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ABSTRACT

We identified Erythrocyte membrane protein band 4.1-like 5 (Epb4115)
as a substrate for the E3 ubiquitin ligase Mind bomb 1 (Mib1), which is
essential for activation of Notch signaling. Although loss of Epb41I5
does not significantly alter the pattern of neural progenitor cells (NPCs)
specified as neurons at the neural plate stage, it delays their
delamination and differentiation after neurulaton when NPCs
normally acquire organized apical junctional complexes (AJCs) in the
zebrafish hindbrain. Delays in differentiation are reduced by knocking
down N-cadherin, a manipulation expected to help destabilize
adherens junctions (AJs). This suggested that delays in neuronal
differentiation in epb41/5-deficient embryos are related to a previously
described role for Epb4115 in facilitating disassembly of cadherin-
dependent AJCs. Mib1 ubiquitylates Epb41l5 to promote its
degradation. DeltaD can compete with Epb41l5 to reduce Mib1-
dependent Epb4115 degradation. In this context, increasing the number
of NPCs specified to become neurons, i.e. cells expressing high
levels of DeltaD, stabilizes Epb4115 in the embryo. Together, these
observations suggest that relatively high levels of Delta stabilize
Epb4115 in NPCs specified as neurons. This, we suggest, helps
coordinate NPC specification with Epb4115-dependent delamination
and differentiation as neurons.

KEY WORDS: Notch signaling, Mind bomb, Zebrafish, Epb4115,
Neurogenesis, Neuronal differentiation, Epithelial morphogenesis

INTRODUCTION

Neural progenitor cells (NPCs) in the neuroepithelium are selected
to become neurons by the process of lateral inhibition mediated by
Notch signaling (Artavanis-Tsakonas et al., 1999; Schweisguth,
2004: Louvi and Artavanis-Tsakonas, 2006; Fiuza and Arias,
2007). NPCs selected to become neurons begin to express relatively
high levels of proneural transcription factors that facilitate
differentiation of neurons (Blader et al., 1997; Bertrand et al.,
2002). The proneural factors determine expression of the Notch
ligand Delta, which activates Notch in neighboring NPCs and
prevents them from being specified as neurons. Expression of high
levels of proneural factors in NPCs is followed by their delamination
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and terminal differentiation into neurons, sometimes preceded by
their migration away from where they were born (Pacary et al.,
2012). The first morphological change in fate-determined NPCs is
the disassembly of apical junctional complexes (AJCs) and the
delamination of these cells from the neuroepithelium (Pacary et al.,
2012; Itoh et al.,, 2013). AJCs, which are composed of tight
junctions (TJs), adherens junctions (AJs) and desmosomes, are
located at the apical end of the lateral membrane of epithelial and
neuroepithelial cells and regulate cell adhesion and polarity
(Shin et al., 2006; Meng and Takeichi, 2012; Desai et al., 2009;
Spadaro et al., 2012). Although the precise mechanisms of AJC
disassembly are not fully understood, studies have shown that
downregulation of N-cadherin (Cadherin 2), a major component of
neuroepithelial AJs (Redies and Takeichi, 1996; Gumbiner, 2005),
is associated with the delamination and differentiation of fate-
determined NPCs. n-cadherin expression is downregulated after
fate determination (Hatta et al., 1987; Barami et al., 1994; Redies
and Takeichi, 1996; Seki et al., 2007; Yagita et al., 2009; Kurusu
et al.,, 2012; Paulson et al., 2014). Knockdown of n-cadherin
disrupts AJs and facilitates apical detachment and differentiation of
NPCs (Radice et al., 1997; Ganzler-Odenthal and Redies, 1998;
Kadowaki et al., 2007; Zhang et al., 2010). Elimination of
regulatory proteins of AJs results in similar phenotypes (Cappello
et al.,, 2006). These results suggest that downregulation of N-
cadherin is a prerequisite for delamination and may facilitate
neuronal differentiation of fate-determined NPCs. However, the
mechanisms that coordinate fate specification and downregulation
of N-cadherin in fate-determined NPCs remain poorly understood.

Recently Rousso et al. showed that the Forkhead transcription
factors FoxP2 and FoxP4 (FoxP2/4), expression of which is induced
by the proneural transcription factors Ngn2 (Neurog3) and NeuroD4,
directly downregulates expression of n-cadherin in fate-determined
NPCs (Rousso et al., 2012; Pacary et al., 2012). As FoxP2/4 only
reduces n-cadherin transcripts, existing N-cadherin protein at AJs in
fate-determined NPCs also needs to be downregulated. However,
the mechanisms that determine disassembly of existing AJs at the
onset of neuronal differentiation remain poorly defined. In this study,
we suggest that a membrane scaffold protein, Epb4115, post-
translationally facilitates disassembly of AlJs in fate-determined
NPCs and works as a post-translational regulator that contributes to
coordination of fate specification and delamination.

We identified Epb4115 as a substrate protein of Mib1 E3 ubiquitin
ligase. Mib1 was originally identified as an E3 ubiquitin ligase for
the Notch ligand Delta. Mibl ubiquitylates and promotes
endocytosis of Delta, which is essential for activation of Notch
(Itoh et al., 2003; Chen and Casey Corliss, 2004; Lai et al., 2005; Le
Borgne et al., 2005; Pitsouli and Delidakis, 2005; Matsuda and
Chitnis, 2009). Epb4115 belongs to a family of FERM proteins,
which function as adaptors linking interacting cytoplasmic proteins
to specific membrane compartments (Diakowski et al., 2006).
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Previous studies suggested diverse functions for Epb4115 in the
establishment of apical-basal polarity in neuroepithelial cells
(Jensen et al., 2001; Jensen and Westerfield, 2004; Hsu et al.,
2006; Laprise et al., 2006; Gosens et al., 2007), the promotion of
epithelial-to-mesenchymal transition (EMT) (Lee et al., 2007;
Hirano et al., 2008) and the regulation of apical membrane
constriction of epithelial cells (Nakajima and Tanoue, 2010; Chu
et al., 2013).

We show that in epb4115-deficient embryos, although neurogenesis
is normal at the neural plate stage, there is mislocalization of neurons
and a delay in neuronal differentiation after neurulation when AJCs
become organized in the hindbrain neuroepithelium. Overexpression
of Epb4115 promotes differentiation of neurons, suggesting that some
function of Epb4115 facilitates differentiation of NPCs as neurons. We
show that Mib1 ubiquitylates Epb4115 and facilitates its degradation.
Furthermore, the efficacy of Mibl-mediated degradation of Epb4115
and its potential to disassemble AJs can be regulated by the
abundance of Delta protein in a cell, which dynamically changes
during fate specification and differentiation of neurons. Taken
together, our observations suggest a potential model for how
Epb4115 might coordinate cell fate specification and delamination
of neuronal progenitors for subsequent neuronal differentiation.

RESULTS

Identification of Epb4115 as a novel Mib1-interacting protein
We identified Epb4115 as a novel interacting protein of Mib1 using a
yeast two-hybrid screen. The screen identified six independent
cDNA clones encoding a human FERM domain protein,
erythrocyte membrane protein band 4.1 like 4B (EPB41L4; also
known as EHM2), which is similar to Epb4115 [also known as
Mosaic eyes (Moe)] in zebrafish (Fig. 1B). Epb4115 has a FERM
domain and an FA (FERM-adjacent region) domain in its N
terminus, which is well-conserved among the members of the band
4.1 superfamily (Baines, 2006; Tepass, 2009). The C-terminal
domain of Epb4115 lacks the actin-binding domain but retains a
conserved PDZ-binding domain.

Interaction between Epb4115 and Mibl was confirmed by
immunoprecipitation in HEK293 cells (Fig. 1C). We identified
domains required for their interaction using various deletion
constructs (Fig. 1A,B). A truncated N-terminal fragment of Mibl
(Mib1™!78) was sufficient for the interaction with Epb4115
(Fig. 1C). A part of the C-terminal domain of Epb4115 containing
aa 504-699 was required for the interaction with Mibl (Fig. 1D).

Epb4115 does not change Mib1 functions in Notch signaling
Next, we investigated the significance of the Mibl-Epb4115
interaction. One possibility was that Epb4115, which is typically
localized on the cell surface (Fig. S1), interacts with Mib1 to promote
its surface localization. This could facilitate interaction of Mib1 with
Delta ligands and their subsequent endocytosis. Although Epb4115
did promote association of Mibl with the plasma membrane in vitro
(Fig. S1), DeltaD was primarily localized in intracellular puncta in
epb4115-deficient moe®*’® mutants and epb4115 morphants, as in
wild-type embryos, and did not accumulate on the cell surface, as
in mib ™78 mutants (Fig. S2G-K). This suggests that Epb4115 is not
required for Mibl-mediated DeltaD endocytosis, which is essential
for effective Notch activation.

Notch-mediated lateral inhibition limits the number of NPCs that
are allowed to differentiate as neurons and its failure increases
neurogenesis. In epb4115-deficient embryos, however, there were
no significant changes in expression of neurogenin 1 (ngnl,
neurogl), a basic helix-loop-helix (bHLH) transcription factor that
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gives cells the potential to differentiate as neurons (Blader et al.,
1997; Bertrand et al., 2002); deltad, expression of which is
determined by such proneural bHLH factors (Haddon et al., 1998);
or her4, expression of which is determined by Notch signaling
(Takke et al., 1999; Yeo et al., 2007) (Fig. S2A-F). This suggests
that the number of NPCs specified as neurons is not increased and
Notch signaling is not reduced in epb4115-deficient embryos.

It should be noted that some cell death was observed in the
hindbrains of epb41/5-deficient embryos (data not shown). p53
(Tp53)-dependent off-target effects of some morpholinos results in
similar patterns of cell death (Robu et al., 2007; Schulte-Merker and
Stainier, 2014). However, it is unlikely that the cell death observed
in epb4115 morphants simply reflects off-target effects of the
epb4115 morpholinos, as moe®?”® mutants have a similar pattern of
increased cell death and co-injection of p53 morpholino reduces cell
death in both epb4115 mutants and morphants. To avoid confusion
that could arise from changes associated with cell death, p53
morpholino was co-injected in all epb41/5 mutants and morphants
and our analysis focused on changes that were not affected by p53-
dependent cell death.

Although some reduction in her4 expression was observed in
epb4115-deficient embryos not co-injected with the p53 morpholino
(Ohata et al., 2011), co-injection of the p53 morpholino restored
her4 expression (Fig. S4A,B). This suggested that the reduction in
herd4 is specifically associated with pS3-dependent cell death and
does not reflect a general loss of Notch signaling in epb4115-
deficient embryos. This conclusion was supported by the
observations that there was no obvious increase in neurogenesis
marked by expression of ngnl or deltad (Fig. S2A-F) and that
epb4115-deficient embryos did not show any problems with
formation of somites in the caudal part of the trunk or the tail
(data not shown), characteristic features of mutants with loss of
Notch signaling (Lewis et al., 2009).

Mib1 ubiquitylates Epb41I15 and facilitates its degradation

As analysis of epb4115-deficient embryos did not appear to suggest
an essential role for Epb4115 in determining Mibl-dependent
Notch signaling, we asked if instead Mib1 interacts with Epb4115 to
regulate functions of Epb4115 through its ubiquitylation as with
some other substrates of Mibl (Cajanek et al., 2015; Kwon et al.,
2013; Villumsen et al., 2013). When Epb4115 was co-expressed
with Mibl, two bands of Epb4115 were observed (Fig. 1E).
The upper band was not observed when a mutant form of Mibl
with no E3 Ub ligase activity (Mib1¢!1%9%5) was co-expressed
(Fig. 1E). Co-expression of HA-Ubiquitin confirmed that the upper
band is the ubiquitylated form of Epb4115. Mibl co-expression
facilitated degradation of Epb4115 in HEK293 cells (Fig. 1F) and
exogenously expressed Epb4115 was stabilized in mib1/¢52?
mutants (Fig. 1G). These results suggest that Mib1l determines
ubiquitylation-dependent degradation of Epb4115 and regulates its
function by determining its stability. Interestingly, degradation of
Epb4115 did not occur when the PDZ-binding domain at the C
terminus of Epb4115 was deleted (Fig. S3), suggesting a
requirement of the PDZ-binding domain for Mibl-mediated
degradation of Epb4115.

Mislocalization of neurons in epb41I5-deficient embryos

To understand the functional significance of the regulation of
Epb41l5 stability in neurogenesis, we looked for changes in the
developing neural tube that might be related to previously described
roles for Epb4115 in epithelial morphogenesis. Previous studies
showed that Epb4115 interacts with the apical determinant Crb,
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Fig. 1. Epb4115 is a Mib1-interacting protein that is ubiquitylated by Mib1. (A

) Structure of Mib1 protein. Truncated forms of Mib1 are shown below. Mib1™"32,

which contains zinc finger and Mib repeats, was used for the yeast two-hybrid screen. C1001S, C to S mutation (shown as X) in the RING domain. (B) Structure of
Epb4115 protein, which contains a FERM domain and an FA (FERM-adjacent region) domain at the N terminus and PDZ-binding domain at the C terminus

(orange). Truncated forms of Epb41I5 are shown below. (C) Epb41I5 interacts

with the N-terminal domain of Mib1. Full-length Epb4115 was co-expressed with

various truncated forms of Mib1 in HEK293 cells. (D) Mib1 interacts with the C-terminal domain of Epb4115. Full-length Mib1 was co-expressed with various forms
of Epb4115 in HEK293 cells. Mib1 was immunoprecipitated by Epb4115 forms containing amino acids 504-609. (E) Epb4115 is ubiquitylated by Mib1, but not by
Mib1€1%°'S_(F) Mib1 facilitates degradation of Epb4115. A functional RING domain is required for its degradation. (G) Epb4115 is stabilized in zebrafish mib 122>
mutants. In vitro-transcribed myc-epb41/5 mRNA was microinjected into one-cell-stage embryos together with myc-gfo mRNA as standardized control. Total

embryo lysate was extracted from mib12%2°

restricts subcellular distribution of Crb to the ventricular surface of
the neuroepithelium and organizes apico-basal polarity in
neuroepithelium (Jensen et al., 2001; Jensen and Westerfield,
2004; Hsu et al., 2006; Laprise et al., 2006; Gosens et al., 2007). In
zebrafish, epb4115 was originally identified as mosaic eyes (moe)
and Crb2a protein was more diffusely distributed in the
neuroepithelium in moe®#’® mutants (Hsu et al., 2006; Laprise
et al., 2006) and in epb41l5-deficient embryos (Fig. 2A,B). This
change was accompanied by poorly organized neuroepithelial AJs
during the progression of neural tube formation (Fig. 2D-I),
resulting in a failure of AJC organization and brain ventricle
formation (Fig. 2B,N,O; Jensen et al., 2001; Hsu et al., 2006).
Along with the failure of brain ventricle formation, we noticed
mislocalization of neurons in the hindbrain of epb41/5-deficient
embryos. After NPCs are selected for becoming neurons, they

mutant embryos and wild-type siblings at 24 hpf. Numbers below indicate relative band intensity of individual bands.

detach from the apical ventricular surface and translocate to the
basal/pial side of the neural tube where they express markers of
differentiation such as HuC (Elav13) (Kim et al., 1996). Those cells
are no longer attached to the ventricular surface (Fig. 2J-M). In
epb4115-deficient embryos, however, some HuC-positive cells were
still localized near the midline of the hindbrain where the apical
ventricular surface is normally formed in wild-type embryos
(Fig. 2P,Q arrowheads). This observation is similar to the
mislocalization of Isll-positive motor neurons in moe™3%
mutants (Ohata et al., 2011). Another proposed function of
Epb415 is to facilitate disassembly of epithelial AJs and promote
EMT (Lee et al., 2007; Hirano et al., 2008). Because delamination
of fate-determined NPCs requires disassembly of neuroepithelial
Als, we hypothesized that Epb4115 might facilitate disassembly of
neuroepithelial AJs and that the aberrant localization of HuC-
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epb41I15MO

HuC | epb41I5MO

positive cells might reflect their less effective disassembly in
epb4115-deficient embryos.

A delay in AJ disassembly and neuronal differentiation in
epb41I5-deficient embryos
Although some HuC-positive neurons were mislocalized in
epb4115-deficient embryos, most HuC-positive neurons were still
properly localized near the basal/pial surface of the hindbrain
(Fig. 2N, 0, brackets). This suggested that although Epb4115 might
be required for efficient disassembly of neuroepithelial AJs, it is not
an absolute requirement. To demonstrate more clearly that Epb4115
facilitates disassembly of neuroepithelial AJs, we challenged the
underlying mechanisms by increasing the number of NPCs
undergoing differentiation. We treated embryo with DAPT, a
v-secretase inhibitor (Geling et al., 2002), to block Notch signaling.
This forced a larger fraction of NPCs to be specified as neurons and
consequently increased the number of delaminating NPCs.
Following 5 h of exposure to DAPT, highly organized AJCs in
wild-type embryos disappeared from the ventricular surface of
the hindbrain (Fig. 3A-D’,I-J") and the hindbrain was filled by
HuC-positive neurons (Fig. 3E-H',M-N"). In epb4115 morphants,
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Hindbrain
coronal section

Fig. 2. Epb4115 is required for the formation of the
hindbrain ventricle and the proper localization of
neurons. (A-C) Coronal sections showing
mislocalization of Crb2a in the hindbrain of epb41/5
morphants. Whereas Crb2a is restricted to a well-
defined apical/ventricular surface in wild-type embryos
injected with control morpholino (MO) (conMO), Crb2a
is diffusely expressed in epb41/5 morphants
(epb41/5MO). Lower-magnification images are shown
in insets. Diagram in C illustrates approximate

pial positions of coronal sections in the hindbrain.
Surface (D-I) Failure of organization of ZO-1-positive AJs and
formation of the hindbrain ventricle in epb4115
morphants. Confocal images were taken from the
dorsal side of embryos. The anterior is to the left and
the posterior is to the right. In control MO embryos,
accumulation of ZO-1" puncta at 14 hpf is gradually
aligned to the midline of the hindbrain and forms a
continuous line at 18 hpf. The hindbrain ventricle
inflates at 22 hpf. In epb41/5 morphants, ZO-1
accumulation at 14 hpf is gradually aligned to the
midline of the hindbrain but fails to form a continuous
line at 18 hpf. The hindbrain ventricle is not formed at
22 hpf. (J-Q) Coronal sections showing mislocalization
of HuC-expressing neurons in epb41/5 morphants. In
control MO embryos, HuC-positive neurons are
localized at the pial region of the hindbrain and do not
have contacts with the ventricular surface. In epb41/5
morphants, a fraction of HuC-positive cells were
located near the midline of the hindbrain and maintain
contacts with the prospective ‘ventricular’ surface.
Boxed areas in K and O are shown at higher
magpnification in L,M and P,Q, respectively. Brackets
indicate HuC-positive neurons which are still localized
near the basal/pial surface of the hindbrain.
Arrowheads indicate HuC-positive cells which are
localized near the midline.

Hindbrain
ventricular
surface

by contrast, there was a delay in the loss of ZO-1-positive Als
(Fig. 3K-L’,0-Q). It should be noted that AJC formation failed in
epb4115-deficient embryos: ZO-1-associated AJs were not properly
organized at the midline along the prospective ventricular surface
and the hindbrain ventricle did not inflate. These observations are
related to aberrant apico-basal polarity and mislocalization of ion
pumps, which prevents effective inflation of the ventricles (Lowery
and Sive, 2005). Despite the disorganization of AJCs, it was clear
that a significant number of AJs remained after 5 h of DAPT
treatment (Fig. 3K-L’,Q). This suggested that neuroepithelial AJs
are not effectively disassembled in epb41/5-deficient embryos.
The persistence of AJs in epb4115-deficient embryos was coupled
with a small increase in HuC-positive neurons (Fig. 3M-P’,R),
suggesting a delay in neuronal differentiation. It remained possible
that the number of HuC-positive cells was reduced because DAPT
had not blocked Notch signaling in epb4115-deficient embryos as
effectively as in wild-type embryos. However, reduced expression
of her4 confirmed that DAPT had effectively inhibited Notch
signaling in epb4115 morphants (Fig. S4). Furthermore, DAPT
treatment dramatically increased DeltaD expression in the hindbrain
(Fig. 4J,J',P,P’), consistent with the failure of Notch-mediated
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Fig. 3. Delays in disassembly of AJs and neuronal differentiation in epb47/5 morphants. (A-H’) Timeline of AJ disassembly (A-D’) and differentiation of
neurons (E-H’) during DAPT treatment in wild-type embryos. Embryos were treated with 50 uM DAPT for 1.5, 3 or 6 h and immunostained at 32 hpf. Loss of Notch
signaling by DAPT treatment results in loss of AJs and premature differentiation of NPCs into neurons. (I-P’) Delays in AJ disassembly and differentiation of
neurons in epb41/5 embryos. Embryos were treated with DAPT for 5 h. In control embryos (WT), 5 h DAPT treatment eliminates ZO-1 at the apical/ventricular
surface, accompanied by a corresponding increase in HUC. In epb41/5 morphants, there is a much smaller reduction in ZO-1 immunostaining and no obvious
increase in HUC immunostaining. (Q,R) Quantitative analyses of ZO-1 and HuC expression. Total fluorescence intensities of ZO-1 and HuC in the hindbrain were
measured in individual confocal images using ImagedJ. Error bars represent s.d. n.s., not significant. M, million integrated pixel intensity.

lateral inhibition allowing many more NPCs to be specified as
neurons in epb4115 morphants.

Intermediate progenitor population is increased in epb41I/5-
deficient embryos

Although expression of deltaD and DeltaD is upregulated in NPCs
selected to become neurons, the upregulation is normally short-
lived. In wild-type embryos, the expression of deltaD transcripts
increased after 2 h of DAPT treatment but decreased after 4 h
(Fig. 4A-F). Similarly, an initial increase in DeltaD protein
decreased after 6 h (Fig. 4G-L’). The timing of this reduced
expression of DeltaD coincided with a robust increase in the

expression of HuC (Fig. 3H,H"). This suggests that NPCs selected to
become neurons transiently express high levels of DeltaD but
downregulate DeltaD once their differentiation begins.

In epb4115-deficient embryos, deltaD/DeltaD expression was
increased following exposure to DAPT. However, DeltaD
expression remained high in epbh41l5 morphants after 8 h of
DAPT treatment (Fig. 4R,R’,S) when it had already decreased in
wild-type embryos (Fig. 4L,L’,S). This suggests that although
inhibition of Notch signaling had effectively increased NPCs
specified to become neurons, their differentiation was delayed and
they remained in an ‘intermediate’ state for an extended period in
epb4115-deficient embryos. Taken together, these results suggest
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Fig. 4. ‘Intermediate’ neuronal progenitor population expressing DeltaD is increased in epb41/5-deficient embryos. (A-L’) Timeline of disappearance of
DeltaD in progenitors during neuronal differentiation in wild-type embryos. Two hours of DAPT treatment increases expression of deltaD transcripts, followed by
increased expression of DeltaD protein at 4 h. Expression of deltaD and DeltaD diminishes after 6 and 8 h of DAPT treatment. (M-R’) Continued expression of
DeltaD in epb41/5 morphants. Increased DeltaD expression persists after 8 h of DAPT treatment. (S) Quantitative analysis of DeltaD expression. Total

fluorescence intensity of DeltaD in the hindbrain was measured in individual confocal slices using ImagedJ. Error bars represent s.d. n.s., not significant. M, million

integrated pixel intensity.

that the delay in AJ disassembly observed in epb4115-deficient
embryos is linked to a delay in differentiation.

Neuronal differentiation is delayed in epb41/5-deficient

NPCs

The disorganization of AJs and the failure to inflate the hindbrain
ventricle in epb4115 embryos raised the possibility that the delays in
AJ disassembly and differentiation might be secondary effects of the
disorganized neuroepithelium. It was important to determine
whether reduced Epb4115 function contributes to the same
problems in a context in which there is no broad disorganization
of AJCs in the neuroepithelium. We examined the fate of epb4115-
deficient cells transplanted into wild-type embryos with otherwise
normal morphology and apicobasal polarity. mRNA encoding myc-
membrane-tethered GFP (myc-membGFP) was co-injected into
donor embryos to identify transplanted cells. Host embryos were
then immunostained at 34 hours post-fertilization (hpf) to determine
what fraction of transplanted cells had begun differentiation as
neurons (Fig. 5A-C). In a total 0of 428 cells transplanted from control
embryos, 7.41% cells expressed HuC (Fig. 5D). By contrast, from a
total of 221 cells transplanted from epb4115-deficient embryos, only
2.56% cells expressed HuC (Fig. SD). These results confirm that loss
of epb4115 in individual cells suppresses their differentiation as
neurons in the absence of broader disorganization of AJCs, and the
delay in neuronal differentiation is not a secondary effect of the
disorganized hindbrain structure in epb4115-deficient embryos.

Neuronal differentiation is facilitated in NPCs with increased
Epb41I15 expression

Next, we examined whether increased expression of Epb41l5
facilitates delamination and differentiation of neurons. We injected
one-cell-stage embryos with plasmids encoding gfp-epb4115 or
myc-membgfp downstream of a heat shock promoter (Fig. SE). In
this context, GPF-Epb4115 or myc-membGFP were expressed in a
mosaic pattern following induction of expression with heat shock.
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We optimized the amount of injected DNA so that expression of
GFP was induced in less than 5% of cells. Six hours after heat-shock
treatment, we examined what fraction of GFP-positive cells had
begun differentiation as neurons. We counted a total of 623 cells
expressing myc-membGFP and 277 cells expressing GFP-Epb4115.
Of those cells expressing GFP-Epb4115 18.77% expressed HuC,
whereas only 5.14% of cells expressing myc-membGFP expressed
HuC (Fig. 5F). These results are consistent with Epb4115 expression
promoting differentiation of NPCs as neurons.

A partial knockdown of n-cadherin facilitates neuronal
differentiation in epb41I/5-deficient embryos

Previous studies showed that downregulation of N-cadherin is
required for delamination and differentiation of NPCs (Hatta et al.,
1987; Barami et al., 1994; Radice et al., 1997; Ganzler-Odenthal
and Redies, 1998; Redies and Takeichi, 1996; Kadowaki et al.,
2007; Seki et al., 2007; Yagita et al., 2009; Zhang et al., 2010;
Kurusu et al.,, 2012; Paulson et al., 2014). Because Epb41l5
promotes EMT by modulating E-cadherin (Cadherin 1), a major
component of epithelial AJs (Lee et al., 2007; Hirano et al., 2008),
we hypothesized that Epb4115 might reduce the stability of
N-cadherin and help disassembly of existing neuroepithelial Als,
complementing transcriptional mechanisms that reduce n-cadherin
expression (Rousso et al., 2012). In this context, N-cadherin might
be more stable at AJs in epb411/5-deficient NPCs. We hypothesized
that a partial knockdown of n-cadherin might reduce N-cadherin
and facilitate AJ disassembly to restore timely differentiation of
NPCs in epb4115-deficient embryos.

A complete loss of N-cadherin function disorganizes the structure
and integrity of the hindbrain (Pujic and Malicki, 2001; Lele et al.,
2002; Erdmann et al., 2003; Malicki et al., 2003; Masai et al., 2003).
We used 0.1 ng of n-cadherin morpholino for microinjection to
minimize the effects of n-cadherin knockdown on the overall
morphology and distribution of HuC-positive neurons in wild-type
embryos (Fig. 6B,B’). This partial knockdown of n-cadherin
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nevertheless reduced mislocalization of HuC-positive neurons in
the hindbrain of epb4115-deficient embryos (Fig. 6D-G), suggesting
that partial reduction of n-cadherin facilitated delamination of
neurons in epb41l5-deficient embryos. Partial knockdown of
n-cadherin also reduced the persistent DeltaD expression
following 6 h of DAPT treatment (Fig. 6N-S). These results
support the hypothesis that slower disassembly of Als in epb4115-
deficient embryos delays differentiation of fate-determined NPCs
that express high levels of DeltaD. Taken together, these results
suggest that Epb4115 facilitates neuroepithelial AJ disassembly for
the timely differentiation of fate-determined NPCs.

Epb41I5 protein is stabilized in NPCs specified as neurons
We identified Epb4115 as a Mibl-interacting protein and showed
that Mibl ubiquitylates Epb4115 to promote its degradation
(Fig. 1E-G). In addition, our observations suggested that Epb4115
facilitates disassembly of AJs in NPCs (Figs 3, 4). Based on these
observations, we hypothesized that Mib1-mediated degradation of
Epb4115 might be selectively reduced in NPCs specified as
neurons; the resulting stabilization of Epb4115 may promote
disassembly of Als, facilitating effective delamination and
subsequent differentiation as neurons.

If Mibl-mediated degradation of Epb4115 is reduced in NPCs
specified as neurons, overall stability of Epb41l5 should be

Confocal imaging

Fig. 5. Epb4115 facilitates differentiation of
neurons. (A) Schematic of the experiment.
epb4115 morpholino was injected into one-cell-
stage embryos with memb-gfp mRNA. Twenty
to thirty cells were transplanted to wild-type
embryos. Ratios of HuC-expressing cells
within total GFP-expressing transplanted cells
were analyzed in individual confocal images.
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increased in embryos in which inhibition of Notch signaling
allows a larger number of NPCs to become neurons. We did not
examine the stability of endogenous Epb4115 because inhibition of
Notch signaling alters the number of cells expressing epb4115
(Fig. S6) and, hence, Epb4115. Instead, we microinjected mRNAs
encoding Myc-Epb4115 and HA-RFP, and examined the effect of
Notch inhibition on their stability. The stability of Myc-Epb4115
was increased in DAPT-treated embryos, whereas the stability of
HA-RFP was not affected (Fig. 7A). These observations are
consistent with increased stability of Epb4115 protein in embryos in
which a larger number of NPCs are selected to become neurons.

Epb41I15 and DeltaD compete for Mib1 binding to determine
the stability of Epb41I15

Next, we explored the mechanisms underlying Epb4l115
stabilization in NPCs selected to become neurons. Previous
studies showed that the N-terminal domain of Mibl binds to
Delta (Itoh et al., 2003; Chen and Casey Corliss, 2004; Palardy and
Chitnis, 2015). We showed that the same N-terminal domain
interacts with Epb4115 (Fig. 1C). This raised the possibility that
Epb4115 and Delta might compete for Mibl binding. Delta
expression dynamically changes during neurogenesis; Delta
expression is relatively high in NPCs selected to become neurons
and low in neighboring NPCs. If Delta and Epb4115 compete for
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Mibl binding, the amount of Delta in a cell could determine what
fraction of Mibl interacts with and degrades Epb415. This could
determine the relative stability of Epb4115 and its potential to
disassemble AJs in NPCs.

To test this hypothesis, we carried out a biochemical competition
assay in HEK293 cells. We examined whether co-expression of
DeltaD changes the amount of Epb4 115 interacting with Mib1 or the
stability of Epb4115. Myc-Mibl was co-immunoprecipitated with
Flag-Epb4115 and destabilized Flag-Epb4115 (Fig. 7B, lanes 2,3).
When HA-Delta was co-expressed, however, a smaller amount of
Myc-Mibl was co-immunoprecipitated with Flag-Epb4115 and
Flag-Epb4115 was stabilized (Fig. 7B, lanes 3-6). These results
suggest that increasing DeltaD expression can reduce the amount of
Mibl available to determine Epb4115 degradation in a cell. The
DeltaD-Mib1 interaction was also decreased when Epb4115 was co-
expressed (Fig. 7C), supporting our competition model. Taken
together, these results suggest that Epb41l5 and DeltaD can
compete for Mibl binding and that the abundance of Delta can
regulate the stability of Epb4115 in vitro. Increasing expression of
Delta in NPCs specified as neurons would be expected to capture
increasing proportions of Mibl, leaving less Mibl available for
ubiquitylation and degradation of Epb4115. Because of technical
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epb41I5+n-cadMO

Fig. 6. Reduced expression of n-cadherin rescues a
delay of delamination and differentiation of neurons in
epb41I5-deficient embryos. (A-F) Coronal sections
showing localization of HuC-expressing neurons in the
hindbrain. HuC-positive cells are only localized at the pial
side of the hindbrain in control MO- or 0.1 ng n-cadherin
MO-injected embryos. A fraction of HuC-positive cells are
mislocalized near the midline in epb41/5 morphants. The
mislocalization of HuC-positive cells is rescued by partial
knockdown of n-cadherin. The boxed areas in C’ and

D’ are enlarged in E and F, respectively. (G) Statistical
analysis of distribution of HuC-positive cells in the
hindbrain. Error bars represent s.d. n.s., not significant.
(H-S) DeltaD expression in the hindbrain. Lateral views.
After 4 h of DAPT treatment DeltaD expression is
increased. After 8 h of DAPT treatment, whereas DeltaD
expression is decreased in control embryos and
n-cadherin morphants, DeltaD expression persists in
epb4115 morphants. The persistent expression of DeltaD in
epb4115 morphants is rescued by partial knockdown of
n-cadherin.

.

epb41I15MO
+ ncadMO

limitations, we were not able to show in vivo that increasing Delta
expression stabilizes endogenous Epb4115 in individual NPCs
specified to become neurons. However, consistent with this
possibility, we showed that increasing the number of Delta-
expressing NPCs specified to become neurons stabilizes
exogenously provided Epb4115 (Fig. 7A).

DISCUSSION

We have shown that Mibl ubiquitylates Epb4115, promoting its
degradation. We have also shown that Epb4115 and DeltaD compete
to interact with Mib1, and that this competition can regulate Mib1-
dependent degradation of Epb41l5. These observations and
previous studies that have demonstrated a role for Epb4115 in
disassembly of AlJs in epithelial cells indicate a relatively simple
post-translational mechanism for helping the coordination of fate
specification, delamination and differentiation of neurons. We
suggest that the competition between Epb4115 and Delta for Mibl
binding could determine the stability of Epb4115 and hence its
potential to disassemble AJs in NPCs (Fig. 7D). NPCs selected to
become neurons express high levels of proneural factors and Delta.
In these cells, we suggest, a greater proportion of Mibl interacts
with Delta and less with Epb4115. This could reduce Mibl-
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Fig. 7. Epb4115 and DeltaD compete for Mib1 binding. (A) Epb4115 protein is stabilized in DAPT-treated embryos. mRNA encoding Myc-Epb4115 and HA-
mRFP was co-injected into wild-type embryos. Embryos were treated with DAPT for 4 h. HA-mRFP was used for standardization. (B) Co-expression with DeltaD
inhibits Epb4115-Mib1 interaction in HEK293 cells. When HA-Delta is co-expressed, a smaller amount of myc-Mib1 is co-immunoprecipitated with Flag-Epb4115in
a dose-dependent manner. No HA-Delta is co-immunoprecipitated by Flag-Epb4115. The destabilization of Flag-Epb4115 by Mib1 is rescued by co-expression of
HA-DeltaD. (C) Co-expression of Flag-Epb4115 reduces DeltaD-Mib1 interaction. When Flag-Epb4115 is co-expressed, a smaller amount of Myc-Mib1 is co-
immunoprecipitated with HA-DeltaD. No Flag-Epb415 is co-immunoprecipitated by HA-DeltaD. Mib1 or Epb4115 does not change the stability of HA-DeltaD. (D) A
model for how Epb4115 might coordinate specification and differentiation of NPCs selected to become neurons. In unspecified NPCs (yellow), with relatively low
levels of proneural factors and Delta, more Mib1 is available for ubiquitylation and degradation of Epb4115. The resulting relatively low level of Epb4115 might keep
AJCs stable. In NPCs specified to become neurons (orange), with high levels of proneural factors and Delta, a greater proportion of Mib1 interacts with Delta and
less with Epb4115. This might reduce Mib1-dependent Epb4115 degradation, allowing Epb4115 to accumulate and facilitate disassembly of AJCs and

differentiation of NPCs.

dependent Epb4115 degradation, allowing Epb4115 to accumulate
and facilitate disassembly of AJs and differentiation of NPCs. NPCs
that have not been selected to become neurons express relatively low
levels of proneural factors and Delta. In these cells, Mib1 will be
more likely to ubiquitylate and degrade Epb4115. The resulting
relatively low level of Epb4115 could keep AlJs stable, maintaining
their epithelial integrity in the neuroepithelium. Such a post-
translational mechanism would complement transcriptional
mechanisms previously described (Rousso et al.,, 2012) and
contribute to the effective coupling of specification of NPC as
neurons to disassembly of their neuroepithelial Als.

epb41l5-deficient embryos were characterized by the
mislocalization of differentiating neurons (Fig. 2N-Q). NPCs
specified as neurons remained for an extended period in an
intermediate state, whereby they continued to express DeltaD
(Fig. 4) and their differentiation as neurons was delayed (Fig. 3). We
believe that this problem is related to the previously described role
of Epb4115 in the disassembly of E-cadherin-based AJs in epithelial
cells at the onset of EMT (Lee et al., 2007; Hirano et al., 2008).
Support for this interpretation comes from the observation that a
partial knockdown of n-cadherin reduced the delay in neuronal
differentiation in epb4115-deficient embryos (Fig. 6). Why effective
disengagement of fate-determined NPCs from their neighbors
facilitates their eventual differentiation as neurons remains unclear
at this time.

Under normal circumstances, the ectopic expression of Epb4115
(Fig. 5) or the inhibition of N-cadherin function in an NPC (Zhang
et al., 2010: Rousso et al., 2012) promotes its differentiation as a

neuron. In this context, disengagement of NPCs from their
neighbors is likely to promote their neuronal specification, at least
in part, because the reduction of AJCs is expected to impair Delta-
Notch interactions at AJCs and make lateral inhibition from adjacent
NPCs less effective (Hatakeyama et al., 2014). Conversely, less
efficient disassembly of AJs of fate-specified NPCs in epb4115-
deficient embryos could permit persistent lateral inhibition from
neighboring cells, which might further delay neuronal
differentiation. However, this is unlikely because neuronal
differentiation was delayed in embryos in which lateral inhibition
had been already blocked (Figs 3, 4). Hence, the delay in neuronal
differentiation in epbh4115-deficient embryos is likely to be related to
some additional signaling interaction that persists when AJs are not
effectively disassembled.

Although our study has focused on changes related to less
effective disassembly of AlJs, we recognize that some changes in
epb4115-deficient embryos might be related to other functions of
Epb4115. A characteristic phenotype of epb4115-deficient embryos
is the aberrant morphology of the hindbrain, which is associated
with the failure of the organization of AJCs lining the putative
ventricular surface and subsequent failure in brain ventricle
inflation. These defects are believed to be associated with
functions of Epb4115 in limiting the distribution of Crb to the
apical/ventricular surface of the neural tube (Hsu et al., 2006;
Laprise et al., 2006; Gosens et al., 2007). These observations raised
the possibility that the disorganization of the neuroepithelium and
neural tube morphogenesis might contribute to the delays in
delamination and differentiation of neurons in eph4115-deficient
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embryos. However, transplanted epb4115-deficient cells in the wild-
type hindbrain showed a delay in neuronal differentiation (Fig. 5D).
This suggests that the delays in neuronal differentiation in epb4115-
deficient cells are cell-autonomous and the broader disorganization
of the hindbrain morphology is not the primary cause of the delays.
Although differentiation of epb4115-deficient cells was delayed, it is
not entirely clear that the delay in differentiation is only determined
by the delay in delamination. At least in some cases, differentiation
was also delayed in epb41/5-deficient cells that had apparently
delaminated (Fig. 5B). This raises the possibility that although a
Epb4115-dependent delay in delamination may contribute to a delay
in neuronal differentiation, other Epb4115-dependent mechanisms
may also contribute to this delay.

We have analyzed embryos that have a broad loss of Epb4115
functions and have described changes that are best understood in the
context of the specific role of Epb41l5 in delamination and
differentiation of NPCs. Although our observations did not suggest
a clear role for Epb4115 in Notch signaling, previous analysis of the
moe"™3% allele, which specifically lacks the ability to interact with
Crb, led to a different conclusion (Ohata et al., 2011). They
suggested that Crb directly interacts with Notch and inhibits its
activation, whereas Epb4115 reverses this inhibition by binding to
Crb. In this manner, Epb4115 facilitates Notch signaling. This
conclusion was supported with the observation that ser4 expression
was reduced in moe™3% mutants. However, we did not focus on
reduced expression of her4 as it was associated with cell death.
Furthermore, there were no other changes in either neurogenesis or
somitogenesis that were consistent with failure of Notch signaling.
Therefore, we could not conclude that changes we had described
were related to potential roles of Epb4115 in Notch signaling.

Can we reconcile these apparently contradictory conclusions?
Our study focuses on the potential role of Epb4115 in facilitating
delamination and differentiation of NPCs that have been selected to
become neurons. We suggest that NPCs, with relatively low levels
of Notch activation, selected to become neurons, express relatively
high levels of Epb4115. One possibility is that Epb4115 facilitates
their differentiation as neurons by facilitating delamination.
However, Epb4115 might have additional roles in NPCs that have
not been selected to become neurons. In these NPCs, Epb4115 might
interact with Crb and organize apicobasal polarity. Furthermore,
Epb4115 might interact with Crb in these NPCs to facilitate Notch
signaling by preventing interactions with Crb, as suggested by
(Ohata et al., 2011).

There is, however, an alternative explanation for why our
analysis of epb41l5 morphants might have come to a different
conclusion about a potential role of Epb4115 in Notch signaling.
Ohata et al. have examined changes in the moe™3% allele in
which Epb4115 lacks a domain required for its interaction with Crb
(Ohata et al., 2011). Hence, functions of Epb4115 that require Crb
interactions might be specifically impaired in moe™3% mutants. In
moe™3% mutants, Crb is aberrantly expressed on the cell surface,
which could inhibit Notch signaling. However, although the
Epb4115™3% mutant protein still binds to Mib1, we found that it is
not effectively ubiquitylated or degraded by Mibl (data not
shown). Therefore, it is possible that some changes observed in
moe™3% mutants might be the result of increased expression of a
stabilized version of Epb4115. One consequence of this could be
increased AlJs disassembly and an accompanying reduction of
Notch signaling. In this context, it would be interesting to
determine whether knockdown of epb4115 in moe™3% mutants
leads to a recovery of Notch signaling. Although we avoided
analysis of phenotypes associated with cell death, cell death is a
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real consequence of reduced Epb4115 function and previous
studies have also shown an increase in p53-dependent apoptosis
when Crb function is reduced (Yamaguchi et al., 2004).
Understanding the link between Epb41l5 and Crb, p53-
dependent apoptosis and changes in Notch signaling will require
further investigation.

MATERIALS AND METHODS

Plasmids

Zebrafish Epb4115 was purchased from Open Biosystems (BC066560).
Epb4115 full-length and truncated versions were PCR amplified and cloned
into pCS2-Flag expression vector. HA-Ubiquitin and Myc-Mib1 plasmids
were previously described (Itoh et al., 2003).

Yeast two-hybrid screen
The Ras Recruitment System (Broder et al., 1998) and human Fetal Brain
cDNA Library (Stratagene) were used.

Fish maintenance and lines

Fish lines were maintained under standard conditions (Kimmel et al., 1995).
The use of animals was approved by the Institutional Animal Care and Use
Committee at Rutgers and NIH. AB wild-type fish were obtained from
ZIRC. moe”*”® mutant line was obtained from Dr Westerfield (Jensen and
Westerfield, 2004). mib1'*?* and mibI™’® mutants were described
previously (Itoh et al., 2003). Male and female fish were used.

Morpholino antisense oligonucleotide micro injection

Morpholino oligonucleotides (Table S1) were purchased from Gene Tools.
p53 morpholino was co-injected to prevent p5S3-dependent cell death and
associated off-target effects of morpholinos (Robu et al., 2007).

Whole-mount in situ hybridization

Probes for in situ hybridization were labeled by digoxigenin-UTP (Roche).
In situ hybridization was performed as described previously (Matsuda and
Chitnis, 2009). BCIP/NBT substrate kit (Vector Laboratories) was used for
the coloration.

Whole-mount immunocytochemistry

Embryos were fixed with either 4% paraformaldehyde (PFA) in PBS
overnight (anti-Crb2a antibody) or with 10% trichloroacetic acid for 30 min
on ice (anti-DeltaD and anti-ZO-1 antibodies). Embryos were incubated with
primary antibodies (Table S2) overnight at 4°C. Embryos were then incubated
with Alexa488- or Cy3-conjugated secondary antibodies (715-165-151, 711-
165-152, 715-545-151, 711-545-152; Jackson ImmunoResearch) at 1:500.
An LSM510 confocal microscope (Zeiss) or an AI1R confocal microscope
system (Nikon) was used for imaging.

DAPT treatment

DAPT (50 uM; Calbiochem) was applied to embryos for the appropriate
durations as described in Results to block Notch signaling (Geling et al.,
2002). Control embryos were treated with DMSO.

Immunostaining of cultured cells

HEK293 and MCDK cells were purchased from ATCC. Cells were
transfected with FuGENE6 (Roche) following the manufacturer’s
instructions. Cells were fixed for 15 min with 4% PFA. Cells were
incubated with primary antibodies (Table S2) for 2 h and then incubated
with fluorescent secondary antibodies (715-165-151, 711-165-152, 715-
545-151, 711-545-152; Jackson ImmunoResearch) for 45 min.

Immunoprecipitation and western blotting

HEK?293 cells were harvested 24-48 h after transfection. Cell lysates were
incubated with primary antibodies (Table S2) and with protein G sepharose.
Beads were washed and boiled in SDS sample buffer for western blotting.
Chemiluminescent signals were quantified using a Chemidoc Bioimager
(Bio-Rad).
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In vitro transcription and mRNA preparation for microinjection

pCS2-myc-Epb14115 and pCS2-myc-membGFP plasmids were linearized
by Notl. Capped mRNAs were in vitro synthesized using mMessage
mMachine SP6 kit (Ambion). After purification using G-25 spin columns
(GE BioHealth), mRNAs were microinjected into one-cell-stage embryos.

DNA microinjection and heat-shock treatment

GFP-Epb4115 and myc-membGFP were inserted downstream of the
heat shock protein 70 promoter. Plasmid DNAs were microinjected into
one-cell-stage embryos. At 24 hpf, embryos were heat-shock treated by being
placed in a 42°C water bath for 30 min. After a 6 h incubation, embryos were
immunostained with anti-HuC and anti-myc antibodies (Table S2).

Transplantation

Control morpholino or epbh4115 morpholino was microinjected into one-
cell-stage embryos together with p53 morpholino and mRNA encoding
Myc-membGFP. Twenty to thirty cells were transplanted from donor
embryos into host wild-type embryos at 4.5 hpf. Embryos at 32 hpf were
immunostained with anti-HuC and anti-myc antibodies (Table S2).

Quantification and statistical analyses

Quantification of fluorescence signal in whole-mount immunostained
embryos was performed by analyzing individual single-plane images.
The integrated fluorescence intensities of anti-ZO-1 and anti-HuC
immunostaining in the hindbrain were measured using ImageJ software.
The hindbrain regions were defined by anti-B-catenin immunostaining. The
one-tailed #-test was performed for comparison of individual groups using
GraphPad software.
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