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SUMMARY
Autosomal dominant optic atrophy (ADOA), mostly caused by heterozygous OPA1 mutations and characterized by retinal ganglion cell

(RGC) loss and optic nerve degeneration, is one of the most common types of inherited optic neuropathies. Previous work using a two-

dimensional (2D) differentiationmodel of induced pluripotent stem cells (iPSCs) has investigated ADOA pathogenesis but failed to agree

on the effect of OPA1mutations on RGC differentiation. Here, we use 3D retinal organoids capable of mimicking in vivo retinal develop-

ment to resolve the issue. We generated isogenic iPSCs carrying the hotspot OPA1 c.2708_2711delTTAG mutation and found that the

mutant variant caused defective initial and terminal differentiation and abnormal electrophysiological properties of organoid-derived

RGCs. Moreover, this variant inhibits progenitor proliferation and results in mitochondrial dysfunction. These data demonstrate that

retinal organoids coupled with gene editing serve as a powerful tool to definitively identify disease-related phenotypes and provide valu-

able resources to further investigate ADOA pathogenesis and screen for ADOA therapeutics.
INTRODUCTION

Autosomal dominant optic atrophy (ADOA) is one of the

most common types of inherited optic neuropathies,

with prevalence ranging from 1:50,000 to 1:12,000 (Kivlin

et al., 1983; Kjer et al., 1996). The main clinical manifesta-

tions are moderate to severe visual acuity loss, atrophy of

the optic nerve of bilateral eyes, central or paracentric sco-

tomas, and optic disc pallor caused by the loss of retinal

ganglion cells (RGCs) with degeneration of the optic nerve.

Approximately 60%–70% of all genetically confirmed cases

of ADOA have been associated with heterozygous muta-

tions in the OPA1 gene located on chromosome 3q28-

q29, which encodes a dynamin-related mitochondrial gua-

nosine triphosphatase (GTPase) anchored to the inner

mitochondrial membrane (Ham et al., 2019; Yu-Wai-Man

and Chinnery, 2013). The OPA1 protein contains a trans-

membrane domain, a GTPase domain, a dynamin domain,

and a GTPase effector domain/C-terminal coiled-coil

domain (Figure S1A). Most of theOPA1mutations reported

are substitution,missense, and deletionmutations. Among

them, the small fragment deletion mutation c.2708_

2711delTTAG located in exon 27 is a hotspot mutation

(Figure S1) (Delettre et al., 2001; Weisschuh et al., 2021;

Yu-Wai-Man et al., 2010).

The GTPase protein encoded by OPA1 plays a role in pro-

moting mitochondrial inner membrane fusion and is

involved in mitochondrial network organization and

cristae remodeling (Alavi and Fuhrmann, 2013; Cipolat

et al., 2004). In addition, it is involved in the oxidative

phosphorylation process (Alavi and Fuhrmann, 2013;
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Lodi et al., 2004; Zanna et al., 2008), maintains the respira-

tory chain and membrane potential (Olichon et al., 2003),

and regulates mitochondrial homeostasis via the mainte-

nance of mtDNA integrity. Decreased expression of OPA1

significantly affects mtDNA copy number and distribution

throughout the mitochondrial network (Del Dotto et al.,

2017; Yang et al., 2020).

OPA1 gene mutations lead to changes in OPA1 protein

structure or level, which in turn result in mitochondrial

structure damage, optic nerve degeneration, and RGC

loss (Alavi and Fuhrmann, 2013; Heiduschka et al., 2010;

Yu-Wai-Man et al., 2011). Advances in in vitro disease

modeling have improved our ability to generate physiolog-

ically relevant ADOA models to further understand OPA1

disease variants. The retinal organoid is a three-dimen-

sional (3D) optic cup in culture that remarkably resembles

the embryonic vertebrate eye structure (Eiraku et al., 2011;

Nakano et al., 2012). Directed differentiation of human

induced pluripotent stem cells (iPSCs) into 3D retinal orga-

noids enables modeling of retinopathy in patient-specific

genetic backgrounds (Kruczek and Swaroop, 2020; Parfitt

et al., 2016) and also provides a basis for gene correction

(Deng et al., 2018). Therefore, organoid technology that

combines iPSC technology and gene editing offers a unique

research and treatment option that has brought us closer to

personalized medicine (Sun and Ding, 2017).

In previous reports, fibroblasts and stem cells were used

to study the pathogenesis of OPA1 mutations (Caglayan

et al., 2020; Del Dotto et al., 2017; Olichon et al., 2007;

Zanna et al., 2008). However, the mitochondrial content

and distribution in different cells are inconsistent, so it is
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necessary to study the changes in RGCs, the primary cell

type affected by ADOA. More recently, ADOA has been

modeled in vitro by 2D differentiation using iPSCs carrying

haploinsufficient OPA1 mutations, which were derived

from patients or created by gene editing (Chen et al.,

2016; Sladen et al., 2022). Severe RGC differentiation de-

fects were observed in iPSCs harboring an OPA1 mutation

in one case (Chen et al., 2016), but no such effect was

seen in another (Sladen et al., 2022). Therefore, to resolve

such discrepancy and clarify the role ofOPA1 in RGCdiffer-

entiation, in this work, we took advantage of 3D retinal or-

ganoids coupled with gene editing to demonstrate that a

mutant OPA1 variant impaired RGC differentiation,

causing abnormalities in RGC physiological properties.
RESULTS

Generation of human iPSCs carrying a frequent OPA1

mutant variant

The c.2708_2711delTTAGmutant variant inOPA1 exon 27

is one of themost commonOPA1 variants in ADOA, result-

ing in a premature termination codon that leads to the

nonsense-mediated decay (NMD) of OPA1 mRNA (Brogna

and Wen, 2009) and truncation of the protein C terminus

(Figure S1). We thus decided to generate iPSCs harboring

a heterozygous c.2708_2711delTTAG allele to induce

retinal organoids for studying pathogenesis caused by

this variant.

For the convenience of identifying and enriching RGCs

in retinal organoids, we modified the POU domain tran-

scription factor gene BRN3B/POU4F2, which we have

demonstrated to be a specific RGC marker (Gan et al.,

1996; Xiang et al., 1993). In the UiPSC-001 human iPSC

line, which we induced previously from urine cells of a

normal person (Cheng et al., 2017), we performed

CRISPR-Cas9 gene editing to tether the EGFP reporter

gene to the BRN3B open reading frame through a P2A

self-cleaving peptide sequence (Figure 1A). In this GFP-

tagged normal iPSC line, a second gene edit was followed

to remove the four nucleotide bases (TTAG) in exon 27 of

OPA1 to generate a mutant iPSC line carrying a heterozy-

gous c.2708_2711delTTAG allele (Figure 1B). Genomic

DNA sequencing confirmed the success of this gene edit

and heterozygosity of the c.2708_2711delTTAG variant in

mutant iPSCs (Figure 1C). By contrast, deep sequencing

of the top 10 predicted off-target sites for each of the 3

used single-guide RNAs (sgRNAs) demonstrated no evi-

dence of off-target gene editing, indicating the target spec-

ificity of the sgRNAs (Figures S2 and S3).

Immunofluorescent staining showed that both normal

and mutant iPSCs had high levels of expression of the plu-

ripotency marker proteins NANOG, OCT4, SOX2, and
SSEA4 (Figure S4A), indicating that the c.2708_2711delT-

TAG variant has no effect on iPSC pluripotency. Moreover,

the mutant iPSCs maintained normal karyotype (Fig-

ure S4B). To assess whether the c.2708_2711delTTAG

variant causes NMD, we carried out a qRT-PCR assay and

the result showed that the OPA1 mRNA level in mutant

iPSCs was reduced to approximately half that of the

isogenic normal iPSCs (Figure 1D), suggesting the occur-

rence of NMD. We further conducted a western blot anal-

ysis of OPA1 proteins and found that the twoOPA1 protein

isoforms obviously diminished in c.2708_2711delTTAG

iPSCs compared to isogenic normal iPSCs (Figure 1E),

consistent with expression decrease resulting from NMD.

Differentiation of RGCs from iPSCs via 3D retinal

organoids

To investigate the possible developmental and functional

defects of RGCs caused by the c.2708_2711delTTAG

variant, we induced 3D retinal organoids from mutant

and isogenic control iPSCs using a previously reported pro-

cedure (Kuwahara et al., 2015) (Figure S5A). By days 30–35

of induction culture, layered optic cup retinal organoids

were formed from both control and mutant iPSCs, and

GFP fluorescence started to emerge within the inner layer

of the organoid (Figure S5B), indicating the onset of RGC

differentiation. By day 60, GFP fluorescence had spread to

the inner layer of the entire retinal organoid (Figure S5B).

In 60-day retinal organoids derived from either control or

mutant iPSCs, sectional immunofluorescence staining

showed that GFP was colocalized with RGC markers

POU4F2, HUC/D, or PAX6 in the inner layer (ganglion cell

layer) (Figure 2), confirming GFP+ cells as RGCs. Quantifica-

tion of POU4F2+, HUC/D+, or PAX6+ cells within the inner

layer showed that theywere reduced by�30% in themutant

organoid compared to the control (Figure 2), suggesting a

possible RGC differentiation defect. OTX2+ and CRX+ cells

were located mostly at the outer edge of the retinal organo-

ids, representing photoreceptor precursors (Figure 2). A

small number of cells displayed the expression of recoverin

(RCVRN), indicating the generation of cone cells (Figure 2).

We detectedno significant difference in the number of these

marker-positive cells between control andmutant organoids

(Figure 2). Most of the cells within the outer layer of retinal

organoids should be retinal progenitor cells (RPCs), and

indeed, as expected, expressed RPC markers PAX6 and

SOX2 as well as the proliferation marker MKI67 (Figure 2).

Quantification further showed that MKI67+ cells were

decreased by �14% in the mutant organoid, whereas

SOX2+ cells exhibited no significant change (Figure 2).

Therefore, at a gross level, both the mutant and control

iPSCs are able to form retinal organoids capable of differen-

tiation, but RGC differentiation and RPC proliferation may

be affected by the c.2708_2711delTTAG variant.
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Figure 1. Generation and characterization of BRN3B-GFP-tagged human iPSCs carrying the OPA1 c.2708_2711delTTAG mutant
variant
(A) Schematic illustration depicting the BRN3B-P2A-EGFP reporter design. The CRISPR-Cas9 gene editing technology was used to target
the stop codon of BRN3B in normal donor iPSCs.
(B) Schematic illustration depicting the gene editing process to generate the c.2708_2711delTTAG variant in normal donor iPSCs carrying
the BRN3B-P2A-EGFP reporter.
(C) Peak plots of nucleic acid sequences after successful editing to obtain the c.2708_2711delTTAG variant. Doublet peaks following TTAG
after forward and reverse sequencing indicate that the sequenced cell line is heterozygous for the variant.
(D) qRT-PCR analysis confirmed downregulation of OPA1mRNA in c.2708_2711delTTAG iPSCs compared with normal iPSCs. The positions of
the forward (F) and reverse (R) PCR primers are indicated. Data are presented as mean ± SEM (n = 6, each n represents�106 iPSCs and the
experiment was repeated independently 6 times). *p < 0.0001.
(E) Representative western blot of OPA1 expressed in normal and c.2708_2711delTTAG iPSCs. b-Actin served as the internal protein
control.
Defective RGC differentiation caused by the OPA1

mutant variant

Unlike 2D culture, the induction of retinal organoids well

recapitulates in vivo retinal development (Eiraku et al.,

2011; Nakano et al., 2012; O’Hara-Wright and Gonzalez-

Cordero, 2020; Volkner et al., 2016; Zhang et al., 2021).

Thus, the fact that mutant iPSCs were capable of forming

retinal organoids provided an opportunity to assess the ef-
70 Stem Cell Reports j Vol. 19 j 68–83 j January 9, 2024
fect of the c.2708_2711delTTAG variant on RGC differenti-

ation in an environment closely resembling that in the or-

ganism. Single-cell transcriptomics has been demonstrated

to be an excellent approach to reveal and track cell lineage

trajectories during development (Wu et al., 2021). We,

therefore, carried out single-cell RNA-sequencing (scRNA-

seq) analyses of 60-day retinal organoids to evaluate

possible RGC differentiation defects. After removing



(legend on next page)
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doublet cells, we performed a random downsampling to

obtain the expression data of 15,145 cells each for the

mutant and control organoids to compare the equal num-

ber of cells between the 2 groups. Unsupervised combined

with marker-based uniform manifold approximation and

projection (UMAP) clustering analysis by Seurat 4 (Stuart

et al., 2019) yielded 5 clusters of single cells (c1–c5), corre-

sponding to the naive RPCs (nRPCs), transitional RPCs

(tRPCs), RGC trajectory, photoreceptor cell (PC) trajectory,

and amacrine/horizontal cell (AHC) trajectory, respectively

(Figure 3A). Violin plots showed the expression of RPC

markers SOX2 andVSX2 in clusters c1 and c2, RGCmarkers

ATOH7, POU4F2, NEFM, and NELL2 in cluster c3; photore-

ceptor markers OTX2, CRX, NRL, and PRDM1 in cluster c4;

andAHCmarkers PTF1A, PRDM13,TFAP2A, andTFAP2B in

cluster c5 (Figure 3C); this validated the identity of these

clusters. Pseudotime trajectory analysis further revealed

that the RGC, PC, and AHC trajectories were developmen-

tally more advanced than and originated from tRPCs and

nRPCs (Figure 3B).

Comparison of mutant and control organoid cells

showed that there were similar or even more cells in clus-

ters c3–c5 of the mutant organoid compared to those of

the control (Figures 3D and 3E), indicating that mutant

RPCs have the potential to differentiate into multiple

retinal cell lineages and that the c.2708_2711delTTAG

variant may not affect retinal cell fates, including the

RGC fate. To further investigate RGC differentiation, we

calculated differentially expressed (DE) genes in cluster c3

(RGC trajectory) between the mutant and control organo-

ids and identified 350 genes significantly downregulated

in the mutant (Figure 3F; Table S1). Gene Ontology (GO)

enrichment analysis showed that these downregulated

genes were enriched for GO terms associated with RGC

development such as regulation of nervous system devel-

opment, regulation of neurogenesis, and regulation of

cell development, as well as RGC function such as axono-

genesis, axon extension, and neuron projection extension

(Figure 3G). Close examination of DE genes revealed that a

series of known RGC marker genes were downregulated in

themutant (Table S1), suggesting that RGCs fail to differen-

tiate properly in the mutant retinal organoid. Violin and

feature plots showed that in cluster c3 of the mutant orga-
Figure 2. Expression and quantification of progenitor, precursor,
Sections from 60-day retinal organoids derived from normal and c.270
antibody and those against the indicated protein markers, and count
were RGCs (POU4F2+, HUC/D+, or PAX6+), amacrine cells (HUC/D+ or P
CRX+), RPCs (SOX2+ or PAX6+), and proliferative RPCs (MKI67+). The qu
or PAX6, were expressed as the proportion of positive cells in all DAPI-l
organoid. Other cell types were quantified from all of the layers of th
individual organoids from at least 2 independent organoid batches). n
20 mm.
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noids, there was obvious downregulation in the expression

of RGC developmental regulatory genes such as ATOH7,

POU4F2, ISL1, EBF1, ONECUT2, and PAX6; typical RGC

marker genes, including SNCG, NEFM, NELL2, ELAVL3,

and ELAVL4; and other lesser known RGC marker genes,

including SYT4, SYT7, SLC38A1, C1QL1, and RAB31

(Figures 3H and 3I). The downregulation of RGC marker

genes in 60-day mutant organoids was further confirmed

by qRT-PCR analysis (Figure 3J), consistent with the

observed decrease in RGCs immunoreactive for POU4F2,

HUC/D, or PAX6 in the mutant organoid (Figure 2).

There were 217 significantly upregulated DE genes in

cluster c3 of the mutant organoid (Figure 3F; Table S1).

GO enrichment analysis of these genes showed that they

were enriched for GO terms including pattern specification

process, regionalization, ATP/ADP metabolic process, and

ribosome biogenesis (Figure S6A). These upregulated DE

genes include some little-expressed RGC-specific genes

(e.g., HOXB5, HOXB8), as well as many more broadly ex-

pressed ones (e.g., TUBB2A, DHRS3) (Figures S6B and

S6C). The existence of upregulated genes in mutant RGCs

implies their improper differentiation. Thus, together,

these results suggest that RGCs are generated but unable

to undergo appropriate differentiation in mutant retinal

organoids.

Mitochondrial dysfunction in OPA1 mutant retinal

organoids

The mutation of OPA1, a key mitochondrial protein, is ex-

pected to cause mitochondrial deficits. We therefore exam-

inedmitochondrial phenotypes inmutant retinal organoid

cells. DE genes between all mutant and control organoid

cells were determined by Seurat from the scRNA-seq dataset

(Figure 4A; Table S2), and GO enrichment analysis was per-

formed for all of the DE genes. Interestingly, they were en-

riched for GO terms such as mitochondrial transport and

protein localization to mitochondrion (Figure 4B), suggest-

ing that the c.2708_2711delTTAG variant may affect the

expression of mitochondrion-related genes. Close exami-

nation of the DE gene list revealed a number of mitochon-

drial marker genes significantly downregulated in mutant

organoid cells (Table S2). Violin and feature plots showed

that in nearly all of the cell clusters, including RGCs, in
and cell-type markers in retinal organoids
8_2711delTTAG iPSCs were double-immunostained with an anti-GFP
erstained with DAPI. In both normal and mutant organoids, there
AX6+), cone cells (RCVRN+), photoreceptor precursor cells (OTX2+ or
antification data of RGCs, identified by the markers POU4F2, HUC/D,
abeled nuclei within the inner layer (outlined by dashed lines) of the
e organoid. All of the data are presented as mean ± SEM (n = 8–14
s, not significant; *p < 0.05; **p < 0.01; ***p < 0.0001. Scale bar:



Figure 3. Single-cell transcriptome profiling reveals RGC differentiation defects in 60-day retinal organoids derived from
c.2708_2711delTTAG iPSCs
(A) UMAP plot of single cells from normal and mutant retinal organoids resulting from unsupervised combined with marker-based clus-
tering analysis.
(B) Pseudotime trajectories of the sequenced retinal organoid cells.
(C) Stacked violin plot showing expression patterns of the indicated retinal cell marker genes in single-cell clusters (c1–c5).
(D) Comparison of UMAP plots of equal number of single cells from normal and mutant retinal organoids.
(E) Proportion of cell numbers in each cell cluster of normal and mutant retinal organoids.
(F) Expression heatmap of differentially expressed genes in cluster c3 between normal and mutant retinal organoids.
(G) GO term enrichment analysis of significantly downregulated genes in the c3 cluster (RGC trajectory) of the mutant retinal organoid.
(H and I) Stacked violin plot and feature plots showing expression patterns of the indicated RGC developmental regulatory genes and RGC
marker genes in the c3 cluster of normal and mutant retinal organoids.
(J) qRT-PCR analysis confirming downregulation of the indicated RGC marker genes in 60-day mutant retinal organoids. Data are presented
as mean ± SEM (n = 6, each n represents �60 retinal organoids from 3 independent organoid batches and the experiment was repeated
independently 6 times). *p < 0.0005; **p < 0.0001.
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Figure 4. Mitochondrial dysfunction in 60-day retinal organoids derived from c.2708_2711delTTAG iPSCs
(A) Expression heatmap of differentially expressed genes between normal and mutant retinal organoid cells.
(B) GO term enrichment analysis of differentially expressed genes between normal and mutant retinal organoids.
(C and D) Stacked violin plot and feature plots showing expression patterns of the indicated mitochondrial marker genes in normal and
mutant retinal organoid cells.
(E) qRT-PCR analysis confirming downregulation of the indicated mitochondrial marker genes in mutant retinal organoids. Data are
presented as mean ± SEM (n = 6, each n represents �60 retinal organoids from 3 independent organoid batches and the experiment was
repeated independently 6 times). *p < 0.0001.
(F and G) Relative MMP and Mito-Tracker Red fluorescence intensity in normal and mutant retinal organoid cells and enriched RGCs. Data
are presented as mean ± SEM (n = 4–6, each n represents�60 retinal organoids from 3 independent organoid batches and the experiment
was repeated independently 4–6 times). *p < 0.05; **p < 0.0001.
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Figure 5. Diminished retinal progenitor proliferation in 60-day retinal organoids derived from c.2708_2711delTTAG iPSCs
(A and B) Cell-cycle analysis showing a decrease in the proportion of cells distributed in S phase but an increase in that distributed in G2/M
phase in the mutant retinal organoid.
(C and D) Stacked violin plot and feature plots showing expression patterns of the indicated S phase marker genes (NASP, HELLS, MCM4,
PCNA, TYMS, RRM1, GINS2, and GMNN) and G2/M phase marker genes (HMGB2, UBE2C, TPX2, TOP2A, CKS2, CKS1B, and TUBB4B) in the c1
cluster of normal and mutant retinal organoids.
(E) qRT-PCR analysis confirming expression alterations of the indicated cell-cycle marker genes in mutant retinal organoids. Data are
presented as mean ± SEM (n = 6, each n represents �60 retinal organoids from 3 independent organoid batches and the experiment was
repeated independently 6 times). *p < 0.0001.
c3 of the mutant organoid, there was downregulation in

the expression of many mitochondrial marker genes,

includingMRPL20,MICOS13,UQCRQ,NDUFAF8,NDUFB1,

and NDUFS6 (Figures 4C and 4D). The downregulation of

MRPL20, NDUFB2, NDUFS6, and NDUFAF8 was further

validated by qRT-PCR assay (Figure 4E), indicating that

OPA1 may be able to directly and/or indirectly regulate

the expression of many mitochondrial genes.
The mitochondrial membrane potential (MMP) is an in-

dicator of mitochondrial function and physiology; there-

fore, we measured MMP in 60-day control and mutant

retinal organoid cells. Compared to control cells, there

was �40.4% and 36.8% increases in MMP in total mutant

organoid cells and enriched mutant RGCs, respectively

(Figure 4F). These increases in MMP were further validated

in single culturedmutant RGCs (Figure S7), suggesting that
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the OPA1 c.2708_2711delTTAG mutant variant may

indeed cause mitochondrial dysfunction. Consistent with

this, total mutant organoid cells and enriched mutant

RGCs also exhibited diminished MitoTracker Red fluores-

cence compared to control cells (Figure 4G).

Reduced retinal progenitor proliferation in OPA1

mutant retinal organoids

Apart from mitochondrion-related GO terms, DE genes be-

tweenmutant and control organoid cells were also enriched

for GO terms such as mitotic nuclear division, epithelial cell

proliferation, and regulation of epithelial cell proliferation

(Figure 4B), suggesting that the OPA1 c.2708_2711delTTAG

mutant variantmay affect RPCproliferation. In addition,we

observed diminished MKI67 immunoreactivity in mutant

organoids (Figure 2), and there was a small decrease in

nRPCs in cluster c1 of the mutant organoid compared to

the control (Figures 3D and 3E). Therefore, we performed a

cell-cycle analysis of the sequenced single cells by Seurat us-

ing 70 cell-cycle markers (Nestorowa et al., 2016). This anal-

ysis showed that compared to the control, in themutant or-

ganoid, RPCs at the S phase dropped from 31.9% to 13.2%,

whereas G2/M RPCs increased from 10.6% to 17.6% and

G1/G0 cells increased from 57.6% to 69.2% (Figures 5A

and 5B). Consistent with this, there were a number of cell-

cycle marker genes in the DE gene list (Table S2). Violin

and feature plots showed that in cluster c1 (nRPCs) of the

mutant organoids, there was obvious downregulation of S

marker genes such as HELLS, MCM4, PCNA, and GINS2 but

upregulation of G2/M marker genes such as HMGB2,

UBE2C, TOP2A, and CKS1B (Figures 5C and 5D). Using a

qRT-PCR assay, we validated the downregulation of HELLS,

TYMS, and RRM1 and the upregulation of HMGB2, TOP2A,

and CKS1B in mutant organoid cells (Figure 5E). Despite

decreased S cells, as aforementioned, we observed elevated

G1/G0 and G2/M cells as well as an increase in cells in clus-

ters c3 and c4 (RGCand PC lineages) in themutant organoid

(Figures 3D and 3E), suggesting that the c.2708_2711delT-

TAG variant may also accelerate cell-cycle exit.

Morphological and physiological deficits in OPA1

mutant RGCs

It has been shown that RGC injury and disease result in

RGC morphological abnormalities such as dendritic re-

modeling and diminished soma size (Agostinone et al.,

2018; Kalesnykas et al., 2012; VanderWall et al., 2020). To

investigate whether the OPA1 c.2708_2711delTTAG

mutant variant causes a similar phenotype, we purified

RGCs from 60-day control and mutant retinal organoids

by fluorescence-activated cell sorting (FACS), and then

cultured them in neuronal differentiation medium for

2 weeks to let them undergo terminal differentiation and

maturation. RGCs were visualized by GFP immunofluores-
76 Stem Cell Reports j Vol. 19 j 68–83 j January 9, 2024
cence, and their morphometric measurements were carried

out (Figure 6A). This analysis revealed that compared to

control RGCs,mutant RGCs had smaller somas and shorter

neurites (Figures 6B and 6C), and they were less complex

(Figure 6D), indicative of morphological and differentia-

tion defects. Given the observed downregulation of RGC

transcription factors (e.g., POU4F2, EBF1), cytoskeletal

components (e.g., NEFL, NEFM), neuronal RNA splicing

factors (e.g., ELAVL3, ELAVL4), and synaptic components

(e.g., SYT4, SYT7) in the mutant retinal organoids

(Figures 3H and 3I), it appears that the c.2708_2711delT-

TAG variant may impair both initial and terminal RGC

differentiation.

To investigate whether the observed differentiation de-

fects led to changes in functional maturity and physiolog-

ical properties, we performed whole-cell patch clamp re-

cordings of control and mutant RGCs (Figure 7A). In this

experiment, normal and c.2708_2711delTTAG RGCs

FACS-purified from 60-day retinal organoids were cultured

in neuronal differentiation medium for 2 weeks. We found

that all of the recorded control andmutant RGCs displayed

single or multiple firings in response to current injection

(Figures 7A–7C; normal RGCs: n = 36, single/multiple =

10/26; mutant RGCs: n = 37, single/multiple = 16/21).

Another important aspect of neuronal network maturity

is spontaneous action potential (sAP) firing that is defined

as those reaching a membrane potential above 0 mV.

Among all of the recorded RGCs, 47.2% and 56.8% of con-

trol and mutant RGCs, respectively, generated typical

spontaneous APs when the resting membrane potential

was maintained at ��60 mV (Figures 7A and 7D). More-

over, spontaneous postsynaptic current (sPSC) responses,

as evidence of synaptic connectivity, were obtained in a

portion of the recorded RGCs (Figure 7F; normal: 11/36

versus mutant: 13/37). Although the average capacitance

of control RGCs and mutant ones was not significantly

different (22.28 ± 9.0 pF, n = 27 versus 22.27 ± 7.4 pF,

n = 31), the mutant RGCs exhibited a significant decrease

in the peak amplitude of voltage-activated sodium currents

and outward potassium currents under voltage-step injec-

tion (Figures 7G and 7H); and no significant changes

were observed in the AP thresholds in current-clamp

recording (Figure 7I). Therefore, the c.2708_2711delTTAG

mutant variant affects not only the differentiation program

of RGCs but also their electrophysiological properties.
DISCUSSION

In this study, the pathogenic mechanism of a haploinsuffi-

cient OPA1 mutation was investigated in RGCs using

retinal organoids for the first time. Isogenic iPSCs carrying

the hotspot OPA1 c.2708_2711delTTAG mutation were



Figure 6. Morphological changes in RGCs
derived from c.2708_2711delTTAG iPSCs
(A) RGCs purified from 60-day normal and
mutant retinal organoids were cultured in
neuronal differentiation medium for
2 weeks and then were labeled by immuno-
fluorescence with an anti-GFP antibody.
Scale bars: 20 mm.
(B) The soma area of the mutant RGCs is
significantly decreased. Data are presented
as mean ± SD (normal, 134 cells, and
c.2708_2711delTTAG, 138 cells; both from 3
independent organoid batches).
*p < 0.0001.
(C) The length of the longest neurite of the
mutant RGCs is significantly shortened. Data
are presented as mean ± SD (normal, 49
cells, and c.2708_2711delTTAG, 42 cells;
both from 3 independent organoid
batches). *p < 0.01.
(D) There is a significant reduction in the
number of primary neurites in mutant RGCs,
which indicates decreased complexity. Data
are presented as mean ± SD (normal, 49
cells, and c.2708_2711delTTAG, 52 cells;
both from 3 independent organoid
batches). *p < 0.05.
generated by CRISPR-Cas9 gene editing from normal iPSCs

harboring the BRN3B-GFP RGC reporter. The 3D retinal or-

ganoids were subsequently induced from these mutant

iPSCs, wherein RGCs were shown to be generated but un-

able to undergo appropriate differentiation by a combina-

tion ofmolecular, cellular, and scRNA-seq analyses. Further

morphometric measurements and whole-cell patch clamp

recording revealed that mature mutant RGCs had smaller

somas, shorter neurites, less complexity, and smaller peak

amplitudes of voltage-activated sodium currents and out-

ward potassium currents compared to control RGCs, sug-

gesting that the OPA1 mutation impairs both the initial

and terminal RGC differentiation. In addition, mutant or-

ganoids displayed increased MMP, diminished mitochon-

drial content, and downregulation of a variety of mito-

chondrial marker genes, suggesting that the OPA1 mutant

variant causes mitochondrial dysfunction. It is interesting

that scRNA-seq and cell-cycle analyses revealed an unex-

pected effect of the c.2708_2711delTTAG mutation on

RPCs; it may not only repress the proliferation of RPCs

but also accelerate their cell-cycle exit.
Onemajor goal of this work was tomodel ADOAwith 3D

retinal organoids to settle the issue of whether haploinsuf-

ficient OPA1mutations perturb RGC development, and we

have demonstrated that they in fact cause RGC differentia-

tion defects. Previously, opposing conclusions were

reached about the effect of haploinsufficient OPA1 muta-

tions on RGC differentiation based on 2D differentiation

procedures (Chen et al., 2016). Although it was unclear

what exactly caused this discrepancy, we reasoned that

compared to 2D culture, 3D retinal organoids would pro-

vide amuchmore reliablemodel to resolve the issue. There-

fore, we generated by CRISPR-Cas9 gene editing an

isogenic iPSC line carrying the hotspot haploinsufficient

OPA1 mutant variant c.2708_2711delTTAG from a normal

human iPSC line harboring BRN3B-GFP, which was

knocked in also by gene editing. The generation of isogenic

lines provides a valuable means of analyzing disease phe-

notypes associated with relevant mutations, because it re-

duces genetic variability between cell lines and establishes

a more consistent platform for analysis. Moreover, we

made use of another advanced technology, single-cell
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Figure 7. Electrophysiological properties of RGCs derived from c.2708_2711delTTAG iPSCs
(A) A merged micrograph showing patch-clamp recording of a typical GFP+ RGC and a summary of the electrophysiological properties of the
recorded control and mutant cells. Before recording, normal and mutant RGCs were purified by FACS from retinal organoids after 60 days of
suspension culture (3D) and then cultured (2D) in neuronal differentiation medium for 2 weeks.
(B and C) All of the recorded RGCs from both groups exhibited single (C) or multiple (B) APs under current injection (normal, n = 36 cells;
mutant, n = 37 cells; both from at least 3 independent organoid batches).
(D) Representative current-clamp recording from a spontaneously active RGC (Vm =�60mV) (normal, n = 17 cells; mutant, n = 21 cells). Vm,
voltage of cell membrane.
(E) RGCs from both groups exhibited voltage-activated sodium and potassium currents in response to voltage step stimuli (normal, n = 27
cells; mutant, n = 31 cells).

(legend continued on next page)
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transcriptomics, which has been shown to be an excellent

tool for visualizing and tracking cell lineage trajectories

during retinal development (Wu et al., 2021). These ap-

proaches in combination have allowed us to conclude

with confidence that although both the control and

mutant iPSCs were able to form retinal organoids capable

of differentiation into RGCs and photoreceptors, the

mutant OPA1 variant caused deficiency in the initial and

terminal differentiation processes of RGCs, indicating little

effect of the hotspotOPA1mutant on the fates of RGCs and

other cell types. However, the produced RGCs appeared un-

able to undergo proper differentiation because the expres-

sion of a variety of RGC marker genes was downregulated

in these cells. Moreover, prolonged differentiation of

RGCs isolated from the organoids revealed that mutant

RGCs had smaller somas and shorter neurites and were

less complex, suggesting that they are defective in terminal

differentiation as well. Thus, our data together demon-

strate that the haploinsufficient OPA1 c.2708_2711delT-

TAG mutant variant does not cause a complete failure in

RGC differentiation, nor does it have no effect on RGC dif-

ferentiation, as reported previously (Chen et al., 2016; Sla-

den et al., 2022), which more closely manifest the ADOA

symptoms. This outcome reinforces the notion that retinal

organoids are more suitable than 2D differentiation for

modeling ADOA in vitro.

Mitochondria are dynamic organelles that maintain

their morphology in steady states via fission and fusion

of mitochondrial membranes (Tilokani et al., 2018). Mito-

chondrial dynamics has been demonstrated to regulate the

stem cell fate, maintenance of the pluripotent state of stem

cells, and differentiation of stem cells into other cell types

(Chakrabarty and Chandel, 2021; Khacho et al., 2019; No-

guchi and Kasahara, 2018; Zhang et al., 2018). For instance,

naive mouse embryonic stem cells (mESCs) display frag-

mented and globular mitochondria, whereas primed

epiblast stem cells display elongated mitochondria (Zhou

et al., 2012). It was reported that inducing mitochondrial

fusion could drive the exit of ESCs from the naive state (Ba-

hat et al., 2018). Mitochondrial fusion is also crucial for the

differentiation of stem cells. Lowering the levels of mito-

chondrial membrane fusion-mediating proteins MFN2

and OPA1 by gene trapping was found to impair the differ-

entiation of mESCs into functional beating cardiomyo-

cytes (Kasahara et al., 2013). Similarly, MFN2 knockdown

inhibits the differentiation and synaptogenesis of human

iPSC-derived cortical neurons (Fang et al., 2016), and

reduced OPA1 expression perturbs GABAergic neuronal
(F) Representative traces showing sPSCs of cultured RGCs derived fro
(G and H) Compared with normal RGCs, mutant RGCs displayed significa
and potassium currents. Data are presented as mean ± SEM. #p < 0.0
(I) The c.2708_2711delTTAG mutation had no significant effect on A
development by neural progenitor cells (Caglayan et al.,

2020). Mitochondria appear to control the differentiation

process by multiple mechanisms, including acting as a

hub to coordinate signaling pathways such as NOTCH

and WNT signaling and by relying on their metabolites to

regulate chromatin/protein modifications (Noguchi and

Kasahara, 2018; Zhang et al., 2018). Our observation that

the OPA1 c.2708_2711delTTAG mutant variant causes

RGCdifferentiation defects is in linewith previous findings

thatmitochondrial dysfunction impairs the differentiation

of other cell types. It will be interesting to delineate the

detailed underlying mechanism in the future.

Apart from the impact on RGC differentiation, retinal

organoids have helped to uncover an unexpected effect

of OPA1 haploinsufficiency on RPC proliferation, which

may indirectly influence retinal cell development. Cell-

cycle analysis of sequenced single cells revealed a reduc-

tion of RPCs in S phase but an increase of RPCs in G2/M

and G1/G0 phases in the mutant organoid, which were

validated by the downregulation of S marker genes and

upregulation of G2/M marker genes, implying that the

OPA1 mutant variant may not only inhibit the prolifera-

tion of RPCs but also accelerate their cell-cycle exit. There-

fore, the unaltered or more number of cells present in the

RGC, photoreceptor, and AHC trajectories of the mutant

organoid may be the net result of these two opposing ef-

fects on the cell cycle. Presumably, the effect of OPA1 mu-

tation on RPC cell cycle could result from dynamic and

metabolic changes inmitochondria or through regulating

cell-cycle control genes via DNA methylation (Caglayan

et al., 2020). Compared to previous studies, another new

insight we have gained from the present study is that

even after being subject to prolonged terminal differenti-

ation culture, mutant RGCs are physiologically abnormal,

most likely due to their inability to properly differentiate.

Therefore, whole-cell patch clamp recording showed that

mutant RGCs had smaller peak amplitudes of voltage-acti-

vated sodium currents and outward potassium currents.

Electrophysiological deficit may be a common pathology

of degenerating RGCs. A previous study showed that orga-

noid-derived RGCs carrying the OPTN(E50K) glaucoma-

tous mutation had elevated excitability (VanderWall

et al., 2020).

The intricate nature of mitochondrial diseases stems

from their dual genetic origin, whereby the proteins of

the organelle are encoded by both nuclear and mitochon-

drial genomes. The inherent instability of mtDNA is

known to be a key contributor to the pathophysiology
m iPSCs (normal, n = 11 cells; mutant, n = 13 cells).
ntly decreased peak amplitude of voltage-activated sodium currents
5; ##p < 0.005; ###p < 0.0005; ####p < 0.0001.
P thresholds. Data are presented as mean ± SD.
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of age-related disorders, degenerative diseases, and cancer

(Chinnery et al., 2002). Therefore, prior investigations of

OPA1-caused pathogenesis have primarily centered on

the mitochondrial function and mtDNA content (Sladen

et al., 2022; Zanna et al., 2008), with little emphasis on

whether the haploinsufficient OPA1 mutations also affect

nuclear genes that are required for mitochondrial func-

tion. In this work, our investigation revealed a downregu-

lation in the expression of the nuclear geneMRPL20 in the

OPA1 mutant organoid, which encodes a mitochondrial

ribosomal protein large subunit that facilitates protein

synthesis within the mitochondrion (Cheong et al.,

2020). In addition, the reduced expression of NDUFB2,

NDUFS6, and NDUFAF8 in the mutant organoid suggests

that the c.2708_2711delTTAG mutation disrupts the syn-

thesis and assembly of subunits of ubiquinone oxidore-

ductase (i.e., mitochondrial complex I) (Stroud et al.,

2016), which would subsequently impair its function

and activity. The downregulation of these nuclear genes

would impede mitochondrial function, which, when

coupled with the decline in mitochondrial content

observed in mutant organoids, would presumably culmi-

nate in the loss of energy supply to and eventual deterio-

ration of RGCs.

The present study has leveraged the 3D retinal organoid

as a superiormodel system to investigate the effect of a hap-

loinsufficient OPA1 mutation on RGC pathogenesis. In

particular, our work provides an excellent example to

show that the organoid technology combined with

CRISPR-Cas9 gene editing serves as a powerful approach

to definitively identify developmental and functional phe-

notypes associated with gene mutations. Gene editing in

this case allowed for the specific deletion of TTAG of the

OPA1 c.2708_2711delTTAGmutant variant in the isogenic

iPSC line, thereby eliminating interindividual genetic vari-

ability and ensuring reliable and definitive characterization

of disease-related phenotypes. Similar approaches have

been used to successfully model and/or correct gene muta-

tions that cause retinitis pigmentosa or glaucoma (Deng

et al., 2018; VanderWall et al., 2020). Aside from disease

modeling, 3D organoids are quite amenable to drug testing

and screening, as demonstrated for those induced from pri-

mary hepatocytes (Broutier et al., 2017). Previously, under

2D differentiation conditions, iPSCs carrying a haploinsuf-

ficient OPA1 mutation were shown to be incapable of

differentiating into RGCs; however, treatment with

Noggin or 17b-estradiol was able to rescue the phenotype

(Chen et al., 2016). Although it remains to be determined

whether these two molecules are also effective for rescuing

RGC differentiation defects in 3D retinal organoids, these

provide promising precedents for discovering potential

ADOA therapeutics through drug screening using retinal

organoids.
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EXPERIMENTAL PROCEDURES

For further details, see the supplemental experimental procedures.

Resource availability

Corresponding author

Mengqing Xiang: xiangmq3@mail.sysu.edu.cn.

Materials availability

Materials generated in this study are available from the Xiang lab

upon request.

Data and code availability

The scRNA-seq data have been deposited in the NCBI Sequence

Read Archive database with the accession number PRJNA1000913.

Maintenance of iPSCs
The human iPSCs were maintained according to our previously

published protocol (Cheng et al., 2017). The cell lines used in

this study were the UiPSC-001 normal human iPSCs (Cheng

et al., 2017) and normal iPSCs harboring BRN3B-GFP and mutant

iPSCs carrying OPA1 c.2708-2711delTTAG and BRN3B-GFP ob-

tained by CRISPR/Cas9 gene editing.

Differentiation of retinal organoids from iPSCs
iPSCs were differentiated into retinal organoids as described previ-

ously (Kuwahara et al., 2015).

RGC enrichment and differentiation
Single cells were harvested from 60-day normal and OPA1

c.2807_2811delTTAG mutant retinal organoids. They were resus-

pended with 1–2 mL Dulbecco’s PBS containing 2% fetal bovine

serum and 1 mM EDTA. GFP+ RGCs were then enriched by FACS

using the FACSAria Fusion cell sorter (BD Biosciences). Approxi-

mately 30,000 cells were plated on a poly-ornithine/laminin-

coated coverslip in a well of 24-well plate, cultured in BrainPhys

medium (Stem Cell Technology) for 2 weeks, and then fixed in

4% paraformaldehyde for immunocytochemistry. Images were

captured with a laser scanning confocal microscope (Carl Zeiss,

LSM700) and analyzed using ImageJ software.

scRNA-seq analysis
scRNA-seq analysis was performed as previously described (Liu

et al., 2023; Xiao et al., 2020).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2023.11.004.
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