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Abstract

To investigate the role of Hippo pathway signaling during vertebrate development transgenic
zebrafish lines were generated and validated to dynamically monitor and manipulate Yap/Taz-
Tead activity. Spatial and temporal analysis of Yap/Taz-Tead activity suggested the importance of
Hippo signaling during cardiac precursor migration and other developmental processes. When the
transcriptional co-activators, Yap and Taz were restricted from interacting with DNA-binding
Tead transcription factors through expression of a dominant negative transgene, cardiac precursors
failed to migrate completely to the midline resulting in strong cardia bifida. Yap/Taz-Tead activity
reporters also allowed us to investigate upstream and downstream factors known to regulate Hippo
signaling output in Drosophila. While Crumbs mutations in Drosophila eye disc epithelia increase
nuclear translocation and activity of Yorkie (the fly homolog of Yap/Taz), zebrafish crb2a
mutants lacked nuclear Yap positive cells and down-regulated Yap/Taz-Tead activity reporters in
the eye epithelia, despite the loss of apical-basal cell polarity in those cells. However, as an
example of evolutionary conservation, the Tondu-domain containing protein Vestigial-like 4b
(\Vgll4b) was found to down-regulate endogenous Yap/Taz-Tead activity in the retinal pigment
epithelium, similar to Drosophila Tgi in imaginal discs. In conclusion, the Yap/Taz-Tead activity
reporters revealed the dynamics of Yap/Taz-Tead signaling and novel insights into Hippo pathway
regulation for vertebrates. These studies highlight the utility of this transgenic tool-suite for
ongoing analysis into the mechanisms of Hippo pathway regulation and the consequences of
signaling output.
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1. Introduction

The Hippo signaling pathway is tightly controlled and critical during development and is
often deregulated in disease. This evolutionary conserved signaling network influences
tissue growth by regulating cell proliferation, apoptosis, and cell fate decisions. The core
components of the pathway include the Serine Threonine Kinases 3 and 4 (Stk3/4; Hippo in
Drosophila); two other serine threonine kinases called Large Tumor Suppressor 1 and 2
(Lats1/2; Warts in Drosophila); two scaffolding proteins Savl (Salvador in Drosophila) and
Mps One Binder Kinase Activator-like 1A and 1B (Mobkl1a/1b; Mob as Tumor Suppressor
in Drosophila). These proteins form a complex whose activity regulates the phosphorylation
state, stability, and localization of the downstream transcriptional co-activators Yes-
associated protein and WW Domain-containing transcriptional regulator 1 (Yap and Wwitrl
or more commonly, Taz; Yorkie in Drosophila). When the core kinases are inactive,
Yap/Taz are free to translocate to the nucleus to activate transcription via interaction with
members of the Tea Domain Family of transcription factors (Tead1-4; Scalloped in
Drosophila) (Halder and Johnson, 2011; Yu and Guan, 2013). Regulatory factors both
upstream and downstream of the core kinase complex are not well understood. However,
some recently discovered components have been investigated in invertebrates and cell
culture, but their role and significance has not been fully evaluated within vertebrates.
Examples include Crumbs as an upstream component for controlling Hippo signaling
activity, and the role of Vestigial-like 4 (Vgll4) as a co-repressor of Tead transcription
factors.

Crumbs homologs (Crb1-3) are transmembrane proteins that contribute to a protein complex
associated with apical cell-cell junctions of epithelial tissues and regulate various aspects of
polarity. The Crumbs polarity complex was recently linked to the Hippo pathway in
Drosophila through the effectors Kibra, Expanded, and Merlin. Crumbs manipulation in
Dropsophila revealed tissue and developmental timing specificity on Hippo signaling
output. Specifically, it was reported that either Crumbs overexpression or deletion in eye and
wing imaginal discs resulted in mis-localized Expanded, increased nuclear Yorkie, and
tissue overgrowth (Chen et al., 2010; Ling et al., 2010). In mammalian cell culture, several
protein-binding assays showed that Yap and Taz interacted with the Crumbs polarity
complex. When crb3 was knocked down, phosphorylation of the cytoplasmic retention
domain for Yap was reduced and there was a concomitant increase in nuclear Yap (Varelas
et al., 2010). Together, the authors concluded that the Crumbs complex can sequester
Yap/Taz at apical junctions in cultures of high-density, therefore preventing Yap/Taz-
mediated proliferation. These observations in flies and cell culture provide strong rationale
for investigation into the role of Crumbs and other upstream components on Hippo signaling
in vertebrate animals.

The Tondu-domain containing protein Tgi was recently characterized as a downstream
regulator of Hippo signaling in Drosophila (Koontz et al., 2013). Tgi interacts with Yorkie
and competes for Scalloped binding, suggesting a model where Tgi acts as a co-factor to
enhance Scalloped-mediated default repression. Interestingly, the mammalian ortholog of
Tgi, Vestigial-like 4 (Vgll4) did not interact with Yap, but was found to bind Tead2 and
block transcription within in vitro assays. Consistent with its role as a co-repressor of

Mech Dev. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Miesfeld and Link

2. Results

Page 3

Scalloped/Tead-type transcription factors, overexpression of Vgll4 in mouse transgenic
livers that also over-expressed Yap, reduced the Yap-mediated overgrowth phenotype. It
will be important to confirm the role of VVgll4 as a co-repressor in other contexts in vivo and
investigate whether this occurs through endogenous Yap/Taz-Tead signaling.

We are interested in how the Hippo network and other polarized signaling pathways
function during development. To augment our understanding of Hippo signaling,
particularly across different tissues in vivo, we have generated a tool-suite for monitoring
and manipulating the Hippo-Yap/Taz-Tead signaling network in zebrafish. In particular, we
generated fluorescent Hippo-Yap/Taz-Tead responsive transgenic lines based on the
previously characterized 4xGTIIC enhancer (Mahoney et al., 2005). This synthetic
transcriptional enhancer contains four copies of the GTIIC sequence of the SV40 proximal
promoter. The GTIIC element, as well as the multimerized variant, was found to bind Tead
proteins, which subsequently interact with Yap or Taz to strongly activate transcription
(Davidson et al., 1988; Mahoney et al., 2005; Sawada et al., 2005). We have verified the
4xGTIIC transgenic lines as Hippo-Yap/Taz-Tead reporters by using gain and loss of
function experiments, along with the analysis of endogenous Yap localization. We next used
these lines to investigate the significance of Hippo signaling during early heart
morphogenesis and to test the role of Crb2a and Vgll4b as potential endogenous, upstream
and downstream regulators of vertebrate Hippo signaling.

2.1. Establishment of a Hippo-Yap/Taz-Tead responsive transgenic reporter lines

The 4xGTIIC promoter contains 4 multimerized SV40 proximal promoter GTIIC sequences,
which are consensus Tead binding sites (Fig. 1A) and was previously reported to be
responsive to Yap/Taz-Tead activity (Davidson et al., 1988; Mahoney et al., 2005). The
4xGTIIC and other Tead and Scalloped multimerized binding site promoters have been
shown to be responsive to Hippo pathway manipulation in other models and contexts
(Dupont et al., 2011; Ota and Sasaki, 2008; Zhang et al., 2008). Therefore, we generated
stably transgenic zebrafish that contain the 4xGTIIC promoter driving expression of d2GFP,
eGFP, or mCherry. Multiple founders were generated, isolated, and characterized to ensure
consistency in the pattern of expression. For each transgenic construct, offspring from one
founder was used to establish stable expressing lines. High expression in the developing
larvae was noted in the epidermis, cardiac progenitor cells, presumptive sinus venosus,
undifferentiated endoderm, otic and lens vesicles, retinal pigmented epithelium (RPE),
cranial mesenchymal cells, multiple cell types in the heart, and within striated muscle of the
trunk (Fig. 1). Several of the 4xGTIIC positive cell types have been shown to express Yap/
Taz-Tead target genes ctgfa anc cyr61 in zebrafish (Fernando et al., 2010). At 1 day post
fertilization (dpf) the 4xGTIIC reporter is highly active in migratory cells located at the
midbrain/hindbrain boundary and in the craniofacial region (Fig. 1C’, Fig. 2, Fig. 3A’ and B
7). Co-expression analysis of these migratory cells revealed active transgene expression in
foxc1b-positive mesenchymal cells, but not sox10-positive neural crest cells (Fig. 2).
Expression profile comparisons between the d2GFP, eGFP, and mCherry transgenes
revealed significant overlap in the areas of high expression (Supplemental Fig 1). In order to
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verify that the transgenic reporter was active in tissues with elevated nuclear Yap
expression, we performed immunofluorescence to assess endogenous Yap protein
localization. Co-staining the 4xGTIIC:(d2GFP/eGFP) with a Yap antibody showed strong
correlation between nuclear located Yap and GFP expression (Fig. 3A”, B”, C”, and D"),
suggesting our transgenic lines faithfully report endogenous Yap-Tead activity. For further
verification we manipulated levels of Yap and Taz in specific tissues within the 4xGTIIC
reporter lines.

Yap knockdown was accomplished by microinjecting a splice morpholino (MO) that targets
yap exon 2/intron 2 border (Skouloudaki et al., 2009). Embryos that were injected with yap
MO showed decreased 4xGTIIC:d2GFP expression throughout the entire embryo at 2 dpf
(Fig. 4C"). Particularly strong d2GFP reductions were noted in the RPE of the eyes (Fig. 4D
7). To test the responsiveness of the reporter in tissues of low d2GFP expression, we
overexpressed Yap, YapCA, or Taz in neural retinal progenitors. Overexpression of each
factor resulted in enhanced and ectopic expression of d2GFP in this tissue (Fig. 4F, G, and
H).

2.2. AXGTIIC reporter activity in migratory cells and morphogenic tissues

Throughout development exquisite regulation of cell migration and cell shape changes
facilitate proper tissue morphology. In the 4xGTIIC transgenic lines, high expression is
observed in cells and tissues undergoing these dynamic processes. For example, high Yap/
Taz-Tead activity was observed in mesenchymal cells migrating away from the lateral
mesoderm (Fig. 2; Supplemental Movie 1), in vascular progenitor cells forming the sinus
venous (Fig. 1; Supplemental Movie 2), and in presumptive cardiac precursors migrating to
the midline during heart tube formation (Fig 5A’, Supplemental Movie 2). To confirm the
identity of cells migrating to the midline where the heart tube forms, we crossed the
4AXGTIC:mCherry line to a fish transgenic for cmlc2:eGFP. The cmlc2 promoter marks
cardiac progenitors, as well as differentiated cardiomyocytes. Co-localization between the
Yap/Taz-Tead reporter and cmlc2:eGFP expression was noted at 22 hours post fertilization
(hpf) (Fig. 5A”), just prior to heart formation, as well as at 30 hpf when the tubular heart has
formed (Fig. 5B”). The adjacent endoderm also appeared to be positive, but marker co-
localization is needed to confirm this possibility. Based on the high expression within
migrating cardiac progenitors prior to heart tube formation we predicted a functional role for
nuclear Yap activity. Additional rationale for this hypothesis comes from the known
requirement of S1P signaling for midline migration of cardiac progenitors during heart
development (Kupperman et al., 2000; Osborne et al., 2008). Recent studies have
demonstrated S1P as a regulator of Hippo signaling that results in nuclear Yap localization
(Miller et al., 2012; Yu et al., 2012). To downregulate nuclear Yap/Taz-Tead transcriptional
activation we injected mRNA into zebrafish embryos that encoded a dominant negative
form of Yap (NLS-YapDN). Expression of NLS-YapDN in 4xGTIIC:d2GFP or cmlc2:eGFP
positive embryos caused cardia bifida, but did not completely eliminate the differentiation of
beating cardiac myocytes (Fig 5C, C’, D, and D’, Supplemental Movie 3). Similar
phenotypes were observed with the overexpression of dominant negative Taz (data not
shown). Indeed, either dominant negative protein should inhibit both Yap and Taz activity.
We did not observe cardia bifida in Yap morphants. These results suggest a potential link
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between S1P and Hippo signaling during zebrafish cardic progenitor cell migration and
heart development, and highlight the utility of the Yap/Taz-Tead reporters to analyze Hippo
signaling during dynamic processes of development.

2.3. 4XGTIIC:d2GFP expression is downregulated in crb2a mutants

Evidence for the involvement of Crumbs proteins in the regulation of Hippo signaling has
been primarily limited to Drosophila and cell culture (Chen et al., 2010; Ling et al., 2010;
Varelas et al., 2010). In those studies, the requirement and role of Crumbs showed temporal
and cell type specificity. To probe the role of Crumbs on Hippo signaling during vertebrate
ocular development, we analyzed crb2a mutants that carried the 4xGTIIC:d2GFP transgene.
Pixel intensity of d2GFP fluorescence was measured in the neural retina and RPE at 24, 36,
and 48 hpf (Fig. 6M, N). Previous analysis of the crb2a mutants has shown that at 24 hpf
neuroepithelial integrity is intact, but apical-basal polarity quickly becomes disrupted,
resulting in severe patterning and lamination defects (Omori and Malicki, 2006). Analysis of
the RPE cells at 48 hpf revealed a similar progression of disorder. RPE cells in crb2a
mutants are smaller in size (mean=182.1 um?) and appear disorganized compared to control
cells (mean=227.5 pm?) (p=0.0004) (Supplemental Fig. 2 C-E). In neural retina of fish with
the 4xGTIIC:d2GFP transgene, no difference in pixel intensity was measured between crb2a
mutants and their wild-type siblings at 24 and 36 hpf (Fig. 6A’, B/, C’, D/, and M). At 48
hpf, however, there was a small but significant decrease in 4xGTIIC:d2GFP expression
(p=0.0038) (Fig. 6E’, F/, and M). Within the RPE there was significant downregulation in
reporter expression at all time-points: 24 hpf (p=0.0059); 36 hpf (p=0.0207), and 48 hpf
(p<0.0001) (Fig. 6A’, B/, C’, D/, E/, F/, and N). These results are surprising based on
observations in Drosophila and cell culture in which deletion of Crumbs homologs caused
increased nuclear Yap localization and upregulated Scalloped/Tead transcriptional activity.
To further probe the effects of crb2a mutations on Yap localization in zebrafish retinal cells,
Yap immunofluorescence was performed. At 24 and 36 hpf, no change was noted in Yap
localization between crb2a mutants and wild-type siblings (Fig. 6G-J"). At 48 hpf crb2a
mutants lacked Yap positive cells within the neural retina, yet polarity was disrupted as
indicated by nuclear lamination and ectopic actin foci (Fig. 6G’-L"; Supplemental Fig. 2).

2.4. Vglldb represses Yap activity in the RPE

The overgrowth phenotype seen in mouse livers by the overexpression of Yap S127A can be
recused by the co-expression of VVgll4 (Koontz et al., 2013). Due to the evidence of
conserved function of Vgll4 with Dropsophila Tgi, we investigated whether Vgll4 can act as
a co-repressor of endogenous Yap. Vgll4b, the zebrafish homologue of Vgll4, is expressed
within the RPE, which is a tissue showing both strong endogenous nuclear Yap and high
levels of Yap/Taz-Tead reporter activity. In cells that overexpressed Vgll4b there was a
significant decrease in 4xGTIIC:d2GFP expression compared to the neighboring cells
without Vgll4b overexpression (p=0.0007) (Fig. 7). There was also a significant decrease in
the Yap/Taz-Tead reporter when compared to the UAS:mCherry injected controls
(p=0.0320) (Fig. 7). These results indicate that \VVgll4b can act to co-repress endogenous
levels of Yap/Taz-Tead signaling in the developing RPE, potentially through competition
with Yap/Taz binding of Teads (Fig 7D).
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3. DISCUSSION

Ongoing investigations of the components and function of the Hippo signaling network
continues to reveal complexity and evolutionary conservation. In both invertebrates and
vertebrates there is tissue and temporal specificity for the roles and regulation of the Hippo
pathway during development and in disease. In this study we generated tools to monitor and
manipulate Hippo-Yap/Taz-Tead signaling in zebrafish. Central among these resources is
the Yap/Taz-Tead responsive transgenic reporter lines, which can be used to examine the
cell type specificity and dynamics of the Hippo pathway during development. The 4xGTIIC
transgenic lines incorporated the 4xGTIIC promoter, previously characterized as Tead-
binding and transcriptionally responsive in cell culture (Mahoney et al., 2005). We have
shown the 4xGTIIC promoter to be a faithful Yap/Taz-Tead pathway reporter through
knockdown and overexpression of the downstream transcriptional co-activators Yap and
Taz. Validation of these lines facilitated investigation of Hippo signaling during heart
development and the relationship of Crb2a and Vgll4b on the Hippo pathway in vivo.

Temporal analysis of the expression pattern in 4xGTIIC:(d2)GFP/mCherry transgenic
zebrafish implicated regulation of Hippo signaling in cardiac progenitor migration and heart
formation. Consistent with high activity of the Yap/Taz-Tead reporter, disruption of
Yap/Taz activity caused a failure of midline migration for cardiac progenitor cells resulting
in significant cardia bifida. Although the cardiac progenitors failed to migrate properly after
knockdown of Yap/Taz the rudimentary cardiomyocytes still expressed 4xGTIIC:d2GFP. A
possible explanation for this maintained expression could be the result of NLS-YapDN
mRNA stability. The strong effects of the overexpression of NLS-YapDN may happen early
before mMRNA or protein degradation occurs, allowing for the presumptive cardiac myocytes
to turn on expression of the transgene after the precursors fail to migrate and start to form
the rudimentary cluster of beating cardiomyocytes. Maintained expression may also occur
because the levels of dominant negative protein cannot compete with up-regulation of Yap/
Taz-Tead activity in differentiating cardiomyocytes. There are several previously
characterized zebrafish mutants that show cardiac precursor migration defects, which lead to
cardia bifida. Two mutants affect the sphingosine-1-phosphate (S1P) pathway (Kupperman
et al., 2000; Osborne et al., 2008). Interestingly, two cell culture studies have linked S1P
signaling to Yap/Taz nuclear activity but through slightly different mechanisms. S1P was
shown to act through either a Lats1/2 dependent (Yu et al., 2012) or independent (Miller et
al., 2012) mechanism. Conversely, there may be cell non-autonomous effects of Yap/Taz
knockdown that result in failure of proper cardiac progenitor migration. For example
Fibronectin secreted by the yolk syncytial layer can affect cadiomyocyte progenitor
migration, an effect mediated by the S1P receptor (Matsui et al., 2007; Sakaguchi et al.,
2006; Trinh and Stainier, 2004). Interestingly, fibronectinl has been demonstrated as a
target gene of Yap/Taz-Tead activity (Zhao et al., 2008). These results offer rationale for
continued research into the role of Hippo signaling during heart development and a potential
link between the S1P pathway mutants and their cardiac progenitor migration defects
(Kupperman et al., 2000; Osborne et al., 2008). Continued analysis of the 4xGTIIC reporter
will also aid in determining the importance of Hippo pathway regulation in other cells
during tissue morphogenesis.
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Previous studies on loss of the apical-basal polarity protein Crumbs in Drosophila and
mammalian cell culture revealed an increase in nuclear Yorkie and Yap/Taz, respectively. In
Drosophila, loss of Crumbs resulted in Yorkie dependent increased cell proliferation due to
Expanded mislocalization (Chen et al., 2010; Ling et al., 2010). In cell culture, crb3 knock-
down also caused increased nuclear Yap/Taz, but the resultant epithelial-to-mesenchymal
transition was due to Yap/Taz-Smad interactions (Varelas et al., 2010). Other factors that
regulate apical-basal cell polarity in Drosophila can also down-regulate Hippo signaling and
drive nuclear Yorkie when deleted (Genevet and Tapon, 2011). That crb2a mutants showed
a progressive loss of apical-basal cell polarity allowed us to address two different cellular
relationships. By monitoring 4xGTIIC:d2GFP activity and endogenous Yap localization in
crb2a mutants we could investigate the association between Crb2a and Yap/Taz-Tead
activity separately from the relationship between cell polarity and Yap/Taz-Tead activity.
Therefore, we predicted that loss of crb2a and polarity in the zebrafish retina would show
increased Yap/Taz-Tead reporter activity. However, we found that despite strong loss of cell
polarity, there was a modest, but significant decrease in Yap nuclear localization and
activity. These results are consistent with recent analysis done in mice with crb1/2 mutant
retinas. Two studies that assessed Hippo pathway signaling changes found either no change
or a slight decrease of Hippo target genes and Yap protein levels (Alves et al., 2013;
Pellissier et al., 2013). One possibility for this difference may lay in the fact that vertebrate
Yap is subjected to ubiquitin-mediated degradation via a p-TRCP1 recognition motif termed
a phosphodegron (Zhao et al., 2010), as well as through cytoplasmic retention. Potentially,
loss of Crb2a and consequently the disruption of apical junctions where Yap can be
sequestered may result in degradation of the transcriptional co-activator in tissues such as
the retina. For Drosophila Yorkie, the phosphodegron does not exist. Alternatively, a lack of
up-regulation in Yap activity in the neural retina may be due to redundancy/compensation
by other Crb isoforms. Further investigation will be needed to assess the relationship across
multiple cell types. Loss of Crb2a in the RPE resulted in an earlier and stronger decrease in
4XGTIIC:d2GFP expression. This may be due to the higher endogenous Yap/Taz-Tead
activity in the RPE as compared to the neural retina. Alternatively, decreased Yap activity
may reflect a general block in RPE cell differentiation or survival. When crb2a mutant
zebrafish are allowed to pigment there is an obvious patchy pigmentation defect, which has
not been well characterized.

Tgi and its mammalian orthologue Vgll4 have recently been shown to act as transcriptional
co-repressors for Scalloped and Tead, respectively (Koontz et al., 2013). In that study Vgll4
was used to repress overgrowth phenotypes caused by an overexpression of Yap and a
conditional knockout of nf2 in the liver. We sought to further test the concept of Vgll4 as a
co-repressor and analyze its function on endogenous Yap/Taz-Tead activity. The
overexpression of Vgll4b in RPE cells did not produce a noticeable phenotype, but it did
down-regulate the expression of the 4xGTIIC:d2GFP reporter. These results are consistent
with the previously reported function of Vgll4 and suggest that \Vgll4b can act as a
transcriptional co-repressor of Yap/Taz-Tead activity in the zebrafish RPE. Vestigial-like
proteins have been reported to interact with Tead at two of the three same interfaces as Yap
(Pobbati and Hong, 2013). Even though Yap interacts on one more interface than \Vgll4b,
Yap is less likely to interact with Tead in the presence of excess Vgll4b. Furthermore, the
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measurable changes on reporter expression without obvious phenotype consequences,
suggests the 4xGTIIC:d2GFP reporter is sensitive enough to detect subtle changes in Hippo
pathway regulation. The sensitivity of the 4xGTIIC reporter could therefore be leveraged for
drug screens or used to identify tissues in which Hippo signaling is active, but where
manipulations to Hippo components do not cause immediate or obvious defects. Indeed,
targeting the Hippo pathway for pharmacologic modifiers may prove to be important in
cancer treatment (Johnson and Halder, 2014). Overall, we have generated a number of
transgenic tools to monitor and manipulate the Hippo-Yap/Taz-Tead signaling network in
vivo and in a vertebrate. Utilization of these tools should facilitate ongoing insights into the
nuances of Hippo-Yap/Taz-Tead signaling as well as potential cross-regulation between
multiple other signaling pathways.

4. Experimental Procedures

4.1. Generation of Plasmids and Transgenic lines

We used the pGL3-4xGTIIC-49 plasmid (Mahoney et al., 2005), kindly provided by Dr. lain
Farrance (University of Maryland, Baltimore, MD), to generate the 4xGTIIC based
transgenic zebrafish lines. Specifically, PCR was used to construct a Gateway®
(Invitrogen™) entry clone containing the 4xGTIIC multimerized TEAD-binding sequence
followed by the chicken troponin T (cTNT) minimal promoter or the minimal Adeno-
associated virus major late promoter (AAVmIp) (Fig. 1A). Final plasmids were constructed
using Gateway® recombination and the Tol2 Kit (Kwan et al., 2007) to place the 4xGTIIC
promoter upstream of eGFP, d2GFP (destabilized GFP; Clonetech), or mCherry. In addition,
RT-PCR was performed to generate Gateway® entry plasmids of full length cDNA
sequences for zebrafish yap, taz, and vgll4b, as well as truncated forms of yap and taz. A
constitutively active form of Yap (YapS87A or YapCA) was made using QuickChange®
(Stratagene™) site directed mutagenesis to alter the serine 87 codon to an alanine. Yap and
Taz dominant negative (YapDN, TazDN) entry clones, based on a previously described Yap
dominant negative protein (Cao et al., 2008), were generated to contain an ectopic nuclear
localization sequence (NLS), but lack the transactivation domain. Transposase mMRNA was
injected with the fully assembled Tol2 constructs to generate each transgenic line
(Kawakami, 2005). All final plasmids are listed in Supplemental Table 1. Protein
overexpression using each plasmid was accomplished by using the Gal4/upstream—activator
sequence (UAS) system (Scheer and Campos-Ortega, 1999). The Tg(vsx2:Gal4-VP16)
transgenic line expresses at the optic cup stage in presumptive neural retina and RPE cells
and is maintained in the neuroepithelia, but down-regulated in the RPE as these layers
become distinct (Clark et al., 2011). The vsx2:gal4 expression mimics the expression pattern
of similar vsx2/chx10 promoter transgenes in other vertebrates and was used to drive
expression in progenitors for both the neural retina and retinal pigmented epithelium (RPE)
(Rowan and Cepko, 2005; Rowan et al., 2004). A bi-directional UAS promoter that
simultaneously drives the expression of dsRed and proteins of interest was used for
overexpression experiments (Paquet et al., 2009).

4.2. Transgenic and Mutant Lines

Tg(4xGTIIC:d2GFP) (This Study)

Mech Dev. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Miesfeld and Link

Page 9

Tg(4xGTIIC:eGFP) (This Study)
Tg(4xGTIIC:mCherry) (This Study)
Tg(dsRed.T4:14xUAS:Yap) (This Study)
Tg(dsRed.T4:14xUAS:Taz) (This Study)
To(vsx2:Galdvp16)™W39 (Clark et al., 2011)
Tg(-5.0 foxc1b:eGFP)™W44 (This Study)
Tg(-7.2 sox10:eGFP) 77 (Hoffman et al., 2007)
Tg(UAS:mKO2;cmlc2:eGFP)™W45 (This Study)
Tg(UAS:mCherry)™60 (This Study)

crb2a™289 (Omori and Malicki, 2006)

4.3. Immunofluorescence

Standard methodology was used for whole mount immunofluorescence (Clark et al., 2011).
The antibodies used included a 1:200 dilution of Yap rabbit polyclonal (Cat#4912; Cell
signaling) and a 1:20 dilution of Crb2a/Zs4 antigen mouse monoclonal supernatant from the
University of Oregon Monoclonal Antibody Facility (Hsu and Jensen, 2010). Deletion of
Yap or Crb2a resulted in complete loss of immunoreactivity, demonstrating the specificity
of these antibodies (data not shown) (Hsu and Jensen, 2010). Secondary antibodies included
Alexa 488 anti-rabbit (Invitrogen), Alexa-547 anti-mouse (Invitrogen), and Alexa 547 anti-
rabbit (Invitrogen). Nuclei were labeled with TO-PRO®-3 (Molecular Probes). Fluorescent
images were collected as previously described (Clark et al., 2011).

4.4. Morpholinos

The following Morpholinos were synthesized by GeneTools, LLC: yapl SP MO1, 5'-
AGCAACATTTAACAACTCACTTTAGG-3’ (Skouloudaki et al., 2009). tp53 MO, 5'-
GCGCCATTGCTTTGCAAGAATTG-3' (Robu et al., 2007). Splice disruption was
characterized by RT-PCR on whole embryos at 23 hpf.

4.5. Pixel Intensity Analysis

All pixel intensity analyses were performed using Metamorph (Molecular Devices, Inc.)
software. We assessed neural retina d2GFP pixel intensity by defining the entire retina and
excluding the lens and RPE, for Region of Interest analyses. The ratios of total pixel count
to total neural retina area were used to compare crb2a +/? and crb2a —/- 4xGTIIC:d2GFP
expression. RPE analysis was performed in a similar manner. Pixel intensity analysis for the
Vgll4b overexpression experiment was done by injecting either UAS:mCherry or
dsRed.T4:14xUAS:Vgll4b plasmid into vsx2:9al4/4xGTIIC:d2GFP transgene-positive, 1-4
cell stage embryos. d2GFP pixel intensity was determined for VVgll4b positive cells by
outlining dsRed positive RPE cell clusters. dsRed negative cells proximal to Vgll4b
(dsRed)-positive clusters were analyzed as controls. These control cells were required to be
immediately adjacent to the dsRed-positive clusters and of equivalent size. Similar analyses
were done for UAS:mCherry positive and negative cells.
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4.6. RPE Cell Size Analysis

RPE cell borders were distinguished by using phalloidin to stain for actin. Cell borders were
traced and areas determined using Metamorph (Molecular Devices, Inc.) software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 4xGTIIC:d2GFP expression during zebrafish development
(A) Schematic of the Yap/Taz-Tead reporter construct. (B/,D’,F") Low magnification images

show 4xGTIIC:d2GFP expression in whole embryos/larvae at 1 dpf (B’), 2 dpf (D’) and 3
dpf (F). (C/, E/, G’) Higher magnification images show d2GFP expression in non-neural
cells located at the (C’) midbrain-hindbrain boundary and around the eye at 1 dpf, within the
tectum at 2 dpf (E’), and in the heart at 3 dpf (G’). Brightfield images (B,C,D,E,F,G) are
placed above each fluorescent image. cTNT=chicken troponin T minimal promoter; FP=
fluorescent protein; M=midbrain; H=hindbrain; E=eye; A=Atrium; V=Ventricle; Y=Yolk.
B, B’,C, C/, D, D, F, F’ = lateral view; E, E’ = dorsal view; G, G’ = ventral view.
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-5.0 foxc1b:eGFP;
4xGTIIC:mCherry
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Brightfield 4xGTIIC:mCherry

Figure 2. 4XGTIIC:mCherry co-localizes with -5.0 foxclb:eGFP but not -7.2s0x10:eGFP positive
cells

(A-A") Co-expression of 4xGTIIC:mCherry and -5.0 foxc1b:eGFP in superficial migratory
cranial mesenchymal cells located above the midbrain/hindbrain boundary. The arrows
indicate co-localzation between the two transgenes. (B—-B”’) Non-overlapping expression of
4xGTIIC:mCherry and -7.2s0x10:eGFP in superficial migratory neural crest cells located
between the eye and midbrain/hindbrain boundary. The arrows indicate cells that only
express one of the transgenes. Embryos are at the 22 somite stage.
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Figure 3. Nuclear Yap protein co-localizes with 4xGTIIC:d2GFP/eGFP positive cells
(A-A" B-B") d2GFP/eGFP positive cells located at the midbrain-hindbrain boundary

contain nuclear Yap (red) as detected by immunofluorescence. (C—-C”, D-D") Cells located
in the dorsal otic vesicle express d2GFP/eGFP and nuclear Yap (red). M=midbrain;
H=hindbrain; OV=otic vesicle.
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Figure 4. AXGTI1C:d2GFP expression is decreased in response to Yap knockdown and enhanced
with Yap or Taz overexpression

(A’,C") d2GFP expression levels are decreased in yap/p53 MO injected embryos (C’)
compared to the p53 control embryos (A”) at 2 dpf. (B’,D’) yap/p53 MO embryos have a
smaller eye and decreased RPE expression (D’) compared to p53 MO control embryos. (E—-
E”) Overexpression of mCherry does not cause enhanced or ectopic d2GFP expression. (F-
F”) Overexpression of Yap, (G-G”) Yap constitutive active (CA) transgene (yapS87A) or
(H-H") Taz results in enhanced and ectopic d2GFP expression in retinal progenitor cells
(embryos are 30 hpf). Scale bar=50 um in B.
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Figure 5. Yap/Taz-Tead nuclear activity is high in cardiac precursors and cardiomyocytes, and
is important in cardiac precursor migration

(A-B") Expression of (A’,B") 4xGTIIC:mCherry and (A”,B”) cmlc2:eGFP in the developing
heart field at (A—A") 22 hpf and (B-B") 30 hpf. (C-D’) Cardia bifida in (C,C’)
4xGTIIC:d2GFP and (D,D’) cmlc2:eGFP positive embryos injected with NLS-YapDN
mRNA (28 hpf). (E-F") Heart expression in uninjected (E,E”) 4xGTIIC:d2GFP and (F,F")
cmlc2:eGFP positive embryos (28 hpf). Scale bar = 100 um in C, D, E, and F.
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Figure 6. Loss of crb2a results in a decrease of 4xGTI1C:d2GFP expression in the neural retina
at 48 hpf and at 24, 36, 48 hpf in the RPE

(A-F") Neural retina and RPE 4xGTIIC:d2GFP expression in crb2a +/? and crb2a —/-
embryos. (G-L”) Immunofluorescence of Yap (green) and Crb2a (red) in crb2a +/? and
crb2a —/— embryos. Arrow indicates Yap positive cells in the crb2a +/? neural retina that
do not appear in crb2a —/—. (M,N) Quantification of d2GFP pixel intensity in the (M)
neural retina and (N) RPE of crb2a +/?/crb2a —/— embryos at 24 (n=46/n=13), 36 (n=32/
n=28), and 48 (n=26/n=23) hpf. Error bars represent S.E.M. p=unpaired t-test with equal
S.D. Scale bar=50pum in A,C, and E.
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Figure 7. Vgll4b represses nuclear Yap/Taz-TEAD activity
(A-B”") 4xGTIIC:d2GFP positive RPE cells expressing (A”) mCherry or (B”) Vgll4b. Arrows

depict the mCherry and Vgll4b positive cells. (C) Quantification of d2GFP pixel intensity in
mCherry + (n=19), mCherry — (n=38), dsRed/Vgll4b + (n=28), and dsRed/Vgll4b — (n=58)
cell clones. More than 12 embryos were used for each condition. Error bars represent S.E.M.
p=unpaired t-test with equal S.D. (D) Diagram of the relationship between Yap-Tead and
Vgll4b-Tead in RPE cells expressing endogenous or overexpressed levels of Vgll4b.
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