in wnt1+ cell
abundance (S2C Fig). Therefore, BMP signaling likely plays an instructive role in limiting pos-
terior wntl identity rather than only a permissive role.

We next examined whether this role of bmp4 in controlling a regulator of AP identity
occurred via a canonical BMP pathway signaling through Smadl and Smad4 effectors. Planar-
ian smadl and smad4 are known to mediate dorsoventral identity along with bmp4 [6,10]. Fol-
lowing a 14-day inhibition, both smad1(RNAi) and smad4(RNAi) animals had significantly
anterior expansion of wntl expression, phenocopying the effects of brp4 RNAi on wnt1 (Fig
2C, top). Given these results, we next investigated potential regulation of wnt1 by other factors
known to act with BMP signaling to control dorsoventral identity. We examined the effects of
inhibiting tbx2/3, a transcription factor shown to act downstream of bmp4 for control of DV
identity in Dugesia japonica [41]. Following 18 days of tbx2/3 RNAI, wntl expression was like-
wise significantly expanded toward the anterior (Fig 2C, bottom). Similarly, we investigated
nig8, a noggin-like gene that facilitates BMP signal activation, is expressed dorsally, and whose
inhibition phenocopies the ventralization phenotypes observed after bmp4 RNAI [33].
Homeostatic RNAi of nlg8 for 18 days caused expansion of the wntl domain (Fig 2C, bottom).
While brmp4 RNAi caused a marked increase in numbers of wnt1+ cells and nogl;nog2 RNAi
caused a decrease, other gene inhibitions under these conditions (smad1, smad4, tbx2/3, nig8)
only affected the domain size and did not cause a statistically significant increase to absolute
cell numbers (S2D and S2E Fig). We suggest it is likely this distinction from the bmp4(RNAi)
phenotype could be due to differences in expressivity, pleiotropy, or timing of RNAj effects
from inhibition of other BMP pathway components in this experiment. However, we cannot
rule out the possibility of the involvement of alternative pathways or other TGFbeta-related
inputs controlling this phenomenon. Taken together, these experiments provide support that a
bmp4 signaling pathway closely linked to dorsoventral identity determination acts to restrict
the expression domain of the posterior determinant wnt1 (Fig 2D).

wntl also undergoes dramatic expression dynamics early in regeneration. Wound sites
express wntl in muscle cells early after wounding, and optimal injury-induced wntI expres-
sion depends on bmp4 signals to induce expression of the novel secreted factor equinox, which
in turn activates many injury-induced genes [1,28,38]. In addition, regenerating tail fragments
undergo an extensive remodeling of pre-existing territories so that regeneration restores the
overall body proportionality without restoring absolute size. In regenerating tail fragments,
wntl expression undergoes an initial anterior expansion along the midline by 18 hours post-
amputation, followed by eventual restriction and re-establishment of a new AP axis through
rescaling over several days [28]. We tested whether bmp4 inhibition would affect these regen-
eration-dependent behaviors of wntl expression along the posterior midline in amputated tail
fragments. In these animals, bmp4 RNAi resulted in an anterior expansion of the wntl domain
from the homeostatic knockdown prior to amputation and so was present in animals fixed
immediately after amputation (S3 Fig). By 18 hours, control tail fragments underwent an ante-
rior expansion of wntl along the midline, while bmp4(RNAi) tail fragments retained an
expanded wntl domain. However, bmp4(RNAi) animals underwent apparently normal reset-
ting of wntl domains during the rescaling period by 96 hours, similar to control animals. By
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contrast, a prior study found that inhibition of the STRIPAK complex factor mob4 led to ante-
riorly expanded wntI but loss of regeneration-induced rescaling of wnt!1 territories [40].
Therefore, although bmp4 negatively regulates wntl homeostatically, it is unlikely that the
reduction to the wntl expression domain through regenerative rescaling occurs through con-
trol of bmp4 under normal conditions. Furthermore, it is likely that bmp4 and mob4 act sepa-
rately to control wntl expression.

We next tested whether the wntl expansion phenotype might involve regulation of expres-
sion states in existing cells or control of cell regional identity through regulation of newly pro-
duced wntl1+ cells. To test this hypothesis, we used sublethal X-ray irradiation to deplete
neoblasts and then determine whether the wnt1 expansion phenotype after brmp4 RNAI is
stem-cell dependent. Animals were untreated or subjected to 1350 rads of irradiation then
taken through 12 days of control or brmp4 RNAI (S4 Fig). The untreated animals robustly dis-
played expanded wnt1 expression after bmp4 RNAI conditions, compared to control RNAi
untreated animals. However, irradiated control or irradiated bmp4(RNAi) animals lacked any
detectable wntl expression. We interpret these results as likely indicating that neoblasts are
required for both the bmp4(RNAi) wnt1 expansion phenotype and also to sustain the wntl
+ domain in control animals. We note that although a shorter-term recovery with fewer
dsRNA feedings (8 days and 2 feedings) after irradiation can still support expression of wntl
in the tail tip in normal animals [40], in order to detect the bmp4(RNAi) phenotype on wntl, a
longer irradiation recovery and dsRNA dosing period was required (12 days and 5 feedings).
We cannot rule out that irradiation has some other effect to disrupt the bmp4(RNAi) wntl
expansion phenotype, but given the prominent effect of irradiation in planarians to selectively
deplete neoblasts, these results argue that bmp4 RNAi likely expands and shifts the wnt1+
domain through controlling the differentiation of cells with wnt1+ posterior identity.

To investigate whether the role of BMP signaling was limited to wntl or more broadly
affected posterior identity in general, we assessed expression of other posterior markers follow-
ing 28 days of brmp4 RNAI. Posterior markers wntl1-2, wntl1-1, fzd4-1, and wntP-2 are
expressed in successively broader posterior domains, have roles in tail and trunk patterning
[7,24,30,31,42], and are expressed in a beta-catenin-dependent manner [43-45]. Most known
posterior markers such as these factors are expressed both dorsally and ventrally, unlike wntI,
but in regeneration their expression depends on wntl [27,28]. bmp4 inhibition expanded the
domains of all four posterior markers in both their dorsal and ventral domains (Fig 3A).
Therefore, BMP, a dorsal signal, broadly limits posterior identity across the dorsal and ventral
axes.

By contrast, markers of far anterior identity did not appear to become restricted under
these conditions of homeostatic bmp4 RNAi. We stained bmp4(RNAi) animals for notum, sfrp-
1, and ndl-5 in order to assess AP identity over a range of the anterior region [7,9,28,29]. Com-
pared to control animals, there was no significant change in these expression patterns in the
AP direction on either dorsal or ventral side of the animals (Fig 3B). Quantification of notum-+
cells following brmp4 RNAi revealed no change in absolute number or relative number of ante-
rior pole cells (S5 Fig). We note, however, that decapitated and regenerating brmp4(RNAi) ani-
mals have been shown to undergo a dorsal shift to the location of their anterior pole [46], and
eventually form dorsal cephalic ganglia and an extra set of dorsal eyes [10]. These transforma-
tions may impact anterior pattern expression to some degree, and we noted that the domain of
ndl-5 expression, present throughout the head of normal animals, appeared mediolaterally
modified after homeostatic bmp4 RNAi. However, our data indicate a strong role of brnp4
homeostatically in regulation of posterior gene expression.

Because bmp4(RNAi) animals undergo a progressive ventralization, we considered the pos-
sibility that ventral tissue identity might indirectly influence wntI expression in these animals.
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RNAIi. bmp4 inhibition did not strongly affect AP distribution of anterior markers notum, sfrp-1, or ndl-5. (A-B), Graphs show the measurement of indicated
marker domains normalized by total length of animal. N > 6 animals. (C) FISH showing wntI and ventral marker kal-1 expression comparing 14 days of
control and bmp4(RNAi). Dorsal view (upper) shows that inhibition of bmp4 expanded wntI expression anteriorly (arrows indicate anterior-most wnt1+ cell)
at a time prior to any dorsal expression of the ventral marker kal-1 expression (4/4 animals). Boxplot comparing wntl expression normalized by body length
between control and bmp4(RNAi) animals. N = 4 animals. (D) Dorsal (upper) and ventral view of animals fixed after 14 or 28 days of control or bmp4 RNAi
and stained with wntI and ventral muscle and ventral nerve cord marker netrin-2. wntI expression expanded in bmp4(RNAi) animals by day 14 at a time prior
to expression of netrin-2 dorsally while netrin-2 expression was prominently dorsal by day 28. N > 5 animals. (A-C) Box plots shows median values (middle
bars) and first-to-third interquartile ranges (boxes); whiskers indicate 1.5x the interquartile ranges and dots are data points from individual animals. *p<0.05,
**p<0.01, ***p < 0.001, ****p<0.0001, n.s. indicates p>>0.05 by 2-tailed t-test. Scale bars, 300 um (A-B) or 150 pm (C).

https://doi.org/10.1371/journal.pgen.1010608.9003

To ascertain possible relationships between ventralization and posteriorization phenotypes, we
examined bmp4(RNAi) animals at an early time in their phenotypic progression after 14 days
of dsRNA feeding, then simultaneously assessed both phenotypes. These animals had
expanded wntl but not yet dorsal expression of the ventral epidermal marker kal-1 (Fig 3C).
However, longer-term bmp4 RNAi ultimately results in the dorsal expression of kal-1 as the
epidermis becomes ventralized during tissue turnover [16]. To provide further demonstration
of the order of these events, we assessed another ventral-specific tissue by staining for netrin-2,
which marks the ventral nerve cords and a muscle domain [47]. Similar experiments were per-
formed with day 14 and day 28 time points of homeostatic bmp4 RNAi, and animals were co-
stained for wntl and netrin-2 to evaluate posteriorization and ventralization simultaneously
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(Fig 3D). Day 14 bmp(RNAi) animals had expansion of wntl and no detectable dorsal expres-
sion of netrin-2, but by day 28 such animals had considerable dorsal netrin-2 expression.
Therefore, our results suggest that the anterior wntl expansion after bmp4 RNAi is unlikely a
secondary consequence of tissue ventralization and instead could represent a separate use of
BMP signaling for planarian AP axis patterning.

Because bmp4 inhibition altered AP domains of posterior PCG factors, we sought to deter-
mine if inhibition of bmp4 also affected AP determination of any differentiated tissues or AP-
restricted progenitors. We compared control and bmp4 RNAi animals to assess intestine and
pharynx markers (S6A Fig). The intestine maker porcupine showed no change following bmp4
RNAi. SMU15007112, which marks a small population of cells adjacent to the posterior end of
the pharynx, did not change its position with loss of bmp4. In bmp4 RNAI, the overall position
of pharynx marker dd554 staining with respect to the body axis was normal relative to body
size (S6A and S6B Fig), and animals did not form an ectopic pharynx, suggesting that location
of the pharynx under these conditions was unaffected by bmp4 RNAi. However, we noticed
that in control animals, dd554 expression forms short streams of cells located radially away
from the anterior portion of the pharynx, and these were absent in bmp4(RNAi) animals (S6A
Fig). Based on single-cell RNAseq, irradiation and neoblast depletion studies, dd554 has been
suggested to mark migratory progenitor intermediates for at least some pharyngeal cell types
[48,49]. Whether bmp4-dependent dd554 cell streams represent a migratory progenitor state is
unknown, so we examined possible effects on the pharynx progenitor marker foxA, which is
expressed in specified neoblasts in the central region of the body surrounding the pharynx
[18,50]. Homeostatic bmp4 RNAI reduced foxA expression in the normal vicinity of the phar-
ynx but strongly elevated its expression elsewhere in the body at more anterior and posterior
locations. Similarly, inhibition of bmp4 reduced expression of the pharynx marker laminin
within the pharynx but its expression became elevated in bilateral anterior locations associated
with the head. Within the cohort of animals tested in this experiment, individuals with rela-
tively more reduction to laminin expression in the pharynx also had the most elevated expres-
sion in the anterior (3 of 8 animals). The mis-regulation of dd554, foxA, and laminin may
indicate complex ways that bmp4 regulates either specification or targeting of AP-restricted
progenitors and/or differentiated cells. One possible explanation for these results is that in
bmp4(RNAi) animals a fraction of pharynx progenitors are unable to correctly target to the
pharynx and become mistargeted to aberrant locations.

We also measured effects on the AP position of eyes in homeostatic bmp4(RNAi) animals.
bmp4(RNAi) animals form an extra set of medial eyes, and we noticed that long-term bmp4
RNAi resulted in a consistent displacement of the original versus ectopic eyes in these animals.
Measurements of the relative position of these eyes with respect to the anterior tip revealed
that the original eyes became located too anteriorly while the ectopic eyes had exactly the same
relative position as control eyes (S6C Fig). Other methods to disrupt eye patterning in planari-
ans, for example through homeostatic notum RNAI, cause ectopic eyes to form at positions
located correctly with respect to body landmark tissues and PCG expression domains [25]. By
contrast, pre-existing eyes in such conditions can self-sustain in spite of an incorrect location,
due to the flexible targeting mechanisms used by migratory eye progenitor cells [23,25]. There-
fore, we interpret our results to indicate that homeostatic bmp4 RNAI likely caused an AP tis-
sue transformation that displaced pre-existing eyes anteriorly. Taken together, our analysis
indicates bmp4 inhibits posterior Wnts and also controls varied aspects of AP cell-type organi-
zation including pharyngeal progenitors and eye location.

Given that bmp4 and wnt1 expression was enriched in separate anterior and posterior
domains, we further examined whether these genes might undergo mutual negative regulation.
To test this possibility, we inhibited wntI homeostatically, followed by FISH to detect
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Fig 4. wntl inhibits bmp4 expression in the posterior. FISH staining for bmp4 expression in the tail after 14 days of
control or wntl RNAi homeostatically. Dorsal views, arrows indicate observed ectopic bmp4 expression. Number of
animals scored qualitatively as normal or elevated are indicated in the panel. Scale bars are 150 pum. N = 21 animals.
Upper right cartoon depicts strategy for quantification of FISH signal. FISH intensity was measured using Image]
along the midline using a linescan approximately 1/10 the width of the animal fragment at the pharynx and measured
between the tip of the tail and posterior of pharynx, across 3 biological replicates for each sample. AP positions were
normalized and intensity normalized to total intensity across this range, and individual intensities were summed
across 4 equal-sized regional bins. Plots show histograms (left) and line-graphs (right) of the average intensity of each
bin across biological replicates, bars show standard deviations. *p<0.05, **p<0.01, n.s. indicates p>0.05 by 2-tailed t-
test applied between mean binned intensities for each region measured across biological replicates. wntI inhibition led
to an overall increase in the relative amount of bmp4 expression in the tip of the tail (R4).

https://doi.org/10.1371/journal.pgen.1010608.g004

expression of bmp4. Following 14 days of wnt1 RNAI, tails began to retract and become
bulged, as reported previously [40]. In these animals, the bmp4 expression pattern was altered
to be expressed more highly in the far posterior of the animal but retained its dorsal specificity
and overall pattern elsewhere in the body (Figs 4 and S7A). Measurements of normalized
FISH intensity of bmp4 expression in the posterior demonstrate that this difference is signifi-
cant. Therefore, inhibition of wntl permitted bmp4 expression in the dorsal posterior tip of
the animal in a domain normally expressing wntl. Together with the prior results, these exper-
iments suggest a reciprocal antagonism between wntI and bmp4 to define each other’s expres-
sion boundaries and consequently pattern the posterior.

We also explored other possible regulation that could impact bmp4 expression domains. In
regeneration, wntl controls head-versus-tail identity determination [27], but homeostatic
wntl knockdown has only been reported to influence tail identity [40,51]. However, to exclude
the possibility that the effects of homeostatic wnt!I inhibition on bmp4 expression domains
might be explained by head-tail polarity reversal, we stained these animals for anterior pole
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marker foxD. These wntl(RNAi) conditions resulted in bmp4 far posterior expansion and no
expression of foxD in the posterior (S7B Fig). Therefore, the wntl and bmp4 regulation
observed here is not likely due to a switch in pole identity determination. We also further
explored possible influences of the anterior pole on bmp4 domains by inhibiting notum home-
ostatically. However, notum(RNAi) animals did not appear to have modifications to the gradi-
ent of bmp4 within the tail and did not alter the dorsal-specific expression of bmp4 under these
conditions (S7C Fig). We also tested whether nogl;nog2 RNAi influenced bmp4 expression lev-
els in the tail. We found that nogl;n0¢2(RNAi) animals had qualitatively higher expression of
bmp4 (S7D Fig). The qualitative increase in signal intensity of bmp4 following nogl;nog2 RNAi
suggests bmp4 expression could be under positive feedback control from BMP signaling.

In light of the unexpected role of BMP signals in AP axis patterning, we next sought to clar-
ify how bmp4 participates in ML axis regulation. bmp4 RNAi causes lateral tissue expansion
and also failure to produce lateral tissue after lateral amputations [6,10]. In addition, bmp4
RNAI causes transverse regeneration to proceed with midline indentations [6,10], likely
because of bmp4’s role in dorsoventrally positioning the notum+ anterior pole during head
blastema outgrowth [46]. Furthermore, bmp4(RNAi) homeostasis animals form an extra set of
eyes medially, consistent with this factor having additional roles in ML axis formation [6,10].
However, the relationship between bmp4 and other ML axis patterning factors slit and wnt5 is
not fully understood. We next examined bmp4’s role in homeostatically maintaining midline
marker expression. Following 28 days of bmp4 RNAi, expression of the midline determinant
slit was reduced, particularly in the posterior of the animal (Fig 5A). These results suggested
that slit might function downstream of bmp4 for controlling midline information. Further-
more, inhibition of bmp4 reduced and disrupted the dd23400 midline expression pattern and
expanded its expression domain laterally (S8A Fig), suggesting BMP controls midline identity
broadly. Taken together, these data suggest that bmp4 promotes medial identity and is impor-
tant for establishing the boundaries of medial territories.

We next considered how bmp4 might interact with lateral regulatory factor wnt5. We first
used the lateral epidermal marker laminB to confirm prior results that bmp4 inhibition gener-
ated ectopic lateral tissue (S8B Fig) [32]. We then examined a possible regulatory relationship
between bmp4 and the lateral determinant wnt5. Following 28 days of bimp4 RNAi, expression
of wnt5 significantly expanded to occupy distant medial territories on the dorsal side (Fig 5B),
and more weakly expanded wnt5 expression on the ventral side (S8C Fig). Furthermore, we
tested whether BMP pathway activation by nogl;nog2 RNAi might oppositely affect wnt5
expression. Indeed, nogl;nog2 inhibition restricted the wnt5 expression domain (Fig 5C).
Together, these results suggest that BMP signaling levels might instructively determine the
location of slit+ and 23400+ tissue at its highest levels medially and wnt5+ identity at the lowest
levels laterally.

We next tested whether bmp4 and wnt5 undergo reciprocal negative regulation by inhibit-
ing wnt5 for 21 days and staining for bmp4. Inhibition of wnt5 did not cause an apparent
increase or decrease of the dorsal bmp4 gradient under these conditions (S9 Fig). In some
wnt5(RNAi) animals, sporadic bmp4+ cells were detected ventrally, although these lacked a
clear spatial enrichment and were small in number. Because the prominent dorsal mediolateral
expression gradient of bmp4 was normal in these animals, these results suggested that wnt5
may not regulate mediolateral identity through control of bmp4 expression dorsally, but it may
have a subtle or indirect role on dorsoventral determination. Together, these experiments indi-
cate bmp4 strongly antagonizes wnt5 expression, promotes medial identity, and suppresses lat-
eral identity.

To determine whether bmp4 functionally controls ML identity in part through regulation
of wnt5, we conducted epistasis tests using eye placement as a readout. bmp4 RNAI causes the
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Fig 5. bmp4 regulates ML patterning upstream of lateral wnt5. (A-C) FISH detecting slit or wnt5 following 28 days of homeostatic control or bmp4 or nogl;
nog2 RNAI. Right panels show enlargements of boxed regions. Scale bars represent 300 um. (A) bmp4 RNAI caused reduction of slit in the anterior and
elimination in the posterior (arrows). (B) Inhibition of bmp4 caused medial expansion of wnt5 (arrows). (C) RNAi of nogl;nog2 reduced the size of the wnt5
lateral expression domain. (B-C) Graphs show wnt5 expression domain width (dorsal side) normalized to body width. *p<0.05, ****p<0.0001 by unpaired
2-tailed t-test; N > 6 animals. Box plots show median values (middle bars) and first to third interquartile ranges (boxes); whiskers indicate 1.5x the
interquartile ranges and dots are data points from individual animals. (D) Eyes assessed by live imaging (top) or opsin FISH (bottom) after 21 days of
homeostatic RNAI to inhibit bmp and/or wnt5 and scored for lateral (green arrows) or medial ectopic eyes (red arrows). For single-gene RNAi, dsRNA for the
targeted gene was mixed with an equal amount of control dsRNA so that the total amounts of each targeted dsRNA delivered were equal between single- and
double-RNAi conditions. 100% of bmp(RNAi) animals had ectopic medial eyes and 92% wnt5(RNAi) animals had ectopic lateral eyes. By contrast, 100% of
bmp4;wnt5(RNAi) animals had at least two lateral ectopic eyes, and of these 38% also formed a single medial ectopic eye (right panels) while 62% only formed
ectopic lateral eyes (left panels). Co-inhibition of wnt5 reduced the penetrance of the medial ectopic eye phenotype due to bmp4 inhibition (p = 0.0027, 2-tailed
Fisher’s exact test).

https://doi.org/10.1371/journal.pgen.1010608.9005
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formation of ectopic medial eyes, whereas wnt5 RNAi produces an opposite defect of the for-
mation of ectopic lateral eyes [6,7,10]. To test for interactions between bmp4 and wnt5, we
homeostatically inhibited these genes individually or together for 21 days, examined animals
visually, and stained them with an opsin riboprobe to label photoreceptor neurons (Fig 5D).
Control animals had no ectopic eyes (13/13 animals), while 100% of bmp4(RNAi) animals (10/
10 animals) had ectopic medial eyes, and 92% of wnt5(RNAi) animals (11/12 animals) had lat-
eral eyes. In bmp4;wnt5(RNAi) animals, however, 100% of animals (13/13 animals, left) had at
least two lateral ectopic eyes. Of these animals, 38% (5/13 animals, right) also had a single
medial ectopic eye, while no animals displayed the brmp4(RNAi) phenotype of only medial
ectopic eyes. Therefore, wnt5 likely does not operate exclusively upstream of bmp4, because
double-RNAi animals all displayed the wnt5(RNAi) lateral ectopic eye phenotype. Addition-
ally, the two factors likely do not operate fully independently because wnt5 co-inhibition
reduced the penetrance of the bimp4(RNAi) medial ectopic eye phenotype (p = 0.0027, 2-tailed
Fisher’s exact test). To ensure these results were not due to an inefficient bmp4 knockdown,
we used quantitative real-time PCR to evaluate normalized expression of bmp4 and wnt5
across each condition (S10 Fig). This experiment demonstrated that bmp4 was significantly
knocked down after treatment with both bmp4 dsRNA and treatment with bmp4;wnt5
dsRNAs. Similarly, wnt5 was significantly knocked down in animals treated with wnt5 dsSRNA
and also treated with bmp4;wnt5 dsRNA (S10 Fig). We cannot rule out an influence of differ-
ential depletion of the wnt5 and bmp4 proteins in this experiment as contributing to the out-
come, though enough protein knockdown occurred in the single-RNAi conditions to generate
nearly 100% penetrant patterning phenotypes. Taken together with the findings that bmp4
RNAI causes expansion of wnt5 expression, we interpret these results to indicate that bmp4
can act upstream to limit wnt5 in order to regulate ML identity.

Given the ability of bmp4 signaling to regulate wnt5 expression domains and also to pro-
mote slit expression, we tested whether bmp4’s function on midline determinant slit might
depend on negative regulation of wnt5. To test this hypothesis, we performed single and dou-
ble knockdown experiments between bmp4 and wnt5 and then assessed slit expression (S11
Fig). Inhibition of bmp4 again resulted in reduced slit expression, particularly in the tail.
Under these homeostatic RNAi conditions, inhibition of wnt5 did not substantially alter slit
expression but slit/wnt5 reciprocal antagonism has been observed previously under regenera-
tion conditions [28]. Double inhibition of both bmp4 and wnt5 resulted in reduced slit expres-
sion, similar to bmp4 RNAIi alone. Therefore, wnt5 knockdown did not influence the reduced
slit expression from bmp4(RNAi), suggesting bmp4 likely does not activate slit through repres-
sion of wnt5. One possible mechanism could be that graded bmp4 activity activates midline slit
expression at the highest point in the gradient at the dorsal midline and suppresses wnt5 medi-
ally, while low levels of bmp4 at the lateral edge enable expression of wnt5.

We last tested for possible ways that slit or wnt5 could participate in control of AP axis
information by controlling wntl. However, under homeostatic RNAi conditions, slit or wnt5
inhibition did not have a detectable effect on AP or ML expression of the wnt1 posterior
domain (S12 Fig). These data suggest slit and wnt5 may act independently from the bmp4-
dependent control mechanism regulating wnt1’s AP distribution under normal homeostatic
conditions.

Discussion

Together, these experiments identify critical roles for bmp4 in patterning multiple body axes
in planarians. BMP regulation not only establishes DV polarity but additionally influences
both posterior identity through regulation of wnt1 and also ML polarity through the
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Fig 6. Model for homeostatic regulation of DV, AP, and ML axes by bmp4. (A-B) 2D and 3D models illustrating mutual antagonism between bmp and wntl
in the far posterior, bmp4 inhibition of wnt5 for control of lateral identity, and expression of key components across the AP and DV axes. Not shown, bmp4
activates slit expression on the midline, nogl;nog2 negatively regulate bmp4 to promote wntl posteriorly, and bmp4 regulates dorsal-versus-ventral tissue
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undergoes mutual inhibition with wntI for control of posterior identity, and activates slit and represses wnt5 in regulation mediolateral information.

https://doi.org/10.1371/journal.pgen.1010608.g006

suppression of wnt5 and activation of slit. These results contribute to prior work analyzing
roles for bmp4 and slit/wnt5 on the regenerating anterior pole [37] to argue that major body
patterning systems interact homeostatically in order to coordinate growth. We suggest that a
regulatory logic in which the interaction of information across axes may be important for
robustness of patterning across long timescales in adulthood (Fig 6).

The cross-regulation we observe between BMP, Wntl and Wnt5 signals in overall animal
domains raises the question of how signal integration is achieved. Whether inputs from dis-
tinct axes can be resolved by individual or collections of the muscle cells involved in planarian
positional information is an important and unresolved question for future analysis.

Our results also clarify the relationships among the BMP, Wnt5, and Slit signals that partici-
pate in ML patterning in planarians. DV polarity and dorsal bmp4 expression were overall
apparently normal in wnt5(RNAi) animals, although we found sparse bmp4-expressing cells to
appear ventrally in such animals (S9 Fig) [28]. Although these RNAi conditions successfully
knocked down wnt5 and the inhibition caused ectopic lateral eye formation, it is possible that
more complete inhibition of Wnt5 signaling could further impact the DV axis. However, with
the present analysis, we find a much stronger effect of bmp4 inhibition on wnt5 expression than
vice versa (Fig 5B). Furthermore, the double RNAi experiments testing brmp4;wnt5(RNAi) pre-
sented here suggest wnt5 acts downstream of bmp4 in eye placement as tested in these condi-
tions (Fig 5D). These results argue strongly against a hypothetical model in which wnt5 acts
exclusively upstream of bmp4. Because of the above caveats, we cannot rule out the existence of
wnt5/bmp4 mutual antagonism, similar to that detected between wnt1 and bmp4. However, our
present results are more consistent with a mechanism for DV and ML formation in which
bmp4 has a primary role to delineate a wnt5 expression domain which then exerts several effects,
for example on ML eye placement, in a primarily downstream fashion. It has been previously
demonstrated that BMP inhibits Wnt5 during ectoderm patterning in sea urchins [52], and
BMP activity downregulates wnt5a to modulate convergence and extension in zebrafish devel-
opment [53]. Therefore, roles of BMP upstream of Wnt5 factors may be conserved. slit also
likely acts downstream of bmp4, because bmp4 inhibition reduced slit expression. These results
collectively argue that bmp4 acts at a high point in a hierarchy for ML patterning.
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Our results also identify mutual antagonism between posterior wntl and dorsal brmp4
expression domains in the posterior. bmp4 also regulated the expression domain sizes of sev-
eral posterior Wnt and Wnt-related factors. We found that in some cases, brmp4 RNAIi caused
expression of posterior determinants to extend much further anterior than the tail (Figs 2 and
3). However, bmp4(RNAi) animals had normal tail size and pharynx placement (S6B Fig). On
the other hand, our analysis of pharynx cell precursor markers foxA and dd554 indicates bmp4
indeed exerts effects on the distributions of AP-regionalized progenitors (S6A Fig). The rela-
tively slow turnover of the pharynx may prevent identification of the consequences to organ
position and/or maintenance in these experiments. In addition, bmp4(RNAi) animals ulti-
mately underwent displacement of the pre-existing eyes, suggestive of complex shifts in AP
identity (S6C Fig). However, the complex nature of these phenotypes suggests that a full
understanding of how bmp4 couples with Wnt signals to regulate AP tissue determination will
likely require additional markers and assays of progenitor behavior and potentially ways to
selectively impact bmp4’s AP regulatory functions.

Our results identifying roles of BMP on the AP axis are congruous with evidence of spatio-
temporal coordination between the AP and DV axes in vertebrate development. In early mam-
malian development, a proximal BMP signal from trophectoderm activates Wnt3
asymmetrically in epiblast cells in order to establish the future AP axis [54]. In early Xenopus
development, BMP4 is required for the expression of posterior Wnt8 [55]. The integration of
BMP and Wnt signaling pathways occurs by Wnt8 preventing the conserved ability of GSK3
kinase to inhibit Smad1 activity through its phosphorylation and targeted proteasomal degra-
dation, such that Wnt signals can positively enhance BMP signaling duration. This regulation
contributes to a model in which AP positional information is specified by the duration of BMP
signaling [56]. Zebrafish development also involves coordination of AP and DV axis forma-
tion, with maternal Wnt signaling generating the organizer to repress bmp, and zygotic Wnt
transcriptionally promoting the maintenance of BMP expression [57]. Furthermore, BMP
defines DV patterning in a temporal AP gradient from head to tail [58]. By contrast, planarian
Wnt/BMP integration involves signaling antagonism and operates at a transcriptional level
and so likely occurs through a distinct mechanism. Uses for Wnt and BMP signals to pattern
perpendicular body axes predate the bilaterians, with Cnidarians using Wnt signaling along
the oral-aboral primary body axis and BMP to control the perpendicular directive axis
[3,12,59,60]. In Nematostella, BMP and canonical Wnt signaling mutually antagonize to pat-
tern endomesoderm [61], reminiscent of our identification of mutual antagonism between pla-
narian wntl and bmp4. Our results suggest that interactions between BMP/Wnt signaling
across axes may be a fundamental and ancient property enabling the integration of body axis
information in three dimensions.

Materials and methods
Ethics statement

Procedures with Schmidtea mediterranea planarians (invertebrates) were conducted according
to safety and ethics procedures in line with the Northwestern Office for Research Safety, with
authorization from the Institutional Biosafety Committee (IBC), approved 12/7/21. As inverte-
brate animal subjects, planarians are not subject to IACUC or IRB review.

Experimental model

Asexual Schmidtea mediterranea animals (CIW4 strain) were kept in 1x Montjuic salts (1.6
mmol/l NaCl, 1.0 mmol/l CaCl2, 1.0 mmol/l MgSO4, 0.1 mmol/l MgCl2, 0.1 mmol/1 KCl and
1.2 mmol/l NaHCO3 prepared in Milli-Q water) at 18-20°C. Animals were fed pureed calf
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liver from aliquots stored at -80°C once a week and washed twice a week. Animals were starved
at least 7 days before the start of experiments.

Fluorescence in situ hybridization (FISH)

The FISH protocol used is based off previously published work [40]. Animals were treated
with 7.5% NAC (w/v) in 1X PBS, fixed in 4% formaldehyde (w/v), and stored in methanol.
They were rehydrated with methanol: 1x PBSTx, bleached in 6% hydrogen peroxide (v/v) in 1x
PBS, permeabilized with proteinase K (20 mg/ml), then prehybridized at 56°C. Hybridization
occurred with digoxigenin or fluorescein labeled riboprobes at a 1:1000 concentration (v/v),
which were synthesized using T7 RNA binding sites for antisense transcription. Animals were
washed in a SSC concentration series of 1:1 Pre-hybridization buffer:2xSSC, 2xSSC, and 0.2x
SSC at 56°C. Anti-digoxigenin-POD (Sigma/Roche) or anti-fluorescein-POD antibodies
(Sigma/Roche) were in a solution of 1x TNTx/ 10% (v/v) horse serum/ 10% (v/v) Western
Blocking Reagent (Roche) at a concentration of 1:2000 (v/v). Tyramide in 1x TNTx was uti-
lized to develop and amplify the antibody signal. For double FISH, the enzymatic activity of
tyramide reactions was inhibited by sodium azide (100mM). Nuclei were stained using 1:1000
Hoescht (v/v, Invitrogen) in 1x TNTx.

RNA interference (RNAi)

RNA;] treatments were performed by feeding with dsRNA (16% v/v), red food dye (4% v/v),
and pureed liver (80% v/v). Worms of each condition were cultured in separate petri dishes in
1x Montjuic salts. dsSRNA was synthesized as previously described [29]. For controls, the
dsRNA synthesized was either Photinus pyralis luciferase (Ppluc) or C. elegans unc-22, as these
genes are not present in the Schmidtea mediterranea genome. Animals were fed 1 ul RNAi
food mix per worm every 2-3 days for the indicated length of the experiment. For double
RNAI, control dsRNA was mixed in with the single experimental dsRNA to ensure the same
amount of overall dsRNA in feedings between double and single experimental conditions.
This resulted in a 1:1 dsRNA mix of Ppluc:Ppluc for control RNAi, Ppluc:bmp4 for bmp4
RNAI, Ppluc:wnt5 for wnt5 RNAI, and bmp4:wnt5 as the double RNAi knockdown (Figs 5D,
S10 and S11). For RNAI treatment without injury, animals were fixed 5 days after the last feed-
ing. For a regeneration time course following injury, animals were cut 2 days after the last feed-
ing and fixed at the indicated time.

Image acquisition

Live animals were imaged with a Leica M210F dissecting microscope with a Leica DFC295
camera (Fig 5D). Stained animals were imaged with a Leica Stellaris confocal microscope
using a 10x or 20x objective and Leica LAS-X software (Figs 1-5, S3, S4, S6-S9, S11 and S12).
FISH images are maximum projections from a z-stack and representative of each condition.
Unless otherwise specified, z-stacks were chosen to segment to approximately half way
through the dorso-ventral axis from animals viewed either dorsally or ventrally as indicated.
Adjustments to brightness and contrast were made using Adobe Photoshop or Image].

Irradiation

Animals were irradiated using a Radsource RS-2000 X-ray to deliver 1350 rads to worms in
petri dishes of 1x Montjuic salts (S4 Fig). Following irradiation, the first RNAi feeding was
administered.
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qRT-PCR expression analysis

RNA was purified from whole animals in trizol using a Turrex tissue homogenizer. Four bio-
logical replicates were generated for each RNAi condition. cDNA was synthesized using the
Multiscribe reverse transcriptase kit (Applied Biosystems) following DNase treatment (Turbo
DNA-free, Ambion). Control samples were generated by exclusion of reverse transcription
reagents. cDNA was treated with 40% RNAse H (v/v, New England Biosciences) then diluted
1:5. The QuantStudio3 QPCR system and SYBR green (Roche KAPA biosystems) were used
for analysis (S10 Fig). Detection of bmp4 and wnt5 mRNA was normalized to reference gene
ubiquilin and relative expression values calculated using the delta-delta Ct method. Detection
of mRNA abundance was validated by comparison between Ct values in treatments that either
included or excluded the reverse transcription enzyme, and mRNA signal was evaluated for
detection at least 8-fold above background as averaged across all samples. Outliers were flagged
for removal by Grubb’s outlier test with alpha < 0.05 with respect to all Cts tested for each
probe set. Sequences of the qRT-PCR primers used are included in S1 Table.

Cloning

Primers for dsRNA, riboprobes, and qRT-PCR are listed in S1 Table. Riboprobes for foxD,
dd554, and porcupine were described previously [48,62,63]. Briefly, RNA was isolated from
adult animals and fragments undergoing regeneration in a mixed-stage timeseries using Trizol
and a Turrex tissue homogenizer, followed by ethanol precipitation and DNAse treatment
(DNA-free, Ambion). Reverse transcription was performed using Superscript III and oligo-dT
priming. Primers were designed using Primer3 (https://primer3.ut.ce/) and planarian
sequences analyzed from Planmine (https://planmine.mpinat.mpg.de/planmine/begin.do)
[64]. Planarian cDNAs were cloned by PCR using the primers indicated in S1 Table and either
cloned into pGem-T-easy or directly used for PCR-mediated addition of T7 sequences to 3’
ends for riboprobe synthesis or to 5” and 3’ ends for dsRNA synthesis.

Quantification and statistical analysis

Body length and PCG measurements were taken using Leica LAS X or FIJI on z-stack maxi-
mum projections of FISH images. For body length, animals were measured from their most
anterior to most posterior tips. For PCG length, animals were measured from the tip of the
anterior (Figs 3B, S5 and S6C), tip of the posterior (Figs 2, 3A, 3C, S2A, S2C-S2E, S3 and S12),
or lateral edge (Figs 5B, 5C, S2B and S8A) to end of the fluorescence stain. For measuring
head, pharynx, and tail lengths, animals were measured from anterior tip to the start of the
dd554 stain, the length of the dd554 stain, the end of the dd554 stain to the posterior tip,
respectively (S6B Fig). Cell counting was manually performed using maximum projections in
LAS X (Figs 1, S2, S5 and S8A). Line-scan intensity measurements of AP distributions of bmp4
and wntl were performed in FIJI along the midline using line thickness of 30 pixels for mea-
surements, which corresponded to ~1/10 of the width of the animal measured at the pharynx
region (Figs 4 and S1A). Measurements of wntl, bmp4, and dd23400 ML expression were
taken using line thickness of 120 pixels, which corresponded to ~1/10 the length of the animal
(S1B Fig). Cartoons indicate AP position of measured regions. Measurements were normal-
ized by length along each region, and by maximum intensity across the scan, then summed
normalized intensities were computed across equal-sized bins and plotted in R Studio (S1 Fig)
or Microsoft Excel (Fig 4). Box plots were generated in BoxPlotR. Statistical analysis was con-
ducted using Microsoft Excel or R. A student’s t-test was used for comparison between the
means of two populations (Excel). One-way ANOVA on ranks (Kruskal-Wallis test) and
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Dunnett’s test were used for comparison between the means of multiple populations (R Stu-
dio). Data used to generate figures is included in S1 Data.

Supporting information

S1 Fig. Expression intensity of bmp4 and wntl across the ML and AP axes. Analysis of nor-
malized FISH line-scan intensity from dorsal-view images represented in Fig 1A measuring
(A) mediolateral expression of bmp4 and dd23400 from an anterior tail domain, (B) mediolat-
eral expression of dd23400 and wntl measured from a posterior tail domain, and (C) antero-
posterior expression of wntl and bmp4 measured within the tail. 3 biological replicate images
were processed in ImageJ to measure line-scan intensity with a width of 120 (A-B) or 30 pixels
(C), encompassing approximately 1/10™ the size of the orthogonal axis. Cartoons indicate the
regions and approximate relative scale of measurements taken for each analysis (R1, R2, R3).
Data were position-normalized and intensity-normalized, then summed within 15 equal-sized
bins dividing each region. Averages and standard deviations across biological replicates for
each bin are presented in each plot (A-C). Statistical tests were performed to assess overall
expression trends using t-tests to compare sample intensities across the bins indicated by the
dotted lines. t-test for ML-bmp4 distributions compares data from bins 1-3 versus bins 7-9
(N =9 measurements for each region), t-tests for ML plots of dd23400 and wnt1 compares
data from bins 4-6 versus bins 7-9 (N = 9 measurements for each region), and t-tests for AP
bmp4 and wntl compares data from bins 1-4 versus bins 5-8 (N = 12 measurements for each
region). (D-F) Plots of individual biological replicates after the normalization procedure
described above. The key trends observed in this analysis are that bmp4 expression is present
in a graded fashion on the mediolateral axis dorsally, dd23400 is expressed sharply at the mid-
line, wntl is expressed at the midline in the posterior, and bmp4 expression along the posterior
midline reduces in the far posterior at approximately the same location as wntI is expressed.
(PDF)

$2 Fig. Quantification of BMP signaling on wntl+ cells. (A-E) Quantification of absolute
and relative wnt1+ cell numbers after inhibition of indicated genes related to Fig 2. Graphs
showing absolute numbers of wntI+ cells and numbers of wntI+ cells normalized to body
length for (A) 14 days of control or bmp4 RNAI, (C) 18 days of control or nogl;nog2 RNAi,
(D) 14 days of control, smadl, or smad4 RNAI, or (E) 18 days of control, thx2/3, or nlg8 RNAi.
(B) Graph illustrating the maximum width between wntI+ cells relative to animal body width
following 14 days of control or bmp4 RNAi. (A-E) N > 4 animals. Plots shows median values
(middle bars) and first-to-third interquartile ranges (boxes); whiskers indicate 1.5x the inter-
quartile ranges and dots are data points from individual animals. *p<0.05, **p<0.01,
*¥p<0.0001, n.s. indicates p>0.05 by 2-tailed t-test (A-C) or by one-way ANOVA on ranks
(D-E).

(PDF)

S3 Fig. Reduction of wntl expression domain through AP regenerative rescaling is not
influenced by bmp4 inhibition. (A) FISH to detect wntl expression in regenerating tail frag-
ments at 0, 18, and 96 hours after amputations conducted after 14 days of either control or
bmp4 RNAI. Arrows indicate anterior-most wntI+ cell detected along the dorsal midline for
each timepoint and condition. Top panels show control animals undergoing early expansion
of the dorsal midline wnt1 domain by 18 hours of regeneration followed by rescaling to reduce
the domain to the tip of the animal by 96 hours. Bottom panel shows wntI expression dynam-
ics in bmp4 RNAI, in which midline wnt1 expression was anterior expanded at the time of
injury (0 hours), remained expanded at 18 hours of regeneration, and then restricted
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posteriorly by 96 hours, similar to control RNAi conditions. Therefore, BMP pathway modula-
tion is unlikely to be responsible for the normal restriction of wntl by 96 hours in regenerating
tail fragments. Scale bars represent 150 um. (B) Graph showing the quantification of the length
of the wnt1 domain relative to length of tail fragment. ****p<0.0001 by 2-tailed t-test and n.s.
indicates p>0.05; N > 3 animals. Box plots shows median values (middle bars) and first to
third interquartile ranges (boxes); whiskers indicate 1.5x the interquartile ranges and dots are
data points from individual animals.

(PDF)

S4 Fig. New cell turnover is required for wntl domain expansion following bmp4 RNAi.
FISH detecting wntI in control and bmp4(RNAi) animals given 5 dsRNA dosings over 12 days
following either no irradiation or given a sublethal dose of 1350 rads of X-ray irradiation.
Unirradiated bmp4(RNAi) animals underwent expansion of wntl expression compared to
unirradiated control RNAi conditions. By contrast, wntl expression was not present in irradi-
ated control or bmp4(RNAi) animals. N > 5. Scale bars represent 300 pm.

(PDF)

S5 Fig. Inhibition of bmp4 does not alter number of anterior pole notum-+ cells. Plots of
absolute and size-normalized numbers of anterior pole notum-+ cells following homeostatic
inhibition of bmp4 RNAI versus control RNAi animals, related to Fig 3B. Cells were manually
scored from dorsal-view images obtained at 20x. Knockdown of bmp4 did not significantly
change the absolute or bodysize-relative number of notum+ cells. n.s. indicates p>0.05 by
2-tailed t-test. N > 6 animals. Plots shows median values (middle bars) and first-to-third inter-
quartile ranges (boxes); whiskers indicate 1.5x the interquartile ranges and dots are data points
from individual animals.

(PDF)

S6 Fig. Effects of binp4 inhibition on markers of differentiated tissues and progenitors. (A)
Following 28 days RN A of control or bmp4 RNAI, animals were stained for gut marker porcu-
pine and pharynx-associated markers SMU15007112, dd554, foxA, and laminin. Inhibition of
bmp4 did not affect porcupine or SMU15007112 expression. bmp4 RNAI caused a subtle
change to dd554 expression which kept overall pharynx staining intact but eliminated expres-
sion of streams of dd554+ cells located outside of the pharynx (zoom-ins, 6/7 animals had no
dd554 expressing cells adjacent to the pharynx, compared with 7/7 control animals displaying
this expression). However, inhibition of bmp4 consistently resulted in ectopic non-pharynx
expression of foxA and ectopic anterior expression of laminin. 5/8 bmp4(RNAi) animals had
relatively less reduction to laminin pharynx staining and less ectopic anterior laminin and 3/8
animals had coincident loss of laminin expression and stronger gain of ectopic anterior expres-
sion. N > 7. Scale bars represent 300 um. (B) Measurements of head, pharynx, and tail regions
determined by dd554 expression relative to body region for control and bmp4 RNAi. bmp4
inhibition did not significantly alter AP pharynx scale or position or size of tail and anterior
(head) domain as measured with respect to pharynx position. (C) Left: Hoechst-stained ani-
mals following 28 days of control or bmp4 RNAI to detect original and ectopic eyes. Right:
Quantification of the length from the anterior tip of the eyes (as measured for each pair of eyes
along the midline) and normalized to total body size. Top panels show zoom-in of anterior
animal regions for control and bmp4(RNAi) animals of eyes. Images are max-projections with
z-planes chosen to show only either the original or ectopic bmp4(RNAi) animal eyes as indi-
cated. Compared to the position of control eyes, original eyes in brmp4(RNAi) animals were
displaced anteriorly toward the tip of the head while ectopic eyes are positioned at the same
relative location as normal eyes in control animals. Scale bars represent 300 um. (B-C)
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¥ p<0.0001, n.s. indicates p>0.05 by 2-tailed t-test (B) or one way ANOVA test on ranks
(C). N =7 animals. Plots shows median values (middle bars) and first-to-third interquartile
ranges (boxes); whiskers indicate 1.5x the interquartile ranges and dots are data points from
individual animals.

(PDF)

S7 Fig. Additional data testing roles of wntl, nogl+nog2, and notum on bmp expression in
the tail. (A) FISH staining for bmp4 expression in whole animals after 14 days of control or
wntl RNAi related to Fig 4. Inhibition of wntI resulted in elevated expression of bmp4 on the
posterior midline of the animal (arrows) and did not change the lack of ventral bmp4 expres-
sion (right). Scale bars are 150 um. N = 21 animals. (B) Double FISH of control or wntl RNAi
for bmp4 and anterior marker foxD. N = 8. Inhibition of wntI caused elevated expression of
bmp4 in the posterior but did not alter the lack of posterior foxD, suggesting wntI’s role on
bmp4 expression is not likely due to control of head-versus-tail identity determination. (C)
Animals stained for bmp4 following control or notum RNAi homeostatically for 14 days. Inhi-
bition of notum did not alter bmp4 expression on either the dorsal or ventral side of the ani-
mals. Scale bars are 300 pm. N > 6. (D) Dorsal posterior view of bmp4 FISH conducted on
control or nogl;nog2(RNAi) animals inhibited homeostatically for 18 days. nogl;nog2 inhibi-
tion qualitatively appeared to cause an increase in overall bmp4 expression levels. N = 8. Scale
bars are 150 pm.

(PDF)

S8 Fig. bmp4 promotes midline identity and suppresses lateral identity. (A-C) FISH for
dd23400, LaminB, and wnt5 following 28 days of control or brmp4 RNAI. Scale bars represent
300 um. (A) Inhibition of bmp4 reduces dd23400 expression (arrows), particularly in the pos-
terior. Bottom Left: Quantification of number of dd23400+ cells normalized to animal body
length. Bottom Right: Quantification of maximum width between dd23400+ cells relative to
animal body width. *p<0.05, **p<0.01 by unpaired 2-tailed t-test; N > 6 animals. Box plots
show median values (middle bars) and first to third interquartile ranges (boxes); whiskers indi-
cate 1.5x the interquartile ranges and dots are data points from individual animals. (B) bmp4
RNAi causes ectopic medial expression of lateral marker laminB expression on the posterior
midline (arrows). (C) Knockdown of bmp4 appears to elevate wnt5 expression less dramati-
cally on the ventral side versus dorsal side. Right panels show enlargements of boxed regions.
(PDF)

S9 Fig. wnt5 inhibition does not detectably alter binp4’s dorsal expression and causes weak
bmp4 expression ventrally. FISH staining for bmp4 after 21 days of control or wnt5 RNAi
under homeostatic conditions. Inhibition of wnt5 does not cause detectable increases or
decreases in bmp4 expression or distribution on the dorsal side of animals. However, some
ectopic ventral expression appears following wnt5 RNAI. Scale bars are 150 um. N = 5 animals.
(PDF)

$10 Fig. Verification of bmp4;wnt5 knockdown. Left: QPCR to detect expression of brmp4
transcript (normalized to ubiquilin control) to detect knockdown of bmp4 in bmp4 RNAi and
bmp4;wnt5 RNAI. Animals were treated with dsRNA for 20 days (9 dsRNA feedings), followed
by isolation of RNA, followed by RT-qPCR. bmp4 expression was knocked down after delivery
of either bmp4 dsRNA or the combination of brmp4 and wnt5 dsRNA. Right: qPCR to detect
expression of wnt5 after RNAi of wnt5 individually or in combination with bmp4 under the
same conditions. Both single and double RNAi conditions caused significant wnt5 knock-
down. *p<0.05, **p<0.01 by one-tailed t-test to determine if mRNA reduced after RNAI
Plots show median values (middle bars) and first-to-third interquartile ranges (boxes);
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whiskers indicate 1.5x the interquartile ranges and dots are data points from individual ani-
mals.
(PDF)

S11 Fig. wnt5 co-inhibition does not rescue the bimp4(RNAi) phenotype of reduced slit
expression. FISH staining for slit following 20 days of control, bmp4, wnt5, and bmp4wnt5
RNAI. Loss of bmp4 reduces slit expression (arrows). Loss of wnt5 did not appear to alter slit
expression. Knockdown of both bmp4 and wnt5 resulted in the reduced slit expression, similar
to bmp4 RNAI (arrows). N > 6 animals. Scale bars represent 300 pm.

(PDF)

S12 Fig. Homeostatic inhibition of slit or wnt5 does not alter wntl expression. Left: Follow-
ing 18 days of control, bmp4, slit, or wnt5 RNAI, animals were stained for wntI expression.
Inhibition of bmp4 expanded wnt1 anteriorly and reduced posterior expression. Inhibition of
slit or wnt5 did not significantly affect wntI expression. N > 6 animals. Scale bars represent
300 um. Right: Plot showing length of wnt1 domain from the tip of the tail relative to animal
body length. n.s. indicates p>0.05, ****p<0.0001 by one-way ANOVA on ranks. N > 8 ani-
mals. Plots show median values (middle bars) and first-to-third interquartile ranges (boxes);
whiskers indicate 1.5x the interquartile ranges and dots are data points from individual ani-
mals.

(PDF)

S1 Table. Primer Sequences for dsRNA, riboprobes, and qRT-PCR.
(PDF)

S1 Data. Data used for plotting figures.
(XLSX)
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