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Abstract :

The Rho associated coiled-coil protein kinase (ROCK) plays crucial roles in development across bilaterian
animals. The fact that the Rho/Rock pathway is required to initiate epithelial morphogenesis and thus to
establish body plans in bilaterians makes this conserved signaling pathway key for studying the molecular
mechanisms that may control early development of basally branching metazoans. The purpose of this
study was to evaluate whether or not the main components of this signaling pathway exist in sponges,
and if present, to investigate the possible role of the regulatory network in an early branching non-
bilaterian species by evaluating ROCK function during Ephydatia muelleri development. Molecular
phylogenetic analyses and protein domain predictions revealed the existence of Rho/Rock components
in all studied poriferan lineages. Binding assays revealed that both Y-27632 and GSK429286A are
capable of inhibiting Em-ROCK activity in vitro. Treatment with both drugs leads to impairment of growth
and formation of the basal pinacoderm layer in the developing sponge. Furthermore, inhibition of Em-
Rock prevents the establishment of a functional aquiferous system, including the absence of an osculum.
In contrast, no effect of ROCK inhibition was observed in juvenile sponges that already possess a fully
developed and functional aquiferous system. Thus, the Rho/Rock pathway appears to be essential for the
proper development of the freshwater sponge, and may play a role in various cell behaviors (e.g. cell
proliferation, cell adhesion and cell motility). Taken together, these data are consistent with an ancestral
function of Rho/Rock signaling in playing roles in early developmental processes and may provide a new
framework to study the interaction between Wnt signaling and the Rho/Rock pathway.
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Highlights

» Bona fide components of the Rho/Rock pathway were identified in sponges. » Y-27632 and
GSK429286A inhibitors reduce the kinase activity of Em-ROCK in vitro. » Early hatching gemmules
treated with ROCK inhibitors show abnormal growth. » Em-ROCK inhibition leads to the lack of
aquiferous system. » A cross-talk between Wnt, Rho/Rock and JNK/JUN is proposed here.
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Introduction

Understanding the origin and evolution of the molecular mechanisms that underlie
animal development is a fundamental goal in evolutionary developmental biology. Even
though the order and relationship of the basal metazoans is still controversial, poriferans
remain as one of the earliest branching animal lineages (Dohrmann and Worheide, 2013;
Nosenko et al., 2013; Philippe et al., 2009; Pick et al., 2010; Pisani et al., 2015; Ryan et al.,
2013). Furthermore, multiple lines of evidence suggest that early animals possessed poriferan-
like body plans, and thus, extant sponges may provide key knowledge about the origins of
complex animal bodies (Leininger et al., 2014). Though sponges are structurally simple
organisms, they have a very similar complement of molecular machinery to other animals and
possess genes that may be used to set up pathways for growth, differentiation, cell
specification, adhesion, and sensory function (Leys and Hill, 2012). Sponges mainly consist

of a matrix (the mesohyl) encompassed between two epithelial layers of flagellated cells (i.e.
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the exopinacoderm and the endopinacoderm). Briefly, the exopinacoderm refers to sponge
external surface while the endopinacoderm lines the internal aquiferous system (i.e. canals
and choanocyte chambers). Leys and Hill (2012) reviewed many features of pinacoderms
which are consistent with epithelial structure including junctions that hold cells together
(adherens and occluding junctions), polarized cells (T-shaped cells with the nucleus in a cell
body that projects down into the collagenous middle layer), the coating proteoglycan matrix
and the fact that these thin single layers of cells can and do form effective barriers (Adams et
al., 2010). Interestingly, body shape of sponges is mainly organized by the aquiferous system
(i.e. canals, osculum and choanocyte chambers) and thus depends on pinacoderm
morphogenesis whereas a skeleton of spicules supports the whole structure (Renard et al.,
2013). Importantly, poriferan anatomy and physiology relies on the aquiferous system and it
is commonly accepted that the sponge body plan is formed by the establishment of this
structure (Windsor and Leys, 2010).

The acquisition of the Amphimedon queeslandica (Porifera, Demospongiae) genome
(Srivastava et al., 2010, 2008) shed light on the origin and evolution of several key conserved
signaling pathways, such as Wnt, Notch, and TGF-p (Adamska et al., 2010, 2007; Fahey and
Degnan, 2010; Gazave et al., 2009; Richards and Degnan, 2009). Although the growing
accumulation of genomic and transcriptomic databases of early divergent phyla has increased
our knowledge of the ancestral molecular toolkit of animals (Fortunato et al., 2015; Leininger
et al., 2014; Moroz et al., 2014; Nichols et al., 2006; Pang et al., 2010; Riesgo et al., 2014;
Ryan et al., 2013), functional studies elucidating roles for the conserved animal specific
signaling pathways remain scarce, especially in the Porifera. Of note, recent studies have
focused on the role the Wnt pathway plays in body plan patterning in these basally branching
metazoans (Adamska et al., 2010, 2007; Pang et al., 2010). For example, activation of the Wnt

pathway in Ephydatia muelleri by lithium chloride or alsterpaullone leads to formation of
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ectopic oscula and disruption of aquiferous system function supporting the hypothesis that
Whnt signaling determines body axis polarity in freshwater sponges (Windsor and Leys, 2010).
However, the molecular mechanisms that control morphogenesis during aquiferous system
establishment are not well understood.

The Rho/Rock pathway has been recognized for its function in cytoskeletal dynamics
and thus in cell shape, cell adhesion and cell migration, as well as involvement in non-
canonical Wnt signaling in bilaterians (Amano et al., 2010; Schlessinger et al., 2009). Several
downstream substrates of Rho-kinase (ROCK) such as the myosin regulatory light chain
(MRLC) of myosin Il and Lim kinase (LIMK) have been identified as key regulatory
components of the cytoskeleton (Winter et al.,, 2001). The MRLC mediates actomyosin
contractility whereas LIMK is responsible for the turnover of actin filaments (Maekawa,
1999; Watanabe et al., 2007). The implication of ROCK substrates in cytoskeleton
reorganization has given rise to studies focused on ROCK function in the context of tissue
morphogenesis during bilaterian development. Indeed, by inducing apical cell constriction
through actomyosin contractility, Rho/Rock signaling plays major roles in the establishment
of bottle cells and thereby allows the initiation of key developmental stages relying on
invagination (Mason et al., 2013; Sherrard et al., 2010; Zimmerman et al., 2010). For instance,
ROCK activity is necessary for the proper placement of the apical cytoskeleton during lens
placode invagination in chick and mouse (Borges et al., 2011; Chauhan et al., 2011; Plageman
et al., 2011), and invagination of salivary glands in Drosophila (Xu et al., 2008). As well,
many other morphogenetic processes during embryogenesis rely on Rho/Rock activity
(Escuin et al., 2015; Lee et al., 2006; Reed et al., 2009; Stankova et al., 2015; Verdier et al.,
2006) such as extension/convergent movements during Xenopus gastrulation (Habas et al.,
2001; Kim and Han, 2005). Although the Rho/Rock pathway has been described as an

essential molecular signaling pathway for morphogenetic processes across Bilateria, the
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existence and the underlying role of this module in early branching animal lineages such as
Porifera has yet to be elucidated.

Given the important connection of the Rho/Rock module to Wnt signaling and body
plan formation in bilaterians, we asked if and how the Rho/Rock pathway is functioning in
Porifera. The goal of this study was to determine if the Rho/Rock pathway is involved in
sponge aquiferous system development and if ROCK plays roles in setting up the body plan in

sponges as it does in bilaterians.

Results & Discussion

Orthologous genes of the Rho/Rock pathway in sponges

We have examined whether the main components of the Rho/Rock pathway are
present in different sponge lineages. Orthologs for rho, rock, mric and limk were identified in
Demospongia (Amphimedon queenslandica and Ephydatia muelleri), Homoscleromorpha
(Oscarella lobularis and Oscarella sp.), Calcarea (Sycon ciliatum) and Hexactinellida
(Aphrocallistes vastus and Oopsacas minuta) (Table S1 to S8). Phylogenetic analysis supports
that sponge sequences belong to each subfamily using both ML and Bayesian methods
(Figure 1, S1 and S2) and all functional domains were predicted for RHO, MRLC and LIMK
(except for LIMK in Oscarella genus) (Figure S3 to S5).

All poriferan ROCK sequences possessed the protein kinase (PK) domain and the
AGC kinase C-terminal domain (except for one of the Sycon orthologs, ScRockB). The Rho-
binding domain (or its corresponding G3DSA:1.20.5.730 InterProScan domain) required for
RHO-ROCK interaction in bilaterians was predicted for Amphimedon queenslandica
(Demospongiae), Oopsacas minuta (Hexactinelida), Sycon ciliatum (Clacarea), Oscarella

lobularis and Oscarella carmela (Homoscleromorpha) (Figure 2). Retrieving this domain in
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sequences from the four poriferan lineages strongly suggests that it is an ancestral feature of
ROCK proteins, and that its apparent absence in Aphrocalistes vastus (Hexactinellida),
Ephydatia muelleri (Demospongiae) and Oscarella sp. (Homoscleromorpha) is likely due to
limits in software prediction. In accordance with this interpretation, an identical motif to the
Rho-binding motif identified in vertebrates was found in S. ciliatum (LKxXxAVNKLAXxxV), O.
lobularis and O. carmela (LKxxAVNKLAxxM) (Figure S6) (Dvorsky, 2003). Further, a more
divergent motif was retrieved in A. queenslandica (MKxxAINKLxxxM), E. muelleri
(LKxxxxITKLxxxL), O. sp. (LKxxAVNKLxxxM), A. wvastus and O. minuta
(LKxxAIxKLxxxx). Thus, even if some motifs have diverged, it is probable that the RHO-
ROCK interaction has been maintained from sponges to vertebrates.

The Pleckstrin homology domain (PH), however, required for membrane location of
the protein in bilaterians (Dvorsky, 2003; Tu et al., 2011), was retrieved only in Oscarella
genus (Figure 2). In contrast, other sequences found in sponges contain the DAG domain (or
its corresponding G3DSA:3.30.60.20 InterProScan domain), which is also involved in
membrane binding. Although a lack of domain prediction could be attributed to software
limitations for detecting divergent sequences, Oscarella sequences clearly miss the segment
containing the C-terminal cysteine pattern corresponding to DAG domain and thus share a
more conventional PH domain instead of the characteristic split PH domain found in other
species (Figure S6). This finding suggests that ROCK regulation at the cell membrane may
occur in a different manner in corresponding species or that more variability exists in PH
domain sequences than has been accounted for by prediction algorithms.

Given that i) the key proteins of the Rho/Rock pathway are present across sponge
lineages and that ii) their respective functional domains share important structural features as
described in bilaterians, it seems likely that the Rho/Rock pathway is part of an ancestral and

conserved toolkit of the Metazoa.
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Rock expression during freshwater sponge development

We next asked whether or not Rock is expressed during early sponge development in
the model sponge system, Ephydatia muelleri. Freshwater sponge development from
gemmules is divided into five main stages (Figure S7; after (Funayama et al., 2005)). Stage 1
corresponds to gemmule hatching and attachment to the substrate whereas stage 2 and 3 lead
to cell proliferation in two and three dimensions. Finally, after choanocyte chamber formation
at stage 3, stage 4 corresponds to the early development of an aquiferous system and stage 5 is
recognizable by the presence of a functional aquiferous system (with osculum). Analyses by
gRT-PCR showed that Em-Rock is expressed at a low level (less than 8.0*10™ arbitrary unit:
a.u) during gemmule hatching (stage 1), followed by a higher level (1.1*10* a.u) of
expression over the course of development from stage 2-4 (Figure 3). Finally Em-rock
expression was 3 fold higher at aquiferous system establishment (stage 5) than at stage 1.
Thus, Em-Rock is expressed from the onset of gemmule hatching and increases during later
stages of development. Consequently, it appears that the Rock gene is involved in early
development and perhaps morphogenesis of sponges at least until aquiferous system

establishment in juveniles.

Testing ROCK kinase activity and the efficacy of ROCK inhibitors in vitro

Y-27632 and GSK429286A are two highly selective inhibitors targeting ROCK by
competing with ATP binding (Davies et al., 2000; Ishizaki et al., 2000; Nichols et al., 2009).
However, most studies using these drugs were performed on vertebrates. To determine if the
Em-ROCK kinase domain displays kinase activity and if, both inhibitors inhibit Em-ROCK,

we purified and tested the bacterially expressed Em-ROCK kinase domain (Figure 4A). In
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order to do so, after double purification (Figure 4B), the enzymatic activity of FLAG-Em-
ROCK-6xHis was monitored in absence of either drug (Figure 4C). It appears that Em-ROCK
activity increased linearly with Em-ROCK concentration (R=0.991) when FLAG-GFP-6xHis
similarly purified showed no activity in the ROCK assay (not shown here). The inhibitory
activity of each drug was experimentally tested in the presence of increased concentrations of
inhibitors. We found that both inhibitors inhibit Em-ROCK activity in vitro (Figure 4D). Of
note, Em-ROCK activity was more effectively reduced by Y-27632 than the GSK429286A.
While Y-27632 inhibited Em-ROCK with 1Csp of 10uM, GSK429286A reduced Em-ROCK
activity with 1Cso of 100uM. According to the manufacturer, Y-27632 inhibits mammalian
ROCK | and ROCK 11 with ICso of 140nM and 300nM respectively, whereas GSK429286A is
a more efficient inhibitor with ICso of 14nM and 63nM, respectively. This means that higher
concentration of Y-27632 and GSK429286A is needed to effectively inhibit Em-ROCK in
vivo. However, a large number of studies aiming to understand ROCK function frequently
used Y-27632 at 10uM with very low off target effects (Cheng et al., 2015; Davies et al.,
2000; Harb et al., 2008; Huh et al., 2013; Kanthou, 2002; Okumura et al., 2009). In contrast,
few data are currently available for GSK429286A inhibitor but it has been previously used at

1uM (Nichols et al., 2009).

ROCK inhibition induced abnormal growth of sponges

Incubation of early stage sponges with 1, 5, 10 or 20uM of Y-27632 over the course of
24 hours led to alterations of the leading edge of sponge growth compared to control sponges
at the same developmental stage (Figure 5A and B). Instead of having a roughly circular
shape around the growing epithelial pinacodermal growth zone (n=48/53), gemmules treated

with Y-27632 routinely showed multiple outgrowths at points around the leading edge of
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epithelial development of the basal pinacoderm (n=165/169) (Figure 5B). We implemented a
Uniform Growth Index (UGI), which permitted us to quantify growth disturbance of the
leading edge (Figure S8). Analyses support that each tested concentration of Y-27632 was
sufficient to significantly affect the edge growth zone (p-values < 0.0001) while no significant
differences in UGI average were evident by increasing drug concentration (Figure 6). Hence,
whereas control sponges had a UGI of 1.0, the average in treated gemmules was
approximately 1.6 even at 1uM.

Interestingly, 30% of sponges treated with 10uM (n=10) or 25uM (n=11) of
GSK429286A demonstrated growth zone aberrations after 24 hours as well (Figure 7A and
B). In addition, all sponges cultivated at the highest concentration (n=13) also exhibit
abnormal body shape of the basal pinacoderm (Figure 7A and B). Changes in the growth zone
resulted in flattened, expanded and non-circular body shape at lowest concentrations (10puM
and 25uM) when small outgrowths were observed at the highest concentration (50uM). When
compared to the results obtained with Y-27632, it appears that a dose dependent effect is
observed when GSK429286A was used.

The variability in phenotypes after 24 hours observed when comparing Y-27632
(Figure 5B) and GSK429286A (Figure 7B) treatments may suggest that some resulting
phenotypes could be off target effects. Indeed, several AGC protein kinases were identified in
E. muelleri implying that it is possible that either of the drugs may lead to the inhibition of
some of these kinases when a high concentration is applied. However, this interpretation is not
necessarily supported by the known roles of these specific inhibitors in mammalian systems
(Davies et al., 2000), and the high conservation of the targeted protein kinase domain
(sequence identity higher than 73% between human paralogs and Em-ROCK). Moreover, off
target effects does not explain why even small concentrations of Y-27632 led to the abnormal

outgrowths. Furthermore, although phenotypes obtained with each drug appeared slightly
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different in the forming basal pinacoderm, both sets of phenotypes suggest a similar
mechanism that leads to the high disturbance in growth zone observed. Outgrowths of tissue
(Figure 5B and 7B) and expansion of the growth zone (Figure 7B) are consistent with
growing evidence that ROCK is a major component involved in cell junctions, cell adhesion,
cell migration and cell cycle during morphogenesis in other animals (Anderson et al., 2002;
Harb et al., 2008; Okumura et al., 2013, 2009; Riento and Ridley, 2003; Yu et al., 2012).
Indeed, numerous studies have begun to shed light on the central molecular cascades that
implicate Rho/Rock signaling in mediating cell proliferation and cell migration in different
contexts, including cancer formation and metastasis (Bikkavilli et al., 2008; Podar et al., 2007,
Potin et al., 2007; Semenov et al., 2007; Shaulian and Karin, 2001). For instance, it appears
that the JINK/JUN cascade can compete with ROCK for RHO binding in order to enhance cell
proliferation (Figure 8) (Schulte, 2010; Semenov et al., 2007). Yu et al., showed that Y-27632
promotes cell proliferation and cycle progression through Cyclin D1 in astrocytes from the
spinal cord of rats (Yu et al., 2012). Thus, it is interesting to observe higher expression of Em-
cyclin D in treated sponges (+70% of control, Figure 9). However, further studies are needed
to unravel if INK, JUN and CCND do take part in the mechanisms that induced the outgrowth

phenotypes presented here.

ROCK, an essential component for promoting aquiferous system establishment

After cultivating gemmules in Strekal’s Media (SM) over the course of 48h (n=53) and
72h (n=39), 79% and 95% of sponges exhibited a complete aquiferous system with
choanocyte chambers, canals and osculum (Figure 5B and C). In contrast, even if reduced
choanocyte chambers and spicules were found (Figure 5B), neither canals nor osculum were
observed in any treated sponges (n=169), even at lowest concentrations of Y-27632 (Figure

5C). Moreover, whereas few sponges with osculum were observed at the lowest concentration
11
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of GSK429286A (40% and 10% after 48h and 72h, respectively), no oscula were observed in
sponges cultivated with 25uM and 50puM (Figure 7B and C). Accordingly, it appears that
ROCK protein is essential for the establishment of the aquiferous system.

Interestingly, replacing drug solutions with SM after 72h of treatment allowed the
rescue of the wild phenotype with canals and osculum even at 50uM of GSK429286A (Figure
S9). Thus, ROCK appears as an essential protein involved in the establishment of aquiferous
system during the development of E. muelleri sponges. Moreover, transient loss of ROCK
activity during early development of sponges from hatched gemmules appears reversible
demonstrating the plasticity of these animals.

In order to establish if this protein is also required to maintain the aquiferous system in
juvenile sponges, the Y-27632 treatment was performed using young juvenile sponges that
already possessed these structures (1 week old sponges hatched from gemmules). Y-27632
treatment did not disturb the juvenile canal system structures over the duration of experiments
(3 days) (Figure 10). Indeed, canals, osculum and choanocyte chambers remained intact and
functioning in treated juveniles (n=108). In addition, it appears that canals and osculum
growth were maintained.

The fact that ROCK inhibition prevented establishment and development of an
operational aquiferous system but did not appear to affect the function of the aquiferous
system in sponges already possessing fully developed canals and oscula implies that ROCK

may play a key role in initiating sponge morphogenesis as it does in bilaterians.

Effects of ROCK inhibition is restricted to morphogenesis processes

Careful examination of cross-sections of treated and control sponges confirmed that
treating gemmules at the onset of hatching led to sponges without oscula and canals (Figure

5B). We also observed that though choanocytes chambers appear smaller, choanocytes and
12
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spicules are present in treated gemmules (Figure 5B). This implies that different cell types
(choanocytes and sclerocytes) were formed, and thus, that cell differentiation occurred despite
the ROCK inhibition. Consistent with this observation, the stem-cell marker piwi (Alié et al.,
2015) was similarly expressed in sponges showing abnormal body shape (3.74*107 a.u) and
in controls (3.86*107 a.u) (Figure 9), suggesting that ROCK inhibition did not significantly
affect the ratio between stem cells (archeocytes) and differentiated cells. This data supports
the hypothesis that the absence of oscula observed here are likely due to the disruption of

morphogenetic processes and not to a global loss of cell differentiation.

Y-27632 is a potential specific inhibitor of Em-ROCK

Although the activity, but not specificity of the drugs was tested in this study, some
lines of evidence support the specificity of GSK27632 and Y-27632 to Em-ROCK. The
potential off target effects of the drugs were already discussed (i.e., high conservation of the
kinase domain, specific inhibition in mammalian cells at the concentration used here, similar
phenotypes at very low concentration). Another support of the specific effects of these drugs
is that GSK429286A had a lower activity in vitro and in vivo. Indeed, the fact that higher
concentration of GSK429286A was needed to obtain comparable phenotypes to Y-27632 is
consistent with the inhibitor curves obtained in vitro for each drug on Em-ROCK activity
(Figure 4D), confirming that Y-27632 is more efficient in this species. However, we noted
that GSK429286A treated sponges seemed less healthy than Y-27632 since extended
incubation of sponges with GSK429286A led to the senescence of sponges and budding
(Figure S9). Furthermore, healthy phenotypes were observed when young sponges already
possessing fully developed canals and oscula were exposed to high concentrations of Y-
27632. This points out that the phenotypes observed during early development of gemmules

most likely reflect the loss of Em-ROCK activity rather than a toxic effect of the drugs.
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Finally, the fact that treated sponges i) possessed differentiated cells and ii) were able to
recover and complete development in less than one day after washout also suggests that the
drug specifically inhibit Em-ROCK and do not induce an overall toxic effect. Thus, Y-27632
may be a specific inhibitor of ROCK in E. muelleri like it is in all animals studied so far.

We further note that the lack of finding a dose dependent effect in vivo for Y-27632
could be due to the fact that a low level of Em-ROCK protein activity is present in these
sponges. ROCK activity assays (as described earlier) from lysed sponge cells did not yield
enough Em-ROCK activity for detection. This is what led us to purify and bacterially express
the Em-ROCK kinase domain. This suggests that even very low concentrations of Y-27632
could be enough to inhibit Em-ROCK activity and induce the loss of morphogenesis. Given
that Y-27632 is known to be a competitive inhibitor of ROCK kinase, it could be that we are

saturating Em-ROCK with inhibitor, even at our lowest tested concentration of 1puM.

Aquiferous system, Wnt pathway and Rho/Rock module

The Wnt signaling pathway is one of the major developmental modules for patterning
animal body plans (Petersen and Reddien, 2009; Schulte, 2010). Several studies focused on
this module have highlighted the underlying molecular mechanisms involved in the
establishment of sponge aquiferous systems (Figure 8). For instance, activation of the
canonical Wnt pathway (WNT/B-catenin pathway) resulted in ectopic oscula formation in E.
muelleri (Windsor and Leys, 2010) and promoted ostia formation in O. lobularis (Lapébie et
al., 2009). Hence it appears that the canonical Wnt pathway and the Rho/Rock modules are
parts of the molecular toolkit required for the establishment of the aquiferous system in
sponges. It has been previously suggested that the Rho/Rock pathway is one the sub-signaling
modules downstream of Dishevelled (DVL) recruitment to the cell membrane (Schulte, 2010;

Semenov et al., 2007). In this context, it appears that the Dishevelled associated activator of
14



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

morphogenesis (DAAM) binds to DVL and RHO to mediate Wnt signaling to the Rho/Rock
pathway (Habas et al., 2001) (Figure 8). Interestingly, DAAM protein, containing all required
functional domains (Aspenstrom et al., 2006; Higgs and Peterson, 2005), was retrieved in
almost all poriferan databases studied here (Figure S10 and Table S1 to S8). Moreover, Em-
rock, Em-dvl and Em-daam appeared to be concomitantly expressed during early sponge
development suggesting that perhaps roles observed in bilaterians could also occur in sponges
(Figure 3). While this study did not address the upstream involvement of the Wnt pathway in
Rho/Rock function, we did address the question of the impact of ROCK inhibition on Wnt
pathway gene Dvl. Comparison of Em-Dvl expression between treated (10uM of Y-27632
during 72h) and untreated sponges showed that the loss of ROCK activity led to knockdown
of Em-Dvl expression (level dropped down to 36% of the controls) (Figure 9). Thus, it is
possible that ROCK inhibition may have led to a negative feedback loop of all Wnt pathways
and thus promotes the absence of aquiferous system in treated sponges (Figure 8). Future
studies will need to examine the mechanisms that lead to the absence of an aquiferous system
and the potential cross-regulation between the canonical Wnt pathway and the Rho/Rock

module (Li et al., 2011; Pinzén-Daza et al., 2014).

Conclusion

The goal of this study was to determine if components of the Rho/Rock pathway are
present in non-bilaterian species and if ROCK protein may play similar functions to those
described in bilaterians. We found that all sponge lineages studied possess key proteins of the
Rho/Rock pathway, implying that these proteins were inherited from the last common
ancestor of Metazoa. In addition, structural domain analyses suggest that protein interactions
described in bilaterians have likely been maintained from sponges to vertebrates. Finally,

evidence that the Em-ROCK kinase domain exhibits Rho kinase activity in vitro and that
15
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commercially available ROCK inhibitors target sponge Em-ROCK, lend further evidence to
the hypothesis that the Rho/Rock pathway is an evolutionarily conserved module in animals.

In vivo assays with ROCK inhibitors applied during the early development of
freshwater sponges provide strong evidence that ROCK is important for inducing
morphogenesis and setting up sponge body plans (Figure 8). Furthermore, roles for Wnt and
Rho-Rock pathways in aquiferous system morphogenesis are suggested. Clearly, however, the
precise cellular mechanisms and the regulatory network existing between the Wnt pathway
and the Rho/Rock module in sponges remains to be elucidated.

Finally, we suggest that our findings may provide a new framework and system to
investigate the potential function of ROCK and JNK/JUN module in cell division and cell
adhesion (Figure 8) (Harb et al., 2008; Yu et al., 2012). Indeed, in addition to the outgrowth
phenotypes presented here and the over-expression of Em-ccnD, we noted that sponges treated
with ROCK inhibitors exhibited a ‘looser’ structure (cells did not seem to adhere as they did
in the controls), suggesting that ROCK inhibition may have also led to disturbances in cell
adhesion. We hope that recent discoveries from non-bilaterian animals such as Ephydatia or
Hydra may play roles in our future understanding of the evolution of cancer, tumorigenesis

and metastasis (Domazet-Loso et al., 2014).

Materials and Methods

Gemmules collection and storage

Gemmules were collected near Prince William Forest National Park during late
fall/early winter and stored in sampling water or cold Strekal’s media (SM) at 4°C (Strekal
and McDIFFETT, 1974). They were preserved from the light and aerated weekly and water

was replaced monthly. Gemmules were picked and then washed with cold 1% hydrogen
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peroxide solution and SM just before use.

Sequences identification and assignation

Orthologous genes of those described in bilaterians (i.e. rho, rock, mric, limk and
daam) were searched by tblastn analyses (Altschul et al., 1997) against various poriferan
database of each poriferan lineage (Table S9): Demospongiae (Ephydatia muelleri), Calcarea
(Sycon ciliatum), Hexactinellida (Aphrocalistes vastus and Oopsacas minuta) and
Homoscleromorpha (Oscarella carmela, Oscarella lobularis and Oscarella sp.). Sequence
assignations were first confirmed by reverse tblastx (Wall et al., 2003) on NCBI database and
domain analyses using Interproscan 5 software (http://www.ebi.ac.uk/). Sequence alignments
were performed using Bioedit clustalW function (Thompson et al., 1994). Rho GTPase
analysis was restricted to the core Rho domain (i.e. amino acids 5-177 in human RAC1)
(Boureux et al., 2006) whereas ROCK analysis was restricted to the PK domain (i.e. amino
acids 76-338 in human ROCKI) and the whole MYL proteins were conserved for
phylogenetic analyses. Bayesian analyses were carried out using MrBayes v3.2.3
(Huelsenbeck and Ronquist, 2001), with one cold chain and three heated chains until average
deviation split frequencies was below 0.01. Maximum likelihood analyses (ML) were
performed using ATGC PhyML 3.0 software (http://www.atgc-montpellier.fr/) (Guindon et
al., 2010) and branch supports were estimated using 1000 bootstrap re-sampling. According to

ProtTest 3.2 (Darriba et al., 2011), the LG substitution model was used for each protein.

RT-qPCR
gRT-PCR experiments were performed in order to monitor Em-rock, Em-dvl and Em-

daam expression over normal development of sponges from hatched gemmules until
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aquiferous system establishment (four replicates). As well, the expression of Em-ccnd (n=2),
Em-dvl, (n=3) Em-piwi (as control of another function, n=2) and two housekeeping genes
(Em-efl, n=3 and Em-actin, n=2) (Infante et al., 2008; Rivera et al., 2013) were compared
between treated sponges (10uM of Y-27632 for 72h) and sponges grown in SM (control).
Prior to RT-qPCR, sponges were collected and stored in RNAlater. mMRNA was extracted
using QiagenRNeasy® Mini Kit and cDNA was synthetized with SuperScript® 111 Reverse
transcriptase according to protocols provided by manufacturers. Gene expression was assessed
by quantitative real-time PCR amplification using Chromo4 Real Time PCR Detector on a
BioRad Engine interfacing with Opticon Monitor Software. Briefly, each gene expression was
quantified in 20pL reaction mix containing 10uL of SYBR GreenER gPCR Supermix
(Invitrogen) and each gene-specific primer at 2uM final concentration (Table S10). Finally,
2uL of cDNA were added to each reaction. Standard curves were generated by several
dilutions of PCR product of each target gene (after purification). Thermal cycling profiles for
PCR reaction began with a 94°C incubation for 5 min followed by 35 cycles of 94°C for 15s,
56°C for 30s, 72°C for 45s. Finally, each cycle was completed by a signal acquisition. For
experiment over normal development of sponges, expression levels were normalized to the
Efla housekeeping gene and threshold values for Ct calculations were selected by hand to

optimize efficiency for samples.

Cloning and protein purification

A ROCK construct was generated by PCR amplification of juvenile Ephydatia
muelleri cODNA with megaprimers designed to insert the kinase domain (amino acids 2-415)
between an N-terminal FLAG and C-terminal 6xHis tag in a pET-21a backbone (Geiser et al.,
2001). A similar plasmid was generated using eGFP as the insert. The plasmids were

validated by sequencing across the entire insertion.
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Plasmid DNA containing the ROCK construct was transformed into
Rosetta2(DE3)plysS cells for protein expression. An overnight culture was grown from the
transformants and then diluted back to the phase of exponential growth in Terrific Broth
containing 50ug/ml Carbenecillin and 10ug/ml chloramphenicol, and expression induced with
1mM IPTG. The culture was then allowed to grow overnight at 16°C, gently shaking. To
purify the protein, cell pellets were flash frozen using liquid nitrogen and then resuspended in
lysis buffer (50mM Tris buffuer, pH 8, 500mM NaCl, 0.05% TritonX-100, 0.5%
deoxycholate, 10mM imidazole, 10ug/ml aprotinin, 10ug/ml leupeptin, ImM PMSF). The
resuspended cells were sonicated using a Branson Digital Sonifier 450 (67% duty-ratio, 50%
power, 30 seconds) and treated with Lysozyme (100ug/mL) to further support rupturing of the
cells. The lysate was cleared by centrifugation (25,000xg, 20 minutes, 4C), and the
supernatant incubated with Talon resin and incubated with gentile shaking at 4°C overnight.
The resin was cleared of the lysate by gravity flow and washed with (50mM Tris buffuer, pH
8, 200mM NaCl, 0.05% TritonX-100, 20mM imidazole, 10ug/ml aprotinin, 10ug/mi
leupeptin, ImM PMSF, 2.5% glycerol). Protein was eluted from the resin with (50mM Tris
buffuer, pH 8, 200mM NaCl, 0.05% TritonX-100, 250mM imidazole, 10ug/ml aprotinin,
10ug/ml leupeptin, ImM PMSF, 2.5% glycerol). The eluate was then applied to FLAG resin
and incubated at 4°C with gentile agitation for 2 hrs. The FLAG resin was then washed by
gravity flow (50mM Tris pH 8, 200 mM NaCl. 0.05% Triton, 2mM imidazole, 10ug/mL
aprotinin, 10ug/mL leupeptin, ImM PMSF, 2.5% glycerol) and eluted (50mM Tris pH 8,
200mM NacCl, 0.05% Triton, 2mM imidazole, 10 ug/mL aprotinin, 10 pg/mL leupeptin, ImM
PMSF, 2.5% glycerol, 100ug/mL FLAG peptide). Purification was verified by SDS-PAGE
and Coomassie staining. Concentration of the purified protein was determined by Bradford
assay using bovine serum albumin as a standard.
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ROCK Activity Assay

Em-ROCK activity was monitored by measuring the phosphorylation of the
physiological substrate of mammalian RO, MYPT1 at Thr696. All experiments were
performed in kinase buffer (25mM Tris, pH 7.5, 10mM MgCl, 5mM Glycerol-2-Phosphate,
0.1mM NazVOgs). ATP (2mM) and DTT (10mM) were added to the ROCK samples in the
MYPT1 coated wells to initiate the kinase reaction. All reagents and the protocol were
supplied in a 96-well ROCK activity assay kit (Cell Biolabs, Inc.). ROCK activity was
monitored by measuring absorbance 450nm using a Beckmann Coulter DTX-880 microplate
reader. The protein concentration dependence was measured by varying the concentration of
the Talon/FLAG double-purified ROCK in the assay across the concentration range of 0.2-
10uM (10-500ug/ml). To assay for the activity of the ROCK inhibitors, Y-27632 and
GSK429286A, varying concentrations of the inhibitors were added to an assay mixture

containing Em-ROCK at a concentration of 2nM (0.1ug/mL).

ROCK inhibition

Gemmules were incubated in ImL of SM during 2 or 3 days in 12 well plates at room
temperature in order to let them hatch on circular glass coverslips. Once hatched, half of the
cultivating media was change in order to reached different final concentration of Y-27632
(Enzo Life science) using a 2.5mM stock solution. By doing so, hatched gemmules were
immediately cultivated with OuM (n=53), 1uM (n=30), 2uM (n=15), 5uM (n=45), 10uM
(n=44) or 20puM (n=35) of Y-27632 during 48h or 72h. Half of the solutions was changed
every day. Similarly, another batch of hatched gemmules were cultivated in 3mL of SM

containing 10uM (n=10), 25uM (n=11) and 50uM (n=13) of GSK429286A (Selleckchem)
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using 5mM (1:500 dilution) and 42uM stock solutions (1:840 and 1:1680 dilutions) in DMSO
or only DMSO as control (1:500 dilution). The same approach was performed on juvenile
sponges using Y-27632 (Ncontro=10, Nireates=108). In this case, hatched gemmules were
cultivated over one week in SM before Y-27632 treatment to let them form the aquiferous

system.

Monitoring of phenotypic changes

Pictures were taken every 24h and some gemmules were fixed for 4um cross sections
using 4% paraformaldehyde and epoxy resin. Pictures of early stage treatments were analyzed
using ImageJ software. In order to highlight alterations in the edge of growth zone, we
implement a Uniform Growth Index (UGI) as followed, UGI = (I/Ly)/(C(Ic/Lc)/nc) where It
and Lt correspond to the minimum and maximum length separating gemmule center from
edge of growth zone in treated sponge, Ic and Lc corresponds to the minimum and maximum
length separating gemmule center from edge of growth zone in control sponges and nc the

number sponges in the control condition (Fig S8).

Statistical analyses

Because some sample sizes were small in the contingency table comparing the number
of sponges showing abnormal body shape between treated and untreated sponges, Fisher’s
exact tests were performed. For the same reason, Fisher’s exact tests were also carried out to
compare the number of sponges without osculum in each condition.

Shapiro-Wilk and Jarque-Bera normality tests were performed using Microsoft Excel
2007/XLSTAT (version 2014.1.05, Addinsoft) to determine data distribution of UGI. Since

UGI data were not normally distributed, we analyzed them using the Kruskal-Wallis one-way
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analysis together with a Steel-Dwass-Critchlow-Fligner procedure.
Finally, for rock, dvl and daam a Friedman test and a Nemenyi procedure were used to
discriminate stages in gene expression (Prock = 0.006; pavi=0.006 pdaam=0.003 and n=4) over

the course of development.
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Figure Legends

Figure 1. Consensus tree of ROCK proteins in Poriferan lineages. Bayesian posterior
probabilities and maximum likelihood support are indicated above and below each node,
respectively. Asterisks instead of supporting values indicate that the topology was not
retrieved in the maximum likelihood analysis. Poriferan species are underlined. Species
abbreviations. Porifera: Aq. Amphimedon queenslandica; Av, Aphrocalistes vastus;, Em,
Ephydatia muelleri; Om, Oopsacas minuta; Oc, Oscarella carmela; Ol, Oscarella lobularis;
Osp, Oscarella sp. and Sc, Sycon ciliatum. Cnidarians: Hydra magnipapillata. Bilateria: Ci,

Ciona intestinalis and Hs, Homo sapiens.

Figure 2: Evolution of ROCK proteins and conservation of functional domains. Species
abbreviations. Porifera: Aq. Amphimedon queenslandica; Av, Aphrocalistes vastus;, Em,
Ephydatia muelleri; Om, Oopsacas minuta; Oc, Oscarella carmela; Ol, Oscarella lobularis;
Osp, Oscarella sp. and Sc, Sycon ciliatum. Cnidaria: Hydra magnipapillata. Lophotrochozoa:
Cg, Crassostrea gigas and Sm, Schmitea mediterranea. Ecdysozoans: LI, Loa loa.
Ambulacraria: Sp, Strongylocentrotus purpuratus. Vertebrates: Hs, Homo sapiens. Protein

scale: 200 amino-acids.

Figure 3: Developmental expression of Rock, Dvl and Daam. Sponges were hatched from
gemmules in Streakal’s media and collected at the desired developmental stage for RNA
extraction. qRT-PCR was used to measure Em-rock, Em-dvl and Em-daam expression (n=4)
and was normalized by Em-efl expression (n=4). Three main stages for each gene were
discriminated by a Friedman test (p<0.006, p<0.006 and p<0.003, respectively) and a

Nemenyi procedure.
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Figure 4: Bacterially expressed Em ROCK kinase domain displays kinase activity.
FLAG- and 6xHis-tagged ROCK kinase domain (amino acids 2-415) (A) could be expressed
in bacteria and affinity-purified to high purity, as visualized by Coomassie staining of an
SDS-PAGE gel (B). Purified fractions displayed concentration-dependent kinase activity (C),
and were inhibited by the known ROCK inhibitors Y-27623 and GSK429286A in a
concentration-dependent manner (D) in vitro. Graphs are representative of >3 trials from

different protein preparations. Error bars represent SEM of replicates within a trial.

Figure 5. Exposure to Y-27632 induced growth zone aberrance and prevent aquiferous
system development. A. Percentage of gemmules showing abnormal growth shape when
treated with Y-27632. The significance of results were evaluated by Fisher’s exact tests (***,
P<0.001). B. Photos from above comparing the normal development of E. muelleri gemmules
(G) to those of gemmules treated with Y-27632 over 72h. 24h old untreated sponges have a
roughly circular body shape whereas treated sponges show outgrowth formation of the basal
pinacoderm layer (arrowhead). 48h and 72h old untreated sponges have a complete aquiferous
system with canals (C) and osculum (Os) whereas they are not distinguishable in treated
sponges. However, 4um cross sections revealed spicule (S) and choanocyte chambers (Cc) in
gemmules exposed to 10uM Y27632 during 72h. Scales: 500, 500, 500 and 25um,
respectively. C. Percentage of gemmules without osculum when treated with Y-27632. The

significance of results were evaluated by Fisher’s exact tests (***, P<(0.001).

Figure 7. Exposure to GSK429286A induced growth zone aberrance and prevent
aquiferous system development. A. Percentage of gemmules showing abnormal growth
shape when treated with GSK429286A. The significance of results were evaluated by Fisher’s

exact tests (***, P<0.001). B. Photos from above showing aberrations in E. muelleri
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development from gemmules (G) by treating with different concentration of GSK429286A
over 48h. 24h old treated sponges showed flattened, expanded and non-circular body shape at
lowest concentrations (10uM and 25uM), whereas small outgrowths were observed at 50uM
(arrowhead). Although few sponges with oscula (Os) were observed after 48h at 10puM, no
oscula were observed in sponges cultivated with 25uM and 50uM. Scale: 500um. C.
Percentage of gemmules without osculum when treated with GSK429286A. The significance

of results were evaluated by Fisher’s exact tests (*, P<0.05; **, P<0.01 and ***, P<0.001).

Figure 8. Schematic representation of potential cross-talks between Wnt/p-catenin,
Rho/Rock and JNK/JUN pathways. According to previous studies, the activation of the
Whnt/B-catenin module induces ectopic formation of osculum and ostia (Lapébie et al., 2009;
Windsor and Leys, 2010). Here we showed that the ROCK inhibition certainly prevents the
morphogenesis of the aquiferous system. Moreover, the down-regulation of Em-Dishevelled
(Dvl) and the over-expression of Em-Cyclin D suggest that ROCK inhibition affects all Wnt

pathways while it may promote JNK/JUN module (Schulte, 2010; Semenov et al., 2007).

Figure 9. Relative gene expression levels following exposure to 10uM of Y-27632 over
72h. Treated sponges (n=12) were collected and used for RNA extraction. qRT-PCR was used
to measure Em-cyclin D expression (Em-ccnD, n=2) and Em-dishevelled expression (Em-dvl,
n=3). Elongation factor 1 alpha (Em-efl) (n=3), Em-piwi (n=2) and Em-actin (n=2)

expressions were also quantified as expression controls.

Figure 10: No effect of Y27632 treatment on 1 week old juvenile sponges (20uM
treatment for 3 days). Abbreviations. C, canal; Cc, Choanocyte chamber; G, gemmule and

Os, osculum. Scale: 500pum, 500um and 50um respectively.
36



Figurel

100/87 —

100 100/56

100

100
92]100/68

92

51

(T
*

100/95

100/91

100
_99|_ EmCitron
HsDMPKLA
HsDMPKLB

EmDMPK
100 AvRock

100
76 g1 1&% ScRockB
] ScRockA

HsSTK38
HsSTK38L
EmSTK38

EmLAST

HsCitron

HsDMPKLG
HsDMPK

Outgroups

OmRock
EmRock

AgRock
HmRok

Dmrok

100 OcRock
S50 WI;L OlRock
OspRock

91/51
e CiRoCk2

HsRock1
HsRock2

HsSLATS1
HsSLATS2

Outgroups

0.09


jmogatar
Typewritten Text
Figure 1


Figure2

r— Mammalia
HsRock] "

HsRock2 —

—— Ambulacraria

* *

SpRock N

— Mollusca

CoRock? "
— Platyhelminthes

SmRock  ——

Nematoda

Hsoes —

Cnidaria

HmRok L g

— Oscarella lobularis
OlRock —

Oscarella sp.

OspRock — (u——

Oscarella carmella
OcRock (e
Sycon ciliatum
ScRockA (e
ScRockB _

Amphimedon queenslandica

AdRock
— Ephydatia muelleri

EmRock ———
— Aphrocalistes vastus

AvRock ——
— Qopsacas minuta
OmRoCk ——

) 2 +

AGCC-term "

PK domain

Rho binding domain
or Rho binding motif w1

DAG domain v

PH domain -

Bilateria

Porifera



jmogatar
Typewritten Text
Figure 2


Figure3

Em-rock expression (a.u.)
4.00E-04

3.00E-04

2.00E-04 (

- |
0.00E+00 -

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Em-dvl expression (a.u.)
4.00E-03

3.00E-03

2.00E-03

1.00E-03
0.00E+00

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Em-daam expression (a. u.)
0.002

0.0015

0.001

0.0005

—
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5



jmogatar
Typewritten Text
Figure 3


Figure4

12

A C‘ 307“‘\“‘\“‘\“‘\“‘\“‘
- y=0.248x - 0.054, RZ2=0.991
415 25 g
8 2.0 - :
c
H] i
215¢ ]
MDYKDDDDKGG ROCK kinase (aa2-415) GGHHHHHH 8
o i
<10} ]
B. F 0.5 ]
E E . ~ 0.06“‘\H‘\H‘\H‘\“‘\H‘
= g s o £ T & o 0 2 4 6 8 10
= c 5 5 8 & 5 ROCK (uM
< 2 =3 2 £ £ 2 OCK (kM)
5 5 5§ &5 2 ¢ ¢ ¢
Z f & & ©§ © © o D. 1o
_— o
> 0.8 i
=
2
)
o
-— — g
o 06 1
2
)
)
@
04 + -
Calculated ICg,
L ¥-27623 = 10uM (R2=0.928)
02 GSK429286A = 100uM (R2 =0. 961)
0.01 0.1 1 10 100

Inhibitor (pM)

1000


jmogatar
Typewritten Text
Figure 4


Figure5

A. C.
ERMEG S g0
o @ =
S g 60 3 ¢ 60
8 & 40 g 2 40
£ = 20 S 3 20
o @ o
8E g’ -
G 2 G
< & Strekal 1uM  2uM  5uM  10pM 20uM < Strekal 1pm 2uM 5uM 0uM  20uM
N ©
B Abnormal ® Normal W 48h O72h
B.
24h > 72h
" s ‘ "‘l
Y ¢ N
(’0 , s - \\ ‘E‘.'ar C a;‘l
4 d ~ M 0s , ‘o P
\ . - A o’
© é V'
I C :‘B’ . -
m . - K .
I Ry
V)
o
o
Go)
N~
o
>

n=165/169 n=113/113


jmogatar
Typewritten Text
Figure 5


Figure6

S 25 * ok
S *ok ok *ok ok K%k * Ak

)

Qo 1.5

©

g 1

®

— 05

o

2 0

Strekal 1uM  2uM  5pM  10puM  20uM


jmogatar
Typewritten Text
Figure 6


Figure7

n=108/108



jmogatar
Typewritten Text
Figure 7


Figure8

A. C.
w £ 100 ok - 100 * kkk kk kskk ko
=R =
2 . 80 ° 80
o ® =
-E % 60 5 g 60
S5 40 3 0
S+w 20 § g2 20
“= O
\Oo < DMSO 10uM 25uM 50uM \2 DMSO 10pM 25uM 50uM
o © o
M Abnormal B Normal W 48h O72h
B.
24h 48h
@)
=
()]

GSK429286A
25uM 10uM

50uM



jmogatar
Typewritten Text
Figure 8


Figure9

15

1
0.5
: ]

Em-efl Em-piwi Em-actin Em-ccnD  Em-dvl

Gene expression (a.u.)

M Streakal 0OY-27632


jmogatar
Typewritten Text
Figure 9


FigurelC

WNT
FZD DAAM
DVLY | i
| i
h 4
B-catenin RHO 1
! m !
v \ 4 v
TCF ROCK |F—Y-27632 JNK/JUN
l l \:
1
1
v
Patterning Morphogenesis Cell
Ostia & for setting up proliferation

Osculum osculum (ccnD) A


jmogatar
Typewritten Text
Figure 10




