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Tissue fusion is an essential morphogenetic mechanism in development, playing a fundamental role in devel-
oping neural tube, palate and the optic fissure. Disruption of genes associated with the tissue fusion can lead
to congenital malformations, such as spina bifida, cleft lip/palate and ocular coloboma. For instance, the
Pax2 transcription factor is required for optic fissure closure, although the mechanism of Pax2 action leading
to tissue fusion remains elusive. This lack of information defining how transcription factors drive tissue mor-
phogenesis at the cellular level is hampering nhew treatments options. Through loss- and gain-of-function
analysis, we now establish that pax2 in combination with vax2 directly regulate the fas-associated death
domain (fadd) gene. In the presence of fadd, cell proliferation is restricted in the developing eye through a
caspase-dependent pathway. However, the loss of fadd results in a proliferation defect and concomitant ac-
tivation of the necroptosis pathway through RIP1/RIP3 activity, leading to an abnormal open fissure.
Inhibition of RIP1 with the small molecule drug necrostatin-1 rescues the pax2 eye fusion defect, thereby
overcoming the underlying genetic defect. Thus, fadd has an essential physiological function in protecting
the developing optic fissure neuroepithelium from RIP3-dependent necroptosis. This study demonstrates
the molecular hierarchies that regulate a cellular switch between proliferation and the apoptotic and necrop-
totic cell death pathways, which in combination drive tissue morphogenesis. Furthermore, our data suggest
that future therapeutic strategies may be based on small molecule drugs that can bypass the gene defects
causing common congenital tissue fusion defects.

INTRODUCTION

During tissue morphogenesis, the coordination of cell migra-
tion, proliferation and cell death are under tight spatiotemporal
molecular control requiring cooperative action of distinct sig-
nalling pathways. Genetic screens have identified molecularly
diverse genes that mediate localized epithelial fusion pro-
cesses in the developing neural tube, palate and eye, yet
how these genes exert their influence at the cellular level is
still poorly understood (1,2). During eye development,
failure of the optic fissure to fuse leads to congenital ocular
coloboma (3). Closure of the optic fissure requires the coord-
ination of at least three distinct steps: alignment of the apposed

edges, contact-induced adhesion and dissolution of the basal
lamina (4), so that a continuous epithelial sheet is formed
(5). Mutations in developmentally important genes are impli-
cated in optic fissure closure defects, including PAX2,
CHD7, SOX2, PAX6, GDF6, OTX2, SHH, SIX3, FADD,
MAF, ZFHXI1B, RX and GDF3, as well as many chromosomal
aberrations (6—13). However, network interactions between
these genes and their downstream targets underlying the cellu-
lar mechanism of tissue fusion have yet to be established.
As a starting point for understanding how alteration in gene
function leads to defective optic fissure morphogenesis, we
have focused on the PAX2 transcription factor as it is one of
the most common causes of ocular coloboma (3) and plays a
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crucial evolutionary role in the development of the eye
(4,14,15). To identify downstream targets of Pax2 in optic
fissure closure, we have taken advantage of the pax2.1/noi
zebrafish coloboma mutant (16). We conducted gene expres-
sion studies of known coloboma genes in this mutant, and
identified one which was down-regulated, the fas-associated
death domain (FADD) gene. Recently, we showed that hemi-
zygous deletion of the FADD gene was the underlying genetic
basis of inherited ocular coloboma (9). The principal role of
the FADD protein is the induction of apoptotic cell death
(17), implying that fine tuning of cell death may be required
during optic fissure closure. FADD recruits pro-caspase-8
and c-FLIP to create a death-inducing signalling complex
(known as DISC), which in turn activates downstream effector
caspases leading to cell death (18). Recent investigations have,
however, also uncovered the seminal finding that FADD has
an apoptosis-independent role in embryogenesis, whereby it
suppresses RIP1/RIP3 kinase-mediated necroptosis pathways
(19,20), essential for the maintenance of the vasculature,
haematopoiesis, innate immunity and T-cell proliferation
during lymphocyte development (21-24). The raises a
number of possible mechanisms by which loss of FADD func-
tion may cause ocular coloboma.

In this study, we demonstrate that pax2 and vax2 transcrip-
tion factors co-regulate fadd transcriptional activation.
Loss-of-function analysis of fadd confirmed that it is required
for optic fissure closure. In the absence of fadd, cell prolifer-
ation is increased and RIP1/RIP3-mediated necroptosis is acti-
vated. Fadd over-expression in pax2.I-deficient embryos is
sufficient to rescue the proliferation defect and close the
optic fissure. Inhibition of RIP1 kinase activity by
necrostatin-1 inhibits necroptotic cell death and also rescues
the optic fissure closure defect in the pax2.I-deficient zebra-
fish. Taken together, our results demonstrate for the first
time that fadd has an essential physiological function in pro-
tecting the developing optic fissure neuroepithelium from
RIP3-dependent necroptosis, thus preventing ocular coloboma.
Abnormal necroptosis may therefore be an important molecu-
lar trigger leading to failure of epithelial fusion due to muta-
tion of fadd and pax2. Targeting the cellular mechanisms
that drive necroptosis may be a promising paradigm for pre-
venting congenital tissue fusion abnormalities such as ocular
coloboma.

RESULTS

Fadd gene expression analysis in mutant zebrafish lines

To determine where the fadd gene is positioned in the tran-
scriptional cascade regulating optic fissure closure (8), the
spatiotemporal expression profile of fadd was tested in two
ocular coloboma mutant zebrafish lines. The no isthmus
(noi™***) line exhibiting ocular coloboma (15) has a R139X
non-sense mutation in the pax2./ gene (genotyping for this
mutation can be found in Supplementary Material,
Fig. SIA). The grumpy (gup™'®’) line is homozygous for
Q524X non-sense mutation in the lambl gene (25) displaying
a severe ocular coloboma defect (26,27).

In wild-type embryos at 24 h post-fertilization (hpf), high
levels of fadd expression were restricted to the developing
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Figure 1. Expression of fadd is down-regulated in noi mutant zebrafish.
(A=F) fadd expression in wild-type (wt), pax2.1™’~ coloboma mutant (noi)
and lamb1~’~ coloboma mutant (gup). Gene expression tested at either 24
(24 h) or 48 hpf (48 h). Asterisk (*) denotes the absence of the tectum and
cerebellum in noi mutants at 24 hpf. c, cerebellum; fp, floorplate; hb, hind-
brain; m, midbrain; mhb, mid-hindbrain boundary; mm, mandibular mesen-
chyme; of, optic fissure; on, optic nerve; ov, otic vesicle; r, retina. Scale bar
for all images shown in (A) 300 pm. (G and H) pax2.1 expression in wt
and gup embryos is the same at 48 h.

brain, otic vesicles, the lens, retina and at the site of the
optic fissure (Fig. 1A). However, in the noi/pax2.1 mutant,
fadd expression was absent except in the floorplate
(Fig. 1B), a structure that guides neuronal differentiation
along the dorsoventral axis of the neural tube. At 48 hpf, the
optic fissure was closed and there was strong expression in
the mandibular mesenchyme, otic vesicles and lens
(Fig. 1C), whereas in the noi/pax2.1 mutant there was only
minimal fadd expression in the floorplate (Fig. 1D). This
demonstrates that the fadd gene is downstream of pax2.1 in
the signalling cascade in vivo. In contrast, fadd gene expres-
sion patterns in the gup/lambl zebrafish mutant resembles
wild-type expression at 24 hpf (compare Fig. 1A and E) and
48 hpf (Fig. 1C and F). Furthermore, the expression of
pax2.1 was not disrupted in the gup/lambl mutant (Fig. 1G
and H). This establishes that fadd and pax2.1 are in a different
signalling pathway to lamb].

Fadd promoter characterization

To determine whether fadd is a direct or indirect downstream
target of pax2.1, we carried out a number of in vitro and
in vivo assays. Using in silico motif analysis, we searched
the genomic DNA sequence immediately upstream of the
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Figure 2. pax2.1 responsive elements in the fadd promoter. (A) Diagram at top depicts symbols used for transcription factor-binding sites. p, pax2.1 site; v, vax2
site; rxr, rxr site. Hatched box, exon 1 of fadd. L, luciferase gene. Reporter constructs transfected into Madin-Derby canine kidney (MDCK) cells. In lower part
of (A), the filled symbols represent mutation of the site so it is no longer functional. The activity of the last construct relates to the —417 bp fragment transfected
into COS-7 cells. The relative luciferase activity for the longest construct (—767 bp) was set at 100%. Activity (+ SEM, n = 6) of all other constructs measured
against this. (B) Confirmation that MDCK cells express Rxr. Lane 1, no RT control for Rxr-a; lane 2, Rxr-a (495 bp); lane 3, no RT control Rxr-3; lane 4,
Rxr-B (520 bp). M, 100 bp marker. (C) Western blot of MDCK cells with Pax2 or Vax2 antibodies. (D) Western blot showing the Pax2 protein is absent in

COS-7 cells.

fadd transcription start site for pax2-binding sites using MatIn-
spector program (www.genomatix.de). This analysis revealed
five potential pax2 consensus-binding sites (Supplementary
Material, Fig. S2) based on mouse (28,29) and medaki fish
(Oryzias latipes) sequences (30). A number of other putative
transcription factor-binding sites were also identified in the
fadd upstream sequence, including barx2, octl, rxr, ap-1,
vax2, cdxl and irf2. Of specific interest were the vax2- and
rxr-binding sites as mutations in these genes cause ocular
coloboma (31,32).

To verify pax2 responsive elements in the fadd promoter,
deletion constructs were tested in luciferase reporter assays.
The construct containing DNA sequence from —417 to
497 bp of the fadd gene had two pax2-binding sites and one
vax2 site and was able to drive the highest level of expression
in Madin-Derby canine kidney (MDCK) cells (Fig. 2A). Site-
directed mutagenesis of the pax2 site nearest to the ATG start
codon reduced luciferase expression by 74 + 3%, whereas
mutation of the second pax?2 site reduced reporter expression
by 85 + 5%. When the vax?2 site was mutated, luciferase activ-
ity was reduced by 74 + 4%, suggesting that it contributed to
driving high-level fadd expression. This was confirmed by mu-
tation of pax2- and vax2-binding sites which completely abol-
ished gene transcription. Longer constructs containing more
potential pax2 sites had decreased luciferase activity compared
with the —417 bp construct. In these constructs, there was an
rxr-binding site which could be mediating the decreased tran-
scription. However, when this site was mutated, there was no

increase in reporter activity, suggesting that »xr did not have a
negative regulatory effect on the fadd promoter. Reverse tran-
scription—polymerase chain reaction (RT—PCR) for Rxr
(Fig. 2B) and western blot analysis for Pax2 and Vax2
(Fig. 2C) showed that these transcription factors were expressed
endogenously in MDCK cells. Specificity of transcriptional ac-
tivation was verified for the —417 bp construct when trans-
fected into COS-7 cells that do not express Pax2 (Fig. 2D).

To further validate pax2.1 regulation of fadd, electrophoret-
ic mobility shift assays (EMSAs) were performed using in
vitro translated zebrafish pax2.1 protein. We used probes con-
taining the predicted pax2-binding sites flanked between 3—22
bases up and downstream of the binding site (Supplementary
Material, Table S1). Pax2.1 bound with highest affinity to
the second pax2-binding site upstream of the ATG (Supple-
mentary Material, Fig. S2), which could be displaced by an
excess of unlabelled competitor and the DNA-—protein
complex could be shifted to a higher migrating band by a
Pax2 antibody (Fig. 3A). To determine whether endogenous
pax2.1 could bind to the zebrafish fadd promoter in vivo, we
used chromatin immunoprecipitation (ChIP) assays. We per-
formed ChIP-qPCR on zebrafish embryos at 36 hpf during
the window of optic fissure morphogenesis, when pax2.1 is
expressed. A 423 bp fragment containing the second pax2
site was specifically amplified from pax2.1 immunoprecipi-
tates (Fig. 3B). Similarly, the same fadd fragment was ampli-
fied from vax2 immunoprecipitates (Fig. 3C), confirming that
vax2 is a co-activator of fadd expression in vivo.


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds056/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds056/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds056/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds056/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds056/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds056/-/DC1

2360 Human Molecular Genetics, 2012, Vol. 21, No. 10

A
1 2 3 4
- control antibody
+ pax2 antibody
+ + + ¥ pax2 protein

competitor

‘( SS
vs oV

44KDE — |

Anti-Pax2

44 kDa f—

o alPOa

Anti-Pax2

C

31kDa

Anti-Vax2

Figure 3. Pax2.1 binds to the fadd promoter. (A) EMSA using fadd oligonucleotide probe containing the second pax2-binding site. Fadd probe bound to the
pax2.1 protein (lane 2), which was displaced by unlabelled competitor (lane 3) and in the presence of pax2 antibody resulted in a supershifted (SS)
complex. FP, free probe. Inset, western blot of in vitro translated full-length pax2.1 protein. (B) ChIP-PCR using Pax2 antibody (44 kDa protein detected by
western blot of 36 hpf embryos). A fadd band (arrow) was specifically amplified from pax2 immunoprecipitates. IgG, negative control. Input corresponds to
PCR from chromatin suspension without immunoprecipitation. (C) ChIP-PCR for Vax2 antibody (31 kDa protein detected by western blot of 36 hpf
embryos). A fadd band (arrow) was specifically amplified from vax2 immunoprecipitates.

Fadd loss-of-function analysis

To provide functional evidence that fadd is important in optic
fissure morphogenesis, we utilized morpholino antisense
knockdown technology (33). At 72 hpf, a time when the
fissure is closed in wild-type embryos (Fig. 4A—C), fadd mor-
phants displayed an open fissure (Fig. 4E—G), demonstrating
that fadd is necessary for optic fissure closure. In addition,
there were systemic defects including pericardial oedema
and a shortened curved spine. Since one of the functions of
fadd is to activate caspase-3-dependent cell death, we
hypothesized that if cell death was important during optic
fissure closure there would be a reduction in cell death and/
or increased proliferation in fadd morphants. The level of
phosphohistone H-3 (PH3) labelling as a marker for cell pro-
liferation was found to be highly up-regulated throughout the
eye of fadd morphants compared with mismatch controls
(compare Fig. 41 with J and K), whereas there was no
change in activated caspase-3 activity (compare Fig. 4L with
M and N). The fadd morpholino was distributed throughout
the embryo as shown by imaging of the fluorescent tag on
the morpholino (Fig. 4D and H). The specificity of the ATG-
blocking morpholino was confirmed by western blot (Fig. 40),
which showed that the 27 kDa fadd band was markedly
reduced in fadd morphant embryos.

Fadd gain-of-function analysis

To further demonstrate that fadd is a direct downstream
target of pax2.1, we reasoned that over-expression of fadd
mRNA in pax2.[-deficient embryos should at least partially
or fully rescue the mutant eye phenotype. To confirm that
the pax2.1 mutant phenotype could be rescued, we injected

pax2.] mRNA into pax2.l-deficient embryos. Injection of
pax2.] mRNA into wild-type embryos had no obvious detri-
mental effect at 72 hpf (Fig. SA and B). Since PH3 labelling
was elevated in fadd morphant fish, we also found it was ele-
vated in pax2. [-deficient embryos (Fig. 5F) and therefore PH3
labelling could be used as a phenotypic measure. When pax2./
mRNA was injected into pax?2.-deficient embryos, it resulted
in normal closure of the optic fissure (Fig. 5K) and also greatly
reduced the number of PH3-positive cells (12% + 2 of mutant
PH3-positive cells, n =5). The cerebellum and otic vesicle
defects were normalized and the pericardial oedema greatly
reduced, although there was evidence of a small haemorrhage
around the developing heart (Fig. SL). When fadd mRNA was
injected into pax2./-deficient embryos, the optic fissure
closure defect was also rescued (Fig. 5P); however, there
were still some PH3-positive cells still present (38 + 4% of
mutant PH3-positive cells, » =5). The pericardial oedema
was reduced and haemorrhaging was more obvious than
with pax2.1 injection (Fig. 5Q). Although the systemic
defects were not fully rescued by fadd mRNA injection, the
optic fissure was closed in all cases.

Activation of the necroptosis pathway

Since fadd also has a role in repressing RIP1/RIP3 kinase-
mediated necroptosis, we examined wild-type and pax2.1-
deficient embryos for evidence of RIP1 kinase activity. In
wild-type embryos, there were minimal RIP1-positive cells
present at 24 hpf, but by 72 hpf RIP1 labelling was extin-
guished (Fig. 5D and E). In pax2.] mutant embryos, the
number of RIP-positive cells was greatly increased at 48 and
72 hpf, particularly in the margins of the open optic fissure
(Fig. 51 and J). In mutant embryos injected with either
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Figure 4. Fadd knockdown and analysis of zebrafish morphants at 72 hpf. (A—C) Representative images of control fadd mismatch morpholino (mm) injection on
eye development. (D) Distribution of fadd morpholino detected by 3’-carboxyfluorescein modification of antisense morpholino. (E—G) Representative images of
fadd antisense morpholino (mo) injection on eye development. (H) Magnified image of the eye showing distribution of the fadd antisense morpholino in the lens
and retina. (I-K) Phosphohistone-H3 (PH3) labelling (green) in fadd mm and fadd mo knockdown eyes. (L—N) Activated caspase-3 (casp3) labelling (green) in
fadd mm and fadd mo knockdown eyes. (O) Western blot from fudd mm and fadd mo embryos. GAPDH used as loading control. (A—C and E—G) Red fluor-
escence derived from ath5-Gal4 x UAS-NR:mcherry transgene driving reporter expression in the developing eye. (I-N) embryos counterstained with Bodipy
Texas-Red. All embryo images represent a projection through a confocal stack. (E—N) optic fissure (of) is indicated by a white arrow.

pax2.1 mRNA (Fig. 5SM—-O0) or fadd mRNA (Fig. 5SR-T), the
RIP1 labelling corresponded to the wild-type pattern. These
data confirm that in the absence of pax2./ and consequently
fadd, RIP1 localization is greatly increased. Since fadd is
also an endogenous inhibitor of RIP3-mediated necroptosis
(34), we investigated the distribution of RIP3 kinase in the
mutant pax2./ embryos. In wild-type embryos, RIP3 labelling
was very sparse (Fig. 6A—C); however, in mutant embryos,
RIP3 labelling was greatly increased at all time points, espe-
cially in the region of the optic fissure (Fig. 6D—F). To deter-
mine whether RIP1/RIP3 Ilabelling was evidence that
necroptosis was contributing to the disease pathogenesis in
vivo, we tested the effect of necrostatin-1, a specific inhibitor
of RIP1 kinase activity that has been validated for use in fish
(35). Using dose—response analysis in wild-type embryos, we
established that a concentration of 6 wM necrostain-1 was the
highest dose we could use without causing any detrimental
harm to the developing embryos (Supplementary Material,
Fig. S3). In treated mutants, only a few RIP1-positive cells
were present and the optic fissure was fully closed by 72 hpf
(compare Fig. 6G—1I with Fig. SH-J), showing that the drug
had rescued the eye phenotype. Furthermore, RIP3 labelling
was also greatly decreased at all time points with the optic
fissure fully closed at 72 hpf (Fig. 6J—L). Interestingly, we
found that mutants treated with necrostatin-1 had more than
double the expected lifespan compared with untreated

mutants (Fig. 6M—P), suggesting there was a systemic effect
of necrostatin-1 affecting survival. Necrostatin-1 had no
effect on the increased proliferation in the eye in the
absence of pax2.1 (Supplementary Material, Fig. S4).

Cell death during normal optic fissure morphogenesis

Since cell proliferation appeared to be up-regulated in the
pax2.1-deficent embryos, we hypothesized whether this was
due to loss of fadd activity that would normally stimulate
caspase-dependent apoptosis, keeping the proliferation in
check. We reasoned that caspase inhibitors would mimic this
loss of fadd activity and may therefore disrupt the morphogen-
esis process. Whole wild-type zebrafish embryos were incu-
bated with zDEVD-fmk (caspase-3-specific inhibitor) from
10 to 72 hpf as previously described (25) and pax2 immuno-
histochemistry was used as a marker for optic fissure morpho-
genesis. At 24 hpf, pax2 was highly restricted ventrally to the
opposed edges of the open fissure (Fig. 7A) and between 36
and 48 hpf the intensity of labelling decreased as the fissure
began to close (Fig. 7B and C). By 72 hpf, the fissure was
fully closed and pax2 labelling was extinguished (Fig. 7D).
However, in embryos treated with zDEVD-fmk, the expres-
sion of pax2 was expanded throughout the ventral eyecup at
24 hpf (Fig. 7E). At 36—48 hpf, the optic fissure was still
clearly visible and labelling of pax2 was expanded at the
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Figure 5. Rescue of the pax2.1-deficient phenotype by mRNA injection. (A—E) Wild-type embryos (wt) were injected with pax2./ mRNA. (F—J) Uninjected
pax2.1-deficient (mt) embryos (K—0O) pax2. I-deficient embryos injected with pax2.] mRNA. (P—T) pax2.I-deficient embryos injected with fadd mRNA. (A, F,
K, P) Proliferation status detected PH3 immunohistochemistry. (B, G, L, Q) Systemic phenotype of control and injected embryos. ¢, cerebellum; ov, otic vesicle;
po, pericardial oedema. Punctate red staining in the 12 right-hand panels represents RIP1 localization with DAPI counterstain. White arrows denote an open

optic fissure.

edges of the fissure compared with wild-type eyes (Fig. 7F and
G). Pax2 expression persisted until 72 hpf coincident with an
open optic fissure (Fig. 7H). The delayed closure of the
optic fissure was observed at doses of zDEVD-fmk that had
no embryotoxic effects as indicated by yolk sac circulation,
growth parameters and morphological appearance (25). In
the presence of zDEVD-fmk, the levels of PH3 labelling
throughout the eye at 24 hpf were higher than untreated
embryos (compare Fig. 7M and I). Although decreasing with
developmental time, there were still more PH3-positive cells
present in the zZVAD-fmk treated embryos (Fig. 7N and O),
than in wild-type embryos (Fig. 7] and K). By 72 hpf, there
was no PH3 labelling in wild-type or treated embryos
(Fig. 7L and P). These experiments indicate that the increase
in cell proliferation occurs when there is loss of the caspase-
dependent cell death and this is associated with a delay in
optic fissure closure.

DISCUSSION

Although it has been known for more than 15 years that PAX2
deficiency causes ocular coloboma (36), the direct targets of
Pax2 regulating optic fissure closure have remained elusive.
In this study, we demonstrate by both in vivo and in vitro
experiments that the fadd gene is a direct downstream target
of the pax2.1 transcription factor in the developing eye. Fur-
thermore, we show that the vax2 is required to co-activate
fadd transcription. This is significant because mutations in
both pax2 and vax2 (31) cause ocular coloboma, implying
that fadd is the common downstream target of these

transcription factors, where its loss of action leads to failure
of epithelial fusion and an open optic fissure. In other
aspects of embryonic development, several Pax2 targets
have been identified. In the kidney, Pax2 negatively regulates
Wnt5a during nephron development (37) and activates Naip in
the ureteric bud (38). In the developing medaka otic vesicle,
Pax2 activates stm-I to promote otolith formation (30). In
the developing mid-hindbrain boundary, Brnl is a direct
target of Pax2 (39). Thus, Pax2 has a range of regulatory ac-
tivities in developing tissues that account for other phenotypes
associated with PAX2 mutations such as kidney dysfunction,
hearing deficits and brain abnormalities (3).

Our investigations have uncovered two functions for fadd in
the developing eye. First, loss of fadd activity through absence
of pax2 (as in the noi mutant zebrafish), by direct loss of fadd
itself (morpholino knockdown) or by inhibition of downstream
effector caspases in wild-type embryos, results in highly
up-regulated proliferation throughout the eye. This suggests
that fadd is keeping proliferation in check by inducing cell
death through a caspase-dependent mechanism. Loss of fadd
leading to an increase in proliferation has also been observed
in the intestinal epithelium of conditional Fadd (40) or condi-
tional Casp8 knockout mice (41). In these studies, the chronic
inflammation of the colon was associated with hyperprolifera-
tion resulting in epithelial dysplasia. The critical nature of con-
trolling cell proliferation in the developing eye is exemplified
in N-cadherin zebrafish mutants (ncad) which exhibit ocular
coloboma (42). Increased proliferation in the retinal neuroepi-
thelium leads to loss of apico-basal cell polarity, collapse of
the adherens junctions, detachment of cells undergoing
mitosis, severe retinal disorganization and patterning defects
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Figure 6. Spatiotemporal RIP3 localization and rescue of eye phenotype using necrostatin-1. (A—C) RIP3 immunohistochemistry (red) in wild-type (wt) eyes
counterstained with DAPI. (D and E) High-level RIP3 labelling in pax2./-deficient eyes (mt). White arrow denotes open optic fissure. (G—1I) RIP1 labelling in
pax2.1-deficient eyes treated with 6 wMm necrostatin-1. Optic fissure completely closed at 72 hpf. (J—L) RIP3 labelling in pax2. I-deficient eyes treated with 6 pum
necrostatin-1. Optic fissure completely closed at 72 hpf. (M) Lifespan of pax2-deficient embryos (mt) is increased when treated with necrostatin-1 (+N). Data
presented as mean + SEM, n = 30. (N) The systemic phenotype of untreated pax2./-deficient embryos at 3 dpf. (O) pax2.I-deficient embryos treated with
necrostatin-1 (4+N) at 3 dpf. Heart bleeding and pericardial oedema are reduced (black arrow). At 9 dpf, there is extreme oedema (the mt would not be alive

at this age without treatment).

(43). Furthermore, abrogation of vax/ and vax2 activity in zeb-
rafish or mice leads to progressive expansion of retinal tissue
along the optic nerve and results in an open optic fissure
(31,44,45). Similarly, reduced Tfap2a activity results in
ocular coloboma due to expansion of retinal pigment epithe-
lium out of the back of the eye towards the midline brain
(46). These observations provide evidence that deficiencies
in the control of cellular proliferation are common to optic
fissure closure defects and may be a target for therapeutic
strategies.

However, in the absence of fadd, we also found that RIP1/
RIP3-mediated necroptosis is switched on, especially in the
cells lining the margins of the optic fissure, indicating a
second role for fadd in eye development in repressing necrop-
totic cell death. When pax2-deficient embryos were treated
with the specific RIP1 inhibitor necrostatin-1 (47), RIP1 and
consequently RIP3 were down-regulated resulting in optic
fissure closure. This is in contrast to zVAD-fmk, which is in-
effective in rescuing optic fissure closure in these mutants
(48), providing supportive evidence that cell death in the
optic fissure is a not driven by a caspase-dependent process.
Activation of necroptosis is similarly observed in Fadd and
Casp8 knockout mice studies, where RIP1 and RIP3 are
highly elevated and could be inhibited by necrostatin-1

(40,41). The mechanism by which fadd represses necroptosis
in development involves a caspase-8-dependent activity that
is post-translational. Necroptosis and apoptosis that are
induced by death receptor activation share the same pathway
from initiation to the formation of the DISC complex, com-
posed of Fadd, RIP1, RIP3 and caspase-8. Under normal cir-
cumstances, caspase-8 cleaves RIP3 (49) and RIP1 (50) and
consequently induces apoptosis through downstream effector
caspases. However, if caspase-8 activity is blocked directly
(e.g. by zVAD-fmk) or fadd activity is missing (fadd
dimerizes with and subsequently activates caspase-8), phos-
phorylation of RIP1 and RIP3 occurs resulting in the forma-
tion of the necrosome and initiation of necroptosis. Our data
provide compelling evidence that inhibiting cell death occur-
ring through the necroptosis pathway is the fundamental
element enabling optic fissure closure in pax2-deficient
embryos.

Our data suggest that targeting the necroptosis pathway
might be beneficial for preventing optic fissure closure
caused by failure of epithelial fusion due to Pax2, Vax2 or
Fadd mutation. Several in vitro and in vivo studies have sug-
gested a beneficial effect of necrostatin-1 treatment to other
types of tissue damage. For example, animal models of
hypoxic injury, ischaemic reperfusion damage to the brain
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Figure 7. Effect of DEVD-fmk (caspase-3 inhibitor) on optic fissure closure in
wild-type eyes. (A—D) Localization of the pax2 protein (green labelling) in
embryos treated with 300 wm control inhibitor zFA-fmk continuously from
10 hpf. (E—D) pax2 localization in embryos exposed to 300 pum DEVD-fmk
(+D) continuously from 10 hpf. (A and E) No BOBO-3 counterstain in
these panels to better show the expanded Pax2 localization in the treated
embryos. White arrows indicate the position of the optic fissure.
(I-L) PH3 staining (green) from 24—72 h in embryos treated with control
zFA-fmk. (M-P) PH3 staining from 24 to 72h in embryos treated with
300 wm DEVD-fmk (+D).

and retina, neurologic deficits of traumatic brain injury and
myocardial infarction have all benefited to various extents
from necrostain-1 treatment (51—54). Furthermore, necrostain-1
treatment may be more broadly applicable to other types of
tissue fusion defects that may be associated with necroptotic
cell death. For example, during neural tube closure acridine
orange labelling in the hinge region of the neural tube suggested
that cell death was important to neurulation (55) and in mice,
excessive terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) positive labelling was associated with
failure of neural tube closure in several genetic mutants (56).
However, caspase-3-deficient mice did exhibit neural tube
closure defects (57) providing evidence against apoptotic cell
death associated with neural tube closure. Furthermore,
Fbxl10-deficient mice exhibit neural tube defects and ocular
coloboma associated with increased TUNEL staining in these
tissues (58). However, since acridine orange and TUNEL are
not exclusively markers of apoptotic cell death (59,60), it
would be worthwhile re-investigating neural tube mutants for
activation of the necroptosis pathway.

Here, our data demonstrate for the first time the cellular
consequence of gene defects that cause the congenital abnor-
mality ocular coloboma. Fadd is the common downstream
target of Pax2 and Vax2 ocular coloboma genes and that abro-
gation of Fadd activity leads to activation of the necroptosis
cell death pathway, preventing closure of the optic fissure
(Fig. 8). A broader study investigating these findings in the

< ssan,
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¥
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Figure 8. Mechanism of cell death in the pax2-deficient optic fissure. Sche-
matic representation of normal optic fissure closure (left) compared with
necroptosis activation in the developing mutant eye (right image). Activation
of Fadd by Pax2 and Vax2 transcription factors leads to up-regulation of
caspase-8 which inhibits RIP1/RIP3 complex allowing the optic fissure to
close. The absence of Pax2 or Fadd relieves the repression on RIP1/RIP3
due to the lack of caspase-8 activity causing excessive cell death through
necroptosis. Treatment with necrostatin-1 (Nec-1) inhibits RIP1 and results
in closure of the optic fissure.

mammalian system and ocular coloboma associated with
other epithelial fusion defects is warranted. However, since
the mechanism of optic fissure closure is well conserved
between human and zebrafish, this model system provides
the ideal test bed for new therapeutic strategies. The down-
stream effectors of RIP3 activation have yet to be fully eluci-
dated, but it may involve catastrophic disruption to energy
metabolism (61), production of reactive oxygen species
(62,63), phospholipase activity (64,65) or endoplasmic reticu-
lum stress/autophagy (40,66). Targeting the necroptotic cellu-
lar mechanisms such as inhibition of RIP3 activity itself or its
downstream effectors could reveal new preventative strategies
for congenital epithelial fusion defects.

MATERIALS AND METHODS
Zebrafish strains and maintenance

Zebrafish strains [wild-type AB (67), gup™'® (68), noi™?** (69)
and Ath5-Gal4/UAS:mcherry line (70)] were staged according
to the morphological criteria (71). Research was carried in ac-
cordance with protocols compliant to the Canadian Council on
Animal Care with the approval of the Animal Care Committee
at the University of British Columbia and with the Association
for Research in Vision and Ophthalmology (ARVO) statement
for the use of animals in vision research. Embryos were raised at
28.5°C on a 14 h light/10 h dark cycle in 100 mm? petri dishes
containing aquaria water. To aid image analysis, 0.2 mM phe-
nylthiourea (PTU, Sigma-Aldrich, St Louis, MO, USA) was
added to the embryos at 10 hpf to inhibit pigment formation.
To confirm the genotype in experimental embryos, DNA was
extracted by the NaOH method as described previously (72).
Extracted DNA was amplified by PCR using the specific
primers listed in Supplementary Material, Table S1. Amplified
products were digested with Tagl enzyme (Invitrogen,
Carlsbad, CA, USA) and separated by 2% agarose gel electro-
phoresis (Supplementary Material, Fig. S1).
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RT-PCR for MDCK cells

Total RNA was extracted from MDCK cells using Absolutely
RNA Miniprep Kit (Stratagene, La Jolla, CA, USA) according
to the manufacturer’s instruction, and purified RNA was
treated with DNase (Qiagen, Crawley, UK). The QuantiTect
Reverse Transcription System (Qiagen) was used to synthesize
first-strand ¢cDNA from 250 ng total RNA. Primers were
synthesized based on the cDNA sequence of either canine
RXR alpha (RXR @) or RXR beta (RXR B) and sequences
are shown in Supplementary Material, Table S1. RT-PCR
was performed at 95°C for 30 s, 55°C for 30 s and 72°C for
40, for 35 cycles. Products of RT-PCR were analysed
using 2% agarose gel electrophoresis in 1x tris-borate-
EDTA (TBE) buffer in the presence of ethidium bromide for
UV visualization.

In situ hybridization

A pax.2.1 cDNA clone (pGEM®-T Easy) was generated by
RT-PCR amplification and cloning of a 635 bp product
from zebrafish RNA obtained from whole embryos (Absolute-
ly RNA Miniprep Kit, Stratagene). For PCR amplification, a
forward primer, 5-TCTAACAGGCACATCCCATTC-3', and
reverse primer, 5-TGTGCGAGCTCCACGATTC-3, were
used with the Superscript III RT-PCR System (Invitrogen).
Digoxigenin-labelled pax2.l/ riboprobe was generated using
DIG RNA Labeling Kit (SP6/T7) according to the manufac-
turer’s instructions (Roche, Indianapolis, IN, USA). Whole-
mount RNA in situ hybridization was carried out using the
pax2.1 riboprobe or a riboprobe to fadd as previously
described (9). Embryos were mounted in 70% glycerol and
images captured using a DFC300 FX Digital Color Camera
attached to a Leica MZI16F stereomicroscope.

Electrophoretic mobility shift assays (EMSAs)

Full-length zebrafish pax2.1 protein was synthesized by in
vitro translation from a pax2.1 expression vector (pGEM-T
Easy) using the TNT T7-coupled reticulocyte lysate system
(Promega). The translated protein was verified using the
Transcend™ non-radioactive translation detection system
(Promega) according to the manufacturer’s instructions.
Single-stranded complementary oligonucleotides containing
the Pax2-binding sites (Supplementary Material, Table S1)
were biotinylated using the Biotin 3’-end DNA-labelling kit
(Pierce) and then annealed overnight at room temperature
(RT) to produce double-stranded probes. EMSA was per-
formed using the LightShift Chemiluminescent EMSA kit
according to the manufacturer’s instructions (Pierce). For
each EMSA reaction, 20 fmol biotinylated oligonucleotide,
8 ul of in vitro translation product and 50 ng/pl poly
(dI-dC) in binding buffer (10 mm Tris—HCI pH 7.5, 50 mm
KCl, 1 mwm dithiothreitol) were incubated for 20 min at
25°C. For competition assays, unlabelled double-stranded
probes were added to the reaction mix prior to addition of la-
belled probes in 100-fold excess molar concentrations. For
supershift assays, 1 pg Pax2 antibody (Abcam) was added to
the EMSA reaction 20 min before the biotinylated probes
were added. DNA-—protein complexes were resolved by
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native 6% polyacrylamide gel electrophoresis, transferred to
positively charged nylon membrane (Amersham) by electro-
blotting and UV cross-linked to the membrane for 15 min.
Biotinylated DNAs were visualized with streptavidin-bound
horseradish peroxidase (HRP) and Luminol/Enhancer sub-
strate (Pierce). All EMSAs were repeated at least twice to
ensure reproducibility.

Luciferase reporter assays

Genomic DNA isolated from whole embryos using an Illustra
DNA Extraction Kit (GE Healthcare, London, UK). Deletion
constructs for the upstream region of fadd (up to —700 bp)
were directionally cloned into the luciferase reporter plasmid
pGL3 (Promega). Forward primer sequences for PCR amplifi-
cation of each construct are listed in Supplementary Material,
Table S1, as well as the reverse primer sequence which was
common to all PCR products. Sequencing was used to
ensure clone integrity. These pGL3 plasmid constructs were
purified with a standard protocol (Midiprep; Qiagen) and
quantified using a NanoDrop® ND-1000 spectrophotometer.
Lipofectamine™-mediated transient transfections (Invitrogen)
were performed in COS-7 or MDCK cells (which constitutive-
ly express Pax2) using 1 pg of each construct as previously
described (73). For each construct, three independent transfec-
tions were performed with Renilla luciferase (pRL-CMV)
co-transfection, as an internal control for efficiency of trans-
fection. The Dual-Luciferase Reporter Assay System
(Promega) and a GloMax 20/20 luminometer were used to
measure luciferase activity in cell lysates.

Chromatin immunoprecipitation assay (ChIP-PCR)

Approximately 300 embryos were washed once with sterile
water, placed in phosphate buffered saline (PBS) 20 mm
Na-butyrate and transferred to a 5 ml syringe. The embryos
were forced through a 20-gauge needle directly into a 6 cm
Petri dish containing 5 ml of PBS/20 mm Na-butyrate. The
empty floating chorions were removed. The embryos were
transferred into 1.5 ml tube and were homogenized in 1% for-
maldehyde in PBS/butyrate and incubated at 10 min, prior to
the addition of 125 mm glycine followed by incubation at
RT for 5 min, cells were washed twice with PBS/butyrate, pel-
leted and snap-frozen in ethanol-dry ice (74). Cells were lysed
in 300 pl lysis buffer and sonicated in ice water (Bioruptor
Sonicator, Diagenode) for 20, 25 and 30 cycles of 30 s ON,
30 s OFF for 24, 36 and 48 hpf embryos, respectively. Frag-
mented chromatin sizes (300—500 bp) were confirmed by
agarose gel electrophoresis, and sheared chromatin was
diluted in radioimmunoprecipitation assay (RIPA) ChIP
buffer to achieve 0.2 U A,¢o before immunoprecipitation.
Protein A-coated paramagnetic beads were pre-cleared with
100 wl RIPA ChIP buffer (10 mm Tris—HCI, pH 7.5, 140 mm
NaCl, 1 mm ethylene diamine tetraacetic acid (EDTA) 0.5 mm
ethylene glycol tetraacetic acid (EGTA) 1% Triton X-100,
0.1% sodium dodecyl sulphate (SDS) 0.1% Na-deoxycholate,
protease inhibitors, 20 mm Na-butyrate) and then were mixed
with 10 pl antibody-Protein A coated magnetic (Diagenode)
complexes overnight at 4°C. To generate these complexes,
3 g of either ChIP-grade Pax2 antibody (Abcam, cat. no.
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ab23799), Vax2 (Santa Cruz, cat. no. sc-81422; Supplemen-
tary Material, Fig. S1B) antibody or negative control IgG
(Diagenode) were pre-mixed with protein A coated magnetic
for 2 h at 4°C in RIPA buffer. The immunoprecipitated ChIP
material was washed thrice with RIPA buffer and one time
with 10 mm Tris—HCI, pH 8.0, 10 mm EDTA buffer. The
cross-link was reversed and DNA eluted in a single step for
2 h at 68°C in 150 pl ChIP elution buffer (20 mm Tris—HCI,
pH 7.5, 5mm EDTA, 20 mm Na-butyrate, 50 mm NaCl, 1%
SDS and 50 mg/ml proteinase K) containing 5 wg RNase
(Roche). Eluted DNA was purified by phenol-chloroform iso-
amylalcohol extraction method and precipitated with ethanol.
The DNA pellet was resuspended in nuclease-free water. An
aliquot of the extracted DNA (1 pl) was used for PCR ana-
lysis. For PCR, different primers to the fadd proximal pro-
moter were generated to produce the amplicon sizes between
(~150 and 199 bp) covering the putative pax2-binding sites
within the promoter region (Supplementary Material,
Table S1). The intensity of PCR products was confirmed
using a 2% Agarose gel and visualized with ethidium
bromide staining; DNA marker: 100 bp Hyperladder IV.

Western blot analysis

Briefly, 25 wild-type or mutant embryos at various stages of
development were snap frozen in liquid nitrogen and homoge-
nized by sonication in lysis buffer [10 mwm Tris, pH 7.5, 10 mm
NaCl, 1% SDS, 1 x Protease Inhibitor Cocktail (Roche)]. In-
soluble material was removed by a 10 min centrifugation (25
000g). Protein concentration was determined by the DC
protein assay (Bio-Rad). Zebrafish proteins (80 g) were sepa-
rated on a 12% SDS-—polyacrylamide gel and transferred to
Immobilon-FL. membrane (Millipore, Bedford, MA, USA).
For MDCK or COS-7 cells, only 40 pg protein/lane was
used. The membrane was incubated in 5% non-fat milk
powder in PBS/0.1% Tween-20 (PBST) for 2 h at RT and
incubated overnight at 4°C with primary antibody. Following
three washes in PBST, the membrane was incubated in the
dark for 1 h with a Li-COR secondary antibody (Mandel Sci-
entific, Guelph, ON, Canada). After the membrane was
washed three times in PBST in the dark, protein bands were
visualized using a Li-COR Odyssey detector.

Specific primary antibodies were obtained from commercial
sources and used as follows: 1: 500 Pax2 rabbit polyclonal
(Covance, Montreal, Canada; cat. no. PRB-276P-200); 1:500
Vax2 mouse monoclonal antibody (Santa Cruz; cat. no.
sc-81422); 1:700 fadd rabbit polyclonal (AnaSpec, Fremont,
CA, USA; cat. no. 55462); and 1:2000 GAPDH mouse mono-
clonal (Abcam, cat. no. 9485). The secondary antibody was
IRDye 680LT goat anti-rabbit (Mandel Scientific; cat. no.
827-08364) or IRDye 700DX goat anti-mouse (Rockland;
cat No. 610-130-121).

Whole-mount immunohistochemistry

Specific primary and secondary antibodies were obtained from
commercial sources and used as follows: 1:100 cleaved
caspase-3 rabbit polyclonal (Cell Signalling Technology; Cat
No. 9661) (75,76); 1:100 Pax2 rabbit polyclonal (Covance,
cat. no. PRB-276P-200); 1:50 RIP1 mouse monoclonal

(Abcam, cat. no. ab56815; Supplementary Material,
Fig. SI1C) (77); 1:200 PH3 rabbit polyclonal (Abcam, cat.
no. ab5176); 1:100 RIP3 rabbit polyclonal (Abgent, San
Diego, CA, USA; cat. no. AP7184a); 1:200 goat anti-rabbit
IgG conjugated to Alexa 488, 1:200 goat anti-rabbit IgG con-
jugated to Alexa-556 or 1:200 goat anti-mouse IgG conjugated
to Alexa-546 (Invitrogen; cat. no. A11008, A11034 and
A11010, respectively).

Embryos were dechorionated and fixed in 4% paraformalde-
hyde (PFA) washed three times for 15 min in PBS containing
0.1% Tween-20 PBS-Tw and then incubated with 10 pg/ml
proteinase K (Sigma-Aldrich) for 5 min. Embryos were
washed three times in PBS-Tw before re-fixing in 4% PFA
for 10 min at RT. Non-specific antibody-binding sites were
inhibited in blocking buffer (PBS-Tw containing 10%
heat-inactivated normal goat serum and 1% dimethyl sulphox-
ide (DMSO)) for 2 h at RT.

Immunohistochemical staining was carried out as previous
described (78). Images were obtained by scanning confocal
microscopy. Optical sections were acquired at 3 wm intervals
and merged into a maximum projection image for analysis.

Morpholino injections

Morpholino sequence directed against the transcriptional start
site of zebrafish fadd was designed by GeneTools:
5'-TTGCTCGGAATCCTCTCTTGTCCAT (fadd MO) and
mismatch (fadd MM) 5-TTGCTCCGAATGCTGTCTT
CTCGAT-3' and were modified at the 3’-end with carboxy
fluorescein. In addition to fadd morpholinos, a p53 morpholino
was used to suppress off-target morpholino-induced apoptosis
(79). Morpholino oligonucleotides were injected into the yolk
of 1-2 cell-stage embryos as follows: 0.75 ng each of fadd
MO or fadd MM plus 0.75 ng of p53 MO or with p53 MO
alone. Morpholino oligonucleotides were injected in 1x
Danieau buffer [58 mm NaCl, 0.7 mm KCl, 0.4 mm MgSQy,,
0.6 mm Ca (NOs),, 5 mm hydroxyethyl piperazineethanesulfo-
nic acid, pH 7.6] with 0.1% phenol red using a Nanoject 11
variable injector (Drummond Scientific, Broomall, PA,
USA). The morphant embryos were grown at 28.5°C and
observed for morphological changes under a stereoscopic
microscope and fixed in 4% PFA at specific developmental
time points.

RNA injection into embryos

Zebrafish fadd and pax2.1, 5'-capped mRNAs were synthe-
sized using a T7 mMESSAGE mMACHINE Kit (Ambion).
A full-length fragment of pax2.1 or fadd was cloned into the
pGEM T-easy vector and then linearized with Ndel restriction
enzyme. For in vitro transcription, 1 pg of linear plasmid was
used as template according to the manufacturer’s instruction.
The mRNA was precipitated with 7.5 m lithium chloride and
the capped mRNA diluted in nuclease-free water prior to in-
jection. One—2 cell-stage embryos were injected with fadd
(5-25pg) or pax2.1 (25-100 pg) mRNA, respectively.
Embryos were collected at different developmental stages
24, 48 and 72 hpf and fixed overnight in 4% PFA prior to pro-
cessing for immunohistochemistry.
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Drug treatments

Stock solutions of necrostatin-1, caspase inhibitor DEVD-fmk
and its control zFA-fmk (BD Biosciences, San Jose, CA,
USA) were prepared in DMSO and added to aquaria water.
Wild-type embryos were dechorionated at 10 hpf and treated
with 300 pm zVAD-fmk or zFA-fmk for up to 72 hpf as pre-
viously described (25,80). Pax2.l-deficient embryos were
treated with 6 pMm necrostatin-1 for up to 13 dpf. Previous
experiments demonstrated that these doses of drugs are not
embryotoxic during this developmental period (25; Supple-
mentary Material, Fig. S3). For each treatment, 30 embryos
were used and 3 independent experiments were performed.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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