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DEVELOPMENTAL NEUROSCIENCE

Mutations in BCOR, a co-repressor of CRX/OTX2, are
associated with early-onset retinal degeneration
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Many transcription factors regulating the production, survival, and function of photoreceptor cells have been
identified, but little is known about transcriptional co-regulators in retinal health and disease. Here, we show that
BCL6 co-repressor (BCOR), a Polycomb repressive complex 1 factor mutated in various cancers, is involved in photo-
receptor degenerative diseases. Using proteomics and transcription assays, we report that BCOR interacts with
the transcription factors CRX and OTX2 and reduces their ability to activate the promoters of photoreceptor-specific
genes. CUT&RUN sequencing further shows that BCOR shares genome-wide binding profiles with CRX/OTX2, con-
sistent with a general co-repression activity. We also identify missense mutations in human BCOR in five families
that have no evidence of cancer but present severe early-onset X-linked retinal degeneration. Last, we show that
the human BCOR mutants cause degeneration when expressed in the mouse retina and have enhanced repressive
activity on OTX2. These results uncover a role for BCOR in photoreceptors in both health and disease.

INTRODUCTION

Inherited retinal degenerations (IRDs) are characterized by photo-
receptor cell death and account for the major part of worldwide
blindness and low vision (1). Genome-wide association studies and
next-generation sequencing have helped identify pathogenic variants
in more than 250 genes causing IRDs (https://sph.uth.edu/retnet/).
Together, these variants explain only around 60% of all cases, indi-
cating that many disease-causing genes remain unknown. As the roles
of photoreceptor-specific genes have been extensively explored in
IRDs, it is likely that ubiquitously expressed genes with crucial
functions in photoreceptors explain some of the unsettled cases.
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In mammals, rod and cone photoreceptors are generated from
a pool of multipotent retinal progenitor cells. Several transcription
factors and nuclear receptors have been identified as essential players
in photoreceptor cell specification, differentiation, and function
(2, 3). Among these, OTX2 and CRX, two related homeobox tran-
scription factors, play essential roles in photoreceptor development
and survival. In the mouse retina, OTX2 triggers Crx expression at
around embryonic day 11.5 (E11.5) (4), and both factors then bind
to a common DNA consensus sequence to control transcription
(5-7). However, Otx2- and Crx-deficient retinas show different
phenotypes, indicating distinct functions in retinal development
(7, 8). In Otx2 conditional knockout (KO) retinas, photoreceptor
cells are not generated (4, 9), whereas photoreceptor production is
unaltered in Crx™'" retinas, but expression of genes associated with
phototransduction is reduced, eventually leading to photoreceptor
degeneration (10). Later work has shown that CRX cooperates with
the neural retina leucine (NRL) zipper transcription factor to pro-
mote expression of rod-specific genes (11-14). In humans, muta-
tions in CRX have been associated with various IRDs (15), showing
the critical role of this gene and its regulatory networks in photore-
ceptor survival. As CRX/OTX2 control the expression of Rhodopsin
(Rho), which causes photoreceptor cell death when under- or over-
expressed (16-19), understanding how CRX/OTX2 transcriptional
activity is precisely regulated is crucial, but this remains unclear.

The activity of transcription factors is generally fine-tuned by
transcriptional co-regulators, but very few have been studied in the
retina. More specifically, the role of transcriptional co-repressors
in photoreceptor biology is largely unexplored. Heterozygous null
mutations in the X-linked BCL6 co-repressor (BCOR) (20), a
ubiquitously expressed nuclear protein that also interacts with the
Polycomb group proteins (PcG) (21), have been found in female
patients with oculo-facio-cardio-dental (OFCD) syndrome [Online
Mendelian Inheritance in Man (OMIM), #300166], a rare genetic con-
dition that includes eye abnormalities such as microphthalmia and
coloboma (22-24). Similarly, male Bcor KO mice die embryonically
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with defects in optic cup formation (25, 26), whereas heterozygous
females develop OFCD-like defects (26), supporting a role for Bcor in
eye development. However, because the eye does not develop nor-
mally in both human and mouse BCOR mutants, the later role of
BCOR in the mature retina remains unknown.

In this study, we show that BCOR functions as a co-repressor for
CRX/OTX2 in the mouse retina, modulating photoreceptor gene
expression levels in a PcG-independent manner. We also identify
new variants in human BCOR (hBCOR) that do not cause eye devel-
opment defects or microphthalmia but are associated with early-
onset photoreceptor degeneration in five different families.

RESULTS

Bcor is expressed in the developing and adult mouse

and human retina

To explore a potential role for Beor in the retina, we first determined
its spatiotemporal expression in mice. In accordance with previously
published RNA sequencing (RNA-seq) datasets (fig. S1, A and B)
(27, 28) and in situ hybridization analysis (29), we found expression
of Bcor transcripts from as early as E13.5 in the retinal progenitor
cell layer and ganglion cell layer. Bcor expression was stable during
retinal development and persisted in all cell layers in the adult retina
(fig. S1C). Consistently, mouse BCOR (mBCOR) protein was expressed
in all cell layers from embryonic to adult stages (Fig. 1, A and B). As
predicted (21, 26), we found mBCOR in the nucleus, with a typical
“ring” pattern staining in adult rod photoreceptors, which have an in-
verted nuclear chromatin organization (30, 31), and classical nuclear
pattern in cones interspersed between chromocenters (Fig. 1A), suggest-
ing that mBCOR is associated with euchromatin rather than hetero-
chromatin. We also characterized the expression of i BCOR transcripts
by analyzing previously published single-cell RNA-seq (scRNA-seq)
datasets (32). We found that hBCOR is expressed in all cell types in
the human retina, including rod and cone photoreceptors (Fig. 1C),
as observed in mice. These data are consistent with a potential role
for BCOR in retinal development, maintenance, and/or function.

BCOR negatively regulates expression of
photoreceptor-specific genes

To gain molecular insights into BCOR function in the mammalian
retina, we performed whole transcriptome sequencing on mouse
retinal cells after down-regulation of Bcor. We used a previously
validated short hairpin RNA (shRNA) designed against mouse Bcor
(shBcor) (33) and confirmed its efficiency in reducing BCOR pro-
tein levels in the retina (Fig. 2, A and B). We then electroporated PO
retinas in vivo with expression vectors coding for a scramble shRNA
and GFP (sh-scramble-GFP or Ctrl) or shBcor and GFP, sorted
green fluorescent protein-positive (GFP") cells at postnatal day 21
(P21), and carried out RNA-seq. Among the differentially expressed
transcripts, we found classical rod photoreceptor genes in the up-
regulated group, such as Rho, Gnatl, Cngal, Abca4, and Rp1 (Fig. 2C
and table S1A). Consistently, BCOR knockdown in retinal progenitor
cells at PO in vivo led to a significant up-regulation of Rho transcript
levels by quantitative reverse transcription polymerase chain reaction
(qRT-PCR) (Fig. 2D). Gene ontology (GO) term analysis revealed
enrichment of genes associated with photoreceptor biology in this
up-regulated group of transcripts (Fig. 2E and table S1, B and C). Con-
versely, the GO terms analysis of the down-regulated group of tran-
scripts contained genes associated with synapses, neuronal projections,
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Fig. 1. BCOR is expressed in the mouse and human retina. (A) BCOR immuno-
staining in the mouse retina at different stages, as indicated. Progenitor cells were
costained with Ki-67 and S-cones with S-OPSIN. Boxed regions show high magnifi-
cation of BCOR staining in one Ki-67" progenitor from the PO panel (white), one
cone (yellow), and one rod (red). White arrows indicate BCOR*/S-OPSIN™ cones in
the adult condition and Ki-67* progenitors in the PO condition. Scale bars, 30 um.
INL, inner nuclear layer; ONL, outer nuclear layer; GCL, ganglion cell layer. (B) Immuno-
blot for BCOR from total retinal extracts at different stages. (C) Uniform Manifold
Approximation and Projection (UMAP) plots showing BCOR-, OTX2-, and CRX-
expressing cells among clustered cell types detected in previously published
human adult postmortem retina scRNA-seq datasets (32).
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Fig. 2. BCOR regulates expression of photoreceptor-specific genes. (A) Immuno-
blot for BCOR and B-actin from retinal cell culture extracts, 4 days after transfection
of E17 retinal progenitors with sh-scramble-GFP expression vector (Ctrl), shBcor, or
shBcor coexpressed with a version of Bcor lacking the 3" untranslated region (UTR)
region targeted by the shRNA. (B) High-magnification single Z-plane image of the
photoreceptor layer stained for BCOR 21 days after in vivo electroporation of Bcor
shRNA (shBcor) and sh-scramble-GFP expression vectors at P0O. GFP* electroplated
cell lacking BCOR signal is highlighted by a dotted circle. (C) Volcano plot of control-
transfected (n=2) and shBcor-transfected (n = 2) retinas. GFP* cells were sorted
from P21 retinas and profiled by RNA-seq. Red data points represent rod-specific
genes. (D) qRT-PCR analysis of Rho mRNA expression from sorted GFP* cells 7 days
after electroporation of either sh-scramble-GFP alone (ctrl, n=7) or shBcor + GFP
(shBcor, n=9) at PO in vivo. Data are plotted as means + SD; ***P < 0.001, unpaired
two-tailed t test. (E) Revigo-corrected GO analysis on genes differentially regulated
by shBcor, as determined by DeSeq?2 (Benjamini-Hochberg adjusted P < 0.05) (73, 74).
(F) Scatter plot of rod-specific gene expression changes in P21 Crx and Nr/ KO retinas
(34) versus shBcor [30 rod-specific genes as defined in (35)]. (G) Heatmap analysis of
the same datasets shown in (F) but widened to all genes differentially requlated by
CRX and NRL. Note that gene expression changes in cluster 3 are opposite for Crx
and Nrl (possibly cone transcripts), whereas the changes are similar between Crx and
Nrlin clusters 1 and 2, indicating that these are rod-specific transcripts.
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and neuron development (table S1D), like Kif5a, CalB2, Nefm, Kif5c,
Kcncl, and Chd3. Together, these results are consistent with a pos-
sible role for BCOR in retinal neuron cell development and function.

Next, we compared our data to previously published RNA-seq
datasets of Crx™'~ and Nrl”"~ mouse models (GSE52006) (34), also
performed at P21. When focusing on rod-specific genes, as defined
in (35), we found that genes down-regulated in Crx and Nrl KOs are
generally up-regulated after BCOR knockdown (Fig. 2F). When we
merged all differentially expressed genes identified in the Crx™/~
and NrI”'~ datasets [fold change cutoff at 2, FPKM (fragments per
kilobase of transcript per million mapped read) value > 2, and ad-
justed P < 0.05] with our shBcor dataset, we found that gene clusters
1 and 2, which correspond to rod-specific transcripts down-regulated
in both Crx™'~ and NrI™'" retinas, have the opposite up-regulation in
the shBcor condition (Fig. 2G and table S2). Cluster 3, which con-
tains cone-specific transcripts, is down-regulated in Crx™~ retinas
but up-regulated in both N7~ and shBcor conditions. Together,
these results suggest that BCOR is a negative regulator of photore-
ceptor gene expression.

BCOR function does not depend on interaction

with the Polycomb complex in the retina

As BCOR is a component of a noncanonical PcG repressive com-
plex 1 (ncPRC1.1) (21, 36, 37), we suspected that it might regulate
photoreceptor gene expression through its ability to bind PcG pro-
teins. To test this hypothesis, we used a conditional Bcor floxed (Bcor" b
mouse allele (26), which contains loxP sites before exon 9 and after
exon 10, allowing CRE-dependent production of a truncated BCOR
protein (BCORAE9-10) lacking the PCGF1 interaction domain (PUFD),
which was reported to render BCOR unable to associate with the
ncPRCI.1 complex (36, 38). We crossed Bcor™* females to o.Pax6-
Cre; Beor™Y males (see Materials and Methods for details), in which
Cre is expressed in progenitors of the peripheral retina from E10
onward (39), to generate a BCOR*®*1® mouse line, which includes
female Beor®F1%AE910 31 male Beor® %Y mice (referred to as
Bcor*F*1% mice from now on, unless otherwise specified). As pre-
dicted, exons 9 and 10 were deleted in the peripheral retina of
Bcor*F*1% mice (fig. S2A), resulting in the expression of a truncated
BCORAE9-10 protein (fig. S2B) that is unable to interact with PCGF1
(36, 38), although we cannot exclude indirect interaction with PCGF1
through adaptor proteins that would interact with other parts of
BCOR. Using a panel of retinal cell type-specific markers (see
Materials and Methods), we examined the global morphology and
number of marker-positive cells in peripheral retinas in adult ani-
mals aged 45 to 300 days. Unexpectedly, we did not detect any ma-
jor changes in cell numbers compared to control littermates (fig. S2,
C and D) and photoreceptor gene expression was unchanged (fig.
S2E). Although we cannot totally exclude that Bcor® 1% mice might
have more subtle phenotypes undetected here, these results suggest
that, unlike several other tissues, the function of BCOR in the retina
does not depend on interaction with PcG protein, at least for cell
type production and photoreceptor gene regulation, suggesting a
mechanism involving unknown partners.

BCOR interacts with CRX and OTX2

To identify novel partners of BCOR in the retina, we used tandem
affinity purifications followed by mass spectrometry (IP-MS) from
P10 mouse retinal extracts. As predicted, we identified members of
the ncPRCI1.1 complex including KDM2B, PCGF1, RING?2, SKP1,
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RINGI, and CBX8, validating the approach, but also many non-
PRC partners such as proteins associated with transcription and
splicing, as well as multiple histones (table S3). One of the hits cor-
responded to CRX/OTX2. Because CRX and OTX2 have high amino
acid homology, it was difficult to determine which of these two pro-
teins was pulled down with BCOR. Four of seven peptides were spe-
cific to CRX, two were common to both CRX and OTX2, and one
was specific to OTX2.

To determine whether BCOR interacts with both CRX and
OTX2, or more specifically with only one of the proteins, we
cotransfected constructs expressing Bcor together with Crx or Otx2
in human embryonic kidney (HEK) 293T cells, immunoprecipitated
BCOR, and blotted for CRX or OTX2. We found that BCOR inter-
acts with both CRX and OTX2 (Fig. 3A), validating our IP-MS data.
BCOR also coimmunoprecipitated with CRX and OTX2 from P7 to
P9 retinal extracts, indicating interaction in vivo (Fig. 3B). Using a
proximity ligation assay (PLA) on adult retinal sections, we further
showed that BCOR is in close physical proximity to CRX/OTX2 in
photoreceptors and bipolar cells, which also express OTX2 and
CRX (8, 40), whereas no signal was detected with a control cytoplas-
mic protein (PKCo) also expressed in bipolar cells (Fig. 3C). On the
basis of these data, we conclude that BCOR interacts with both CRX
and OTX2 in the retina.

Given the lack of an obvious phenotype in the adult Bcor
mice, we postulated that the truncated BCORAE9-10 protein might
still be able to interact with CRX/OTX2. Consistently, coimmuno-
precipitation (coIP) in HEK 293T cells showed a clear interaction of
BCORAE9-10 with both CRX and OTX2 (fig. S2F). In parallel,
we conducted PLA on adult Bcor*"' retinas using the anti-BCOR
antibody and found a clear proximity signal with CRX/OTX2 (fig.
S2G). Last, using a construct driving expression of luciferase from
the proopiomelanocortin (POMC) minimal promoter [-35/+63 base
pairs (bp)] containing three CRX/OTX2 binding motifs (41), we
showed activation of this promoter by OTX2 and significant repres-
sion of OTX2 activity when cotransfecting BCORAE9-10 (fig. S2H).
Overall, these results suggest that the truncated BCORAE9-10 pro-
tein can still interact with CRX/OTX2 and is still able to repress
OTX2 function, potentially explaining the absence of detectable
phenotype in the mouse mutant retina.

AE9-10

BCOR is generally present at genomic regions bound
by CRX/OTX2
We next assessed the genomic distribution of BCOR in the retina by
CUT&RUN (C&R) sequencing at E14, PO, and adult stages (42). As
BCOR interacts with CRX and OTX2, we predicted that it might
occupy similar genomic regions. To test this prediction, we com-
pared the BCOR C&R profile to that of CRX/OTX2 (the antibody
used recognizes both CRX and OTX2) and to a published adult
CRX-specific chromatin immunoprecipitation sequencing (ChIP-
seq) dataset (5) (tables S4 and S5). Using Hypergeometric Optimi-
zation of Motif EnRichment (HOMER), we assessed the binding
motifs present in the CRX/OTX2 C&R sequencing and found that,
among the top target peaks, the expected canonical “TAATCC” or
variant “TAATCG” motifs (6, 7) have the highest P value (fig. S3A).
We next examined the genome-wide distribution of BCOR-,
CRX/OTX2-, and CRX-specific peaks. At E14, we found that CRX/
OTX2 and BCOR have more promoter-bound peaks compared to
intronic and distal intergenic regions (Fig. 4A). At PO and adult
stage, however, CRX/OTX2 and CRX-only peaks are displaced
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Fig. 3. BCOR interacts with CRX and OTX2. (A) BCOR coimmunoprecipitates with
CRX and OTX2 when coexpressed in HEK 293T cells. The microtubule-binding protein
TAU was used as a negative control. (B) BCOR (red) coimmunoprecipitates with CRX
and OTX2 (green) from P7 to P9 total retinal protein extracts. (C) Proximity ligation
assay (PLA; red signal) on adult mouse retinal sections for BCOR and CRX/OTX2.
PLA for BCOR and the cytoplasmic protein PKCa was used as a negative control. Blue
represents Hoechst. Scale bars, 30 um (top panel) and 5 um (bottom zoom-in panel).

40f 20



SCIENCE ADVANCES | RESEARCH ARTICLE

away from the promoters to the intronic or intergenic regions,
whereas the peaks for BCOR remain mostly at promoters.

By conducting a GO term annotation analysis, we found that
BCOR peaks at E14 and PO are associated with genes corresponding
to the PcG complexes and other DNA-associated complexes regu-
lating transcription, splicing, and chromatin modifications (fig. S3B),
and some of these associated GO terms were shared with CRX/
OTX2. In adult, photoreceptor biology GO terms were strongly
associated with BCOR peaks (fig. S3B). To further validate the spec-
ificity of BCOR peaks, we ran several quality control analyses com-
paring our BCOR data with a variety of other genomic datasets.

A

First, when aligned to previously published NRL ChIP-seq dataset
(43), another key photoreceptor transcription factor, our BCOR
C&R dataset exhibited little overlap with NRL peaks (fig. S3C).
Second, we compared the E14 C&R BCOR dataset with previously
published ATAC-seq (assay for transposase-accessible chromatin
using sequencing) and ChIP-seq datasets of several chromatin
marks in the retina (H3K4mel, H3K4me2, H3K4me3, H3K27ac,
and H3K27me3) (44). BCOR exhibited little overlap with chroma-
tin marks enriched at enhancers or bivalent/repressed regions (fig.
S3D). BCOR occupancy also overlapped with only a small percentage
of the overall accessible regions determined via ATAC-seq (fig. S3,
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Fig. 4. BCOR and CRX/OTX2 bind common genomic targets. (A) Histograms representing preferentially bound regions in the genome for each replicate of BCOR and
CRX/OTX2 C&R and published CRX-only ChIP-seq (5). (B) UpSet plots representing the combinatorial binding overlap between pooled replicates of BCOR and CRX/OTX2
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retinas across a 15-kb segment of the mouse genome for BCOR, CRX/OTX2, and immunoglobulin G (IgG) control C&R, CRX-only ChIP-seq, and published ATAC-seq (44)
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D and E). Last, photoreceptor genes were enriched in regions co-
occupied by BCOR and CRX/OTX2, in agreement with our shRNA
experimental results (Fig. 2C and fig. S3E).

Next, we characterized the genome-wide overlap in DNA bind-
ing between BCOR, CRX/OTX2, and CRX-specific peaks. We ob-
served overlap in genomic binding at each stage (Fig. 4B and table
S6), and BCOR and CRX/OTX2 combinatorial binding at the Crx
promoter as early as PO (Fig. 4D), supporting a developmental role
for BCOR. While intersection analysis shows a large reduction in
co-occupied regions in adults, GO annotation analysis of shared peaks
in adults demonstrated that these 460 peaks were mostly in genes
involved in photoreceptor biology, such as photoreceptor inner seg-
ment, photoreceptor cell cilium, and photoreceptor outer segment
(Fig. 4, B and C, and fig. S3B). When we looked more closely at the
genes in the GO lists, we found key rod photoreceptor genes such as
Rho, Rom1, Sag, Gnatl, and Grkl (Fig. 4C and table S6). Detailed
examination of the photoreceptor gene loci showed enrichment of
BCOR, CRX/OTX2, and CRX at the Rho promoter (Fig. 4E). This
enrichment was specific to adult stages, as we did not observe occu-
pancy to Rho at E14 or PO, suggesting a role for BCOR in the regu-
lation of adult photoreceptor gene expression, rather than broad
chromatin silencing, as previously reported in stem cells and early
embryonic development (36, 45, 46).

Last, we intersected the adult BCOR C&R dataset with the shBcor
RNA-seq dataset and previously published histone mark ChIP-seq
(44). When focusing on differentially expressed genes identified in
the Bcor knockdown RNA-seq, we found BCOR peaks near the
transcription start site for two-thirds of those genes (fig. S3E).
Cluster 2 showed that the presence of both CRX/OTX2 and BCOR
and GO term analysis revealed again enrichment for genes with
photoreceptor-related function (tables S7 and S8). However, cluster
3 genes are all associated with H3K27me3 and are not bound by
BCOR. We suggest that, instead, those genes are probably bound by
the PcG complex version depleted of BCOR (PRC1/2) and might be
misregulated through the well-defined PcG biology.

These results show that BCOR is generally found at the same
genomic regions as CRX/OTX2 during retinal development. Together
with our finding that BCOR interacts with CRX/OTX2, these results
suggest that BCOR may be a co-regulator of CRX/OTX2 activity.

BCOR is a co-repressor for CRX and OTX2
As reducing BCOR protein levels increases Rho expression (Fig. 2,
C and D) and BCOR binds to the Rho promoter (Fig. 4E), we
hypothesized that BCOR might negatively regulate Rho promoter
activity. To test this idea, we transfected PO retinal explants with a
PpRHO-luciferase reporter construct, together with shBcor, and tested
the activity of the promoter 5 days later. We observed that shBcor
leads to a significant up-regulation of RHO promoter activity, which
was abolished when coexpressing shBcor with a version of Bcor
lacking the 3’ untranslated region (UTR) region targeted by the
shRNA (Fig. 5A). Because we previously observed the opposite changes
on rod-specific gene expression following shBcor treatment com-
pared to NrI”'~ (Fig. 2F), we postulated that BCOR might also affect
the mouse N7l promoter activity. As predicted, we found that shBcor
increases Nrl promoter activity, whereas this effect is rescued by an
exogenous source of Bcor insensitive to the shRNA (Fig. 5B).
Because the RHO promoter is bound by CRX, OTX2, and NRL,
we could not discriminate whether BCOR influences RHO promoter
activity through its interaction with CRX and OTX2 or via modulation
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of Nrl in these experiments. To distinguish between these possible
mechanisms, we used a promoter assay in HEK 293T cells, a heterol-
ogous system in which retina-specific genes are not expressed. We
found that CRX or OTX2 transfection in these cells increased pRHO-
luciferase activity, as predicted, and that BCOR coexpression sig-
nificantly represses this effect (Fig. 5C). These results indicate that
BCOR can repress CRX/OTX2 activity independently of NRL. To
ask whether the repression activity of BCOR may require binding at
regions of the RHO promoter that are not bound by CRX/OTX2, we
transfected rat fibroblasts with a construct driving expression of lu-
ciferase from the POMC minimal promoter (—35/+63 bp) containing
three CRX/OTX2 binding motifs (41). As predicted, we observed
activation of this promoter with OTX2, but this was significantly
repressed by cotransfecting BCOR (Fig. 5D). As the POMC minimal
promoter is unrelated to the RHO promoter and contains only
CRX/OTX2 binding motifs, these results suggest that BCOR repres-
sion activity on CRX/OTX2 is direct and argue against a mechanism
involving modulation via NRL. Thus, the effect of BCOR on the Nrl
promoter observed in Fig. 5B is likely a consequence of the co-
repression activity of BCOR on CRX/OTX2.

Our alignment of BCOR C&R data to NRL ChIP-seq dataset
showed no significant overlap between NRL and BCOR peaks
(fig. S3C), and NRL did not show up in our BCOR IP-MS (table S3),
suggesting that the two proteins are unlikely to interact. To provide
further evidence of this, we performed in vivo IP and NanoBiT
assays with BCOR and NRL and failed to detect any evidence of
interaction (fig. S4, A and B). While we cannot exclude that action
of BCOR on the Nrl promoter might additionally play a role in vivo,
these results strongly suggest that BCOR is a direct co-repressor for
CRX/OTX2 proteins.

Because fine regulation of Rho expression levels is critical to
photoreceptor survival, we predicted that reducing BCOR expres-
sion might lead to reduced photoreceptor cell numbers. Consistently,
we found that electroporation of shBcor in PO mouse retinas in vivo
leads to a small but significant reduction in photoreceptor cell num-
bers at P21 (Fig. 5, E and F).

BCOR variants are associated with early-onset

retinitis pigmentosa

The above results point to a critical role for mBCOR in photoreceptor
cell biology, but whether this is also the case in humans was un-
known. To determine whether hBCOR variants might be involved
in IRD, we screened patients for which known IRD mutations had
been excluded and that presented with a clinical evaluation of early-
onset progressive photoreceptor degeneration from retinitis pig-
mentosa (RP) or cone-rod dystrophy. The patients recruited showed
loss of retinal architecture, severe retinal thinning, loss of autofluo-
rescence, and some presented total loss of both rod and cone-mediated
electroretinogram (ERG) signals, without any other major clinical
manifestations (Fig. 6A, Table 1, and fig. S5).

To identify the disease-causing gene, we performed whole-exome
sequencing (WES) on two affected siblings from family I (1.3 and 1.4)
and their mother (I.2), who is mildly affected (Fig. 6B). We found a
hemizygous variant in BCOR (NM_017745.5) in the two affected
siblings: ¢.3461A>G leading to p.Glul154Gly, where the negatively
charged glutamic acid is replaced by a smaller neutral glycine
(Fig. 6C). This variant was heterozygous in the mother, and validation
sequencing confirmed cosegregation in the family (Fig. 6B). More-
over, this change was not found in genome aggregation database
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Fig. 5. BCOR regulates Rho and Nrl promoter activity and influences cell fate decisions. (A and B) Luciferase assays on retinal lysates from explants collected 5 days
(A) or 2 days (B) after electroporation at PO with an sh-sramble-GFP vector (Ctrl), shBcor, or shBcor with a version of Bcor lacking the 3'UTR region targeted by the shRNA
(rescue), together with pRHO-luciferase (A) or pNrl-luciferase (B). Data are shown as relative activity of the reporter over the sh-sramble-GFP control condition. (A) Ctrl,
n=24; shBcor, n=23; Rescue, n=7 and (B) Ctrl, n=16; shBcor, n = 14; Rescue, n =5. Data are plotted as means + SD; ***P < 0.001, ****P < 0.0001, one-way analysis of vari-
ance (ANOVA) test with Dunnett’s posttest. (C) Luciferase assay on cell lysates from HEK 293T cells 24 hours after transfection with a pRHO-luciferase reporter together
with GFP or BCOR alone (Ctrl, n=7) or with Crx (+CRX, n=4) or Otx2 (+OTX2, n=3). Data are shown as means + SD and represent relative activity of the reporter over the
GFP control condition. ***P < 0.001, two-way ANOVA test with Bonferroni posttest. ns, not significant. (D) Luciferase assay on cell lysates from rat fibroblasts 24 hours after
transfection with a (GE3);-POMC-luciferase reporter together with GFP, OTX2, or OTX2 + BCOR (n = 3). Data are shown as means + SD and represent relative activity of the
reporter over the GFP control condition. ***P < 0.001, ****P < 0.0001, one-way ANOVA test with Tukey’s test correction. (E) Examples of electroporated areas in P21 retinal
sections following electroporation of sh-sramble-GFP or shBcor at PO in vivo. (F) Quantification of the proportion of different cell types over total transfected cells 21 days
following GFP (n = 4) or shBcor (n = 5) electroporation at PO in vivo. Pr, photoreceptors; Bi, bipolar cells; Am, amacrine cells; Mu, Muller cells. Data are plotted as means + SD;

**P<0.01, ***P<0.001, two-way ANOVA with a Sidak test correction.

(gnomAD), Exome Variant Server (EVS), The 1000 Genome Browser
(IKGP), or our internal control databases and was predicted delete-
rious by four different types of in silico analyses: CADD (Combined
Annotation Dependent Depletion) (47), SIFT (Sorting Intolerant From
Tolerant) (48), PolyPhen-2 (Polymorphism Phenotyping) (49), and
MutationTaster (50) (Table 1). Because WES did not reveal any
other changes in known or candidate retinal genes that cosegregated
with the disease in this family, we considered BCOR a prime candi-
date to explain the clinical manifestations.

To determine whether mutations in the same gene might be
shared in other patients for which IRD remained genetically un-
explained, we used the European Retinal Degeneration Consortium
(ERDC) database, which contains WES and WGS (whole-genome
sequencing) results from IRD patients who are unsettled for known
IRD genes. We identified four additional BCOR mutations from
four other families, which were confirmed by Sanger sequencing.
Cosegregation in the families was validated and revealed variable
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penetrance in heterozygous females, ranging from unaffected to
severe. These variants were predicted to be deleterious by in silico
analyses: CADD scores >15, SIFT close to 0, PolyPhen-2 and
MutationTaster close to 1 (Table 1). The missense mutations in-
cluded c.2055G>C, c.1901C>A, ¢.1448C>T, and ¢.553A>G, leading
to p.Leu685Phe, p.Pro634Gln, p.Pro483Leu, and p.Ser185Gly, re-
spectively (Fig. 6, A to C, and Table 1). The BCOR variants were
highly conserved on the basis of GERP (Genomic Evolutionary Rate
Profiling), PhyloP-100, and nucleotide alignments (Fig. 6D) and
essentially absent from normal control databases such as ExAC
(Exome Aggregation Consortium) and EVS. The four additional
variants were all clustered around the BCL6 binding site of BCOR,
but not directly within it (Fig. 6E). These five families did not
harbor variants in any known IRD genes.

Together, these findings indicate that the BCOR mutations iden-
tified in five different families cause a severe, diffuse, and degenera-
tive photoreceptor disease. None of the patients or their family
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Fig. 6. Missense mutations in BCOR underlie a previously-unknown form of
early-onset RP. (A) Fundus photographs of patients from families |, Il, and IV: .4
and .5, depicting significant titled disc configuration with peripapillary atrophy
and mild vascular attenuation; 1.3, demonstrating unremarkable appearance of the
retina and the heterozygous mother; 1.2, showing atypical sectoral linear retinal
hypopigmentation; I1.3, showing mottled retinal hypopigmentation and severely
attenuated vasculature; and IV.3, showing diffuse retinal atrophy with perimacular
bone spicule pigmentation and vascular attenuation. (B) Pedigrees of five families
with X-linked RP affecting males (squares, filled symbols) and associated missense
mutations. Heterozygous females (circles) show variable expressivity with symptoms
ranging from unaffected to severe (half-filled symbols). Red arrows in family | indicate
individuals analyzed by WES (1.2, 1.3, and 1.4). (C) Sanger sequence analysis repre-
senting each familial mutation identified. (D) BCOR sequence conservation across
10 species of each mutated amino acid identified. (E) Simplified map representing
the BCOR gene. Coding exons are denoted by gray boxes, and introns are denoted
by the black horizontal line. Colored boxes represent exons associated with re-
spective protein domain, as indicated. The position of the BCOR mutations identi-
fied is indicated across the map with a red vertical bar.

Langouét et al., Sci. Adv. 8, eabh2868 (2022) 7 September 2022

members had OFCD syndrome or other BCOR-related diseases,
like cancer or colobomas.

Expression of hBCOR mutants in the mouse retina leads

to degeneration

The identification of five BCOR mutations in patients from five dif-
ferent families presenting with retinal degeneration strongly sug-
gested that these mutants cause the pathology. However, to provide
more direct evidence, we electroporated constructs encoding the
P483L, L685F, and E1154G human mutant BCOR (mutBCOR)
identified in patient families in the mouse retina at PO and analyzed
retinal histology 60 days later. In addition, we expressed an engi-
neered artificial mutation (c.2568 A>T leading to R856S) in the 3’
region of the exon containing the BCL6 interaction domain. Given
that four of the five mutations identified in humans were located in
this exon, we wanted to test whether variants in this region would
generally affect BCOR function. To avoid potential confounding
effects of the endogenous BCOR, we simultaneously knocked down
mBcor using an shRNA that does not target 1 BCOR. We first veri-
fied the levels of expression obtained 7 days after electroporation by
qRT-PCR on GFP” sorted cells and found about a fivefold increase
in BCOR transcript levels (fig. S6A). We also confirmed that expres-
sion of BCOR does not alter cell fate decisions by counting cell type
proportions 2 weeks after electroporation, when retinal development
is complete (fig. S6B). While we observed only minor morphological
changes in the shBcor-only and shBcor + wtBCOR conditions, reti-
nas expressing mutBCOR had severe photoreceptor degeneration
(Fig. 7, A and B), which was accompanied by important reactive
gliosis, as shown by swelling and complexification of Miiller glia
morphology (Fig. 7C and fig. S6C), and increased glial fibrillary
acidic protein (GFAP) expression compared to controls (Fig. 7D).
Degeneration was so important for some mutBCOR that quantifica-
tion of BCOR mutants separately was not always possible due to the
low number of GFP" cells remaining at P60. Therefore, we designed
a semiquantitative analysis of the “degeneration index” for each
mutBCOR, which took into consideration the histological integrity
of the retina, the thickness of the outer nuclear layer (ONL), the
complexification and size of Miiller glia, and the extent of GFAP
expression in the electroporated regions (Fig. 7E). We found that all
mutBCOR had a higher degeneration index on average than GFP or
wtBCOR controls (Fig. 7F). The BCOR mutant E1154G, which is
the only mutant identified that is located more downstream of the
gene (close to the Ankyrin repeats), appeared to have a weaker
effect. These results indicate that expression of human mutBCOR in
the mouse retina leads to degeneration, supporting our conclusion
that they cause disease in humans. Our finding that the engineered
R856S BCOR mutant also produces similar effects suggests that
the general area around the BCL6 binding domain is important for
BCOR function.

To understand how the hBCOR mutations identified in patients
might lead to photoreceptor cell death, we performed several experi-
ments using either transient expression or stable cell lines expressing
three of the newly discovered mutations in hBCOR: P483L, L685F,
and E1154G, as well as the engineered R856S variant. First, we eval-
uated the degradation rate by blocking protein synthesis with cyclo-
heximide and assessing protein decay kinetics via flow cytometry or
Western blot but found that the hBCOR mutations do not affect
protein stability (fig. S7A and not shown). Next, using coIP and
BioID proteomics in cell lines, we found that the hBCOR mutants
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Table 1. Clinical features of patients and in silico analysis of BCOR mutations. gnomAD: A collection of research articles and related content from
the genome aggregation database (gnomAD) consortium that describes and analyzes human genetic variation. EVS: The Exome Variant Server was
created as part of the NHLBI Exome Sequencing Project (ESP) and contains variant frequency information spanning normal humans of 6503 exomes.
CADD: Combined Annotation Dependent Depletion is a tool for scoring the deleteriousness of single-nucleotide variants. Scores >15 are severely
deleterious. SIFT: Sorting Intolerant From Tolerant amino acid substitutions predict whether an amino acid substitution in a protein will have a
phenotypic effect. SIFT scores range from 0.0 (deleterious) to 1.0 (tolerated). PolyPhen-2: Polymorphism Phenotyping is a tool that predicts the impact
of an amino acid substitution on the structure and function of a human protein using straightforward physical and comparative considerations. The
PolyPhen-2 numerical score ranges from 0.0 (benign) to 1.0 (damaging). MutationTaster: A substitution tool. A value close to 1 indicates a high security
of the prediction that the change is deleterious. GERP: Genomic Evolutionary Rate Profiling score (evolutionary conservation) > 4 is significant.
PhyloP-100: PhyloP scores measure evolutionary conservation at individual alignment sites compared to the evolution that is expected under neutral
drift. Positive PhyloP scores measure conservation, which is slower evolution than expected, at sites that are predicted to be conserved. Scores >2.7
are severe and deleterious. VA, visual acuity.

Family (N=6) [ I Il v v

PR IR o3 MOGL3072 SRF701 RFS034 SRF779 BCM-1
(coding)

Patients 3 4 5 3 2(D03)  3(D09) 4(ID 10) 3 3
O mE i (R C3461A>G €.2055G>C €.1901C>A C.1448C>T €533A>G
change)

el p.E1154G p.L685F p.P634Q p.P483L p.5185G

(protein change)

(ot G eI Canada China United States China China

(culture)

Sex M M M M F M M M M

Final clinical diagnosis

(XLRP or XLCRD) XLCRD XLCRD XLCRD XLRP XLRP XLRP XLRP XLRP NA

Age at first evaluation 15 13 12 20 14 12 12 30 NA

(years)

First symptom (central . . . . .

VA or color loss, peripheral VA loss VA loss VA .nght nght .nght .nght Mght NA
. . loss blindness blindness blindness blindness blindness

loss, night blindness)

Retinal architecture loss

(Y or N) age of onset if N N N Y NA NA NA Y NA

possible

Retlnalthlnnlng (YorN)age N N N 3 NA NA NA NA NA

of onset if possible

Loss of autofluorescence

(Y or N) age of onset when N N N 43 NA NA NA NA NA

available

Loss of ERG signals NA

Score visual

Age at legal or complete

62 (legal 61 (legal 62 (legal
blindness (years) e e e e blindness)  blindness) blindness) e N
I LI No No No No No No No No No

symptoms
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Fig. 7. Expression of human BCOR mutants in the mouse retina induce photoreceptor degeneration. (A) Examples of electroporated areas in retinal sections 60 days
after electroporation of GFP alone, shBcor-GFP + wtBCOR, or mutBCOR (P483L, L685F, R8565*, E1154G) at PO in vivo. Scale bar, 30 um. (B) Percentage of GFP* cells in the
photoreceptor layer (ONL) after expression of GFP alone (normalized to 1), shBcor-GFP + wtBCOR, or mutBCOR. Red data points, males; black data points, females. Bar
graphs illustrate means + SEM; *P < 0.05, ***P < 0.01, one-way ANOVA. (C) Distribution of Mdiller glia cell body surface (pmz) 60 days after electroporation of wtBCOR or the
different mutBCOR identified in the legend. Gaussian curve fit of Mller cell size distributions obtained from 36 cells for wtBCOR, 89 cells for P483L, 77 cells for L685F,
36 cells for R8565*, and 89 cells for E1154G. (D) Confocal images of electroporated regions (green) stained for GFAP (purple) 60 days after electroporation of GFP alone,
shBcor-GFP + wtBCOR, or mutBCOR (L685F). Scale bar, 30 um. (E) lllustration representing the semiquantitative analysis of degeneration index. Stage 1, normal changes
observed after electroporation (rare rosettes and injection site visible); stage 2, slightly disorganized retina and layering with increased rosette frequency; stage 3, multiple
area with rosettes, disorganized layers, and thinner photoreceptor layer; stage 4, severe degeneration with rosettes, disorganized layers, and low to no photoreceptors.
(F) Average degeneration index following electroporation with GFP alone or shBCOR + wtBCOR or the different mutBCOR. Red data points, males; black data
points, females. Total number of electroporated retinas analyzed (5 to 20 sections analyzed per retina): GFP = 4; wtBCOR = 5; P483L = 3; L685F = 7; R856S = 2; E1154G = 2.
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are still able to interact with BCL6, MLLT3, PcG members, and OTX2
(fig. S7, B to E, and table S9). Last, to test whether the BCOR muta-
tions might affect repression activity, we cotransfected HEK 293 cells
with an OTX2 expression construct together with a reporter ex-
pressing luciferase from the POMC minimal promoter containing
OTX2 binding sites (as done in Fig. 5D and fig. S2H) and the BCOR
mutants. As predicted, we observed a strong activation of the pro-
moter when cotransfecting OTX2, which was repressed by wtBCOR
(Fig. 8, A and B). The concentration required to obtain 50% repres-
sion of OTX2 [half-maximal inhibitory concentration (ICsy)] was
significantly lower, however, with three of the four mutBCOR tested
(Fig. 8B), indicating that their repression activity is enhanced com-
pared to wtBCOR. As observed following expression in the mouse
retina in vivo, mutant E1154G produced a milder phenotype com-
pared to the other mutants tested. Protein expression levels were
similar in all conditions (fig. S8A), excluding the possibility that
differences in transfection efficiency might explain altered repres-
sion activity with mutBCOR. Cotransfection of a BCOR deletion
mutant construct in which the region surrounding the BCL6 domain
was removed (amino acids 408 to 513) lost the ability to repress

OTX2 activity (fig. S8B), strongly suggesting that this deletion in-
cludes the interaction region with OTX2 or that it contains a critical
co-repressor module. These results suggest that the BCOR muta-
tions identified here have altered repression activity on OTX2,
which disrupts the regulation of photoreceptor gene expression and
eventually cause cell death.

DISCUSSION

In this study, we identify BCOR as a new interacting partner of the
retinal transcription factors CRX and OTX2. We further show that
BCOR functions as a co-repressor for CRX/OTX2 and generally binds
the same genomic regions, thereby contributing to fine-tune photo-
receptor gene expression levels. We uncover mutations in BCOR
that cause early-onset IRDs in humans, pointing to a critical con-
served role for BCOR in photoreceptor health and disease.

A key finding reported in this study is that BCOR interacts with
CRX and OTX2 and functions as a co-repressor for these master
retinal transcription factors. A BioGrid entry has recently reported
a possible interaction between OTX2 and BCOR in a high-throughput

A B
- wtBCOR
- P483L
g 1009 - L685F oo
> 1 R856S* 10-] pesa o .
£ ° E1154G
° 4
3 8
8 Q
[7]
8 i 8 .
Q
g ¥ i E os ole| [& .
e 3 2
E 1 !
E) L]
v v
T T T 1 0.0
10 20 30 40 é M ,14’4 ol, ;c':
BCOR DNA concentration (fmol) §’ q»‘i? g & F
< &
C Photoreceptor genes Photoreceptor
expression level density
o Normay
S . o = \
a 3 3
3 3 = [
oreceptor genes
+]
oc
Q =)/ L= ]
2 4 :
a E X 3
2] Photoreceptor genes
-
O]
o
Q L= L=y \
] 3 4
5 3 S ]
1S Photoreceptor genes
-,

Fig. 8. Human BCOR mutants display enhanced repression activity on OTX2. (A) Representative dose-response curve of BCOR repression on OTX2 activity. (B) Normalized
1Cs0 of BCOR DNA required to repress OTX2 activity. Graphs represent means + SEM. *P < 0.05, **P < 0.01, one-way ANOVA. (C) Model of BCOR function in the retina: In
normal retinas, BCOR fine-tunes expression of photoreceptor genes by acting as a co-repressor for CRX/OTX2, leading to normal levels of photoreceptor gene expression
(top). When BCOR activity is reduced after expression of shBCOR (middle), CRX/OTX2-mediated activation of photoreceptor gene expression is increased, leading to ab-
normally high levels of expression and some photoreceptor degeneration. Upon BCOR mutant (mutBCOR) expression (bottom), co-repression on OTX2 is higher, which
is predicted to reduce photoreceptor gene expression levels, leading to degeneration. Open boxes represent photoreceptor genes. Arrows indicate the transcription start
site, and thickness is relative to level of transcriptional activity. CRX/OTX2, represented by light blue circles, is bound to photoreceptor gene promoters. Blue and black
photoreceptors represent healthy and dying photoreceptors, respectively.
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screen (https://thebiogrid.org/111055/summary/homo-sapiens/otx2.
html), further supporting our results. We propose that the co-
repressive activity of BCOR on CRX/OTX2 proteins is critical to
precisely fine-tune photoreceptor gene expression levels, thereby
ensuring long-term photoreceptor survival (Fig. 8C). As OTX2 levels
are low in mature photoreceptors, however, we propose that the
effect of BCOR is more likely through its interaction with CRX
in these cells. Numerous studies in Drosophila and rodents demon-
strated that altered Rho expression levels, for example, impairs pho-
toreceptor cell function and survival (16-19, 51-54). In addition,
many mutations in the RHO gene have been identified in RP pa-
tients. Several of them lead to increased expression levels or activity,
which become toxic to photoreceptors (55), highlighting the impor-
tance of precise modulation of RHO expression levels. As CRX and
OTX2 are known to regulate the expression of many other photore-
ceptor genes, the co-repression activity of BCOR might have wide-
spread effect. Our C&R data showing co-occupancy of BCOR at
many critical CRX/OTX2 sites throughout the genome, in addition
to RNA-seq results showing that multiple photoreceptor genes are
deregulated after BCOR knockdown, support this interpretation. The
relative stoichiometry of BCOR and CRX/OTX2 proteins at various
genomic regions is likely to influence the precise levels of gene ex-
pression, but this remains to be explored. As we find that BCOR
represses Nl promoter activity, even though we failed to detect phys-
ical interaction between the two proteins, it is also possible that the
effects we observe after BCOR manipulations lead to changes in Nrl
activity, thereby contributing to BCOR function in photoreceptors.

Although not significant, we noted a tendency for increased
bipolar and Miiller glia cell number following Bcor knockdown (Fig. 5F).
We therefore sorted the differentially expressed genes from our
shBcor RNA-seq data into the retinal cell type-specific profiles de-
fined using previously published Drop-seq analysis of single retinal
cells (56). We found no major changes in the expression of genes
specific to bipolar cells or Miiller glia (fig. S9). These data suggest
that BCOR acts on rod photoreceptor number and gene expression
specifically, without affecting other cell types. It is important to note,
however, that Bcor knockdown at PO does not target early-born cell
types, raising the possibility that BCOR may additionally function
in these cells during development. It will be interesting to explore
this possibility.

Our work suggests that the function of BCOR does not depend
on interaction with the ncPRCI1.1 complex, supporting a noncanonical
role for BCOR in the retina. Given the strong phenotypes associated
with inactivation of members of the PcG complexes (PRC1 or PRC2)
in the mouse retina (57-59), the absence of retinal defect in Bcor”E*1°
animals was unexpected. Our data show that the truncated BCORAE9-10
protein produced in the mutant mice can still interact with CRX and
OTX2 and is still able to repress OTX2 activity, strongly suggesting
that, unlike many other tissues where it has been studied, the trun-
cated BCOR protein remains functional in the retina. Alternatively,
BCORLI, the homolog of BCOR, which also carries the PUFD do-
main (60), might be compensating for the Bcor exon 9 and 10 dele-
tion, although its expression level is low in the retina (28, 44). It will
be interesting to generate double KOs of Bcor and Bcorl1 to explore
this possibility.

Our study identifies the first BCOR mutations associated with
IRD in humans, and our findings that expression of these mutants
in the mouse retina leads to degeneration support the conclusion
that they are causative. In addition, our data show that the BCOR
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mutants display enhanced repressive activity on OTX2 transactiva-
tion, providing a possible molecular explanation for the retinal
degenerative disease observed in human patients harboring these
mutations. An engineered BCOR mutant (R856S) located in the
same exon as four of the five BCOR mutations identified in patient
families produced similar effects in the in vivo expression studies
and promoter assays, suggesting that the region surrounding the BCL6
interaction domain is important to BCOR function in the retina.
On the basis of these results, we propose that enhanced BCOR re-
pression on OTX2 results in reduced photoreceptor gene expres-
sion levels, which eventually leads to cell death (Fig. 8C). BCOR is
well known for its role in cancer (61) and developmental syndromes
(23, 26). In the patients presented here, however, there is no evi-
dence of such diseases, suggesting that the BCOR mutations we iden-
tified produce retina-specific phenotypes. Our finding that BCOR
mutants still interact with classical partners like BCL6 and PcG
components is consistent with the idea that the mutations do not
affect canonical BCOR functions in other tissues. This could ex-
plain the absence of symptoms other than retinal degeneration in
these patients.

With the development of adeno-associated viral vector (AAV)-
based gene therapy for IRDs, receiving a genetic diagnosis becomes
increasingly important. The identification of BCOR function in
photoreceptor biology reported in this study opens avenues of re-
search that may lead to the development of novel pharmacological
and/or gene therapy approaches. Last, this work also points to the
importance of transcriptional cofactors in IRDs, which have been
largely neglected, broadening perspectives to identify other genes
involved in monogenic Mendelian IRDs.

MATERIALS AND METHODS

Animal care

All animal work was performed in accordance with guidelines from
the Institut de Recherches Cliniques de Montréal animal care com-
mittee and the Canadian Council on Animal Care. CD1 mice were
obtained from Taconic. Beor' (26) and o-Pax6::Cre (0-Cre) (39)
alleles and genotyping protocols were previously described. Mice
were also genotyped to exclude the presence of rd8 alleles (62). See
table S10 for primer sequences. The exact cross used to obtain litters
analyzed in fig. S2 is 0-Pax6::Cre+; Beor'” males to Beor™ " females.

Vectors

The pYX-ASC1-Bcor cDNA vector was obtained from Dharmacon
(clone ID: 6412868) and corresponds to isoform c. The expression
vector pCIG2, previously described, was modified to contain a
Gateway destination cassette.

The pCAGGS-BCOR::Flag vector was obtained from P. Vanderhaeghen
(33) and corresponds to isoform a (EFplink-FLAG-HA-BCORa-
HIS). Point mutations in the BCOR open reading frame to ob-
tain pCAGGS-BCOR-L685F::Flag, pCAGGS-BCOR-P483L::Flag,
PCAGGS-BCOR-R856S::Flag, and pCAGGS-BCOR-E1154G::Flag were
generated using a QuikChange lightning site-directed mutagenesis kit
(Agilent) following the manufacturer’s recommendations.

The pGL3b-human RHODOPSIN promoter (positions —181 to +49)
luciferase (pRHO-luciferase) and the pCDNA3.1-3xFlag::Crx con-
structs were obtained from T. Furukawa. The pNrl-luciferase was
modified from the plasmid pN#l-DsRed obtained from Addgene (#13764)
by replacing DsRed with firefly luciferase using the In-Fusion technology.
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Renilla luciferase reporter vector pIS2-Renilla was obtained from
Addgene (#12177). The p5XBCL6-SV40-luciferase reporter vector
was previously described (20). The pfiactin:LacZ was obtained from
J. Cross.

The pCIG2-3xFlag:Otx2 plasmid was generated using the In-Fusion
technology to add a 3xFlag tag to the existing pCIG2-Otx2 expres-
sion vector (splice variant 3) obtained from C. Schuurmans. RNA
interference (RNAi) constructs shBCOR (targeting the 3'UTR of
BCOR), shBcor (targeting the 3'UTR of Bcor), and scramble shRNA
are expressed downstream of the U6 promoter into pSilencer2.1-CAG-
Venus (pSCV2) vector and were obtained from P. Vanderhaeghen (33).

The expression vector pCIG2-Myc::BCL6 was obtained from
P. Vanderhaeghen (33). The entry clone containing the short POZ
binding domain of BCL6, pPDONOR221-POZ-BCL6, was generated
by Gateway BP reaction (Thermo Fisher Scientific) from the pCIG2-
Myc::BCL6 vector (20). To generate the expression vector pGEX-
4T-1-POZ-BCL6, the entry clone pDONOR221-POZ-BCL6 was
recombined using L/R Clonase II (Thermo Fisher Scientific) into
pGEX-4T-1-Gateway.

The POG44 Flp-Recombinase expression vector, the pDest
pCDNAS5-FRT/TO-EGFP-N-term, and pCDNAS5-FRT/TO-BirA-
3xFlag-C-Term inducible expression vectors were obtained from
A.-C. Gingras. All pPCDNAS5-FRT/TO expression clones were gener-
ated by recombination of the appropriate entry clone and pDest
vector using L/R Clonase II (Thermo Fisher Scientific).

The (CE3);-POMC-luciferase vector was obtained from J. Drouin
(41). The expression vectors pBit 1.1-TK-SmBit::N7l, pBit 1.1-TK-
SmBit::Numb, and pCAGGS-LgBit::BCOR::Flag for the NanoBiT
assay were generated by In-Fusion cloning.

See table S10 for shRNA and primer sequences. See table S11 for
a summary of all the vectors used in this study.

In vivo subretinal electroporation

In vivo subretinal electroporation of PO eyes was performed as de-
scribed previously (63) using plasmid DNA at 1 to 3 ug/ul. pSCV2-
shBcor or scramble shRNA vector pSCV2 was used for loss-of-function
experiments, and a mixture of pCIG2, pSCV2-shBcor, pSCV2-shBcor
and pCAGGS-BCOR::Flag, pCAGGS-BCOR-L685F::Flag, pCAGGS-
BCOR-P483L::Flag, pCAGGS-BCOR-R856S::Flag, or pCAGGS-
BCOR-E1154G::Flag was used for gain-of-function experiments.
The electroporated eyes were collected at P21 and P60, respectively,
fixed, and processed for immunohistochemistry as described below.

Amaxa electroporation and retinal progenitor culture

E17 retinas from one litter of C57/B6] mouse line were collected, and
cells were dissociated and cultured as previously described (64). In
short, 0.75 million to 1.2 million of retinal progenitor cells were trans-
fected with 10 ug of pSCV2, pSCV2-shBcor, or a combination of
pSCV2-shBcor + pCIG2-Bcor using the Amaxa Rat Neural Stem
Cell Nucleofector Kit (Lonza Walkersville Inc., #VPG-1004). Electro-
poration was carried out using program A-33 of the Amaxa Nucleo-
factor 2b device (Lonza Walkersville Inc., #AAB-1001). A total of
500,000 cells per well were plated on poly-L-lysine/laminin-coated
six-well plates and grown for 4 days before harvest for Western
blot analysis.

In situ hybridization
Plasmid pYX-ASC1-Bcor was used as a template for synthesizing the
digoxigenin (Dig)-labeled RNA probes. The plasmid was linearized
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with Bam HI to prepare the template DNA for the probe synthesis. T3
RNA polymerase was used to synthesize the antisense probe, and
T7 RNA polymerase was used to synthesize the sense control probe.

Eyes at developmental and adult stages were collected, fixed in
4% paraformaldehyde overnight at 4°C, washed in phosphate-buffered
saline (PBS), and cryoprotected in 20% (w/v) sucrose/PBS solution
overnight. Hybridization was done overnight at 65°C with RNA
probes (300 ng/ml) in hybridization buffer {50% (v/v) formamide,
10% (w/v) dextran sulfate, ribosomal RNA (rRNA; 1 mg/ml), 1x
Denhardt’s solution, and 1x salt solution [200 mM NaCl, 10 mM
tris (pH 7.5), 5 mM sodium phosphate buffer, and 5 mM EDTA]}.
Probes were detected with an anti-Dig-alkaline phosphatase (AP)
antibody (1:3500; Roche). The AP activity was revealed using 4-nitro
blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl-phosphate sub-
strate solution (Roche).

Generation of hBCOR stable cell lines and cell

culture conditions

Stable cell lines were generated from Flp-In T-Rex 293 cells (Invitrogen)
according to the manufacturer’s recommendations. Two micrograms
of POG44 vector in combination with 0.5 pg of one of the following
vectors, PCDNA5-FRT/TO-BCOR::EGFP, pCDNA5-FRT/TO-BCOR-
L685F::EGFP, pCDNA5-FRT/TO-BCOR-P483L::EGFP, pCDNA5-
FRT/TO-BCOR-R856S::EGFP, pPCDNA5-FRT/TO-BCOR-E1154G::EGFP,
pCDNAS5-FRT/TO-BCOR::BirA-3xFlag, pPCDNA5-FRT/TO-BCOR-
L685F::BirA-3xFlag, pPCDNAS5-FRT/TO-BCOR-P483L::BirA-3xFlag,
pCDNA5-FRT/TO-BCOR-R856S::BirA-3xFlag, or pPCDNA5-FRT/
TO-BCOR-E1154G::BirA-3xFlag, was transfected into Flp-In T-Rex
293 cells using jetPRIME Reagent (VRW). Following hygromycin
(Thermo Fisher Scientific) selection at 200 pg/ml, unique clones
were selected for each genotype. Cells at ~60 to 70% confluence
were treated with tetracycline (1 ug/ml) (Millipore-Sigma) for 24 hours
to induce protein expression before collection for the different as-
says used (protein turnover study and BioID).

Protein turnover by flow cytometry

T-Rex 293 tetracycline inducible stable cell lines described above
were grown to 70% confluence and treated with tetracycline (1 pg/
ml) for 24 hours to induce protein expression. To assess protein
stability, cycloheximide (100 pg/ml) was then added to the medium
and cells were collected by trypsinization after 0, 2, 4, 6, and 8 hours.
Cells were resuspended in a propidium iodide (PI) solution con-
taining 1x PBS, 5 mM EDTA, and PI (10 pg/ml) (Sigma-Aldrich)
to exclude dead cells from the analysis. Samples were processed on
a FACSCalibur flow cytometer, and acquisition was done using
the CellQuest software. Geometric mean fluorescence intensity
(Geo MFI) for each of the time points was calculated using Flow]Jo
(65). Protein levels were expressed on the basis of the measured
fluorescence values using the Geo MFI index method and nor-
malized to T =0.

Immunohistochemistry
Immunohistochemistry was carried out on retinal cryosections
using standard procedures. Bound antibodies were detected with
appropriate secondary antibodies conjugated to Alexa Fluor 488,
555, or 647 (1:1000; Thermo Fisher Scientific).

See table S12 for the description of the antibodies, concentration
used, and fixation details. Note that CRX and OTX2 antibodies
cross-recognize both proteins (66).
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Luciferase assay

PO mice were sacrificed, and eyes were enucleated. Eyes were inject-
ed in the subretinal space with 1 ul of a plasmid DNA mixture and
electroporated using CUY650 tweezer electrodes (Protech) and the
ECMB830 Electroporation System (Harvard Apparatus) with the fol-
lowing settings: 5 pulses, 50 mV, pulse length of 50 ms, and 950-ms
intervals with unipolar polarity. Plasmid DNA mixture contains the
luciferase reporter plasmid DNAs pNri-luciferase or pRHO-luciferase
(0.45 pg/ul); shRNA against mouse Bcor, pSCV2-shBcor, or empty
expression vector pSCV2 (0.25 ug/ul); and overexpression vector
pCIG2-Bcor or empty vector pCIG2 (0.25 pg/ul). pIS2-Renilla lucif-
erase reporter vector (25 ng/ul) driven by the SV40 early enhancer/
promoter was cotransfected for normalization of transfection efficiency.

After electroporation, retinas were explanted and cultured for
2 days (pNrl-luciferase) or 5 days (pRHO-luciferase), as previously
described (67). Dissociation was done by transferring each explant in a
solution of PBS containing papain (15 active units/ml) (Worthington),
L-cysteine (0.2 mg/ml) (Sigma-Aldrich), and deoxyribonuclease
(DNase) (4 mg/ml) (Worthington) for 5 min at 37°C. The enzymatic
reaction was neutralized in a solution of low ovomucoid containing
DNase (4 mg/ml), and cells were dissociated by trituration. Cells were
collected by centrifugation and lysed in 110 ul of cell lysis buffer
[200 mM tris (pH 7.5), 100 mM NaCl, and 0.125% (v/v) Triton X-100].

For promoter assays, HEK 293T [for pRHO-luciferase and (CE3)3-
POMC-luciferase] or rat fibroblasts [for (CE3);-POMC-luciferase]
cells were plated in a 24-well plate and a plasmid DNA mixture was
transfected in each well using jetPRIME Reagent (VWR) or Lipo-
fectamine 3000 (Thermo Fisher Scientific), respectively, following
the manufacturer’s recommendations. For reporter assay using pRHO-
luciferase, plasmid DNA mixture contains 350 ng of pRHO-luciferase;
150 ng of shRNA against hBCOR, pSCV2-shBCOR, or scramble
shRNA vector pSCV2; 150 ng of overexpression vector pCIG2-Bcor,
truncated form pCIG2-BcorA9-10, or empty expression vector pCIG2;
and 150 ng of pCDNA3.1-3xFlag::Crx or pCIG2-3xFlag::Otx2 ex-
pression vector along with 20 ng of pIS2-Renilla. For reporter assays
using (CE3)3;-POMC-luciferase, plasmid DNA mixture contains
50 ng of reporter vector, 100 ng of expression vector pCS2-MT-
OTX2 or pCS2-MT empty vector for equal molar ratio of promoter,
and between 0 and 250 ng of expression vector pPCAGGS-BCOR::Flag,
PCAGGS-BCOR-L685F::Flag, pPCAGGS-BCOR-P483L::Flag, pPCAGGS-
BCOR-R856S::Flag, or pCAGGS-BCOR-E1154G::Flag, pCAGGS-
BCORABCLG6::Flag, or pCIG2-BcorA9-10 along with pBlueScript II as
DNA filler (for equal DNA quantity in each condition) and pCAGGS
empty vector for equal molar ratio of promoter in each condition.

Each condition was done in triplicate. After transfection, cells
were incubated for 24 hours at 37°C with 5% CO,. After incubation,
medium was removed and cells in each well were lysed in 110 pl of
cell lysis buffer. Samples were frozen at —80°C, allowed to thaw on
ice, and homogenized by trituration. One hundred microliters of
each sample was loaded in a white 96-well plate.

Luminescence signal was detected using a GloMax 96 Microplate
Luminometer detection system (Promega). Firefly luciferase activity
was measured by injection of 100 pl of a 2x solution containing 100 mM
tris (pH 7.5), 10 mM dithiothreitol (DTT) (ref), 0.4 mM coenzyme
A (Santa Cruz Biotechnology), 0.60 mM adenosine triphosphate
(ATP) (GoldBio), and p-luciferin (5.6 mg/ml) (GoldBio). The optimal
OTX2 concentration used in the repression assay was determined
by fitting an activation curve of the POMC promoter and selecting
the concentration that gives 80% activation. The ICsq of wtBCOR

Langouét et al., Sci. Adv. 8, eabh2868 (2022) 7 September 2022

and mutBCOR was determined by plotting the best fitting curve on
each triplicate using a nonlinear regression curve fit analysis. To be
included in the analysis, the R squared of each curve had to be higher
than 0.75 (only one curve was excluded because of a low R squared).
The ICs was calculated to fall between the top and bottom value of
the linear phase of each curve.

NanoBIiT assay

NanoBiT assay (Promega) was performed following the manufac-
turer’s recommendation. Briefly, HEK 293T cells were transiently
transfected using Lipofectamine 3000 (Thermo Fisher Scientific)
with a mixture of pSCV2-shBCOR and pBit2.1-TK-SmBit::Numb65
as a negative control or pBit2.1-TK-SmBit::BCL6 as a positive control
or pBit2.1-TK-SmBit:NRL together with pCAGGS-LgBit::BCOR. Cells
were incubated for 24 hours, and Nano-Glo live cell reagent was
added to the medium. Luminescence was read on a Glomax spec-
trophotometer (Promega).

Immunoprecipitation
P7 to P9 animals were sacrificed, the eyes were enucleated, and the
retinas were collected. After cell lysis in NP-40 buffer [50 mM tris
(pH 8.0), 150 mM NaCl, 1% (w/v) NP-40, and complete protease
inhibitor cocktail (Roche)], samples were centrifuged for 15 min
at 15,100g. The supernatants were collected, and the total protein
concentration was determined using the Bradford protein assay (Bio-Rad).
For in vitro assay, HEK 293T cells were transiently transfected
using jetPRIME reagent (VWR) with pCAGGS-3xFlag::Crx, pCIG2-
3xFlag::Otx2, or an empty expression vector pPCAGGS-3xFlag together
with the overexpression vector pCIG2-Bcor or pCIG2-BcorA9-10 in
tig. S2F or with pCS2-MT-OTX2 or the empty expression vector
pCS2-MT together with the overexpression vector pCAGGS-
BCOR::Flag wild type (wt) or mutants in fig. S6E. Cells were lysed
24 hours after transfection in NP-40 lysis buffer and centrifuged for
15 min at 15,100¢. The supernatants were collected, and the total pro-
tein concentration was determined using the Bradford protein assay.
Four micrograms of mouse anti-BCOR C-10 antibody (Santa Cruz
Biotechnology) was bound to 40 ul of protein G Dynabeads (Thermo
Fisher Scientific), according to the manufacturer’s recommendations,
and incubated with 2 to 3 mg of total proteins overnight at 4°C in
IpH 0.1% buffer [50 mM tris (pH 8.0), 150 mM NaCl, 5 mM EDTA,
0.1% (w/v) NP-40, and complete protease inhibitor cocktail
(Roche)]. Immunoprecipitated samples were analyzed by Western
blotting using homemade 10% acrylamide gel, rapid transfer for
mixed protein molecular weight into polyvinylidene difluoride
membrane (Tans-Blot system, Bio-Rad), 5% milk blocking, and
overnight primary antibody incubation at 4°C. Membranes were
then incubated with horseradish peroxidase-conjugated secondary
antibodies before final protein visualization using ECL prime
(Bio-Rad) or the IRDye secondary antibodies 680RD and 800CW
(LI-COR Biosciences). Optimal exposure times were performed
using the ChemiDoc system (Bio-Rad) or the Odyssey CLx system
(LI-COR Biosciences). Quantification of coIP was performed using
ImageLab (Bio-Rad) or Odyssey CLx system (LI-COR Biosciences).
Raw signal intensities were first obtained for immunoprecipitated
proteins and inputs. Background signal was deducted from each
value. Final quantification data were given as the ratio of immuno-
precipitated signal to input signal, each value normalized to the wt
condition. See table S12 for the description of the antibodies and
concentration used.

14 of 20



SCIENCE ADVANCES | RESEARCH ARTICLE

Pull-down assay

Protein synthesis was induced with the addition of 0.1 mM isopropyl-
B-p-thiogalactopyranoside (IPTG) for 3 hours at 37°C. Cells were
lysed by sonication with 10 short bursts of 10 s followed by intervals
of 30 s for cooling in a solution of PBS + 1% Triton X-100 + complete
protease inhibitor (Roche). Cell debris was removed by centrifuga-
tion, and glutathione S-transferase (GST) protein complex was pu-
rified by immobilization onto glutathione agarose beads (Pierce).

T-Rex 293 tetracycline inducible stable cell lines expressing
BCOR:EGFP, BCOR-L685F::EGFP, BCOR-P483L::EGFP, BCOR-
R856S::EGFP, and BCOR-E1154G::EGFP were grown to 70% con-
fluence and treated with tetracycline (1 ug/ml) for 24 hours to
induce protein expression.

Ten micrograms of protein complex (GST::POZ-BCL6 or GST
alone) immobilized on glutathione agarose beads and 500 ng of cell
lysates were incubated in IpH 0.1% buffer overnight at 4°C. Pulled
down samples were analyzed by Western blot.

Immunoprecipitation followed by mass spectrometry
(liquid chromatography-MS/MS)
Following immunoprecipitation, samples were washed five times with
50 mM ammonium bicarbonate and resuspended in 50 pl of fresh
50 mM ammonium bicarbonate. The on-bead proteins were diluted in
2 M urea/50 mM ammonium bicarbonate, and trypsin digestion was
performed overnight at 37°C. The samples were reduced with 13 mM
DTT at 37°C for 30 min and, after cooling for 10 min, alkylated with
23 mM chloroacetamide at room temperature for 20 min in the dark.
The supernatants were acidified with trifluoroacetic acid and cleaned
from residual detergents and reagents with MCX cartridges (Waters
Oasis MCX 96-well Elution Plate) following the manufacturer’s rec-
ommendations. After elution in 10% ammonium hydroxide/90%
methanol (v/v), samples were dried with SpeedVac, reconstituted
under agitation for 15 min in 12 ul of 2% acetonitrile (ACN)-1% formic
acid (FA), and loaded into a 75-um inside diameter x 150 mm Self-Pack
C18 column installed in the Easy-nLC II system (Proxeon Biosystems).
Peptides were eluted with a two-slope gradient at a flow rate of 250 nl/
min. Solvent B (0.2% FA in ACN) first increased from 2 to 35% in
105 min and then from 35 to 85% B in 15 min. The high-performance
liquid chromatography system was coupled to an Orbitrap Fusion
mass spectrometer (Thermo Fisher Scientific) through the Nanospray
Flex Ion Source. Nanospray and S-lens voltages were set to 1.3 to 1.7 kV
and 50 V, respectively. Capillary temperature was set to 225°C. Full-
scan MS survey spectra [mass/charge ratio (m/z) 360 to 1560] in
profile mode were acquired by the Orbitrap with a resolution of
120,000 with a target value at 3 x 105. The 25 most intense peptide
ions were fragmented in the high collision dissociation (HCD) cell and
analyzed in the linear ion trap with a target value at 2 x 104 and a
normalized collision energy at 28 V. Target ions selected for fragmen-
tation were dynamically excluded for 25 s after two MS/MS events.
The peak list files were generated using Proteome Discoverer
program (version 2.3) with the following parameters: minimum
mass set to 500 Da, maximum mass set to 6000 Da, no grouping of
MS/MS spectra, precursor charge set to auto, and minimum num-
ber of fragment ions set to 5. Protein database search was performed
using Mascot 2.6 program (Matrix Science) against the UniProt Mus
musculus protein database (15 April 2015). The mass tolerances for
precursor and fragment ions were set to 10 parts per million (ppm)
and 0.6 Da, respectively. Data interpretation was performed using
Scaffold program (version 4.8).
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Data analysis was done on Excel (Microsoft), considering exclu-
sive spectrum counts and applying the following filters: All the hits
specific to Beor IP only were included for monoclonal BCOR anti-
body samples, and hits with a minimum of five exclusive spectrum
counts, enriched fivefold over immunoglobulin G (IgG) control,
were considered for polyclonal BCOR antibody. See table S12 for
description of the antibodies and concentration used.

BiolD (liquid chromatography-MS/MS)

BioID was performed as previously published. The peak list files
were generated with Proteome Discoverer program (version 2.3)
using the following parameters: minimum mass set to 500 Da, max-
imum mass set to 6000 Da, no grouping of MS/MS spectra, precur-
sor charge set to auto, and minimum number of fragment ions set
to 5. Protein database searching was performed with Mascot 2.6
program (Matrix Science) against the UniProt human protein data-
base (16 May 2018) containing the common contaminant proteins
usually observed in BioID samples. The mass tolerances for precur-
sor and fragment ions were set to 10 ppm and 0.6 Da, respectively.
Trypsin was used as the enzyme allowing for up to one missed
cleavage. Cysteine carbamidomethylation was specified as a fixed
modification, and methionine oxidation and ubiquitylation on ly-
sine were specified as variable modifications. Data interpretation
was performed using Scaffold program (version 4.8).

MS/MS raw data were searched against the UniProt database
(downloaded on 26 March 2019) using MaxQuant program (ver-
sion 1.6.6.0) for protein identification and label-free quantifica-
tions (LFQs). LFQs were transferred in Perseus program (version
1.6.10.43). Proteins that MaxQuant flagged as being identified only
by site, reverse, or potential contaminant were removed from the
analysis. Samples were clustered using the Hierarchical clustering
algorithm from Perseus with the default settings. Only the samples
that clustered with their largest group were kept for further analysis.
This resulted in four samples kept for BCOR and two samples kept
for L685F, P483L, BCORABCLS, R856S, and E1154G mutants. Pro-
teins quantified in two of four samples for BCOR or in two of two
samples for L685F, P483L, BCORABCL6, R856S, and E1154G
mutants were kept for further analysis. LFQs reported as 0 by
MaxQuant were replaced by randomly generated values normally
distributed with a mean downshifted by 1.8 and SD equal to
0.3 compared to non-0 LFQs of their respective sample. BCOR,
L685F, P483L, BCORABCLS6, R856S, and E1154G proteins were
compared to BirA alone, GFP, NLS (nuclear localization signal), and
GFP-NLS control samples using a two-tailed ¢ test subsequently
adjusted for multiple hypothesis testing using a permutation-based
test by considering a false discovery rate (FDR) of 10% adjusted using
an s0 correction factor of 0.1 with 10,000 iterations. Proteins were
labeled as high-confidence interactors when their FDR value was
under 0.1 and their LFQ ratio was over 2 against all control groups.
Z-score intensities of wt and mutants were computed for each indi-
vidual genes. Euclidean clustering was computed on the genes and
the individual samples based on the z scores. Statistical differences
between the raw (non-z-scored) LFQs of BCOR against L685F,
P483L, BCORABCLS, R856S, and E1154G were determined using a
two-tailed ¢ test subsequently adjusted for multiple hypothesis testing
using a permutation-based test by considering an FDR of 5% ad-
justed using an s0 correction factor of 0.1 with 10,000 iterations. The
level of differential interaction with BCOR was considered statisti-
cally significant when the adjusted P value was <0.05.
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Proximity ligation assay

Tissues were prepared and sectioned as mentioned above. Slides
were preincubated in blocking solution for 30 min and incubated
with a mixture of the following antibodies diluted in blocking solu-
tion: rabbit anti-BCOR [RRID:AB_2716801 (21)] alone or BCOR
with mouse anti-CRX (Novus Biologicals), goat anti-OTX2 (R&D
Systems), or mouse anti-PKCa H-7 (Santa Cruz Biotechnology).
Duolink PLA fluorescence (Sigma-Aldrich) reaction was done ac-
cording to the manufacturer’s recommendations.

Quantitative RT-PCR
In vivo electroporation of PO eyes was performed as described pre-
viously (63) using plasmid DNA at 1 pg/ul [pSCV2-shBcor (33), pCIG2-
Bcor, or empty vector pSCV2, pCIG2 as control]. The electroporated
eyes were collected at P2 and P7, retinas were dissected out, and cells
were dissociated in papain. GFP-expressing cells were collected by
fluorescence-activated cell sorting (FACS) directly in RNeasy lysis
tissue (RLT) buffer (Qiagen), RNA was isolated using the RNeasy
Micro Kit (Qiagen), and first-strand cDNA was prepared using a
SuperScript IV VILO cDNA synthesis kit (Thermo Fisher Scientific)
each following the manufacturer’s recommendations.

qRT-PCRs were set up using a mixture of 15 to 150 pg of total
c¢DNA template, 0.3 uM of both primers (forward and reverse), and
1x PowerUp SYBR green master mix (Thermo Fisher Scientific). The
reaction was carried out using the Applied Biosystems ViiA7 real-time
PCR machine using the following settings: 2 min at 95°C for one cycle,
15 s at 95°C, then 1 min at 60°C for 40 cycles. A dissociation curve for
each primer set was done after each PCR with the following settings:
15 s at 95°C, 1 min at 60°C, and 15 s at 95°C. Gapdh was used as a ref-
erence gene for normalization. Data analysis was performed using
QuantStudio software and presented as relative quantification, normal-
ized to one of the control samples. See table S10 for primer sequences.

RNA sequencing

Two litters of PO CD1 mice eyes were electroporated as described
previously (63) using plasmid DNA at 1 pg/ul (pSCV2-shBcor or
empty vector pSCV2 as control). The electroporated eyes were
collected at P21 and processed for dissection, dissociation, FACS
sorting, RNA extraction (RNeasy Mini kit, Qiagen), and reverse
transcription as described above in the qPCR section with minor
modifications. (i) Dissociation was done with StemPro Accutase
(Thermo Fisher Scientific) for 30 min instead of papain, and (ii)
cells were treated with PI solution before sorting. Cells (10 to 15%)
were excluded because of cell death. GFP™ cells were sorted directly
into lysis buffer. Multiple sorted GFP" cell samples were combined
to obtain 30,000 to 70,000 cells per replicate (n = 2) and purified
using the RNeasy Mini kit (Qiagen).

Sample quantity (RNA integrity number) and quality were as-
sessed using the Agilent RNA 6000 Pico Kit (Agilent, #5067-1513)
on Bioanalyzer 2100. Library preparation started with rRNA deple-
tion using the Ribo-Zero Magnetic Gold Kit (Human/Mouse/Rat)
(Epicentre for Illumina #MRZG12324). Total RNA (3.0 to 5.1 ng)
was used for rRNA depletion of the total RNA. SpeedVac sublima-
tion was performed on some samples to reduce RNA volume to
17 ul to start the depletion reaction. rRNA-depleted RNA was then
purified with the AGENCOURT RNA CLEAN XP Kit (Beckman
Coulter). The samples were eluted in 8.5 ul of H,O to continue the
library preparation using the SMARTer Stranded RNA-Seq Kit
(Takara Bio USA Inc., #634836 or #634837). For this protocol, the
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first-strand synthesis was performed using a modified N6 primer
(the SMART Stranded N6 Primer) to obtain full-length fragments.
The full-length, single-stranded cDNA fragments were purified
with the Agencourt DNA CleanUp AMPure XP Kit (Beckman
Coulter, #A63881). PCR enrichment + indexing step of 15 cycles
was then performed using the Illumina Indexing Primer Set provided
by the kit. The final enriched product (library, after PCR) was puri-
fied using the Agencourt DNA CleanUp AMPure XP Kit (Beckman
Coulter, #A63881). Libraries were eluted in 16 ul of elution buffer.
Quality and quantification of the libraries were assessed using the
Agilent High Sensitivity DNA Kit (Agilent, #5067-4626) on Bio-
analyzer 2100. The libraries were then quantified by qPCR to obtain
their nanomolar concentration. Libraries were diluted and pooled
equimolar before paired-end sequencing performed with 50 cycles
(PE50) on a v4 flowcell (Illumina, HiSeq PE Cluster Kit v4 cBot,
PE-401-4001) of the Illumina HiSeq 2500 System.

See table S13 for detailed library parameters per sample. See also
Supplementary Text for details on RNA-seq data analysis.

CUT&RUN sequencing

C&R experiments were performed as described previously (42),
with a few modifications. The entire procedure was done in 200-ul
PCR tubes. Final digitonin concentration was set at 0.01%. pAG-MNase
(internal production from a plasmid obtained from S. Henikoff)
digestion was performed for 30 min on ice.

Libraries were prepared with the KAPA DNA HyperPrep Kit
(Roche, 07962363001-KK8504). This protocol includes an end-
repair/A-tailing step and an adapter ligation step followed by a PCR
amplification (enrichment) of ligated fragments. See table S14 for
detailed PCR cycles per sample. The adapters used for ligation were
IDT for Illumina TruSeq UD Indexes (Ilumina, 20022371). The final
enriched product (library, after PCR) was purified using KAPA puri-
fication beads (Roche, 07983298001-KK8002), and double size se-
lection (SPRIselect, Beckman Coulter) was performed (with KAPA
beads) to select fragments between 180 and 500 bp.

Libraries were then quantified using a NanoDrop microvolume
spectrophotometer (ng/ul), and quality was assessed using the
Agilent High Sensitivity DNA Kit (Agilent, 5067-4626) on Bioana-
lyzer 2100. The libraries were then quantified by qPCR to obtain
their nanomolar concentration. Libraries were diluted, pooled equi-
molar, and sequenced in PE50 on an S1 flowcell (Illumina,
20012863) of the Illumina NovaSeq 6000 System.

See Supplementary Text for details on C&R data analysis.

Human scRNA-seq published dataset analysis

Raw reads were downloaded from ArrayExpress under accession
number E-MTAB-7316 (32). Cell Ranger count was used to generate
gene expression matrix file for further analysis. SCANPY was used
to generate the Uniform Manifold Approximation and Projection
(UMAP) plots (68).

Patients

All human protocols were reviewed and approved by the participating
university centers, and informed consent was obtained from all
subjects involved in this study. We studied patients from five dis-
tinct families (Fig. 6B) originating from France and Canada (one),
China (three), and the United States (one). Despite differences in
the severity of symptoms, all patients presented with the same early
childhood onset retinal degeneration, which was first observed in
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males only, and were diagnosed with a possible X-linked RP. Patients
developed early visual acuity loss and night blindness, followed by
visual field loss and variable but severe atrophic retinal changes
(Fig. 6A), loss of retinal architecture, severe retinal thinning, loss of
autofluorescence, and loss of ERG signals. Both rod and cone sig-
nals became undetectable in most of the cases (Table 1 and fig. S5).
The X-linked RP, diagnosed in all five families, eventually progressed
to complete blindness (no light perception) for male patients, while
females showed variable expressivity with symptoms ranging from
unaffected (most of the female family members, not specific de-
scription) to severe (patient IV-2).

Whole-exome sequencing

Blueprint genetic testing on E1154G proband 3072 (250+ known
IRD genes) was negative, further indicating that no known muta-
tions were missed while first screening these patients and motivated
the WES analysis for this family. Library preparation and WES were
performed at the Genome Quebec and McGill Applied Genomics
Innovation Core (MAGIC) for two affected siblings from the French-
Canadian family I and their mother (Fig. 6B). Target capture was
performed with the SureSelect All Exon 50 MB (V5) exome enrich-
ment Kit (Agilent) following the manufacturer’s recommendations.
A multiplex approach with molecular barcodes for traceable identifi-
cation of samples was used. Sequencing was carried out with Illumina
HiSeq 2000, and 100-bp paired-end reads were generated. The barcode
sequences were removed, and reads were quality-trimmed using the
Fastx toolkit 0.11.2 (http://hannonlab.cshl.edu/fastx_toolkit/). Reads
were mapped to hgl9 with BWA 0.7.7 (69), and indel realignment
and base recalibration were done using GATK 3.1-1 (70). Picard 1.108
(http://picard.sourceforge.net/) was used to mark duplicate reads and
exclude them from subsequent analyses. Assessed by GATK, the
average mean read depths of bases in consensus coding sequence
(CCDS) exons was 83x for these three samples. Average CCDS bases
covered by at least 5, 10, and 20 reads were 97.5, 96.4, and 92.8%,
respectively.

Single-nucleotide variants (SNVs) and short indels were called us-
ing SAMtools 1.2 and BCFtools 1.2 (71) with the extended base align-
ment quality (BAQ) adjustment (-E), and subsequently quality-filtered
to require at least 20% of reads supporting the variant call. Further vari-
ants were annotated using Annovar (72) and our custom scripts. Com-
parison of variants was done against dbSNP138, EVS, 1000 genomes
dataset, ExAC data, and our internal database (approximately 3000
exomes previously sequenced at our center) to exclude any common
single-nucleotide polymorphisms. Variants seen in more than 10 control
exomes were excluded from further analysis. Only variants predicted to
change protein sequence (exonic nonsynonymous SNV, short indels,
and splice site SN'Vs) were further considered. Validation studies and
sequencing were performed at MAGIC by regular Sanger sequencing
using the ABI 3730XL instrument (Thermo Fisher Scientific).

In silico analyses

To evaluate the potential damage of the six BCOR mutations on pro-
tein structure and function, to evaluate their affected nucleotide’s con-
servation across the animal kingdom, and to assess the frequency in
normal human populations, we performed the following studies.
To assess pathogenicity of our mutations, we used and calculated
CADD, SIFT, PolyPhen-2, and MutationTaster. CADD calculated
the deleteriousness score of SNV, where scores >15 are considered
severely deleterious. SIFT amino acid substitutions calculate the
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phenotypic effect of mutations, and scores range from 0.0 (deleterious)
to 1.0 (tolerated). PolyPhen-2 is a tool that predicts the impact of an
amino acid substitution on the structure and function of a human
protein and ranges from 0 to 1. Unlike SIFT, the closer to 1, the
more severe. MutationTaster is a substitution tool, where a value
close to 1 indicates a high “security” that the change is deleterious.
For normal populations, we used four databases: EXAC, EVS, 1KGP,
or our own internal control databases.

For conservation assessments and calculations, we used the fol-
lowing three methods: GERP, PhyloP-100, and nucleotide alignments
through the animal kingdom (Fig. 6D). The GERP score measures
evolutionary conservation, and scores >4 are significant. PhyloP-100
scores measure evolutionary conservation at individual alignment
sites compared to the evolution that is expected under neutral drift.
Positive PhyloP-100 scores indicate slower evolution, and negative
scores indicate faster evolution compared to neutral drift. Figure 6D
illustrates the amino acid alignments of our mutant protein se-
quences through the animal kingdom, down to the amphibian
Xenopus tropicalis.

Quantifications of cell types and analysis

of electroporated retinas

At least three different images were counted per animal. Quantifica-
tion of bipolar and photoreceptor cells in Bcor animals was done
using a homemade automated program on ImageJ. Quantification
of the percentage of GFP" cells in the ONL after wtBCOR and mutant
misexpression at P60 was done using a homemade automated pro-
gram on Image]J. For Miiller cell body surface measurements, GFP*/
LHX2" cell body was traced using the freehand tool and cell size was
calculated using the area value of each selected cell with Image]. The
scale was calibrated in micrometers. A minimum of three indepen-
dent images was used to generate cell counts and Miiller cell body
surface measurements.

For analysis of degeneration following BCOR mutant expression,
we used a semiquantitative degeneration index, defined as follows:
Stage 1 represents normal changes observed after electroporation (rare
rosettes and injection site visible); stage 2 represents slightly disor-
ganized retina and layering with increased rosette frequency; stage 3
represents multiple area with rosettes, disorganized layers, and thinner
photoreceptor layer; and stage 4 represents severe degeneration with
rosettes, disorganized layers, and low to no photoreceptors.

Statistical analysis

Statistical analysis was carried out using Prism software (GraphPad).
For each condition shown, averaged values from a specified mini-
mum of biological replicates from independent cultures or animals
were calculated and the resulting SD or SEM was reported in the
error bars. Unless otherwise specified, for each experiment, aver-
aged values for each sample were compared to that of the GFP con-
trol, wt, or littermates corresponding to control genotype and the
significance was calculated using one- or two-way analysis of vari-
ance (ANOVA) with the Dunnett or Tukey test correction for datasets
with single or multiple conditions, respectively, or multiple ¢ test for
datasets with only two conditions.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh2868

View/request a protocol for this paper from Bio-protocol.
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