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SUMMARY

Bardet-Biedl syndrome (BBS) is a syndromic ciliopathy leading to progressive blindness starting in child-
hood, but the mechanism of photoreceptor degeneration remains unclear. The basal body of the photore-
ceptor primary cilium originates from the centrosome’s mother centriole, and BBS-related proteins form a
complex at basal body. Centrosomes also organize microtubules of the mitotic spindle. We show here
that photoreceptors from Bbs10~/~ mouse pups present a DNA damage response (DDR) that becomes
persistent and localizes to the basal body. In patient-derived induced pluripotent stem cells (iPSCs) carrying
BBS10 mutations, BBS retinal progenitor cells (RPCs) present a DDR that correlates with activation of the
mitotic spindle checkpoint. Pharmaceutical inhibition of the Chk2 kinase in BBS RPCs mitigates cell death
and genomic instability and restores the phospho-proteome. Drug treatment of BBS retinal organoids im-
proves tissue organization, cone survival, and outer segment maturation, thus opening a possible therapeu-

tic avenue to delay photoreceptor degeneration in BBS.

INTRODUCTION

Ciliopathies are a heterogeneous group of genetic diseases
caused by aberrations in cilia assembly, maintenance, structure,
and function.”™ Syndromic ciliopathies are multi-systemic, as
cilia are found in almost all cells. They include Bardet-Bied| syn-
drome (BBS), Meckel-Gruber syndrome, Joubert syndrome, and
nephronophthisis.” BBS is among the most severe ciliopathies
that are compatible with life. The disorder is associated with
obesity, kidney disease, cardiovascular and skeletal abnormal-
ities, craniofacial and dental deformations, polydactyly, and
degeneration of rod and cone photoreceptors.®® Autosomal
recessive mutations in BBS70 account for nearly 40% of cases.”
BBS10 patients present rod-cone dystrophy, cone-rod dystro-
phy, or pure cone dystrophy starting during childhood.?°
Photoreceptors are sensory neurons that generate electrical
responses when stimulated by light. Rod photoreceptors are
sensitive to dim light and involved in peripheral and night vision.
Cone photoreceptors are sensitive to strong light and involved in
central and day-light color vision.'® The photoreceptors’ primary
cilium is a modified and unique type of sensory cilium and has an
intracellular location." '~ Its outermost part is the outer segment
(OS) that contains membranous discs arranged in a coin-stack

like configuration, that accommodate the visual pigment densely
packed within the disc lamellae. The connecting cilium (CC) is
the site of high flow of lipids and proteins from their site of syn-
thesis to the OS. The CC is essential in photoreceptor physiology
and its dysfunction contributes to retinal degeneration.”’"'* The
BBsome core complex is composed of the BBS1, BBS2,
BBS4, BBS5, BBS7, BBS8/TTC8, BBS9, and BBS18/BBIP1 pro-
teins, which form an octameric complex that localizes to the
basal body of the primary cilium.'®"'® The BBsome complex
constitutes a critical protein assembly essential for primary cilia
function and maintenance. It is involved in key cellular pro-
cesses, such as homeostasis, intraflagellar transport, and the
translocation of molecular cargo via ciliary pathways. The com-
plex also facilitates the interaction of cargo with kinesin motor
proteins for transport mechanisms within cilia. BBS6, BBS10,
and BBS12, while associated with the BBsome, are not compo-
nents of its core structure. Instead, they form a chaperonin-like
complex with CCT/TRIC, which is vital for the assembly and sta-
bility of the BBsome.'*>'®?° This complex ensures the correct
folding and functionality of the BBsome proteins, which is
required for the effective performance of its roles in ciliary trans-
port and signaling. Accumulation of OS proteins in the cytoplasm
of photoreceptors, or ectopic accumulation of non-OS proteins
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Figure 1. DDR activation in Bbs10~’~ cone photoreceptors

(A) Representative confocal immunofluorescence images of wt and Bbs10~'~ retinal sections at P10. Note accumulation of yH2AX and p-Chk2 foci in the outer
nuclear layer (onl) of Bbs10~/~ retinas (white arrows). Inner nuclear layer (inl), outer segment (os), retinal pigment epithelium (rpe), and outer limiting membrane
(olm). Scale bar: 50 pm.

(B) Representative confocal immunofluorescence images of wt and Bbs70~/" retinal sections at P60. Note accumulation of yH2AX and p-Chk2 foci in the outer
nuclear layer (onl) of bbs710—/— retinas (white arrows). Inner nuclear layer (inl), outer segment (os), retinal pigment epithelium (rpe), and outer limiting membrane
(olm). Scale bar: 50 um.

(C) Quantification of results presented in (A) and (B) as the sum of all yH2AX and p-Chk2 foci. n = 5 retinal sections/sample, with 2 biological replicates. All values
are mean + SEM.

(***) p < 0.0001 by Student’s unpaired t test.

(legend continued on next page)
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in the OS, such as observed in various bbs-null mouse models, is
thought to be the main mechanism of cell death.?'2*

Cilia are present in most cell types but were traditionally
described in epithelial cells. The ciliary axoneme is anchored
and develops from a specialized centriole called the basal
body (BB) that operates as a microtubule-organizing center.”®
The BB is composed of a symmetric and radial arrangement of
nine triplets of microtubules, whence the external doublet of mi-
crotubules of the axoneme extends. The axoneme is a microtu-
bule structure formed by aligned alpha and beta-tubulin ar-
ranged in a radial array of 9 doublets.?® Primary cilia can be
distinguished from motile cilia for the absence of a central pair
of microtubules. While motile cilia have a “9 + 2” structure,
non-motile primary cilia lack this central pair, so define as a
“9 4+ 0” structure.>*° Cilia are generally formed in the GO or
G1 phase of the cell cycle but can also be observed during
S/G2 phase. Cilium formation is restricted to these phases
because the BB, which is derived from the mother centriole of
the centrosome, is essential for mitotic spindle formation and
function during cell division.?”*° For this reason, before cells
enter mitosis, the primary cilium is disassembled to release the
centrioles. After cytokinesis, when the mitotic process is com-
plete, and the cell re-enters the GO phase, ciliogenesis restarts.
Upon detection of damage or genomic instability in M phase, the
spindle assembly checkpoint (SAC) prevents completion of
mitosis, allowing time for damage repair or alternatively, trig-
gering programmed cell death.®'"*?> Key sensors and mediators
of this process are the DNA damage response (DDR) proteins
ATM, ATR, Chk1, and Chk2.%%%*

BBS10 is part of the TCP-1 chaperonin family and structural
analysis predicts that it is a probable chaperonin. However, the
BBS10 protein is not part of the BBsome, and BBS10 molecular
function remains poorly characterized.'®?° Importantly, the
mechanism of photoreceptor cell death and disease selectivity
in BBS is unclear, and no treatment exists to prevent patient’s
blindness. Using directed differentiation of induced pluripotent
stem cells (iPSCs) carrying BBS10 mutations into retinal sheets,
we previously reported that BBS retinal precursors show multi-
ple developmental anomalies together with transcriptomic SAC
activation and genomic instability.>>-*® They also show upregula-
tion of genes related to neural/retinal development (DLX1, VSX1,
and SIX6), differentiation (NEUROD4 and ASCL1/MASH1), and
function (SLC32A1 and NTRK1).® We report here that DDR pro-
teins accumulate in immature photoreceptors from Bbs10~/~
mice, and that 53BP1 and p-Chk2 show persistent localization
at the BB of the primary cilium in surviving cones. RNA-
sequencing (RNA-seq) analysis of BBS retinal progenitor cells
(RPCs) confirmed SAC activation. Treatment of BBS RPCs
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with Chk2 or ATM inhibitors blocks the DDR, promotes cell sur-
vival, and restores the abnormal phospho-proteome. Prolonged
treatment of BBS retinal organoids with a Chk2 inhibitor (C2i) im-
proves retinal tissue organization, mitigates the DDR, and pro-
motes cone photoreceptor survival and OS maturation.

RESULTS

Early-onset DDR in Bbs10 /" mouse’s photoreceptors

Bbs10~'~ mice were reported to display photoreceptor degener-
ation and reduced visual function at least from postnatal day 19
(P19), with a complete absence of cone electroretinogram (ERG)
and reduced rod ERG at P30.?" To validate these finding and test
for genomic instability, we performed histological analyses of
wild type (wt) and Bbs10~'~ mice at P10 and P60 to determine
the kinetics of cone degeneration. In mice, all cones and rods
are already post-mitotic at P10.%” We observed that the number
of M-opsin-positive inner/outer segments was comparable be-
tween wt and Bbs70~~ mice at P10 but highly reduced in
Bbs10~'~ mice at P60 (Figures S1A-S1C), suggesting that cones
are produced in normal number. We observed that M-opsin was
not entirely distributed in the OS of cones in Bbs710~/~ mice but
also present around the nucleus and at the endfeet of photore-
ceptors. Similar localization anomalies were observed looking
at acetylated alpha tubulin, suggesting defective protein trans-
port (Figures S1A and S1B, yellow and green arrows). Using
the TUNEL assay, photoreceptor cell death was readily detect-
able and more frequent at P10 than at P60 in Bbs70~~ mice,
with notable reduction of the photoreceptor outer nuclear layer
(ONL) thickness at P60 (Figures S1A-S1C). DDR kinases, such
as ATM, ATR, Chk1, and Chk2 can phosphorylate p53 to induce
cell-cycle arrest and/or apoptosis.®® We investigated this as a
possible alternative mechanism to explain photoreceptor cell
death in BBS. Notable accumulation of p-Chk2 and of the his-
tone variant yYH2AX (a marker of DNA double-strand breaks)
was observed in the cell’ nucleus throughout the photoreceptor
ONL of Bbs10~'~ mice at P10 (Figures 1A and 1C).%° At P60, the
number of DDR-positive cells in the ONL was much lower and
positive cells were generally, but not exclusively, located near
the outer limiting membrane (Figures 1B and 1C). Because
DDR foci at P60 localized both inside and outside the DAPI-pos-
itive nuclei, we investigate possible localization at the BB of pho-
toreceptors. Hence, we observed rare 53BP1-positive foci co-
localizing with centriolin at P60 (Figure 1D). Between P4 and
P11, mouse cone’s nuclei are not located near the outer limiting
membrane but rather dispersed in the ONL, precluding distinc-
tion between cones and rods.*° To distinguish between these,
we used mice at an intermediate age, thus before cone depletion

(D) Confocal immunofluorescence of wt and Bbs10~'~ retinal sections at P60, revealing rare 53BP1 foci that show co-localization with centriolin (white arrow).
Outer segment (0s), inner segment (is), and outer nuclear layer (onl). Scale bar: 50 um. Asterix indicate an histological artifact in the retinal section of Bbs10~/

mice.

(E) Confocal immunofluorescence of wt and Bbs710~/~ retinal sections at P45. Note the 53BP1 foci in PNA-positive cones of Bbs10~/~ retinas (white arrows in
inset #1). 53BP1 foci in Bbs10 ™'~ cones localized to the basal body and around the nucleus (black arrows in inset #2). 53BP1 labeling of nuclei of the inner nuclear
layer (inl) is unspecific (asterix). Outer nuclear layer (onl), inner segment (is), and outer segment (os). Scale bars: 20 um and 10 um, respectively.

(F) Confocal immunofluorescence of wt and Bbs70™/~ retinal sections at P45. Note the p-Chk2 foci in PNA-positive cones of bbs10—/— retinas and which
localized to the basal body (white arrows). A robust p-Chk2 signal is also observed in the photoreceptor outer segments. The PNA positive cone outer segment is
indicated (green arrows). Inner nuclear layer (inl), outer nuclear layer (onl), outer segment (os). Scale bars: 20 um and 10 um, respectively.
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but when the OS is formed. Using the peanut agglutinin (PNA)
lectin, which labels the cone OS, we observed accumulation of
53BP1 (a generic DDR protein) and p-Chk2 foci in PNA-positive
cones of Bbs10~/~ mice at P45 (Figures 1D and 1E).*"**? Accu-
mulation of DDR proteins was not observed in the other nuclei
of the ONL, presumably rods. In cones, 53BP1 and p-Chk2
were generally localized at the apex of the cone cell body
(Figures 1D and 1E) and near the BB of the primary cilium (Fig-
ure 1D-inset). Diffuse 53BP1 signal was also observed around
the nucleus (Figure 1D-inset). Notably, mitotic 53BP1 localizes
to the centrosome and spindle pole, and 53BP1 depletion in-
duces mitotic defects.*®> This suggested that photoreceptor
cell death in Bbs10~'~ mice may be link to early activation of
the DDR, which persists in both the nucleus and BB of remaining
photoreceptors.

Activation of the spindle assembly checkpoint in BBS
RPCs

Using iPSC lines from 2 independent controls (CTL) and 2 inde-
pendent BBS cases with BBS 70 mutations (see STAR Methods),
we generated day in vitro 15 (DIV15) RPCs using COCO/DANDS5,
which biases human pluripotent stem cell differentiation toward
cone cell fate at the expanse of rods (Figure 2A).2°*% At DIV5,
COCO-induced RPCs show high SOX2 levels. At DIV10-DIV15,
SOX2 is downregulated, with high RAX and low CHX10 and
CRX levels. At DIV21, CRX is up-regulated, together with
S-opsin.*® In mice, Crx expression starts at embryonic day
12.5 in cone precursors, and strong expression is observed later
in photoreceptors and subsets of bipolar neurons.** In human
embryos, earliest CRX expression was reported at day 57.%°
CRX was also detected by immunofluorescence at day 70
(week 10) throughout the retina’s outer neuroblastic layer, co-ex-
pressing CHX10 and the mitotic marker MIB-1.%° While early and
late RPCs are though not to express CRX, scRNA-seq analysis
revealed the presence of a proliferating cone photoreceptor
cluster in day 54, 56, and 70 human embryonic retinas.*”*®
Thus, proliferating intermediate retinal progenitors may exist be-
tween true RPCs and T1-T3 precursors. For simplicity however,
we herein refer to the DIV15 cell population as RPCs, although it
likely contains mixed populations of RPCs, retinal precursors,
and non-retinal cells. Using DIV15 RPCs, we performed RNA-
seq, cell biology and phospho-proteome analyses together
with a small-scale drug screening (Figure 2A). RNA-seq analysis
of differentially expressed genes (DEGs) between CTL and BBS
revealed 2,682 up-regulated and 2,728 downregulated in BBS
samples (Figure 2B). Heatmap analysis showed significant
perturbation of cilia-related and actin filament bundle assembly
genes in BBS RPCs, including downregulation of CCDC-related
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genes, involved in dynein-mediated cargo transport along the
primary cilium, as well as KIF17, CFAP251, CFAP91, and DNAI
family members, involved in dynein and kinesin-mediated
axonemal transport and/or microtubule binding (Figures S2A
and S2B). KIAA1009 (CEP162) and RPGRIP1L (NPHPS8), both
components of the transition zone (TZ) beneath the basal
body, were among the most up-regulated cilia-related genes in
BBS RPCs.**° Notable up-regulation of GLI1 and GLI2, effec-
tors of the Sonic Hedgehog signaling pathway, which is orga-
nized by cilia, was also observed in BBS samples (Figure S2A).°"
Gene ontology analysis revealed that sister chromatin segrega-
tion, chromosome segregation, and spindle were the most sig-
nificant up-regulated pathways in BBS RPCs (Figure 2C). Most
downregulated pathways were related to embryonic organ
development/morphogenesis, extracellular matrix, and RNA
Pol2 activity (Figure 2C). Disease ontology analysis showed
that neuropathy, myopathy, retinal disease, and primary ciliary
dyskinesia were the most relevant pathways in BBS samples
(Figure 2D). Reactome analysis confirmed that mitotic spindle
checkpoint and mitotic prometaphase, metaphase, and
anaphase-related pathways were strongly activated in BBS,
suggesting stalling of the mitotic phase in BBS RPCs (Figure 2E).
Taken as a whole, these results were consistent with the known
developmental and ciliary defects in BBS and suggested that
SAC activation is central to the retinal degenerative process
in BBS.

Chk2 inhibition improves cell viability and genomic
stability in BBS RPCs

In response to DNA damage or genomic instability, the ATM/
Chk2/p53 pathway arrests the cell cycle. ATM also localizes
“by default” to the centrosome to monitor mitotic spindle integ-
rity.>?"°° Activated ATM can phosphorylate Chk2, leading to
mitotic arrest.®® HSP90 is the most important chaperone, and
response to protein misfolding was previously reported in
BBS10 models.*® To test for molecules that could improve sur-
vival of BBS RPCs, we exposed or did not expose DIV10 CTL
and BBS retinal progenitors to DMSO, or incremental concentra-
tions of p53 (Pifithrin), Chk2 (Chk2i and Chk2ill), or HSP90
(Monorden) inhibitors for 5 days (Figure S3A). In this pilot assay,
Pifithrin did not show positive effects at low concentration and
was toxic at higher concentration and thus was excluded.
HSP90i could reduce cell death, p-Chk2 and yH2AX accumula-
tion in BBS RPCs (Figures S3B-S3D), with many cells however
resembling senescent cells i.e., flat cells with a very large cyto-
plasm (Figure S3C). While both Chk2 inhibitors provided
improvement, C2i was the most efficient (Figures S3B-S3D).
To confirm this, we performed two additional independent

Figure 2. Sister chromatid segregation anomalies and activation of the mitotic spindle checkpoint in BBS RPCs

(A) Schematic of the experimental setup. CTL and BBS iPSCs were differentiated in Cl media for 10 days and exposed or not to drugs for 5 days. RPCs (ex-
pressing low CRX) were subjected to RNA-seq, cell biology and phospho-proteome analyses at DIV15.

(B) Volcano plot from RNA-seq analysis of DIV15 CTL (n = 4) and BBS (n = 4) RPCs. Up and down regulated genes in BBS are showed. n = 2 biological replicate/

sample, N total = 8.

(C) Gene ontology analysis of CTL and BBS RPCs at DIV15, showing pathways up and down in BBS. Biological process (BP), cellular context (CC), and molecular

function (MF).
(D) Disease ontology analysis of CTL and BBS RPCs at DIV15.
(E) Reactome analysis of CTL and BBS RPCs at DIV15.
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Figure 3. Inhibition of Chk2, ATM or HSP90 promotes BBS RPCs survival but does not restore the pathological transcriptome

(A) Representative confocal immunofluorescence images of BBS (BBS_1 case) RPCs at DIV15 treated for 5 days or not with HSP90i or C2i. Note the reduction in
DDR proteins and cell death (TUNEL) in all treated conditions (green arrows). Scale bar: 50 um.

(B) Quantification of CTL and BBS RPCs treated or not for 5 days with C2i or HSP90i. n = 4 replicates/group. All values are mean + SEM.

(*) p < 0.05, (**) p < 0.01, (**) p < 0.001 by Student’s unpaired t test.

(C) RNA-seq analysis of DIV15 RPCs from CTL and BBS groups, treated or not with C2i or ATMi. n = 2 replicates/group. N total = 16 samples.

experiments on BBS_1 and BBS_2 RPCs using C2i and HSP90i.
C2i was found to be efficient at reducing cell death, p-Chk2 level,
and yH2AX accumulation in RPCs from both BBS cases, with
HSP90i performing generally less well (Figures 3A and 3B). Since
Chk2 operates downstream of ATM in most DDR pathways, we
investigated the efficiency of AZD1390, a blood-brain barrier

6 iScience 28, 112130, April 18, 2025

permeable ATM inhibitor reported to present great potency
and specificity at (10-100 pM).°® BBS_1 and BBS_2 RPCs
exposed to DMSO, C2i (10 uM), or ATMi (10 uM) were processed
for RNA-seq analysis and compared to untreated CTL and BBS
RPCs. This revealed that neither drug could substantially
improve the deregulated transcriptome of BBS RPCs, as the
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Figure 4. C2i or ATMi can restore the abnormal phospho-proteome in BBS RPCs

(A) Phospho-proteome analysis of DIV15 RPCs from CTL and BBS cases. RPCs were treated or not with DMSO, C2i, or ATMi and analyzed on micro glass-slides.
N total = 4 micro-glass slides. Proteins with increased phosphorylation (target) in BBS are showed in red (DMSO). Green indicates reduced phosphorylation when
compared to untreated CTL. White indicates equal phosphorylation when compared to untreated CTL.

(legend continued on next page)
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profiles of the treated BBS were much more similar to untreated
BBS than to CTL (Figure 3C).

C2i largely restores the abnormal phospho-proteome in
BBS RPCs

Since the DDR and cell cycle are largely regulated by phosphor-
ylation events, we performed a phospho-proteome analysis us-
ing CTL and BBS RPCs exposed to DMSO, C2i (10 uM) or ATMi
(10 uM). Important differences in protein phosphorylation be-
tween control and BBS RPCs were found, with a higher pro-
portion of hyper-phosphorylated proteins in BBS, including
BRCA1, caspase-9, Chk1, Chk2, cyclin E1, H2AX, HSP90B,
and p38MAPK (Figure 4A).°” In turn, the phosphorylation of
Aurora kinase B (AurkB), BCL-2, CDC25A, CDC25B, cyclin D1,
and p53 was reduced in BBS (Figure 4B). AurkB phosphorylation
at threonine 232 (Thr232) is the main activation site for AurkB au-
tophosphorylation and phosphorylation of histone H3 (p-H3),
leading to mitotic progression.®® Notably, both C2i and ATMi
greatly restored the abnormal BBS proteome for both hyper-
and hypo-phosphorylated proteins, with C2i showing the best
effect (Figures 4A and 4B). This DDR network was best repre-
sented using STRING analysis, showing interconnection with
AurkB, CDC25 A/B, and cell death-pathways (Figure 4C).
Because Chk1 and Chk2 are downstream of ATR and ATM,
respectively, we investigated p-ATM and p-ATR. In RPCs,
p-ATM localized to what appears to be centrosomes, but no
obvious difference was observed between CTL and BBS (Fig-
ure 4D, red arrows in the insets). We also observed strong cyto-
plasmic labeling of p-ATM in cells ending mitosis (Figure 4D). In
addition, a more widespread p-ATM signal resembling a generic
DDR was observed only in BBS RPCs (Figure 4D, white arrow in
the inset). While p-ATR labeling was generally weak in control
RPCs, it was robust in in BBS RPCs, localizing to the nuclear en-
velope (Figures 4D and 4E).**°° Nuclear envelope deformation
was also evident in in BBS RPCs, suggesting genomic instability
(Figure 4E, green arrows). Double labeling with centriolin showed
that p-ATR does not localize to centrosomes (Figure 4E). When
used at a higher concentration, ATMi (100 puM) inhibited both
p-ATM and p-ATR accumulation in BBS RPCs (Figures 4D and
4E), thus showing an off-target effect on ATR (see summary of
results in Figure S4). This suggested that the DDR in BBS
RPCs also involves ATM and ATR and that C2i can largely
improve the abnormal BBS phospho-proteome.

C2i can improve tissue morphology and cone number in
BBS retinal organoids

To test whether C2i could improve cone survival, we differenti-
ated iPSCs into retinal sheets using the Cl media.>® At DIV60,
neural rosettes were detached and put in suspension cultures,
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where they generated retinal organoids enriched in cone photo-
receptors (Figure 5A).°"°? Retinal sheets and then organoids
were treated with C2i (10 uM) from DIV10 to DIV150, using a
5-day treatment and 2-day no treatment regimen as to reduce
possible toxicity (Figure 5A). When compared with CTL at
DIV27, we readily observed that BBS retinal sheets were less
compact and had fewer neural rosettes, and that C2i treatment
could ameliorate these parameters (Figure S5A). To investigate
cone cell fate, retinal organoid’s sections were analyzed using
recoverin, OTX2, acetylated alpha tubulin, S-opsin, and M/L-
opsin antibodies and PNA-FITC. When compared to CTL, BBS
retinal organoids had tinner protruding inner/outer segments,
and fewer M/L-opsin positive cells/section (Figure 5B and
Di-iii, and S5B). Because of the high S-cone density owing to
this specific differentiation protocol, it was not possible to quan-
tify the number of S-opsin or recoverin positive cells. Notably,
BBS retinal organoids also presented a disorganized retinal tis-
sue, sometime showing holes within the presumptive inner neu-
roblastic layer (also referred as to the inner nuclear layer (INL))
(Figures 5B and 5C, red arrowheads). BBS organoids treated
with C2i showed significantly more M/L-cones (Figures 5B and
5D), also sometime developing a visible OS (Figure 5B-insets).
Disorganization of the BBS retinal tissue was also improved
upon C2i treatment. When labeled with CRX and OTX2, both
CTL and BBS organoids presented a presumptive ONL, which
was generally thinner in BBS despite variations from sample to
sample (Figures 5C-Div and S5B). ONL thickness was signifi-
cantly improved by C2i in the BBS_2 case (Figure 5Div). C2i
treatment in BBS retinal organoids thus improved tissue organi-
zation, cone OS maturation and M/L-cone number.

C2i reduces cell death and the DDR in BBS organoids

We used an activated caspase-3 antibody and the TUNEL assay
to evaluate cell death. CTL organoids were nearly devoid of
dying cells. In contrast, BBS organoids showed numerous dying
cells in the presumptive ONL and INL, and cell death was signif-
icantly reduced by C2i treatment (Figures 6A and 6B). To mea-
sure the DDR, we first labeled the organoid’s sections with
CEP164, a centrosomal protein of the appendage involved in
the DDR following ATM/ATR activation.®>®* CEP164 is mutated
in BBS and nephronophthisis, and Cep164-null mice display
retinal degeneration.®>®® In both CTL and BBS organoids,
CEP164 localization was enriched in the PNA-positive inner
segment of cones, presumably at the BB, and CEP164 levels
were visibly higher in BBS (Figure S6). We quantified the number
of CEP164-positive foci and found that CTL and BBS retinal or-
ganoids had a similar number of CEP164 foci, yet with a slight in-
crease observed in the BBS_1 case (Figure S6). This is consis-
tent with previous work showing that the number of centrioles

(B) Proteins with reduced phosphorylation (target) in BBS are showed in green (DMSO).

(C) STRING analysis of the DDR network observed in BBS70 RPCs using phospho-proteome and immunofluorescence analyses.

(D) Confocal immunofluorescence images of DIV15 CTL and BBS RPCs treated or not with ATMi. Note p-ATM localization at presumptive centrioles (red arrows-
insets), and broad accumulation of p-ATR in BBS RPCs (green arrows). The white arrow in the inset (BBS case) depicts a classical DDR signal labeled by p-ATM.

Scale bar: 50 pm.

(E) Confocal immunofluorescence images of DIV15 BBS RPCs treated with ATMi or not (DMSO). Deformation of the nuclear envelope in p-ATR positive BBS
RPCs is indicated by the green arrows. The centriole is indicated by the red arrows. Note reduction of the p-ATR signal following ATMi treatment. Scale bar:

10 pum.
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Figure 5. C2i promotes cone survival and OS maturation in BBS retinal organoids

(A) Schematic of the experimental setup. The iPSC colonies at near confluence were exposed to Cl media and treated or not with C2i starting at DIV10. Neural
rosettes from retinal sheets at DIV50 were manually picked and grown as suspension cultures to produce organoids. These were treated with C2i or not for an
additional 100 days. C2i regiment was 5 days treatment and 2 days no-treatment.

(B) Bright field (BF) images of retinal organoids at DIV150 (left). Confocal immunofluorescence images (right) of CTL, BBS_1, and BBS_2 retinal organoid’
sections treated with C2i or not. Note the formation of cone photoreceptor inner/outer segments (white arrowheads), with the outer segment most visible with the

(legend continued on next page)
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is not affected BBS retinal precursors, in contrast with Meckel-
Gruber syndrome retinal precursors which show supernumerary
centrioles.®®> We next labeled the organoids with YH2AX, 53BP1
and p-ATM antibodies.*’ The DDR signal was robust in BBS_1
and BBS_2 retinal organoids and near absent in CTL (Figure 6A).
However, we noticed that while the YH2AX signal was wide-
spread in BBS retinal organoids, both 53BP1 and p-ATM prefer-
entially localized to the upper most cells of the presumptive ONL
(Figure 6A, white arrowheads). C2i treatment had no apparent ef-
fect on the YH2AX signal in BBS_1, and a small positive effect in
BBS_2, but showed a robust positive effect on the 53BP1 and p-
ATM signals (Figures 6A and 6B). The observed accumulation of
DNA damage in BBS organoids may have resulted from the sub-
optimal C2i drug regiment (5/7) or from genomic instability of
cells having bypassed and survived the G2/M checkpoint. Ki67
labeling revealed that many cells of the presumptive INL were
in the cell cycle in CTL organoids. In BBS organoids, Ki67-posi-
tive cells were more frequent in the INL but were also visible in
the ONL (Figure 6A). This suggested that C2i treatment cannot
overcome DNA damage accumulation in BBS organoids but
can inhibit the DDR and prevent cell death.

Cone precursors in BBS retinal organoids are arrested in
metaphase/anaphase

AurkB is part of the chromosome passenger complex which con-
trols proper chromosome alignment and segregation during
mitosis.®”*°® While AurkA is present during G2/M and prophase,
AurkB is predominant during metaphase, anaphase, and telo-
phase of mitosis.®® AurkB phosphorylates histone H3 at Serine
10 (p-H3) during metaphase and can also phosphorylate ATM
to activate the spindle checkpoint.”” To investigate mitosis in
retinal organoids, they were labeled with AurkB, p-H3, and
CHX10, which marks retinal progenitors of the INL during embry-
onic development and bipolar neurons after birth. Compared to
CTL, BBS retinal organoids showed a normal INL thickness, as
measured using CHX10, and the BBS INL was surprisingly
thicker following C2i treatment (Figures 7A and S7A). This could
be related to the previously reported upregulation of neural/
retinal development and differentiation genes in BBS retinal pre-
cursors.>® We observed that p-H3 positive cells were generally
less abundant in BBS organoids when compared to CTL
(Figures 7A and 7C). In turn, AurkB positive cells were generally
more abundant in BBS organoids when compared to CTL,
although substantial variation was observed within groups
(Figures 7A and 7C). When measuring the number of AurkB/p-
H3 double-positive cells, we found that they were generally
located in the presumptive ONL and significantly more abundant
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in BBS organoids (Figures 7A and 7C). Morphological analysis
also suggested that these AurkB/p-H3 double-positive cells
were in metaphase/anaphase (Figure 7B arrowheads).®® C2i
treatment could significantly improve these phenotypes but
only in the BBS_2 case (Figure 7C). With the limited information
available on the BBS interactome, STRING analysis places
BBS10 closest to HSP90A, which is linked to AURKB, H2AX,
and BRCA1 (Figure S7B). In turn, centriolin (CNTRL) and
CEP164 are closest to ATM, which is linked to ATR, Chki1,
Chk2, and BRCA1 (Figure S7B). These results suggested that
BBS cones and/or cone precursors arrest in the transition from
metaphase to anaphase, and that C2i treatment releases this
block, allowing mitotic progression and preventing cell death
(see model in Figure 7D).

DISCUSSION

In this study, we observed that the initial production of cones
in Bbs10~/~ retinas is unaffected. However, at least starting
from P10 onwards, Bbs10~'~ mouse retinas show a DDR in
the ONL, which persists and localizes to the nucleus and BB
of surviving cones. At P10, the DDR correlates with the pres-
ence of TUNEL positive cells. Using directed differentiation of
iPSCs, we showed that BBS RPCs display anomalies in sister
chromatid segregation and activation of the mitotic spindle
checkpoint. Chk2, ATM, and HSP90 inhibitors were able to
improve the cell death and DDR phenotype of BBS RPCs.
However, C2i was found to display the best effect, also
improving the abnormal phospho-proteome. This led to the
identification of the ATM/Chk2 and ATR/Chk1 pathways as
central hubs in the BBS phenotype. Sustained treatment of
BBS retinal organoids with C2i promoted cone photoreceptor
survival and maturation, also improving retinal tissue organi-
zation and mitigating the DDR. Analyses of BBS organoids
further suggests that cones or cone precursors are arrested
in metaphase/anaphase, which can be partially overcome by
C2i treatment.

Crosstalk between the DDR and the SAC is essential to main-
tain genomic stability. Although the fine-tuning mechanisms are
still unresolved, it is well accepted that the ATM/Chk2 and ATR/
Chk1 kinases are central mediators of this process.>*”' We pre-
viously showed that BBS retinal precursors display hallmarks of
genomic instability, including micronuclei, mitotic spindle anom-
alies and mitotic catastrophes.*® Our present work further sup-
ports a non-canonical function of BBS10 at stabilizing centro-
somes in RPCs. We observed that BBS RPCs display a DDR
and undergo programmed cell death. In surviving post-mitotic

M/L-opsin staining (insets). Note the structural anomalies of the BBS retinal tissue (red arrowheads). Outer nuclear layer (onl), inner nuclear layer (inl). Scale bar:

100 pm.

(C) Confocal immunofluorescence images of CTL, BBS_1, and BBS_2 retinal organoid’ sections treated with C2i or not. Note the structural anomalies of the BBS
retinal tissue (red arrowhead). Boxes delineate the CRX and OTX2 positive onl, which was used to measure onl thickness. Outer nuclear layer (onl), inner nuclear

layer (inl). Scale bar: 100 um.

(D) Quantification of data from (B) and (C).

(Di and Dii) n = 3 sections/group of samples, with 3 measures/section.
(Di) is a representation of ungrouped samples.

(Dii) is a representation of grouped samples.

(Diii and Div) n = 4 sections/group of samples. All values are mean + SEM.
() p < 0.05, (**) p < 0.01, and (***) p < 0.001 by Student’s unpaired t test.
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Figure 6. C2i mitigates cell death and the DDR in BBS retinal organoids

(A) Confocal immunofluorescence images of CTL, BBS_1, and BBS_2 retinal organoid’ sections treated with C2i or not. Note the abundant DDR foci and TUNEL
positive cells in BBS samples (white arrowheads). Outer nuclear layer (onl), inner nuclear layer (inl). Scale bar: 100 pm.

(B) Quantification of mean number of dying cells, as the sum of all cleaved caspase-3 and TUNEL positive cells/section. Quantification of mean number of DDR
positive cells, as the sum of all yYH2AX, 53BP1 and p-ATM positive cells/section. n = 9 sections/group. All values are mean + SEM.

() p < 0.05 by Student’s unpaired t test.

cones, this DDR persists at the nucleus and BB. We also showed
that AurkB is hypo-phosphorylated at Thr232 in BBS RPCs, and
that AurkB/p-H3 double-positive cones or cone precursors
accumulate in metaphase/anaphase in BBS retinal organoids,
thus when the SAC is ON to block mitotic progression.®*"?
RNA-seq analysis furthermore confirmed sister chromatid
segregation anomalies in BBS RPCs. This is consistent with
cell biology models suggesting that when the SAC is OFF, acti-
vated AurkBP™"2%2 represses PP1 kinetochore binding. When
the SAC is ON, PP2A-B56 competes with AurkB activity to
enhance PP1 kinetochore binding.”®"® BBS10 belongs to the
TCP-1 chaperonin family protein and is a probable molecular
chaperone that may assist the folding of proteins upon ATP hy-
drolysis. As part of the BBS/CCT complex, BBS10 also plays a
role in BBsome assembly, which is required for the formation/
stability of the centrosome and BB.">'":'%2° BBS10 mutations
may thus result in centrosome instability, impeding proper asso-

ciation with microtubules during mitosis, leading to loss of ten-
sion with kinetochores and persistent SAC activation. By regu-
lating BBsome assembly, BBS10 may also affect ciliary or
centrosomal signaling, for instance of p-ATM which localizes
to centrosomes. Notably, there is partial overlap between the
machinery of the DDR and DNA replication, thus changes in
expression of DDR proteins may also reflect effects of BBS10
on the cell cycle. Links between cilia, cell cycle, and DDR consti-
tute an emerging field that requires further investigation to under-
stand mechanistically. Others and we have previously showed
that Chk2 inactivation in Bmi1~'~ mice improves growth and
viability, and significantly delays cone photoreceptor degenera-
tion.”*”® In this model, photoreceptor cell death is predominant
in cones, and occurs through activation of the Rip3 kinase, re-
sulting in necroptosis.”> While the Bmi7-mutation is unrelated
to cilia or centrosome dysfunction, these findings point-out
to a common pathological mechanism of photoreceptor
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Figure 7. C2i improves BBS cone precursor metaphase/anaphase blockage

(A) Confocal immunofluorescence images of CTL, BBS_1, and BBS_2 retinal organoid’ sections treated with C2i or not. Note the abundant p-H3/AurkB double-
positive cells in BBS samples and located in the onl (white arrowheads). Boxed cells are showed as inset in (B). White boxes delineate Chx10-positive inl, which

was used to quantified inl thickness. Outer nuclear layer (onl), inner nuclear layer (inl). Scale bar: 100 pm.
(B) Inset of cells boxed in (A). Note the p-H3/AurkB double-positive cells that are in metaphase/anaphase (white arrowheads).

(C) Quantification of results showed in (A) and (B). n = 6 sections/group. All values are mean + SEM. (*) p < 0.05, (*) p < 0.001 by Student’s unpaired t test.

(legend continued on next page)
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degeneration involving genomic instability and cell cycle check-
point activation.

In BBS patients with BBS70 mutations and in Bbs10~~ mice,
both cones and rods degenerate, yet cones appear to be
affected earlier.°?" We have found that DDR-associated
photoreceptor cell death in Bbs10~'~ mice is predominant in
cones. DDR-associated cell death was also observed in BBS
RPCs and post-mitotic cones. However, because our BBS
model lacks rods, we could not test if rod cell death in BBS orga-
noids is DDR-dependent or not. Answering this question will be
important for future application of our findings, since preventing
rod degeneration in BBS patients would also represent a major
milestone. Interspecies comparison suggests that the neonate
human retina correspond to P10 retina in mice and rats.”®
Thus, and based on our findings in Bbs10~/~ mice, any treatment
aimed at preserving vision in BBS patients should start before
the age of 2 years. The drug delivery method remains also a
question since it is unknown if C2i (or ATMi) can cross the cornea
and/or the blood-retinal barrier to reach the photoreceptor layer.

In conclusion, we revealed that a DDR linked to an ATM/Chk2
and ATR/Chk1-mediated mitotic spindle checkpoint is a central
pathological mechanism of BBS RPCs. Persistent DDR at the
nucleus and BB of cones having bypassed this checkpoint is
predicted to also results in cell death (see working model in Fig-
ure 7D). We further showed that pharmaceutical inhibition of the
Chk2 kinase can mitigates the DDR and cell death in BBS RPCs
and promotes cone survival and OS maturation in BBS retinal or-
ganoids. This work may lend progress toward new treatments to
prevent retinal degeneration in BBS patients.

Limitations of the study

The iPSC-based model of BBS retinal degeneration may not reca-
pitulate events ongoing in affected patients, since evidence of a
BBS embryonic, fetal, or neonatal retinal phenotype have not
been documented. Yet, compensatory developmental mecha-
nisms involving replacement of lost progenitor or precursor cells
could mask observations made using the iPSC-based model sys-
tem. The current protocol to induce retinal differentiation is biased
to produce cone photoreceptors, thus precluding the study of
BBS rods. Additional work is also needed to formally conclude
that a DDR does not occur in Bbs 70/~ mouse rods. We acknowl-
edge that variations in neural differentiation efficiency, neural
rosette formation, and retinal organoid development are inherent
to all iPSC lines, and that having isogenic CTL and BBS70-KO
iPSC lines would reduce variability and strengthen the findings.
Only 2 biological replicates were used/sample for the RNA-seq
analyses, impeding power for statistical analysis.
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¢? CellPress

OPEN ACCESS

gbernier.hmr@ssss.gouv.qc.ca. Tel: 514-252-3400 ext. 4648. Fax: 514-253-
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Materials availability
Raw data, cell lines, and reagents generated during this study are available
upon reasonable request.

Data and code availability
o Data: RNA-seq data have been deposited at Gene Expression Omnibus
(GEO) at Home - GEO DataSets - NCBI and are publicly available.
Accession numbers are listed in the key resources table.
o Code: No custom code was generated in this manuscript.
e Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Sheep anti-Chx10 Exalpha Biologicals X1180P
Rabbit anti-CORD2 (CRX) GenTex GTX124188
Rabbit anti-OTX2 Abcam ab183951
Goat anti-OTX2 R&D Systems AF1979
Rabbit anti-S-opsin Invitrogen 0OS0O00006G
Rabbit anti-M/L-opsin Chemicon AB5405
Rabbit anti-Recoverin Millipore AB5585
Mouse anti-yH2AX Millipore 05-636
Rabbit anti-53BP1 Novus NB100-304
Rabbit anti-p-Chk2 Cell Signaling 2661

Mouse anti-p-ATM Millipore MAB3806-C
Rabbit anti-p-ATR Millipore SAB5701785
Anti-Ki67 Abcam ab15580
Rabbit Anti-Histone H3 (phospho S10) Abcam ab5176
Anti-cleaved Caspase3 Cell Signaling 9661

Mouse Alpha acetyl tubulin Santa Cruz 5c23950
Mouse Anti-AURKB Novus NBP2-50039
Mouse Anti-Centriolin Santa Cruz sc-365521
Anti-CEP164 Novus NBP1-81445
PNA FITC Vector Laboratories FL-1071
Rhodamine Phalloidin Invitrogen R415
donkey AlexaFluor488-conjugated Invitrogen A-21202
anti-mouse

donkey AlexaFluor488-conjugated Invitrogen A-21206
anti-rabbit

donkey AlexaFluor488-conjugated Invitrogen A-11055
anti-goat

donkey AlexaFluor568-conjugated Invitrogen A-10037
anti-mouse

donkey AlexaFluor568-conjugated Invitrogen A-10042
anti-rabbit

donkey AlexaFluor568-conjugated Invitrogen A-11057
anti-goat

donkey AlexaFluor647-conjugated Invitrogen A-31571
anti-mouse

donkey AlexaFluor647-conjugated anti- Invitrogen A-31573
rabbit

donkey AlexaFluor647-conjugated Invitrogen A-21447
anti-goat

goat AlexaFluor647-conjugated anti-mouse Invitrogen A-21235
goat AlexaFluor texas red-conjugated Invitrogen T-2767
anti-rabbit

donkey AlexaFluor633-conjugated Invitrogen A-21100
anti-sheep

Goat AlexaFluor594-conjugated Invitrogen A-21044

anti-mouse IgM

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

DMSO Sigma-Aldrich 67-68-5
HSP90 inhibitor; Synonym: 4-(4-(2,3- Sigma-Aldrich 171009-07-7
Dihydro-1,4-benzodioxin-6-yl)-5-methyl-

1H-pyrazol-3-yl)-6-ethylresorcinol

Chk2 inhibitor No1; Synonym: 5-(2-Amino- Sigma-Aldrich 724708-21-8
5-oxo0-1,5-dihydroimidazol-4-ylidine)-

3,4,5,10-2H-azepino[3,4-bJindol-1-one

Chk2 inhibitor No2; Synonym: 2-(4-(4- Sigma-Aldrich 516480-79-8
Chlorophenoxy)phenyl)-1H-benzimidazole-

5-carboxamide

ATM inhibitor; Synonym: 2-(Morpholin-4- Sigma-Aldrich 118502
yl)-6-(thianthren-1-yl)-4H-pyran-4-one

p53 inhibitor/Pifithrin; Synonym: 2-(2- Sigma-Aldrich 63208-82-2
Imino-4,5,6,7-tetrahydrobenzothiazol-3-

yl)-1-p-tolylethanone hydrobromide

ROCK inhibitor (Y-27632); Synonym: trans- Cayman Chemical 10005583
4-[(1R)-1-aminoethyl]-N-4-pyridinyl-

Cyclohexanecarboxamide, dihydrochloride

Recombinant Human COCO Protein R&D system 3047-CC-050
Recombinant Human IGF-1 Peprotech 100-11
Recombinant Human FGF basic Peprotech AF-100-18B
Heparin sodium salt from porcine intestinal Sigma H3149
mucosa

Critical commercial assays

Click-iT TUNEL Alexa Fluor Imaging Assay Invitrogen C10246
Phospho Explorer Antibody Array from Full Moon BioSystems PEX100

Deposited data

RNAseq data This paper GEO accession: GSE269687
Experimental models: Cell lines

iPSC Ctrl line 1 In house Barabino et al.*®

iPSC Cirl line 2 Lab. C. Beauséjour Barabino et al.*®

BBS line 01 (Fibroblast cell line used to
make in house iPSC)
BBS line 02 (Fibroblast cell line used to
make in house iPSC)

Coriell

Coriell

GM05948; Barabino et al.*®

GMO05950;
Barabino et al.*®

Experimental models: Organisms/strains

WT mice
BBS10~/~ mice

Lab Dre Arlene Drack
Lab Dre Arlene Drack

Jackson Laboratory strain #014094

Generated from Jackson Laboratory strain
#014094

Software and algorithms

Fluoview software version 3.1

R software (R Core Team, 2013)
GraphPad Prism 9 software

Phospho Explorer image quantification and
analysis, data extraction, data organization
and analysis

Full Moon BioSystems

Olympus FluoView Resource Center:
FluoView FV1000 Confocal Microscope
Product Information

R: The R Foundation
https://www.graphpad.com/
Bioinformatic analysis service
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Wild type and Bbs70~/~ mouse eyes were generously obtained from Dre Arlene Drack.?" This study was performed in strict accor-
dance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All the
animals were handled according to approved Institutional Animal Care and Use Committee (IACUC) protocol #1041421 of the Uni-
versity of lowa. The Bbs10 mouse model was acquired from the KOMP2 Center at the Jackson Laboratory, and it is now distributed
through the Mutant Mouse Resource and Research Centers (MMRRC) as C57BL/6N-Bbs10tm1.1(KOMP)Vicg/JMmucd. This mouse
model was generated from the embryonic stem (ES) cell line Bbs10tm1(KOMP)Vicg (VG13389A-A11, MMRRC). The C57BL6/NJ con-
genic version of the Sox2-Cre transgenic line (strain #014094, Jackson Laboratory) was used as a deleter line to generate the null
allele. The characterization of this mouse model was described in detail in Mayer et al.>' Animals were housed according to
IACUC recommendations. Both male and female mice were used in this study. Animals were generated by crossing Bbs10*/~ males
with either Bbs10*'~ or Bbs10~/~ females. Mice were analyzed at three stages: P10, P45, and P60. Methods of euthanasia used were
carbon dioxide inhalation followed by cervical dislocation. Humane endpoints were strictly observed, and every effort was made to
minimize suffering.

Human cells

Human pluripotent stem cells were approved by the “Comité de Surveillance de la Recherche sur les Cellules Souches” of the CIHR
and Maisonneuve-Rosemont Hospital Ethic Committee and used by following the Canadian Institute Health Research (CIHR) guide-
lines. All methods were carried out in accordance with relevant guidelines and regulations. Cell lines were authenticated, and the
generation from dermal fibroblasts as well as the molecular characterization of CTL and BBS iPSC lines, including genetic charac-
terization through WGA, was previously described in Barabino et al.>* The BBS_01 case (Coriell accession number GM05948) was an
affected 18-year-old male of white origin and carrying a homozygous c.271 duplication at the BBS 70 locus causing a frameshift stop
in exon 2 (NCBI reference sequence NM_024685.4). The BBS_02 case (Coriell accession number GM05950) was an affected
19-year-old male of white origin and carrying a compound heterozygous mutation (c.909_912 and c.687 deletions) also in exon 2
of the BBS10 locus (NCBI reference sequence NM_024685.4). iPSCs were tested for mycoplasma contamination using the
LookOut Mycoplasma PCR Detection Kit (Sigma, MP0035).

Cell cultures and retinal organoids

Briefly, iPSCs were dissociated using TrypLE (Gibco Express Enzyme (1X), no phenol red, CAT# 12604013) and platted on growth
factor reduced Matrigel (Corning #356231), in StemFit BasicO4CT (Complete Type) Culture Medium (CAT# ASB04CT) with adding
ROCK inhibitor (Y-27632; 10 uM, Cayman Chemical #10005583) for 24 h, then the media was changed without ROCK inhibitor.
Upon confluency, cells were differentiated with Cl media: DMEM-F12 medium (Invitrogen) containing 1% N2, 2% B27, 10 ng/mL
IGF1 (PeproTech, Cat#100-11), and 5 ng/mL bFGF (PeproTech, Cat#AF-100-18B), Heparin (Sigma, Cat#H3149), and 30 ng/mL
COCO (R&D System, Cat#3047-CC-050).°° To generate retinal organoids, neural rosettes from DIV6O retinal sheet cultures were
manually isolated with a 3mm biopsy punch and cultured in Cl medium as suspension cultures in ultra-low adherence plates (Corning,
CLS3473).5":62

METHOD DETAILS

RNA-seq analysis

Total RNA from 2 biological replicates for each genotype (CTL1, CTL2, BBS_1 and BBS_2 iPSC lines, N = 8 samples) and each treat-
ment (BBS_1 + C2i, BBS_2 + C2i, BBS1+ATMi, BBS_2+ATMi, N = 8 samples) was extracted using the standard procedure of Qiagen
columns and assayed for RNA integrity. cDNA was prepared according to the manufacturer’s instructions (NEB library) and
sequenced using the lllumina platform. Base-calling and feature count were done using HISAT2 on the HG19 genome. For differential
expression analysis, DESeq2’’ was used on R program (Team, R. C. The R Project for Statistical Computing. http://www.R-Project.
Org/1-12 (2013) at https://www.r-project.org/). Global gene expression was visualized using volcano plots and heatmaps for top
genes. Samples were clustered and visualized in a 2D space using PCA.”® For functional analysis, the differentially expressed genes,
or a subset of those genes, were analyzed using Gene Ontology (GO), Gene Set Enrichment Analysis (GSEA) and Reactome.’®%*

Proteomic

Phospho Explorer Antibody Array containing 1318 antibodies (with 99% reactivity against human epitopes) was obtained from Full
Moon BioSystems (Cat. No. PEX100) and used accordingly to manufacturer instructions. Array image quantification and analysis,
including data extraction, data organization and analysis of the array images was obtained through the company service.

Immunofluorescence

Cells and organoids were fixed for 1 h at room temperature in 4% paraformaldehyde (PFA)/3% sucrose in PBS, pH 7.4. Organoids
were washed three times in PBS, cryoprotected in PBS/30% sucrose, and frozen in CRYOMATRIX embedding medium (CEM)
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(Thermo Shandon, Pittsburgh, PA) or in Tissue-Tek optimum cutting temperature (O.C.T.) compound (Sakura Finetek, USA). Cells
and organoids were permeabilized with Triton X-100 for 10 min. Unspecific antigen blocking was performed using 2% BSA in
PBST for 30 min. Slides were incubated with the primary antibody overnight at 4°C in a humidified chamber. Secondary antibodies
were incubated for 1h at room temperature. After incubation with the secondary antibody, slides were washed, counterstained with
DAPI and mounted using VECTASHIELD Antifade Mounting Medium (VECTASHIELD, H-1000-10) and No. 1.5H coverslips. Pictures
were taken using a confocal microscopy system (Olympus). Confocal microscopy analyses were performed using 60x objectives
with an IX81 confocal microscope (Olympus, Richmond Hill, Canada), and images were obtained with Fluoview software version
3.1 (Olympus). For quantification in Bbs10~’~ mouse retinas, images were taken from the ventro-nasal part of the retina, and near
the optic nerve head.

Antibodies

Primary antibodies used in this study are sheep anti-Chx10 (1:250, Exalpha Biologicals, X1180P), rabbit anti-CORD2 (CRX) (1:300,
GenTex, GTX124188), rabbit anti-OTX2 (1:300, Abcam, ab183951), goat anti-OTX2 (1:500, R&D Systems, AF1979), rabbit anti-S-
opsin (1:200, Invitrogen, OSO00006G), rabbit anti-M/L-opsin (1:100, Chemicon, AB5405), rabbit anti-Recoverin (1:1000, Millipore,
AB5585), mouse anti-yH2AX (1:250, Millipore, 05-636), rabbit anti-53BP1 (1:250, Novus, NB100-304), rabbit anti-p-Chk2 (1:250,
Cell Signaling, 2661), mouse anti-p-ATM (1:250, Millipore, MAB3806-C), rabbit anti-p-ATR (1:250, Millipore, SAB5701785), anti-
Ki67 (1:500, Abcam, ab15580), rabbit anti-Histone H3 (phospho S10) (1:500, Abcam, ab5176), anti-cleaved Caspase3 (1:1000,
Cell Signaling, 9661), mouse alpha acetyl tubulin (1:300, Santa Cruz, sc23950), mouse anti-AURKB (1:300, Novus, NBP2-50039),
mouse anti-Centriolin (1:300, Santa Cruz, sc-365521), anti-CEP164 (1:300, Novus, NBP1-81445), PNA FITC (1:200, Vector Labora-
tories, FL-1071), and rhodamine phalloidin (1:200, Invitrogen, R415). Secondary antibodies used in this study are donkey
AlexaFluor488-conjugated anti-mouse (1:1000, Invitrogen, A-21202), donkey AlexaFluor488-conjugated anti-rabbit (1:1000, Invitro-
gen, A-21206), donkey AlexaFluor488-conjugated anti-goat (1:1000, Invitrogen, A-11055), donkey AlexaFluor568-conjugated
anti-mouse (1:1000, Invitrogen, A-10037), donkey AlexaFluor568-conjugated anti-rabbit (1:1000, Invitrogen, A-10042), donkey
AlexaFluor568-conjugated anti-goat (1:1000, Invitrogen, A-11057), donkey AlexaFluor647-conjugated anti-mouse (1:1000, Invitro-
gen, A-31571), donkey AlexaFluor647-conjugated anti-rabbit (1:1000, Invitrogen, A-31573), donkey AlexaFluor647-conjugated
anti-goat (1:1000, Invitrogen, A-21447), goat AlexaFluor647-conjugated anti-mouse (1:1000, Invitrogen, A-21235), goat AlexaFluor
Texas Red-conjugated anti-rabbit (1:1000, Invitrogen, T-2767), donkey AlexaFluor633-conjugated anti-sheep (1:1000, Invitrogen,
A-21100), and goat AlexaFluor594-conjugated anti-mouse IgM (1:1000, Invitrogen, A-21044).

Terminal deoxynucleotidyl transferase dUTP nick end labeling assay

For detection of apoptotic cell death, cells were fixed in 4% PFA. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining was performed using a Click-iT TUNEL Alexa Fluor Imaging Assay (Invitrogen, C10246) following the manufacturer’s
instructions.

Chemical treatment of cell culture
In this study, specific chemical inhibitors were utilized to treat the cell cultures. DMSO (CAS 67-68-5) served as the control treatment.
The following inhibitors were employed: HSP90 inhibitor (CAS 171009-07-7), Chk2 inhibitor No. 1 (CAS 724708-21-8), Chk2 inhibitor
No. 2 (CAS 516480-79-8), ATM inhibitor (CAS 118502), and p53 inhibitor/Pifithrin (CAS 63208-82-2). All chemicals were obtained
from Sigma-Aldrich.

Treatment concentrations of 1 uM, 10 uM, and 100 uM were used. Dissociated cell cultures were treated with these inhibitors for a
duration of 5 days.

For long-term treatments, retinal sheets and organoids were subjected to a regimen using Chk2 inhibitor No. 2 (C2i) at a concen-
tration of 10 uM, from day in vitro (DIV) 10 to DIV 150. The treatment protocol consisted of a 5-day treatment followed by a 2-day no-
treatment period to mitigate potential toxicity.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9 software or R software (R Core Team, 2013). Prior to performing sta-
tistical tests, the assumptions of normality and equal variances were assessed. If these assumptions were met, a Student’s t test for
unpaired samples was used to compare two groups. For multiple comparisons among more than two groups, a one-way analysis of
variance (ANOVA) followed by Dunnett’s test was conducted. The assumption of normality of residuals and homogeneity of variances
across groups were verified before applying ANOVA. All values in the figures are expressed as mean + standard error of the
mean (SEM). The criterion for statistical significance (P-value) is indicated in each figure legend as follows: *p < 0.05; **p < 0.01;
***p < 0.001.
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