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RBX2 maintains final retinal cell position in a DAB1-dependent

and -independent fashion
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ABSTRACT

The laminated structure of the retina is fundamental for the
organization of the synaptic circuitry that translates light input into
patterns of action potentials. However, the molecular mechanisms
underlying cell migration and layering of the retina are poorly
understood. Here, we show that RBX2, a core component of the E3
ubiquitin ligase CRLS5, is essential for retinal layering and function.
RBX2 regulates the final cell position of rod bipolar cells, cone
photoreceptors and Muller glia. Our data indicate that sustained
RELN/DAB1 signaling, triggered by depletion of RBX2 or SOCS7 —a
CRLS5 substrate adaptor known to recruit DAB1 — causes rod bipolar
cell misposition. Moreover, whereas SOCS7 also controls Muller glia
cell lamination, it is not responsible for cone photoreceptor
positioning, suggesting that RBX2, most likely through CRL5
activity, controls other signaling pathways required for proper cone
localization. Furthermore, RBX2 depletion reduces the number of
ribbon synapses and disrupts cone photoreceptor function. Together,
these results uncover RBX2 as a crucial molecular regulator of retina
morphogenesis and cone photoreceptor function.

KEY WORDS: Retina development, Neuron migration, CRL5, RBX2,
DAB1

INTRODUCTION
The mammalian retina, similar to other regions of the central
nervous system (CNS), develops from a pseudostratified
neuroepithelium into a laminated tissue in which neuronal
subtypes are arranged in distinctive layers: the outer nuclear layer
(ONL) comprises cone and rod photoreceptors; the inner nuclear
layer (INL) contains bipolar, horizontal and amacrine cells as well
as Muller glia cell bodies; and the ganglion cell layer (GCL)
contains the somas of the retinal ganglion cells and displaced
amacrine cells. The processes of these different neurons are stacked
in alternating layers; hence the cell bodies are located in the ONL,
INL and GCL, and the processes and synaptic contacts in the outer
plexiform layer (OPL) and inner plexiform layer (IPL) (Kolb et al.,
1992; Rodieck, 1973).

During retinal development, all progenitor cells exit the cell cycle
at the most apical part of the retina and, therefore, newborn post-

"Department of Cell Biology and Human Anatomy, University of California Davis, CA
95616, USA. “Department of Ophthalmology and Vision Science, University of
California Davis, CA 95616, USA.

*Co-senior authors

*Author for correspondence (ssimo@ucdavis.edu)

S.S., 0000-0002-8344-0313

Received 23 May 2017; Accepted 28 December 2017

mitotic cells need to migrate different distances until they reach their
final layer (Baye and Link, 2008; Chow et al., 2015; Edqvist and
Hallbook, 2004; Morgan et al., 2006). Several modes of migration
have been described, including somal translocation, multipolar and
bipolar migration (Chow et al., 2015; Edqvist and Hallbook, 2004;
Icha et al., 2016; Krol et al., 2016); however, the molecular
mechanisms that regulate the mode of migration, persistence or
migration termination remain for the most part elusive.

The extracellular glycoprotein reelin (RELN) is essential during
neuron migration in the CNS (Rice and Curran, 2001; Tissir and
Goffinet, 2003), and Reln mutant mice (reeler) exhibit severe
patterning defects (Goffinet, 1983; Lambert de Rouvroit and
Goffinet, 1998; Miyata et al., 1997; Tissir and Goffinet, 2003).
However, although RELN and its downstream effectors are also
expressed in the retina (Rice and Curran, 2000; Trotter et al., 2011),
no gross migration defects have been reported in the retinas of reeler
mice (Rice and Curran, 2001).

Binding of RELN to its receptors, APOER2 and VLDLR,
promotes the phosphorylation of the adaptor protein DAB1 by the
tyrosine kinases FYN and SRC, transducing the RELN signal to the
soma (Arnaud et al., 2003b; Trommsdorffet al., 1999). Importantly,
DABI tyrosine phosphorylation (pY-DABI) also triggers its own
degradation in a proteasome-dependent manner, terminating
RELN/DABI signaling (Arnaud et al., 2003a).

The cullin 5 (CUL5)-RING E3 ubiquitin ligase (CRLS5) is the
multiprotein complex responsible for polyubiquitylating and
targeting pY-DABI1 for degradation (Feng et al., 2007; Sim6 and
Cooper, 2013; Simo et al., 2010). CRLS5 nucleates on the CULS
backbone (Fig. 1A). On its C terminus, CULS5 binds the RING
protein RBX2 (also known as RNF7), which recruits Ub~E2
enzyme (Petroski and Deshaies, 2005). On its N terminus, CULS
binds to the elongin B/C (ELOB and ELOC) proteins to promote
association with substrate adaptor proteins responsible for binding
and recruiting targeted substrates (Okumura et al., 2016). To date, at
least 38 different substrate adaptors have been identified for CRLS,
including eight SOCS proteins (SOCS1-SOCS7 and CISH) that can
bind to tyrosine-phosphorylated substrates through an SH2 domain
(Okumura et al., 2016). It has been previously shown that SOCS6
and SOCS7 bind and target DAB1 for degradation in the neocortex
(Lawrenson et al., 2017; Simo and Cooper, 2013). Importantly,
depletion of RBX2, which renders CRLS inactive, results in the
accumulation of pY-DABI and subsequent dispersion of cortical
projection neurons. Similarly, normal cerebellar development also
requires RBX2. However, proper cerebellar layering does not
require SOCS7, highlighting the importance of different SOCS
adaptors (Sim6 and Cooper, 2013).

Here, we provide evidence that all the different components of
CRLS are expressed in the murine eye and that loss of RBX2 results
in microphthalmia, ptosis and cataracts. We further demonstrate that
RBX2 regulates the final position of rod bipolar cells (rBCs), cone
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Fig. 1. Several proteins of the CRL5 complex are
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CPCI’\'/I77 expressed in the developing retina. (A) CRL5 diagram.
20.40 SOCS7 is an example of CRL5 substrate adaptor protein
3.05 bound to tyrosine-phosphorylated DAB1 (pY-DAB1), one of
50.67 its bona fide substrates. (B) Heat map showing RNA-seq
142.53 analysis of CRL5 genes in P15 retinas. Data have been
30.39 normalized and are expressed as counts per million reads
(CPM). (C-M) Expression pattern of Rbx2 and Dab7 mRNA
1;;:2 analyzed by in situ hybridization. Paraffin sections of E16
46..01 wild-type retinas were hybridized with Rbx2 (C) and Dab1 (E)
58.97 antisense probes. Rax antisense probe (G) was used as
92.94 positive control. Paraffin sections of P15 wild-type mouse

retinas were hybridized with Rbx2 (H,l) and Dab1 (K,L)

photoreceptors and Muller glia cells (MGCs). In absence of RBX2,
rBCs change their position after reaching their intended location at
the top of the INL at late stages of development. We also
demonstrate that RBX2 depletion causes accumulation of pY-
DABI in All-amacrine cells and that reduction of DAB1 levels in
RBX2 mutant retinas rescues rBC position. Finally, we show that
RBX2 regulates cone ribbon synapses and cone function. Our
results support a key role for RBX2, most likely through CRLS
activity, in retina morphogenesis and cone function.

RESULTS

CRLS5 expression in the developing retina

In order to address the role of CRLS in retinal development, we first
determined whether the different components of the CRLS complex
are expressed in the retina and whether their expression changes
across developmental ages. We focused on the SOCS subfamily of
CRLS5 substrate adaptors because they have been shown to
participate in the development of the CNS (Lawrenson et al.,
2017; Sim6 and Cooper, 2013). RNA sequencing (RNA-seq) data
of postnatal day (P) 15 retinas indicated that Cul5, Rbx2, Elob and
Eloc (also known as Tceb2 and Tcebl, respectively) are highly
expressed in the retina, whereas different SOCS adaptor genes show
different expression levels: SOCS1 and SOCS3 mRNAs exhibit the
lowest expression levels whereas SOCS7 and SOCSS are the most

| Rbx2 H be2-sense|| Dab1 " Dab1-senseﬂ_ Rax antisense probes. Rbx2 is ubiquitously expressed in the
5 e | > e AR retina, whereas Dab1 expression was highest in the
D . F NbL | g innermost part of the INL (arrows). Sense probes were used
i | as controls (D,F,J,M). NbL, neuroblastic layer; L, lens; ONL,
52 i outer nuclear layer; INL, inner nuclear layer; GCL, ganglion
L [l L cell layer; epi, epithelium of the lens; fib, lens fibers. Scale
! : ~ bars: 200 pm.
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abundant SOCS mRNAs in the retina (Fig. 1B). In order to assess
developmental expression changes, wild-type retinas were isolated
from embryonic day (E) 13, E16, PO and P7 mice, and subjected to
RT-qPCR analyses. Cul5 and Rbx2 mRNAs are already detected
at EI3 and are continuously expressed throughout retinal
development, with Cul5 levels slightly increasing from E13 to P7
(Fig. S1). Conversely, SOCS adaptor genes are expressed at varying
levels across development. Socs3, Socs7 and Cish expression levels
increase during retinal development, with Socs7 exhibiting the
highest change (Fig. S1, over a ninefold increase between E13 and
P7), whereas the other SOCS family members do not exhibit
significant differences across ages, suggesting that the expression of
different SOCS adaptor proteins are differentially regulated during
retinal development.

To gain insights into the expression pattern of Rbx2, we
performed in situ hybridization at two different time-points. At
E16, Rbx2 mRNA showed high expression levels in both the
neuroblastic layer (NbL) and the GCL, as well as in the developing
lens, but not in the retinal pigmented epithelia or the cornea
(Fig. 1C,D). In adult tissues, Rbx2 mRNA was ubiquitously
expressed in all retinal layers, with the highest levels of expression
detected in the INL, and also in the epithelium and secondary lens
fibers (Fig. 1H-J). In situ hybridization using a Rax probe was used
as a positive control (Fig. 1G) (Furukawa et al., 1997). Together,
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these results indicate that CRL5 components, including RBX2, are
expressed in the developing and adult eye.

RBX2-deficient mice exhibit microphthalmia, cataracts and
eyelid abnormalities

As described previously, floxed Rbx2 mice (Rbx2 f1/f]) crossed with
Nestin-Cre (Rbx2cKO-Nes) resulted in viable but smaller animals
(Fig. 2A). The Rbx2cKO-Nes mice develop progressive
hydrocephalus, die around the third postnatal week, and exhibit
lamination defects in the neocortex and the cerebellum (Sim6 and
Cooper, 2013). Interestingly, Rbx2cKO-Nes mice also showed eye
phenotypes with signs of eyelid ptosis presented as a significant
reduction in the palpebral fissure height in both eyes as early as P15
(Fig. 2B). Because ptosis may be a secondary effect of
microphthalmia, as smaller globes do not support the eyelids, we
measured the size of the Rbx2cKO-Nes eyeballs in comparison with
control littermates at PO. We chose PO because at this stage there was
no significant weight difference between Rbx2cKO-Nes and
controls (Rbx2 fI/fl) (Sim6é and Cooper, 2013). Control and
Rbx2cKO-Nes eyes were dissected at PO, and axial length
(anterior-posterior) and equatorial diameter (superior-inferior or
nasal-temporal) were measured. A percentage of Rbx2cKO-Nes
eyes were moderately smaller than the controls and, often, the
observed microphthalmia was asymmetrical (Fig. 2C), suggesting
that the penetrance of this phenotype might be variable and that the
ptosis is not caused by the underdevelopment of the eyes because all
Rbx2 mutants exhibit eyelid defects. There were no differences in
the size of the Rbx2cKO-Nes lenses compared with control
littermates. However, at P15, some Rbx2 mutant lenses showed
opaque spots clustered at the core of the lens but not in the cortex
(Fig. 2D). These observations indicate that RBX2 is required for
proper lens transparency and that it is involved in the normal
development of the eyelids and retina.

Rbx2cKO-Nes retinas accumulate DAB1 in type Il amacrine
cells and in the epithelium and secondary fiber cells of the
lens

Given that CRLS is expressed in the retina, we next asked whether
it participates in RELN/DABI signaling in the developing eye.
RELN is known to be expressed in several cell types of the retina,
including retinal ganglion cells, amacrine cells and cone bipolar

cells, whereas DAB1 expression has been proposed to be exclusive
to type II (All)-amacrine cells at postnatal ages (Rice and Curran,
2000). First, we used in situ hybridization to analyze the
expression pattern of Dabl in the retina (Fig. 1E,F,K-M). We
detected Dabl mRNA in the retina earlier than previously
described (E16, Fig. 1E) and the expression persisted until late
postnatal stages (P15, Fig. 1K,L). At E16, the highest expression
levels of Dabl were detected in retinal progenitors (Fig. 1E),
whereas at P15 Dabl mRNA was strongly detected in the inner
part of the INL where All-amacrine cells reside (Fig. 1K, arrows),
in agreement with previous reports (Rice and Curran, 2000).
Notably, Dabl mRNA was observed in a punctate distribution in
other areas of the retina, particularly in the ONL and, to a lesser
degree, in the GCL (Fig. 1K), as well as in the epithelium and fiber
cells of the lens (Fig. 1L).

To test whether RBX2 regulates DAB1 turnover in the retina, P15
retinas from control and Rbx2cKO-Nes littermates were analyzed
by western blotting (Fig. 3A-C). As expected, Rbx2 deletion (lanes
2,4 and 5, Fig. 3A) disrupted RBX2 expression but it also induced
accumulation of DAB1. Immunoprecipitation experiments using a
DABI antibody combined with western blot for phospho-tyrosines
confirmed that, in the Rbx2cKO-Nes, DAB1 accumulates in its
active, phosphorylated form (Fig. 3B). Interestingly, the tyrosine
kinase FYN also accumulated in the absence of RBX2, suggesting
that RBX2 controls the turnover of both DAB1 and FYN proteins in
the retina (Fig. 3A-C). To identify the cells in the retina that
accumulated DABI1, we performed immunofluorescence on
Rbx2cKO-Nes and control retinas. DAB1 accumulated in All-
amacrine cells (Fig. 3D-E’) and, most prominently, in the distal
dendrites of these cells. DAB1 also accumulated in the cytoplasm of
the lens epithelium and inside the nuclei of the secondary fibers of
the lens (Fig. 3F-G’). Together, these findings indicate that RBX2,
most likely through CRLS activity, regulates DAB1 and FYN
turnover, and participates in the termination of RELN/DABI
signaling in the eye.

RBX2 deficiency leads to layering defects in the retina in a
DAB1-dependent and -independent fashion

We next asked whether absence of RBX2, and subsequent
accumulation of pY-DABI, altered the distribution of neurons in
the retina. Depletion of RBX2 did not affect the gross morphology

Fig. 2. Macroscopic phenotypes in Rbx2cKO-Nes
mice. (A,B) Rbx2cKO-Nes mice are unable to thrive and
show abnormal eye lids. Comparison between control

heterozygous (Het) and Rbx2cKO-Nes (cKO-Nes)
littermates at P20. (C) Rbx2cKO-Nes animals exhibit
moderate microphthalmia. Comparable sagittal
sections of PO retinas stained with Hematoxylin and
Eosin (left), and scatter plots of length (L, anterior-
posterior) and equatorial diameter (D, nasal-temporal)
measurements. Control, n=7; Rbx2cKO-Nes, n=5.

(D) Rbx2cKO-Nes mice develop cataracts. Images of
dissected lenses of P20 Rbx2cKO-Nes and control
heterozygous litermates. Scale bars: 1 mm. P-values
were obtained using Student’s t-test. *P<0.05.
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Fig. 3. RBX2 depletion inactivates CRL5 and triggers the accumulation of
phosphorylated DAB1 in the retina and lenses. (A) Rbx2cKO-Nes retinas
accumulate DAB1 and FYN. Western blot comparison of dissected retinas
from Rbx2cKO-Nes (lanes 2, 4 and 5) and control littermates (lanes 1, 3 and 6).
(B) The phosphorylation status of DAB1 was examined by immunoprecipitation
experiments with DAB1 antibody followed by western blot with anti-phospho-
tyrosine (4G10) and total DAB1 as loading control. (C) Densitometric analyses
of three independent experiments normalized to actin. Data are meanzs.d.

P values were obtained using Student’s t-test. *P<0.05, **P<0.01. (D-G’)
DAB1 accumulates in All-amacrine cells in the retina (D-E’) and in the
epithelium of the lens and lens fibers (F-G’). P15 retinal sections of Rbx2cKO-
Nes and control littermates were immunolabeled with DAB1 (green) and nuclei
were counterstained with DAPI (blue). ONL, outer nuclear layer; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; Epi, lens
epithelium; fib, lens fibers. Scale bar: 100 uym.

of the retina and all the major retinal cell types were present.
Absence of RELN or DABI in the retina is known to disrupt
dendritogenesis of All-amacrine cells, reduce the total number of
rBCs, and alter axon elongation/stabilization of the remaining rBCs
(Rice and Curran, 2000). These phenotypes may be interconnected,
given that All-amacrine cells are the postsynaptic partners of the
rBCs (Hoon et al., 2014; Marc et al., 2014). Wild-type rBCs
(OTX2", PKCo") localize at the apical side of the INL and extend
their axons to the IPL, where they establish synaptic contacts with
All-amacrine cells (Fig. 4A,A"). Absence of RBX2 resulted in rBC
misplacement to the inner half of the INL at P15 (Fig. 4B,B").
Quantification of rBC distribution showed that in Rbx2cKO-Nes
retinas more than 10% of rBCs were ectopically localized at the
inner half of the INL in comparison with fewer than 1% in control
retinas (control=0.76+1.66% versus Rbx2cKO-Nes=11.23+4.27%
of cells in the inner half of the INL, Fig. 4E). In wild-type mice, by
P14 rBCs have achieved their mature morphology, with apical
dendrites contacting the OPL (Elshatory et al., 2007; Shen et al.,
2016). Compared with the complex dendritic arbors of the cells
located at the top of the INL, the displaced rBCs exhibit simpler
shorter dendritic protrusions that often appear to be incorrectly
polarized (arrows in Fig. 4C-D’ and Fig. S2). In contrast, the axons
of the displaced rBCs do not seem to be affected; similar to the
controls, all RBX2-deficient rBC axons terminate at the ON
sublamina of the IPL and exhibit the characteristic polymorphic
oval swellings at the axon endings (Fig. 4C-D’). Moreover, RBX2
depletion did not trigger cell death (Fig. S2D).

During normal retinal development, rBCs migrate beyond their
final position towards the vitreal side of the INL to later backtrack
their path to the apical side (Morgan et al., 2006). Misposition of
rBCs described in Rbx2cKO-Nes retinas could be a result of
inefficient backward migration or altered positioning after rBCs
cells have reached their final position. In order to distinguish
between these two possibilities, we collected Rbx2cKO-Nes
retinas at P9, a time point when almost all wild-type rBCs have
reached their final position, P15 and P21, and determined rBC
localization. At P9, no significant differences were observed
between Rbx2cKO-Nes and control rBCs, with most of the cells in
both cases localized at the apical side of the INL (Fig. 4E),
suggesting that normal rBC migration was unaffected by RBX2
depletion (control=3.07+0.61% and Rbx2cKO-Nes=7.58+2.32%).
However, at later time points (P15 and P21), an increasing number of
misplaced rBCs were observed (P21 control=0.725+1.35% vs P21
Rbx2cKO-Nes=16.08+5.6%, Fig. 4E), suggesting that, in Rbx2
mutant retinas, the ectopic localization of the rBCs occurs after their
normal migration period.

To assess whether accumulation of DAB1 was responsible for the
phenotype observed in RBX2 mutant rBCs, we crossed Rbx2cKO-
Nes mice with Dabl heterozygous mice (Howell et al., 1997).
DABI accumulation in Rbx2cKO-Nes; Dabl "'~ mice was reduced
at least fourfold in comparison to Rbx2cKO-Nes mice (Sim6 and
Cooper, 2013). Reducing DAB1 accumulation in Rbx2cKO-Nes
retinas by removing one copy of Dabl rescued rBC displacement
(Fig. 4E), indicating that DAB1 accumulation is necessary for the
displacement of rBCs and further suggesting that proper termination
of RELN/DABI signaling is crucial for rBC lamination. Next, we
tested whether RBX2 depletion in rBCs was sufficient to cause rBC
misposition (cell-autonomous effect), we crossed our Rbx2 fl/fl
mice with Crx-Cre mice (Rbx2cKO-Crx), in which Cre expression
is restricted to bipolar and photoreceptor cells, and not present in
amacrine cells (Prasov and Glaser, 2012). Rbx2cKO-Crx mice are
viable and survive to adulthood. Rbx2cKO-Crx mice show a strong
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Fig. 4. Absence of RBX2 leads to abnormal rod bipolar lamination.
(A-D’) Many rBCs are ectopically located in Rbx2cKO-Nes retinas. P20 control
and Rbx2cKO-Nes retinas were immunostained using PKCo (red) and OTX2
(green) antibodies, and nuclei were counterstained with DAPI (blue). Note the
presence of displaced PKCo" OTX2* rBCs in the Rbx2cKO-Nes samples
(arrows in B,B’). (C-D’) High-magnification views of PCKo OTX2 staining
revealed defects in rBC dendrites (arrows). A small fraction of PKCo* OTX2~
amacrine cells were identified in some samples (yellow stars in A-C’). (E) rBC
misplacement worsens over time and requires accumulation of DAB1.
Quantification of the percentage of PKCo" OTX2* cells localized in the vitreal
half of the INL in control mice (P9, n=3; P15, n=5; P21, n=7), Rbx2cKO-Nes
(P9, n=3; P15, n=7; P21, n=5) and Rbx2cKO-Nes; Dab1*~ (P21, n=3).
P-values were obtained using one-way ANOVA with Tukey’s post-hoc test.
ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.
Scale bars: 100 um in A-B’; 15 ym in C-D’.

but incomplete decrease in RBX2 expression, consistent with Crx-
specific RBX2 knockout, and did not show accumulation of DAB1
or FYN, or increased cell death (Fig. S3C-F and S2D).
Immunofluorescence analyses confirmed that DABI1 levels and
expression pattern in Rbx2cKO-Crx retinas were no different from
the controls (Fig. S3A-B’). When we analyzed the final position
of rBCs in Rbx2cKO-Crx retinas, no differences from control

littermates were observed (Fig. S3G-I). Together, these data indicate
that RBX2 is required to hold rBCs at the outermost part of the INL
and that final rBC position is controlled through a non-cell
autonomous mechanism.

RBX2 is necessary for proper position and function of cone
photoreceptors

We also analyzed the cell position of other retinal populations.
Although we did not detect differences in rod photoreceptors, Rbx2
mutant cone photoreceptors were ectopically located from the outer
side of the ONL, where they normally reside, to more inner
positions within the ONL (Fig. 5A-C’, arrowheads). Interestingly,
many of these displaced cone photoreceptors showed a disrupted
outer segment and redistribution of S-Opsin towards the cell body,
suggesting defects in intracellular protein trafficking (Fig. SH,H").

Remarkably, in the Rbx2-mutant retinas, we also observed cone
arrestin® cells outside the ONL and, although these displaced cells
often remained in the OPL, we also identified cone arrestin™ cells in
the INL, IPL and even in the GCL (Fig. 5C,C’, arrow). To confirm
that the cone arrestin™ neurons outside the ONL were cones, we co-
stained Rbx2cKO-Nes retinas with cone arrestin antibodies together
with antibodies against other well-known cone markers, such as
OTX2 and OPN1SW (S-opsin). Displaced cone arrestin* cells were
positive for OTX2 (Fig. 5D-D”) and S-Opsin (Fig. 5G-G”),
confirming that these cells are indeed cone photoreceptors. To
measure the extent of displacement, we measured the position of
each individual cone arrestin® cell in the ONL as the ratio (x/y) of
the distance from the nucleus to the top of the ONL/outer limiting
membrane (x), and the thickness of the ONL in that region of the
retina (y) (Fig. 5E); accordingly, a cone located at the outermost
layer of the ONL would obtain an x/y value close to 0, and a cone
located at the innermost side of the ONL (closer to the OPL) would
obtain an x/y value close to 1. Although most cones are located at
the outer side of the ONL in the control retinas (average x/y
ratio=0.1140.012, n=120), we observed a significant increase in the
x/y ratio values in the Rbx2cKO-Nes retinas (average X/y
ratio=0.1807+0.01257, n=167). Additionally, we counted all cone
arrestin® cells outside the ONL at P20. Depletion of RBX2
significantly increased the amount of cones outside the ONL in
comparison with control littermates (control=10344.58 cells/retina
versus Rbx2cKO-Nes=270+39.2 cells/retina, n=5 per genotype,
P=0.000125, Student’s t-test) (Fig. 5F). Next, we asked whether
sustained RELN/DABI1 signaling was responsible for cone
displacement observed in Rbx2cKO-Nes retinas. We analyzed the
distribution of cones in Rbx2c¢KO-Nes; Dabl "~ mice and found
that reduction of DABI1 levels did not rescue cone displacement
(Fig. S4). Moreover, we also observed a similar cone displacement
between Rbx2cKO-Crx and Rbx2cKO-Nes retinas (Fig. 6A-J),
even though no DAB1 accumulation was observed in the former
(Fig. S3A-D). These results indicate that RBX2 regulates cone
position independently of RELN/DABI signaling.

To test whether RBX2 depletion affected retinal function, we
used electroretinogram (ERG) recordings, which measures
electrical responses of various retinal cell types, including rod and
cone photoreceptors, to determine the physiological responses upon
light stimulation. Given the early lethality of the Rbx2cKO-Nes
mice, we used Rbx2cKO-Crx mice to perform the ERG recordings
(Fig. 6). Rod-driven ERGs in response to a saturating flash were
undistinguishable between wild-type and RBX2-depleted rod
photoreceptors, reflecting normal rod function (Fig. 6K, Table 1).
However, cone-driven ERGs in response to saturating flash showed
a significant reduction of the maximal amplitudes of cone-driven b-
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wave (Fig. 6L,M, Table 1). Moreover, in the same context, we also
observed a reduction of cone-driven a-wave, although the
differences were not statistically significant (Fig. 6L.,M, Table 1).
To further understand the defects of RBX2 depletion, we
determined the population average intensity-response function of
cone-driven ERGs and found that no differences were detected
between control and Rbx2 mutants (Fig. 6N-P, Table 1). Overall, our
results support reduced cone-mediated signaling in Rbx2cKO-Crx
animals.

To determine how RBX2 depletion may be affecting cone
function, we focused on cone pedicles, which are the synaptic
terminals of cones, and used immunofluorescence against ribeye, a
protein associated with ribbon synapses (Schmitz, 2009). We
stained wild-type and Rbx2cKO-Nes retinas using a ribeye
antibody and observed a noticeable reduction of ribeye signal in
Rbx2-mutant retinas in comparison with their wild-type counterparts
(Fig. S5A-D). To confirm the reduction of ribbon synapses, we
performed electron microscopy (Fig. SSE-I). RBX2 depletion
caused a decrease in the percentage of cone pedicles where ribbons
could be observed (Fig. S5E,F,H), whereas rod spherules were no
different between genotypes (Fig. SSE-G). Together, these data
indicate that RBX2 is important for preserving proper cone location
and function.

Control Rbx2cKO-Nes

= Cones in INL/IPL
® Cones in GCL

Fig. 5. RBX2-deficient retinas show cone photoreceptor
defects. (A-C’) P20 retinas of control and Rbx2cKO-Nes mice
labeled with antibodies against cone arrestin (green) and
counterstained with DAPI (blue). Note the ectopic position of
some cones in Rbx2cKO-Nes retinas (arrowheads in B-C’).
Arrows in C,C’ indicate ectopic cone outside the ONL.
(D-D”,G-H’) Ectopic cone arrestin® cells express other cone
photoreceptor markers and show morphological defects.
Control and Rbx2cKO-Nes P20 retinas were co-
immunolabeled with anti-cone arrestin (green) together with
anti-OTX2 (red in D-D”) or anti-S-Opsin (SOP) (red in G-H’)
and counterstained with DAPI (blue). D’,D” and G',G" are
high-magnification views of the areas boxed in D and G,
respectively. The cone arrestin® cells localized outside the
ONL co-expressed OTX2 (arrows in D’,D”) and SOP (arrows in
G’,G”). Many cone arrestin® cells in the ONL show a disrupted
outer segment and redistribution of S-opsin towards the cell
body (arrows in H,H’). (E) Scatter plot of the position of all cone
nuclei obtained from three high-magnification images of
different retinas (n=3 for each genotype; control=120 and
Rbx2cKO=167 cone arrestin® cells). The position of each
individual nucleus in the ONL was recorded as the ratio (x/y) of
the distance from the nucleus to the OLM (x) and the thickness
of the ONL in that region of the retina (y). (F) Quantification of
cone arrestin® cells outside the ONL/OPL. Data are indicated
as number of cells per retina. Control, n=3; Rbx2cKO-Nes, n=3.
**P<0.01, ***P<0.001 by Student’s t-test. ONL, outer nuclear
layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale
bars: 100 pm in A-C’,D,G; 25 ym in D’,D",G",G",H,H".

p=0.003
ke

RBX2 regulates position and reactivity of Muller glial cells
MGCs are the principal glial cells of the retina. They provide
mechanical support and can respond to retinal injury by changing
their morphology, biochemistry, and physiology (Bringmann et al.,
2006). In wild-type retinas, MGCs span across the entire thickness
of the retina and have their nuclei stereotypically localized in the
middle of the INL (Bringmann et al., 2006). Given that many cones
were ectopically localized in Rbx2cKO-Nes mice and that
alterations in the MGCs can affect the OLM and consequently,
photoreceptor behavior (Shen et al., 2012; Ueki et al., 2015), we
analyzed the status of the MGCs in RBX2 mutant retinas.
Immunostainings against the MGC markers LHX2 and SOX2
detected foci of MGCs displaced to the OPL and even in the ONL
(Fig. 7A.B and 7C’,D"). However, the general morphology of the
MGCs was comparable to control retinae, including proper inner
and outer processes, and endfeet structures in the inner limiting
membrane (Fig. 7A’-B”). Interestingly, some displaced MGCs were
positive for GFAP (Fig. 7C-D”), indicating that absence of RBX2 in
the retina leads, directly or indirectly, to the expression of proteins
associated with reactive gliosis. Interestingly, we also found
displaced MGCs in Rbx2cKO-Nes; Dabl "'~ retinas (Fig. S4B,B’,
yellow arrowhead), suggesting that mislocalization of RBX2 mutant
MGC:s is independent of RELN/DABI signaling.
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Fig. 6. Reduced cone function in Rbx2cKO-Crx mice. (A-J) P20 retinas from
control (B,E,H), Rbx2cKO-Nes (C,F,l) and Rbx2cKO-Crx (D,G,J) mice were
flat-mounted and immunostained using cone arrestin antibodies. (A) Pictures
of the flat-mount were taken at the cone nuclear (B-D), cone axon (E-G) and
cone pedicle (H-J) level. Similar to Rbx2cKO-Nes retinas, cones in Rbx2cKO-
Crx retinas were found displaced throughout the ONL (F,G) and at the ONL/
OPL border (l,J). Arrows indicate ectopic cone photoreceptor cell bodies.

(K) Rod-driven ERGs in response to a saturating flash (3.3x10% photons pm=2)
were indistinguishable between Rbx2cKO-Crx (red) and control (black)
littermates, reflecting normal rod function. (L) Cone-driven ERGs in response
to a saturating flash (1.5%10° photons um~2) delivered on top of a rod-
suppressing background (4.5x10° photons um~2 s~ revealed that the loss of
Rbx2 expression reduced the maximal amplitudes of the cone-driven a- and b-
waves by ~20%. Solid traces are population means; the shaded areas are
s.e.m. (M) Individual determinations of maximal cone-driven a- and b-wave
amplitudes. Data represent meanzts.e.m. for each genotype. (N) Cone-driven
ERGs in response to flashes of increasing intensity (1.4x10%-1.7x10°
photons pm~2) were used to determine population average intensity-response
functions. (O,P) Normalized cone-driven a-wave intensity-response
functions (O) and normalized cone-driven b-wave intensity-

response functions (P) reveal no reliable difference in overall cone sensitivity.
Data points are the meants.e.m. and were fitted by Hill functions with
coefficients of 1.0 (a-waves) and 1.5 (b-waves). n=7 animals per genotype
(K-P) Scale bars: 30 ym.

In several human retinopathies, loss of MGCs alters homeostasis
and survival of photoreceptors, and, similarly, loss of
photoreceptors activates MGCs (Bringmann et al., 2006). We
further assessed whether the cone and MGC phenotypes were
geographically correlated. Although, in some cases, foci of reactive
MGCs were in the same area as displaced cones, this was not a
generalized observation and we were not able to conclude that
displaced MGCs affect cone location or vice versa.

CRL5 uses the substrate adaptor SOCS7 to regulate rod
bipolar cell and Muller glia cell positioning

Finally, to determine whether pY-DAB1 accumulation is sufficient
to induce retinal cell displacement, we analyzed the retinal
lamination and morphology of Socs7 mutant retinas. In these
animals, only the turnover of SOCS7-CRLS5-specific substrates is
affected. Thus, depletion of SOCS7 can induce accumulation of
pY-DABI without affecting the overall CRLS activity. As expected,
pY-DABI accumulated in the absence of SOCS7 but, interestingly,
we did not observe a similar accumulation of FYN (Fig. 8A,B).
DAB1 accumulation in Socs7 mutant retinas was detected mainly in
All-amacrine cells (Fig. 8C-D’). Despite the observation that
pY-DABI accumulated at similar levels to those seen in Rbx2cKO-
Nes retinas (Fig. 3C), rBC localization in Socs7 mutant mice was
affected to a lesser degree (Fig. 8G, Rbx2cKO-Nes=11.23+4.27%
vs Socs7 KO=4.01£2.43%). These results suggest that other
SOCS7-independent RBX2-dependent substrates are involved in
rBCs localization besides DAB1. Next, we analyzed the localization
of cone photoreceptors and MGCs in Socs7 mutants. Whereas
localization of cone photoreceptors was not disrupted in the absence
of SOCS7 (Fig. 8I), some MGCs were displaced towards the ONL
and showed signs of gliosis, as previously observed in Rbx2cKO-
Nes mice (Fig. 8E-F’,H). Overall, these results indicate that SOCS7-
CRLS5 regulates the proper localization of both rBCs and MGCs,
and further suggest that CRL5 control rBC positioning through the
regulation of multiple proteins, including DAB1 (Fig. 9).

DISCUSSION

Retina morphogenesis requires the timely activation of a myriad of
signaling pathways (Carl and Wittbrodt, 1999; Close et al., 2006;
Dakubo et al., 2003; Hernandez-Bejarano et al., 2015; Maurer et al.,
2014; Nelson et al., 2007; Roberts et al., 2006; Ueki and Reh, 2013).
‘Whereas much progress has been made in understanding the molecular
mechanisms that regulate retinal synaptogenesis (Morgan and Wong,
1995; Nguyen-Ba-Charvet and Chedotal, 2014; Robles and Baier,
2012), only a handful of proteins have been shown to regulate retinal
cell migration (Jimeno et al., 2016; Krol et al., 2016; Malicki et al.,
2003; Matsunaga et al., 1988). Furthermore, the importance of signal
termination for proper retina development and the molecular players
involved in this process have not been addressed.

Our results show that RBX2, a core component of the E3
ubiquitin ligase CRLS, is required for proper cell positioning and
cone function in mice. Upon RBX2 depletion in the retina, a subset
of rBCs, cones and MGCs are ectopically localized. Inhibition of
RBX2, most likely through CRLS activity, also promotes
accumulation of the intracellular adaptor DABI1 in All-amacrine
cells. Our data indicate that the accumulation of activated DAB1
(pY-DABI) in All-amacrine is necessary for rBC misplacement, as
a genetic reduction of DABI1 levels ameliorates RBX2 depletion.
However, depletion of RBX2 in bipolar cells using Crx as a Cre
driver is not sufficient to cause the rBC displacement. This suggests
that the final localization of rBCs may be regulated non-cell-
autonomously through All-amacrine cells.

Interestingly, depletion of the CRLS substrate adaptor SOCS7
also triggers accumulation of DABI1 in All-amacrine cells but, in
these mutants, significantly fewer rBCs are affected, indicating that
deregulation of other RBX2-dependent signaling pathways is
necessary to alter rBC localization and that DAB1 accumulation
is necessary but not sufficient. RBX2 is also crucial for cone
localization, structure and activity. Absence of RBX2, but not
SOCS7, promotes cone displacement from the apical side of the
ONL to its inner side, and even outside the ONL. Depletion of
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Table 1. ERG characteristics of Rbx2cKO-Crx and control littermates

a-wave maximum (uV)

b-wave maximum (uV)

|, a-wave (photons pm~2) lo b-wave (photons pm~2)

Wild-type scotopic 830+24 1831105
Mutant scotopic 867127 1908488
P 0.29 0.55
Wild-type photopic 58+4 256+18
Mutant photopic 474 208+12
P 0.05 0.03

3287+379 3855+502
2746+354 28124218
0.28 0.06

I, corresponds to the half-saturating flash strength of the intensity-response functions. Data represent meants.e.m. P values were obtained using Student’s t-test.

n=7 animals per genotype.
- indicates not applicable.

RBX2 affects the amount of the structural protein RIBEYE in
RBX2 mutant retinas, which could be responsible for the decreased
cone functional response in ERG assays. Finally, lack of RBX2 or
SOCS7, most likely clustered in the SOCS7-CRLS complex, result
in MGC positioning defects and upregulation of proteins related to
glial reactivity. In summary, our data indicate that RBX2 is
important for restricting neuron migration and building functional
cone pedicles by terminating different signaling pathways in
different retinal cell populations.

Role of RELN/DAB1 signaling in the retina

Previous studies have addressed the role of RELN and DAB1 during
retinal development in several species, particularly in mice and
chickens (Gao et al., 2010; Katyal et al., 2011; Rice and Curran,
2000; Rice et al., 2001). These studies showed that mutations of
RELN or DABI disrupt All-amacrine dendritogenesis affecting the
axons of rBCs and inducing rBC death (Rice et al., 2001).
Otherwise, absence of RELN/DABI1 signaling does not disrupt
retina layering or neuron positioning, contrasting with the severe
Reln or Dabl mutant phenotypes in other areas of the CNS (Boyle
et al., 2011; Howell et al., 1997; Rice et al., 2001; Tissir and
Goffinet, 2003). A retina-specific Dab1 isoform (DAB1-E), unable
to respond to RELN, is expressed in the early retina, impeding early
differentiation of neural progenitors into RGCs (Gao et al., 2010).
Given that DABI1-E does not respond to RELN and that our results
indicate that RBX2, most likely through CRLS activity, controls
neuron position through the canonical DABI isoform, we do not
expect that phenotypes observed in Rbx2cKO-Nes retinas depend
on disruption of DABI-E activity. The relationship between other
DABI isoforms and CRLS5 remain to be tested (Gao and Godbout,
2013). pY-DABI1 accumulation in All-amacrines is necessary for
the rBC displacement phenotype but the differences in rBC
displacement observed between Rbx2cKO-Nes and SOCS7 KO
mice suggest that other molecular players affected by RBX2
depletion also control rBC localization. One possible candidate is
the tyrosine kinase FYN, which accumulates in Rbx2cKO-Nes but
not in SOCS7 mutant mice. Our data substantiate the hypothesis that
the appropriate termination of the RELN/DABI signaling pathway
is crucial for both retina and overall CNS development.

How might extra RELN/DABI signaling promote rBC
misplacement? Time-lapse experiments have shown that, after
birth, rBCs initially use a somal translocation-like mode of
migration to reach the innermost side of the INL and later migrate
back to their final position at the outermost side of the INL (Chow
et al., 2015; Morgan et al., 2006). Our data show that rBC initial
migration mimics wild-type cells and that displacement occurs at
the time where wild-type rBCs have stopped migration. In the
cortex, somal translocation is the final step in projection neuron
migration and is regulated by RELN/DABI1 signaling (Franco et al.,
2011; Nadarajah et al., 2001). Sustained RELN/DABI signaling in

cortical neurons causes an over-migration phenotype by extending
somal translocation for longer periods of time (Feng et al., 2007;
Simo et al., 2010). In this context, two possibilities could explain the
rBC mispositioning observed in Rbx2cKO-Nes and SOCS7 KO
mice: (1) depletion of RBX2 fails to terminate pro-migratory
signals, including RELN/DABI signaling, that re-activate
migration of rBCs that have already reached their final position at
the outermost side of the INL; or (2) sustained RELN/DABI
signaling disrupts the stereotypical 1BC dendritic tree, causing a
lack of tension at the apical side of the rBCs and resulting in
activation of a spring-like mechanism, previously described in
somal translocating cortical neurons, hence displacing the rBCs
from their normal position (Miyata and Ogawa, 2007). Independent
of the mechanism responsible for localizing and holding rBCs at the
outermost side of the INL, our data indicate that this process is
controlled in by a non-cell-autonomous signaling pathway that is
directed, most likely, by the All-amacrine cells. The nature of such
signaling pathways will require further investigation.

RBX2 and cone photoreceptor localization and function

Few studies have addressed the molecular mechanisms that regulate
cone localization in the ONL. For example, mutation of the guanine
nucleotide exchange factor rasGRF2 displaced cones beyond the outer
limiting membrane, and disruption of the linkers of the nucleoskeleton
to the cytoskeleton (LINC) complexes displaces cones to the basal side
of the ONL (Jimeno et al., 2016; Razafsky et al., 2012). In addition,
mouse models of photoreceptor neurodegeneration, including rdl
(rod) and cpfll (cone), exhibit cone mispositioning as
neurodegeneration progresses (Chang et al., 2009; Trifunovi¢ et al.,
2010). Our results are in line with a role of RBX2 in directly regulating
cone position rather than cone misplacement being a secondary effect
of neurodegeneration. Given the complex migration behaviors
followed by cones during development (Poggi et al., 2005; Rich
et al., 1997), further studies will be needed to address whether the
defects observed in RBX2 mutant retinas originate during initial cone
migration or, similar to rBCs, whether cones ‘re-engage’ migration
after reaching their intended locations. Our results also indicate a role
for RBX2 in synaptic ribbon establishment or maintenance, which
could be related to the functional impairment observed in Rbx2cKO-
Crx retinas. Whether synaptogenesis is disrupted by misposition of the
cone nuclei (Razafsky et al., 2012) or conversely lack of proper
synaptic establishment affects cone position in Rhx2 mutant retinas
remains to be determined.

RBX2 and human chromosome 3 deletions

In humans, a rare interstitial deletion in the long arm of chromosome 3
(3g22-q23  microdeletion)  causes  ptosis,  microphthalmia,
developmental delays and brain malformation, among other
phenotypes (Al-Awadi et al., 1986; Alvarado et al., 1987; Martsolf
and Ray, 1983; Rea et al., 2010; Zahanova et al., 2012). These
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Fig. 7. RBX2 depletion leads to reactive gliosis and Muller glia layering
defects. (A-B”) P20 retinas from control and Rbx2cKO-Nes littermates were
immunostained using antibodies to LHX2 (red) and glutamine synthetase (GS,
green), and counterstained with DAPI (blue). LHX2* GS* cells are present in
the ONL (arrows in B-B”). (C-D”) Retinas from P20 control and Rbx2cKO-Nes
mice stained using anti-glial fibrillary acidic protein (GFAP, red) and anti-SOX2
(green), and counterstained with DAPI. Depletion of RBX2 leads to glial
reactivity (arrows in D-D”). ONL, outer nuclear layer; INL, inner nuclear layer;
GCL, ganglion cell layer. Scale bars: 100 um.

symptoms bear a strong resemblance to the phenotypes observed in
Rbx2cKO-Nes mice. The eye phenotypes in these individuals have
been linked to the well-studied blepharophimosis, ptosis and
epicanthus inversus syndrome (BPES, OMIM #110100), which is
caused by mutations in the forkhead transcription factor gene FOXL?2
(De Baere et al,, 2001). In some cases, de novo deletions in
chromosome 3 do not include FOXL2, but BPES-like phenotypes
remain present (Beysen et al., 2005; Rea et al., 2010). The authors of
these studies have suggested that potentially long-range cis-regulatory
elements might be deleted in these cases, affecting FOXL2 expression

(Beysen et al., 2005; Rea et al., 2010). Interestingly, in humans, RBX2
is localized in the vicinity of FOXL2 and is deleted in the Rea et al.
study, which includes five previously described cases of RBX2 but not
FOXL2 deletions, all presenting phenotypes resembling those
observed in Rbx2cKO-Nes mice (Rea et al., 2010). Given that
Rbx2cKO-Nes animals have a mutation that specifically targets the
exon 2 of Rbx2 with no defects on FOXL2 expression (Sim¢ and
Cooper, 2013), our results suggest that deletion of RBX2 may
participate in some of the human eye phenotypes of 3q22-q23
deletions, including ptosis and microphthalmia.

MATERIALS AND METHODS

Mice

Rbx2 fI/fl mice (Mus musculus) were crossed with Rbx2 fl/+; Nestin-Cre/+
to generate Rbx2cKO-Nes animals, as described previously (Simé and
Cooper, 2013). Dabl heterozygous animals (Howell et al., 1997) were
crossed with Rbx2 fl/+; Nestin-Cre/+ to obtain Rbx2 fl/+; Nestin-Cre/+;
Dab1 +/—, which were further crossed with Rbx2 fl/fl to obtain Rbx2cKO-
Nes; Dab1"'~ mice. A similar strategy was used to generate Rbx2 fl/fl; Crx-
Cre/+ mice (Crx-Cre mice were generously provided by Dr Nadean Brown
and Dr Tom Glaser, University of California Davis, USA) (Prasov and
Glaser, 2012). Socs7 KO mice were obtained from Socs7 fl/fl mice (Sim6
and Cooper, 2013) crossed with Meox2-Cre mice (Tallquist and Soriano,
2000). Sics7 fI/fl; Meox2-Cre/+ mice were further mated to wild-type
C57BL6 mice (Charles River) and Socs7 heterozygous mutant animals
(without the Meox2-Cre allele) were selected for colony propagation.
Heterozygous Socs7 intercrossings were used to generate Socs7 mutant
animals and littermate controls. Socs7 mutant mice were viable and fertile.
Rbx2 and Socs7 LacZ animals have been previously described (Simé and
Cooper, 2013). All our strains are maintained in a mix of 129 and C57Bl/6J
backgrounds. The morning a vaginal plug was observed was considered EO.
All animals were used with approval from the University of California Davis
Institutional Animal Care and Use Committees.

Next generation sequencing

Strand-specific and barcode-indexed RNA-seq libraries were generated
from 1 ug total RNA each after poly-A enrichment using the Kapa Stranded
mRNA-seq kit (KapaBiosystems) following manufacturer instructions.
Libraries were analyzed with a Bioanalyzer 2100 instrument (Agilent),
quantified by fluorometry on a Qubit instrument (LifeTechnologies) and
pooled in equimolar ratios. The pool was quantified by qPCR with a Kapa
Library Quant kit (KapaBiosystems) and sequenced on one high output
flowcell of an Illumina NextSeq 500 (Illumina) with paired-end 40 bp reads.

RNA analyses
Total RNA from wild-type E13, E16, PO and P7 mouse retinas was isolated
using Trizol (Invitrogen). cDNA was obtained by reverse transcription using
the iISCRIPT system (Bio-Rad). Transcripts of interest were quantified by
real-time PCR using gene-specific primers and the iTaq Universal SYBR
Green Supermix (Bio-Rad). Data were normalized to the mean of Gapdh
and B-actin RNA levels. The AACt method was used to compare all the
samples with their E13 mRNA levels, which was standardized to 1.
Primers used were: B-actin, 5'-CTAAGGCCAACCGTGAAAAG-3" and
5'-ACCAGAGGCATACAGGGACA-3’; GAPDH, 5'-TGACCACAGTC-
CATGCCATC-3" and 5'-GACGGACACATTGGGGGTAG-3’; Cul5, 5'-
TCCGATACTTAGAAACACGACGA-3" and 5'-TGCCTTGGCATTCT-
GCTAAAATA-3’; Rbx2, 5'-ACCCTGCGTCCTTTCTTCG-3" and 5'-G-
GCACAGGTATCGCACTCAA-3’; SOCS1, 5-CTGCGGCTTCTATT-
GGGGAC-3'" and 5-AAAAGGCAGTCGAAGGTCTCG-3’; SOCS2, 5'-
GTGGGGAACTCGTCCTATCTG-3" and 5'-GTCACAGTGTAATGAT-
GTGCC-3'; SOCS3, 5'-ATGGTCACCCACAGCAAGTTT-3’ and 5'-TC-
CAGTAGAATCCGCTCTCCT-3’; SOCS4, 5'-CGGAGTCGAAGTGCT-
GACAG-3’ and 5-ACTCAATGGACGAACAGCTAAG-3'; SOCSS, 5'-
GAGGGAGGAAGCCGTAATGAG-3" and 5'-CGGCACAGTTTTGGT-
TCCG-3’; SOCS6, 5'-AAGCAAAGACGAAACTGAGTTCA-3" and
5'-CGCTGCCAATGTCACAACTG-3’; SOCS7, 5-TCAGTCGCCT
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GTTTCGCAC-3" and 5'-GTTTCCTCCCCGTATCCAGC-3’; CISH, 5'-
ATGGTCCTTTGCGTACAGGG-3" and 5'-GGAATGCCCCAGTGGGT
AAG-3".

Antibodies

The following antibodies were used for biochemistry: rabbit anti-DABI
(EMD Millipore Cat#AB5840), 1:1000; rabbit anti-DAB1 (Rockland
Cat#100-401-225), 1:5000; goat anti-DAB1 (E-19, Santa Cruz
Biotechnology Cat#SC-7827), 1:1000; rabbit anti-Rbx2 (G-8, Santa Cruz
Biotechnology Cat#SC-166554), 1:1000; rabbit anti-FYN (FYN3, Santa
Cruz Biotechnology Cat#SC-16), 1:1000; goat anti-actin (I-19) (Santa Cruz
Biotechnology Cat#SC-1616), 1:20,000; and mouse anti-phosphotyrosine
(4G10. Millipore Cat#05-321), 1:5000.

The following antibodies were used for immunofluorescence: rabbit anti-
DABI (EMD Millipore Cat#AB5840. Discontinued), 1:100; rabbit anti-DABI
(Sigma-Aldrich Cat#HPA052033), 1:100; rabbit anti-cone arrestin (Millipore
Cat#AB15282), 1:10,000; mouse anti-protein kinase C o (Sigma-Aldrich
Cat#P5704), 1:200; goat anti-blue cone opsin/OPN1SW (N-20 Santa Cruz
Biotechnology Cat#14363), 1:200; goat anti-LHX2 (C-20 Santa Cruz
Biotechnology Cat#SC-19344), 1:200; mouse anti-glutamine synthetase
(clone GS-6, Millipore Cat#MAB302), 1:300; goat anti-OTX2 (R&D
Systems, Cat#BAF1979), 1:500; mouse anti-GFAP (clone N206A/8,
NeuroMAb Cat#73-240), 1:2 (supernatant); rabbit anti-RCAS1 (clone
D2B6N, Cell Signaling Technology, #12290T), 1:200; rabbit anti-activated
caspase 3 (Cell Signaling Technology, #9664S), 1:200; and rabbit anti-RIBEYE
(Synaptic Systems #192103), 1:200. See Table S1 for authentication methods.

Western blot
For immunoblotting of retinal lysates, retinal samples were dissected in ice-
cold PBS and snap-frozen in liquid N,. Tissues were homogenized in lysis

Displaced rBCs

p=2. Bx10 p=0.910
T (red) and nuclei were counterstained with DAPI

MGs in ONL

p=0.0021 p=0.0001
*k dkok

Displaced CPs

n.s. (p=0.30)

s0Cs7

independent experiments normalized to actin. Data
are meanzs.d. P-values were obtained by one-way
ANOVA with Tukey’s post-hoc test. (C-D’) DAB1
accumulates in All-amacrine cells in Socs7 mutant
retinas. P15 retinal sections of Socs7 KO and control
litermates were immunolabeled using anti-DAB1

p-gmo

(blue). (E-F’) Muller glial cell (MGC) mislocalization
and gliosis in Socs7 mutants. P20 retinas were co-
immunostained using anti-LHX2 (green) and anti-

& & & & GFAP (red), and DAPI (blue) was used to stain

& all the nuclei. Upregulated GFAP expression in
MGCs indicates reactive gliosis (arrows in F).

(G) Quantification of the percentage of PKCa* OTX2*
cells localized in the inner half of the INL in wild-type
and Socs7 KO mice (n=5 per genotype) in P20
retinas. Same Rbx2 data as in Fig. 4E has been used
for comparison. (H) Quantification of LHX2" cells in
the ONL in P20 control and Rbx2cKO-Nes littermates
and P20 Socs7 wild-type and mutant retinas (n=5 per
genotype). () Quantification of cone arrestin* cells
outside the ONL/OPL. Data are indicated as mean
number of cells per retinats.d. (n=3 per genotype). P
values were obtained using one-way ANOVA with
Tukey’s post-hoc test and Student’s t-test. *P<0.05,
**P<0.01, ***P<0.001. ONL, outer nuclear layer; INL,
inner nuclear layer; GCL, ganglion cell layer; CPs,
cone photoreceptors; n.s., non-significant. Scale bar:
100 pym.

n.s. (p=0.97)

s0Cs7
MuT

= Cones in INL/IPL
= Cones in GCL

buffer [S0 mM HEPES (pH 7.5), 150 mM NaCl, 1.5 mM EGTA, 10%
glycerol, 1% Triton X-100, 2 mM PMSF, 10 pug/ml leupeptin, 1 pg/ml
aprotinin, 10 mM NaF and 1 mM orthovanadate] on ice and clarified by
centrifugation at 4°C for 15 min. Western blotting was carried out using
standard protocols described elsewhere (Simo et al., 2010).

Immunoprecipitation

Retinal lysates were incubated with DABI antibodies (Santa Cruz
Biotechnology) for 3 h at 4°C with agitation. DAB1 was immobilized on
Protein A/G beads by incubating for 1 h at 4°C with agitation. Next, beads
were washed with lysis buffer five times and analyzed by SDS-PAGE and
western blot.

Histology

For cryosection samples, pups were recovered at P15 or P21, eyes dissected
and lenses removed prior to 4% PFA fixation for 30-60 min at room
temperature. Samples were cryoprotected with 30% sucrose, embedded in
OCT (Fisherbrand) and quickly frozen using dry ice. For immunofluorescence
studies, cryosections were blocked in 10% normal goat serum/0.5% Triton
X-100 in PBS for 1h and incubated overnight at 4°C with primary
antibodies in the same solution. For paraffin samples, eyes were collected
and frozen in dry-ice chilled propane then freeze-substituted with methanol-
acetic acid at —80°C, as described previously (Sun et al., 2015), transferred
to ethanol and embedded in paraffin wax. Paraffin wax-embedded sections
were deparaffinized using Xylene and rehydrated, and immunofluorescence
studies proceeded as described previously (Sim6 and Cooper, 2013). In both
cases, after primary antibody incubation, sections were rinsed in PBS-0.1%
Triton X-100 and incubated with appropriate fluorescence-conjugated
secondary antibodies (Invitrogen) in blocking solution for 1 h at room
temperature. Cell nuclei were counterstained with DAPI. The sections were
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Fig. 9. Schematic diagram of the phenotypes observed in wild-type, Rbx2cKO-Nes, Rbx2cKO-Crx and Socs7 mutant retinas. Compared with the normal
P20 wild-type retinas, Rbx2cKO-Nes mice show accumulation of active pY-DAB1 (red in All cells) in All-amacrine cells, displacement of rBCs, cones (CPs) and
Muller glia (MG), and signs of reactive gliosis (increased expression of GFAP, red in MG). In contrast, Rbx2cKO-Crx mice, where Rbx2 is depleted exclusively in
photoreceptors and bipolar cells, do not show defects in DAB1 turnover or rBC and MG position. However, displaced cones are found in Rbx2cKO-Crx retinas.
Socs7 mutants also accumulate pY-DAB1 in All-amacrine cells but the rBC phenotype is significantly reduced. Cones do not show any alteration compared

with wild-type retinas but MGs are displaced towards the ONL and exhibit reactive changes, similar to the Rbx2cKO-Nes. Double-headed arrows indicate a

potential non-cell-autonomous control of rBC localization by All-amacrine cells. This ‘signal’ (double-headed arrows) may be stronger in Rbx2cKO-Nes (thicker

lines) than in Socs7 KO retinas affecting a greater number of rBCs.

rinsed with PBS-0.1% Triton X-100 and mounted for microscopy using a
Fluoromount-G (Southern Biotech).

Most images were obtained with a 40x oil objective and captured with an
Olympus FV1000 confocal microscope. High-magnification images were
obtained with a 63x oil objective. Images were assembled in Adobe
Photoshop and Illustrator. Brightness and contrast were similarly adjusted to
all samples.

In situ hybridization

Embryos were collected from pregnant CD-1 females (Charles River) at
E16 and whole heads were fixed in a modified Carnoy’s fixative overnight at
4°C. Whole eyes were collected at P15 from CD-1 mice and fixed in a
modified Carnoy’s fixative overnight at 4°C. After fixation, samples were
dehydrated in 100% ethanol overnight at 4°C and embedded in paraffin wax.
Horizontal sections of whole embryo heads or sagittal sections of whole
eyes were prepared at 7 pm, collected onto SuperFrost slides and air-dried
overnight at room temperature. A digoxigenin (DIG)-labeled probe for
mouse Dabl was produced according to manufacturer’s protocol (Roche).
Slides were deparaffinized and hybridized with 2 pg Dabl antisense or
sense probes, as previously described (Hayashi et al., 2007). The in situ
hybridization product was visualized using an alkaline phosphatase-
conjugated anti-dig secondary antibody (Roche) and NBT (nitroblue
tetrazolium)/BCIP (5-bromo-4-chloro-3-indolyl phosphate) stock solution
(Roche). After the reaction was complete, slides were fixed in 4%
paraformaldehyde and coverslipped with Fluoromount G (Southern
Biotech). The plasmid used to produce a DIG-labeled probe was a gift
from Dr Jonathan A. Cooper (Fred Hutchinson Cancer Center, Seattle, WA,
USA) and corresponds to nucleotides 316-1982 of mouse Dabl mRNA,
transcript variant 2 (NM_177259.4) cloned into pBSII-KS(+). Antisense
Dab1 probe was produced by linearizing with Notl and transcribing with T3
RNA polymerase. A corresponding sense probe was produced by
linearizing with Sall and transcribing with T7 RNA polymerase. We do
not expect that this probe would distinguish between the known Dab1 splice
variants (Gao et al., 2010). Antisense Rbx2 probe corresponds to
nucleotides 117-1137 of mouse Rbx2 mRNA, transcript variant 1
(NM_011279.3) cloned into pCR-Blunt II-TOPO (Invitrogen). Antisense
Rbx2 probe was produced by linearizing with Kpnl and transcribing with T7

RNA polymerase. A corresponding sense probe was produced by
linearizing with Nofl and transcribing with SP6 RNA polymerase. Sense
and antisense images were captured at same exposure time. Most images
were obtained with a 10x and 20x objective, and captured with Zeiss
Axiolmager software. Images were assembled in Adobe Photoshop and
Adobe Illustrator.

Electroretinogram recordings

Young adult Rbx2 mutant and wild-type littermate mice were dark adapted
overnight before recording. Under dim red light, animals were anesthetized
with isofluorane (1.5%) and positioned on a regulated heating pad that
maintained a core temperature of 37°C. A mixture of phenylephrine and
tropicamide was applied to the corneal surface to achieve mydriasis and
induce proptosis, increasing the electrical resistance between the surface of
the cornea and the rest of the body. Methylcellulose was applied to maintain
corneal moisture during the recording.

A Ganzfeld ERG system (Phoenix Research Labs) was used for light
stimulation (510 nm LED, 1 ms flashes) and electrical recording, as
described by Peinado et al. (2017). The total number of photons generated
for all stimuli were measured using a high-speed photodiode (UDT
Instruments) and calibrated neutral density filters. Isolation of cone-elicited
signals was achieved by superimposing flashes to a rod-suppressing
background intensity of 45,000 photons pm=2 s~!.

Electrical responses were acquired with the Labscribe2ERG interface
(Phoenix Research Labs) and subsequently exported to Igor Pro
(WaveMetrics) for analysis. For all ERG responses, the amplitude of the
a-waves was measured from baseline to peak of the negative excursion,
which followed flash delivery. Scotopic (rod-driven, dark-adapted) b-wave
amplitudes were measured from the peak of the a-wave to the first peak of
the positive-going excursion. The oscillatory potentials of photopic b-waves
were removed prior to determining the peak amplitudes using a sliding
average algorithm (2500 passes of IgorPro binomial smoothing built-in
algorithm). The amplitude of the photopic b-wave was measured from
baseline to the peak of the smoothed b-wave. Intensity-response functions
for photopic (cone-driven) a-waves and b-waves were fitted by a Hill
equation of the form , where R is the amplitude of the elicited response, R,
is the maximal response amplitude, / is the flash strength, /, is the flash
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strength that elicits a half-maximal response and 7 is the Hill coefficient. For
a-wave intensity-R/ Ry = 1/[1 + (%)n]response functions, n was held
fixed at a value of 1. For b-wave intensity-response functions, n was held

fixed at a value of 1.5.

Electron microscopy

Tissues were fixed by immersion in 2% glutaraldehyde and 2.5%
formaldehyde in 0.1 M cacodylate buffer (pH 7.4) for 12h at room
temperature. Eyes were opened and a region of the posterior eye cup adjacent
to the optic nerve head was dissected free. Tissue was rinsed with cacodylate
buffer and then post-fixed with 2% osmium tetraoxide for 1 h. After a water
rinse, tissues were dehydrated through 10 min exchanges of 70%, 80%, 90%
and 100% ethanol. After a second 100% ethanol rinse, ethanol was
exchanged for propylene oxide using two 10 min washes. Tissues were then
immersed in 1:1 propylene oxide:Polybed 812 (Polysciences) for 12 h.
Tissues were then moved into 100% Polybed 812 for 2 h, followed by
polymerization overnight for 24 h at 60°C. Sections were stained
sequentially with uranyl acetate and lead citrate, and imaged on a Talos
L120C at 80 kV, using the CETA digital camera.

Experimental design and statistical analysis

Complete results of statistical analyses are reported in figure legends. All
cell measurements and densitometry were carried out using ImageJ software
(NIH), and all statistical analyses were performed using Prism 7 software
(GraphPad). Samples sizes were determined by performing small pilot
studies or based on prior experience analyzing similar biological effects.
Only one retina/eye was measured per animal, except in Fig. 2C where
measurements in both eyes were taken. Damaged tissue was excluded from
analysis, based on qualitative assessment. Differences between calculated
averages were considered significant when P<0.05 using Student’s #-test or
one-way ANOVA tests. These tests were used because the data were
normally distributed and no significant differences between variances were
observed. All graphs presented in the Results section report meants.d.,
except in Fig. 6 where mean+s.e.m. is reported.

It is well characterized that, in normal murine retinas, S- and M-Opsin are
expressed in an opposing dorsal-ventral gradient (Cepko, 1996; Roberts et al.,
2006, 2007). To avoid any bias, for all cone quantifications (Fig. SF and Fig. 81),
retinas were cryosectioned and all sections were immunostained and quantified;
accordingly, the data are presented as number of cells per the whole retina.

To our knowledge, in contrast to other parts of the brain, gender differences
in retinal patterning have not been observed. Young rodents (up to P30-60) do
not show gender differences in vision (Chaychi et al., 2015), and the only
minor sex-related differences in the retina observed to date are related to
human color vision. These differences are mostly attributed to photopigment
polymorphisms (Murray et al., 2012). Consequently, we did not separate our
samples by gender. For western blot quantifications (Figs 3C, 8A and Fig.
S3), we used films captured within the linear range to avoid saturation
problems; next, the background was subtracted and densitometric values were
obtained. All values were normalized using a B-actin blot obtained after
stripping the same membrane or running the same samples with the same
conditions in parallel. The number of experiments quantified per condition is
indicated in the corresponding figure legend.
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