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Purrose. Cone and rod photoreceptors in the retina convert light to electrical signals
which are transmitted to the visual cortex of the brain. Abnormal photoreceptor develop-
ment and degeneration results in blindness. So far, the mechanism that controls photore-
ceptor specification and its subsequent fate bifurcation remain elusive.

MerHobs. To trace and enrich the human photoreceptor lineage, we first engineered H9
human embryonic stem cell (hESC) reporter line by fusing EGFP to endogenous BLIMP1
using CRISPR/CAS9 gene-editing technology, and then used the cell line to generate 3D
retinal organoids. Following EGFP-based cell sorting, single-cell RNA-sequencing was
conducted via 10x Genomics Chromium system, and the data were analyzed using Seurat.
Immunofluorescence combined with lentivirus-mediated knockdown and overexpression
experiments were used as validation approaches.

Resurrs. Single-cell transcriptomic profiling revealed that retinal progenitor cells were
temporally programmed to differentiate to cone and rod sequentially. We identified
PHLDAL1 as a novel regulator of photoreceptor specification. PHLDA1 mediated the effects
of IGF1 through IGF1R, and inhibited AKT phosphorylation during photoreceptor devel-
opment.

Concrusions. Our data established a transcriptomic cell atlas of the human photoreceptor
lineage, and identified IGF1-PHLDA1 axis to regulate human photoreceptor development.

Keywords: photoreceptor development, PHLDA1, single-cell RNA sequencing, retinal
organoid

hotoreceptors are highly specialized retinal sensory

neurons that transduce environmental light stimuli into
electrical potentials that form the primary retinal image.!?
Cone photoreceptors enable color and high-acuity vision,>*
whereas rod photoreceptors mediate vision in darker condi-
tions.> Both photoreceptor types are derived from multipo-
tent retinal progenitor cells (RPCs) that undergo terminal
neurogenic divisions to become photoreceptor precursors
and further differentiate to mature cones or rods.® When
and how the photoreceptors are fate-determined is of great
interest to the field of neuron development and regenera-
tion.
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Several developmental models of photoreceptor fate
specification have been formulated based on genetic and
lineage tracing studies.®® In the “competence model,” RPCs
follow intrinsic temporal order of competency states. At each
stage, the RPCs produce particular retinal cell types at that
time.” In the “transcriptional dominance” model, all differ-
entiated photoreceptors originate from a common postmi-
totic precursor that can differentiate into either cones or
rods.”"!% In this model, photoreceptor subtype is dictated by
the dominant expression of subtype-specific genes in a given
precursor, such as NRL? Alternatively, in the “binary fate
choice model,” lineage diverges early in RPC development
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and cell subpopulations exhibit distinct transcriptional
profiles at different developmental stages.!! In accord with
the “transcriptional dominance” model, recent large-scale
single-cell RNA sequencing (scRNA-seq) studies of retinal
development have revealed a subpopulation of multipo-
tent photoreceptor precursors segregated from RPC clusters
that then bifurcate into separate cone and rod lineages.'?~4
However, the molecular mechanisms underlying the devel-
opment of photoreceptor lineage remains largely unknown.

Both intrinsic and extrinsic cues guide the fate determi-
nation of photoreceptor precursors.””!! Multiple transcrip-
tional factors (TFs), such as OTX2, BLIMP1, and CRX, are
expressed in most photoreceptor precursors and dictate key
steps of photoreceptor differentiation. For example, OTX2
is expressed in nascent and mature photoreceptors and
bipolar cells.!>'® Conditional knockout of Otx2 results in
complete loss of cones and rods, as well as a loss of bipolar
cells in mice.!” The transcriptional repressor Blimp1 (Prdm1)
is expressed solely by Otx2+ cells and promotes nascent
Otx2+ cell differentiated to photoreceptor cells by repress-
ing bipolar fate.!® The expression of Blimp1 is downreg-
ulated and becomes undetectable between P6 and P10 in
mouse, and mis-expression of Blimp1 in mature photorecep-
tors appears to be toxic.!” CRX is required for the growth of
outer segments and is important for terminal differentiation
of rods and cones but does not determine the photoreceptor
cell fate.?®

In addition, numerous extrinsic factors can influence the
differentiation of specific photoreceptor subtypes by modu-
lating intrinsic factors, such as insulin-like growth factor
1 (IGF1), retinoic acid (RA), taurine, ciliary neurotrophic
factor (CNTF), and leukemia inhibitory factor (LIF).?!:*> For
example, IGF1, as a neurotropic factor, has been demon-
strated to enhance retinal lamination at the early stages of
differentiation and photoreceptor production at the later
stages of differentiation.?> Studies also revealed the positive
effect of IGF1 on rod differentiation through specific PKC
isoforms.?* Nevertheless, precisely how IGF1 signaling influ-
ences photoreceptor cell fate determination and integrates
into the transcriptional network of photoreceptor differenti-
ation remains largely unknown.

With the development of state-of-the-art single-cell tran-
scriptional profiling and lineage tracing technologies,” it
has become possible to identify signals mediating cell
fate determination for photoreceptors. Several studies have
reported tracing photoreceptors by fusing the GFP to
photoreceptor marker genes, such as CRX?® and NRL.”’
However, these reporter cell lines were not ideal models
for tracing the photoreceptors’ development trajectory, as
CRX+ cells can differentiate to bipolar in the human fetal
retina,'"*® NRL only labels rods but not cones. Compared
with other photoreceptor marker genes, BLIMP1 is exclu-
sively expressed in photoreceptor precursors.”” We hypoth-
esized that the BLIMP1 is an ideal marker to trace and enrich
the photoreceptor lineage, and help to reveal the molecular
mechanisms of photoreceptor differentiation.

In this study, we construct a fluorescence-labeled embry-
onic stem cell (ESC) line to trace photoreceptor lineages
by fusing enhanced green fluorescence protein (EGFP)
with BLIMP1, and generate a cell atlas of human photore-
ceptor developmental trajectory by using single-cell RNA
sequencing (scRNA-seq) technology. We observed the sepa-
rate temporal emergence of rod and cone specified from
neurogenic RPCs in which genetic programs were altered to
differentially bias cell fate. Further, we identified PHLDA1
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as a novel regulator of photoreceptor specification. PHLDA1
mediated the effects of IGF1 and it can inhibit AKT phos-
phorylation during photoreceptor development. Collectively,
these data identify the IGF1-PHLDA1-pAKT axis as a signal-
ing pathway regulating human photoreceptor development,
with potential utility for vision repair and therapeutics.

MATERIALS AND METHODS

Establishment of a BLIMP1 Reporter Human
Embryonic Stem Cell Line

To track photoreceptor development, retinal organoids were
derived from a human embryonic stem cell (hESC) H9 line
in which the EGFP gene was introduced at the endogenous
BLIMP1 locus using CRISPR/CAS9 (Biocytogen). Briefly, a
BLIMP1-sgRNA (AAATGGTTTCCCCTCACCTC) was designed
to target a 567-bp region between Exon 7 and the 3'UTR of
BLIMP1, and expression was validated using UCATM (Biocy-
togen). A target vector containing the knock-in gene, P2A-
EGFP-5"TR-JT-puroDeltaTK-3"TR-JT, was generated and co-
transfected with the BLIMP1-sgRNA into H9 hESCs. Trans-
fected hESCs were selected with puromycin starting on the
fourth day after transfection, and colonies were chosen 10
days later. The colonies were further screened by PCR geno-
typing and karyotype testing (see Supplementary Fig. S1E).

Retinal Organoid Differentiation

These hESCs were cultured in Essential 8 (E8) medium
(Invitrogen) on Vitronectin (VIN-N)-coated plates. To initi-
ate retinal differentiation, hESC colonies were dissociated
into small cell clusters with dispase (2 mg/mL) and allowed
to aggregate as the medium was gradually switched from
E8 to neural induction medium (NIM: DMEM/F12 [1:1], 1%
N2 supplement, MEM nonessential amino acids, penicillin-
streptomycin, and 2 mg/mL heparin sulfate) over 4 days.
Starting on day 6, recombinant human BMP4 (50 ng/mL)
was added to increase the efficiency of retinal differentia-
tion. Half of the NIM volume was replaced every third day
with fresh NIM also containing 50 ng/mL BMP4. Cell aggre-
gates were then reseeded onto VIN-N-coated plates on day 7
with NIM medium containing 10% fetal bovine serum (FBS)
and BMP4. On day 8, 10% FBS was removed and half of the
serum-free NIM was changed. On day 16, neural rosettes
were dislodged from plates manually and henceforth main-
tained in retinal differentiation medium (RDM: DMEM/F12
[3:1], 2% B27 supplement, MEM nonessential amino acids,
and penicillin-streptomycin) to allow the formation of retinal
organoids. From day 30, RDM medium was supplemented
with 10% FBS, 100 uM taurine, 2 mM GlutaMAX, and 0.5 pM
retinoic acid for long-term retinal organoid culture.

Retinal Organoid Cell Dissociation for scRNA-seq

Retinal organoids (4 or 5) were randomly selected at each
indicated developmental time point, dissociated into single-
cell suspensions by treatment with Accutase for 30 minutes
at 37°C, filtered through a 35-pm cell strainer, screened for
EGFP+ expression using a Flow Cell Sorter (BD FACSAria),
and resuspended in PBS containing 0.04% bovine serum
albumin. The scRNA-seq libraries were prepared using the
Single-cell Gene Expression 3’ V2 or 3’ V3 kit (10x Genomics,
Pleasanton, CA, USA) following the manufacturer’s protocol.
Briefly, single cells were partitioned on gel beads in EMul-
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sion (GEMs) within a Chromium instrument followed by cell
lysis, reverse transcription, cDNA amplification, and library
construction. Libraries were then sequenced on the Illumina
HiSeq 2500 platform.

scRNA-seq Analysis

Pre-Processing of Droplet-Based scRNA-seq
Data. The raw scRNA-seq data were demultiplexed and
aligned to the human reference genome (GRCh38) using Cell
Ranger (version 3.1) with default parameters. The expres-
sion level of each transcript was determined using the UMI
and assigned to cells based on cell barcodes. The filtered
gene expression matrices produced by Cell Ranger were
then used for downstream analyses.

Processing and Cell-Type Annotation of Human
Fetal Retina scRNA-seq Data. Age-matched human
fetal retina data were downloaded from the Gene Expres-
sion Omnibus (GEO, dataset GSE138002) and pre-processed.
Cell-type annotation was then modified using Seurat
(version 4.0.2)*® and the processed dataset was used to
predict cell types in scRNA-seq data from retinal organoids.
Briefly, scRNA-seq data from 9 and 11 to 18 gestational
weeks were normalized and integrated. Principal component
analysis (PCA) was performed on integrated data to reduce
dimensionality, and a k-nearest neighbor graph (k = 30)
was constructed based on Euclidean distance in the signifi-
cantly PC space. Distinct cell clusters were identified using
the Louvain-Jaccard graph-based method and labeled based
on marker genes and cell type annotation from a previous
study.??

Labeling of Organoid Datasets. To predict the cell
type from retinal organoid scRNA-seq data, we transferred
the cell type metadata from the fetal retina dataset to the
retinal organoid dataset using the Seurat FindTransferAn-
chors and TransferData functions, and embedded cells into
the UMAP structure of the reference using the MapQuery
function.*®

Identification of the Photoreceptor/Bipolar
Cell Precursor Subcluster. Sub-clustering analysis was
performed on photoreceptor/bipolar cell precursors using
the Seurat FindSubCluster function to identify poten-
tial cone, rod, and bipolar cell precursors. Differentially
expressed genes (DEGs) among the three subclusters were
identified using the FindAllMarkers function, and genes with
false discovery rate (FDR)-correct P < 0.05 and > 0.5 aver-
age log2-fold-change were considered marker genes for the
subcluster.

Identification of Differentially Expressed Genes
in the scRNA-seq Dataset. Model-based analysis of
single-cell transcriptomics (MAST)# was used to identify
DEGs for each cell type. Identified DEGs were then tested
against an asymptotic chi-square null distribution. Genes
with FDR-correct P < 0.05 are considered differentially
expressed.

Gene Ontology Analysis of DEGs. Gene Ontol-
ogy (GO) analysis was performed using clusterProfiler
(version 4.0)*° and visualized using the ggplot2 R package
(https://github.com/tidyverse/ggplot2). GO terms or path-
ways were considered enriched at P < 0.01.

Developmental Trajectory Analysis. Photoreceptor
developmental trajectories were reconstructed using Mono-
cle2.’! Briefly, the UMI matrix was used as input and the
marker genes previously generated in Seurat with default
parameters were used to calculate the trajectory.
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Co-Expression Analysis. Co-expression modules
within the scRNA-seq dataset were inferred using a regres-
sion per-target approach implemented in GENIE3.! Briefly,
gene co-expression networks were constructed from the
UMI matrix using GENIE3 and visualized using Cytoscape
(version 3.7.1).

Retinal Organoids Sectioning and Immunoflu-
orescence. Retinal organoids were fixed in 4%
paraformaldehyde for 20 minutes at 4°C, washed 3 times
in 1X phosphate buffered saline (PBS), cryoprotected in
30% sucrose solution at 4°C overnight, embedded in OCT,
and cryosectioned at 5 pm. Frozen sections were incubated
sequentially in blocking buffer (10% FBS, 2% donkey serum,
and 0.2% Triton X-100 in PBS) for 1 hour, primary antibody
overnight at 4°C, and in secondary antibodies (1:1000) for
45 minutes, then counterstained with DAPI, washed, and
mounted. Primary antibodies used in this study are avail-
able in Supplementary Table S3. Immunolabeled sections
were imaged using a fluorescence microscope (Zeiss) and
analyzed for fluorescence intensity distribution using Adobe
Photoshop. For each image, the normalized fluorescence
intensity was calculated as the mean gray value of each
immunostaining channel divided by the mean DAPI or
mCherry gray value.

BrdU Labeling. Retinal organoids were cultured in
RDM+3 medium in the presence of BrdU (5pg/mL; MCE
cat #HY-15910) for 24 hours. BrdU-treated organoids were
incubated with 2 N HCI for 10 minutes at room temper-
ature and then with 0.1 M sodium borate (pH 8.5) for
10 minutes at room temperature. After rinsing with TBS
three times, immunostaining was performed as described
above.

TUNEL Staining. Fluorescent terminal dUTP nick end
labeling (TUNEL; Serologicals Corporation, Norcross, GA,
USA) was used to detect the presence of DNA strand breaks
in the retinal organoids’ sections, following the manufac-
turer’s instructions. Only cells with evident nuclei were
scored as TUNEL-positive.

RNA Fluorescence In Situ Hybridization. RNA in
situ hybridization was conducted using digoxigenin-labeled
antisense riboprobes. Probe templates were generated from
organoid cDNAs by RNA extraction and reverse transcrip-
tion using Superscript III (Thermo Fisher). Antisense probes
were then generated by PCR using a reverse primer with a
T7 sequence adaptor. DIG rUTP was used for riboprobe in
vitro transcription.

The fixed sections were treated with 10 pg/mL
Proteinase K and ethanolamine-acetic anhydride solution
for 10 minutes each, and then washed sequentially in
DEPC-PBS, 0.85% NaCl, 75% ETOH, and 95% ET OH
for dehydration. Dehydrated sections were incubated in
hybridization solution (50% deionized formamide, 10%
dextran sulfate, 1 mg/mL rRNA, and 1x Denhardt’s solu-
tion) containing digoxigenin-labeled antisense riboprobes
(0.25 ng/pL) at 68°C overnight. Sections were then incu-
bated with horseradish peroxidase (HRP)-labeled anti-DIG
(1:1000), followed by tyramide amplification for probe
visualization.

Lentivirus Transduction and Validation. Lentiviral
vectors encoding shRNA targeting PHLDA1, shRNA target-
ing INSR, or Scramble shRNA were purchased from Vector-
builder. The human RB cell line Y-79 was used to validate the
knockdown effect of shRNA. Briefly, Y-79 cells were infected
with shPHLDA1, shINSR, or Scramble shRNA lentivirus for 3
days, followed by RNA extraction and quantitative real-time
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PCR (qRT-PCR) measurement of PHLDA1 or INSR expres-
sion using the human ACTB gene as the internal reference.
The shRNA target sequences and qRT-PCR primer sequences
are provided in Supplementary Table S2. For lentiviral infec-
tion of retinal organoids, 1 million lentiviral transduction
units per retinal organoid was added to medium containing
5 pg/mL polybrene (Sigma). After incubation for 12 hours,
lentivirus particles were removed by changing the medium,
and infected organoids were cultured for 2 to 3 weeks before
observation.

Statistical Analyses. All experiments were performed
at least three times using independently isolated and treated
organoids. Results are expressed as mean + SEM. Two treat-
ment group means were compared by unpaired 2-tailed
Student’s #-test and three or more group means by 1-way
ANOVA with post hoc Dunnett’s tests for pair-wise compar-
isons. All statistical analyses were performed using Graph-
Pad Prism version 7.04. A *P < 0.05 was considered signifi-
cant for all tests.

A

BLIMP1 RXRG

BLIMP1 NR2E3
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RESULTS

Single-Cell Transcriptomic Profiling of Human
Photoreceptor Lineage

Previously, mouse RPCs expressing the transcriptional
repressor Blimpl (Prdm1) were found to become photore-
ceptors rather than bipolar cells.!® Consistently, we observed
that BLIMP1 was widely expressed across almost all stages
of the photoreceptor lineage in human retinal organoids
as evidenced by immunofluorescent colocalization with the
neurogenic RPC marker OLIG2 (Supplementary Fig. S1A),
the cone marker RXRG, and the rod marker NR2E3 (Fig. 1A).
Further, by using a public dataset of human retinal single-
cell spatiotemporal transcriptome profiles,'”> we observed
that BLIMP1 was expressed in photoreceptor cell lineages at
different developmental stages (Supplementary Figs. S1B-D).
Therefore, we hypothesized that BLIMP1 could be used as a
marker for tracing the developmental lineage of photorecep-
tors in retinal organoids, and generated retinal organoids in
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Ficure 1. Tracing of photoreceptor lineages in hESC-derived retinal organoids. (A) Left: Immunofluorescence staining of retinal
organoids showing that a subset of BLIMP1+ cells co-expressed either the cone marker RXRG or the rod marker NR2E3. Arrowbeads
indicate colocalization of BLIMP1 with RXRG or NR2E3. Right (upper panel): Schematic diagram showing the targeting strategy at the
BLIMP1 insertion site. The EGFP cDNA sequence was fused in-frame into BLIMPI beyond the stop codon. Right (lower panels): Fluo-
rescence and light microscopic images of BLIMP1-EGFP hESC-derived retinal organoids at W7 and W18 in vitro. Scale bars = 20 pm.
(B) UMAP plot of the single-cell RNA-seq data of human retinal organoid after integrating with the fetal retina RNA-seq data from GSE138002,
recolored, and showing the major cell clusters. RPC, multipotent retinal progenitor cell; neurogenic, neurogenic RPC; Photo/Bipolar Precurs,
photoreceptor/bipolar cell precursor; Horiz/Amacrine Precurs, horizontal/amacrine cell precursor. (C) The integrated UMAP plot colored
according to origin. (D) Heatmap of representative markers of each cell type. (E) Line chart comparing the proportion (%) of photoreceptor
lineage cells at early developmental stages (week 7 in this study, weeks 6 in Cowan et al. 2020, weeks 9 in Lu et al. 2020), middle develop-
mental stages (week 12 in this study, weeks 12 in Cowan et al. 2020, weeks 14 in Lu et al. 2020), and late developmental stages (week 18
in this study, weeks 18 in Cowan et al. 2020, weeks 18 in Lu et al. 2020) for our enrichment assay, retinal organoids, and fetal retina.
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Ficure 2. Temporal specification of photoreceptor subtypes in retinal organoids. (A) UMAP plot highlighting the cell types in photore-
ceptor cell development trajectory. (B) Cell type distribution of cell types in photoreceptor cell development trajectory at three points.
(O) Stacked plots showing the proportions (%) of each photoreceptor lineage at the indicated development time points. (D) Volcano plot
displaying fate determining factors differentially expressed between neurogenic RPCs at early stage (W7) and late stage (W18). (E) Venn
plot showing the common upregulated genes in photoreceptor precursors across three stages. (F) Co-expression of PHLDA1 with BLIMP1,
RCVRN, RXRG, or NRL shown by immunofluorescence. Scale bars = 20 pm. Arrowhbeads indicate co-localization of PHLDA1 with others
markers of photoreceptors. (G) Histogram showing the proportions (%) of PHLDA1+ cells co-expressing either BLIMP1, RXRG, NRL, NR2E3,

PDEGH, ARR3, or RCVRN.

vitro from a human embryonic stem cell (hESC) line in which
endogenous BLIMP1 was fused to enhanced green fluores-
cent protein (EGFP; Fig. 1A). As expected, EGFP expression
paralleled endogenous BLIMP1 expression (Supplementary
Figs. S1E, S1F), validating this in vitro cell lineage tracing
technique.

Further, EGFP+ cells from retinal organoids were isolated
by FACS after 7, 12, and 18 weeks in culture, and subjected
to scRNA-seq (Supplementary Fig. S1G). In total, 10,455
cells were profiled to a mean depth of 8064 (SD =
6275) — unique molecular identifiers (UMIs) and 2844
(SD = 1316) genes (Supplementary Fig. S1H, Supplemen-
tary Table S1). Construction of a single-cell transcriptomic
cell atlas revealed 10 distinct cell clusters (Figs. 1B, 1C)
distinguished by differential expression of known marker
genes, including proliferative RPCs (HES1+/SOX2+), neuro-

genic RPCs (ATOH7+/ASCL1+), photoreceptor/bipolar cell
precursors (BLIMP1+/0TX2+), cone (PDEGH+/GUCA1B+),
rod (NRL+/NR2E3+), bipolar cell (V§8X1+), and hori-
zontal/amacrine cell precursors (PAX6+/ONECUT2+) etc.
(Fig. 1D). Cells of the photoreceptor lineage were signif-
icantly enriched in this study (Fig. 1E), enabling further
dissection of the molecular events related to the lineage
specification.

PHLDA1 Was Upregulated in Photoreceptor
Precursors

We next examined the temporal windows of cell-fate speci-
fication of photoreceptor subtypes, and observed that cones
emerge at W7, whereas rods appear after W12 (Figs. 2A-
O). The timing of photoreceptor subtypes specification in
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vivo was similar to that demonstrated by another scRNA-
seq dataset of retinal organoids'® (Supplementary Figs. S2A,
S$2B). Further, by comparing neurogenic RPCs at in vitro
durations corresponding to the emergence of cone and
rod precursors, we found that cone fate-related genes such
as THRB, ATOH7,?> and POU2F2% showed higher expres-
sion in early neurogenic RPCs, whereas the rod-related
gene NFIB* had higher expression in late neurogenic RPCs
(Fig. 2D, Supplementary Fig. S2C). Upregulated genes in
photoreceptor precursors compared to neurogenic RPCs
at different developmental stages were further character-
ized. Interestingly, intersection of the marker genes at W7,
W12, and W18 led to the identification of the photorecep-
tor cell-fate commitment genes, such as OTX2 and BLIMP1
(Fig. 2E). We also found a novel gene, PHLDA1, which is
highly expressed in photoreceptor precursors (see Fig. 2E,
Supplementary Fig. S2D). Consistent with the transcriptomic
result, immunostaining data showed almost every PHLDA1+
cell expressed BLIMP1 and rarely expressed the mature pan-
photoreceptor marker RCVRN (Figs. 2F, 2G). A subset of
PHLDA1+ cells was positive for RXRG staining and NRL
staining (early rod genes), but no expression of PDEGH and
ARR3 (mature cone genes) was colocalized with PHLDA1
(see Figs. 2F, 2G, Supplementary Fig. S2E), suggesting an
important role of PHLDA1l in photoreceptor precursors.
Therefore, it is intriguing to investigate the uncharacterized
function of PHLDA1 in photoreceptor development, espe-
cially its specific functions in the specification of photore-
ceptor precursors.

PHLDA1 Implicated in Temporal Specification of
Photoreceptors From RPCs

We further characterized the developmental trajectory of
cone development using Monocle2.3! Pseudotime analy-
sis showed that photoreceptor precursors emerged after
neurogenic RPCs and before cones (Fig. 3A, Supple-
mentary Fig. S3A, S3B). With the organoid development
ongoing, the expression of PHLDAI was initially upreg-
ulated and then downregulated, and the expression of
phototransduction-related genes, such as PDEGH and ARR3,
was upregulated with the terminal cone differentiation
(Fig. 3B). We also found the same dynamic gene expres-
sion changes during cone development in another scRNA-
seq dataset from human retinal organoids!?® (Supplementary
Fig. S3C). We validated the dynamic expression of PHLDA1
during the photoreceptor differentiation via immunostain-
ing, and observed that PHLDA1 was colocalized with pan-
photoreceptor marker OTX2 and BLIMP1, but rarely with
neurogenic RPCs marker ASCL1*? and mature photorecep-
tor marker RHO?® (Supplementary Figs. S3K, S3L). To further
investigate the function of PHLDA1 in the lineage specifica-
tion of cone precursors, we performed knockdown experi-
ments by transfecting W7 organoids with lentivirus express-
ing PHLDA1-targeted shRNA together with the fluorescence
marker mCherry (Supplementary Fig. S4A), and assessed
the organoids 1 week after transfection. We confirmed that
shPHLDA1 lentivirus significantly reduced PHLDA1 mRNA
compared to a scrambled control in the Y-79 cell line
(Supplementary Fig. S4B) and reduced PHLDA1+ cells in
retinal organoids (Figs. 3C, 3D). Strikingly, we observed that
PHLDA1 knockdown significantly reduced the number of
BLIMP1+ cells in retinal organoids (see Figs. 3C, 3D). These
results suggested that PHLDA1 promotes the cone genera-
tion.
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Next, we characterized the developmental trajectory of
rod lineages (Fig. 3E, Supplementary Figs. S3D, S3E). As
similar to cones, the expression of PHLDA1 was downregu-
lated and phototransduction-related genes (e.g. NR2E3 and
GNAT1) concurrently upregulated during terminal differ-
entiation of rods (Fig. 3F, Supplementary Figs. S3I, S3]).
Similar expression patterns of these genes were shown
by another scRNA-seq dataset (Supplementary Fig. S3F).
To directly test the effects of PHLDA1 on the differenti-
ation of photoreceptor subtypes, we co-transduced retinal
organoids of 13 weeks with lentivirus expressing PHLDA1-
targeted shRNA together with mCherry, and organoids were
assessed 1 week after transfection. Knockdown of PHLDA1
in organoids significantly reduced the number of BLIMP1+,
NRL+, and NR2E3+ cells (Figs. 3G, 3H, 3K, 3L, Supplemen-
tary Figs. S4C, S4D), whereas overexpression of PHLDA1
increased the number of BLIMP1+, NRL+, and NR2E3+
cells (Figs. 31, 3J, 3M, 3N). By counting the number of
RPCs (VSX2+ and MKIG7+), we observed a complementary
increase of RPCs along with the decrease of photorecep-
tors after PHLDA1 knockdown (Figs. 3G, 3H, Supplemen-
tary Figs. S4E, S4F). In addition, PHLDA1 overexpression
decreased the number of RPCs (Supplementary Figs. S3G,
S3H.). These results suggested that PHLDA1 promotes the
specification of photoreceptors. We further performed BrdU
pulse-labeling and found that knockdown of PHLDA1 signif-
icantly increased the number of BrdU+ cells (Supplementary
Figs. S41, S4)). Although we cannot rule out that the increase
in BrdU incorporation results from cell-cycle shortening, we
suggest knockdown of PHLDA1 increased the number of
proliferative RPCs, at least in part due to the reduced spec-
ification of RPC to photoreceptors. Further, we investigate
whether knockdown of PHLDA1 affects the photoreceptor
apoptosis. Although knockdown of PHLDA1 significantly
increased the TUNEL+ cells, from 0.93% to 1.63% (Supple-
mentary Figs. S4K, S4L), the increased number of TUNEL+
cells was much less than the decreased number of photore-
ceptor cells (Figs. 3C, 3D, Supplementary Figs. S4K, S4L),
suggesting that the reduction in the number of photorecep-
tor precursors caused by PHLDA1 knockdown was mainly
due to abnormal cell specification rather than cell death.

PHLDAT1 Inhibits AKT Phosphorylation in
Photoreceptors

We then examined alternative splicing in the PHLDA1 gene
by performing single-cell full-length sequencing based on
the Pacbio platform. We found that a truncated PHLDA1
mRNA, which encoded a truncated isoform, was mainly
expressed in retinal organoids. Analysis of PHLDA1 amino
acids sequencing identified that both isoforms are enriched
in polyglutamine (QQ), proline-glutamine (PQ), and proline-
histidine tracts with a PHL domain (Fig. 4A). Previous
studies reported that PHL domain was involved in inhibi-
tion of AKT activation by binding to phosphatidylinositol
lipids in cancer cells.>* Concordantly, we found that pAKT
was weakly expressed in PHLDA1+ cells of human retinal
organoids (Figs. 4B, 4C). Furthermore, PHLDA1 knockdown
upregulated pAKT (Figs. 4D, 4E), and pAKT was significantly
reduced by PHLDA1 overexpression in retinal organoids
(Figs. 4F, 4G) and Y79 cells (Figs. 4H, 4I), indicating that
PHLDAL1 inhibited pAKT in photoreceptors.

Further, we tested the effects of the canonical AKT
agonist SC79% and antagonist MK2206° on photoreceptor
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(C, D) The number of PHLDA1+ and BLIMP1+ cells were significantly downregulated in the shPHLDA1 (KD) group compared to the
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precursors and rod. (F) Line chart showing the dynamic expression of PHLDA1, NRL, NR2E3, and GNAT1I. (G, H) The number of PHLDA1+,
CRX+, and BLIMP1+ cells was significantly downregulated in the shPHLDA1 (KD) group compared to the Scramble shRNA group. Scale
bars = 20 pm. Arrowhbeads indicate PHLDA1+ cells expressing scramble or PHLDA1 shRNA. (I, J) The number of PHLDA1+, CRX+, and
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development. Treatment with MK2206 for 2 weeks increased
the number of OTX2+, CRX+, and BLIMP1+ cells (Figs.
4J, 4K), confirming its function to facilitate photoreceptor
differentiation. In contrast, SC79 reduced OTX2+ and CRX+
cell numbers, although the effect did not reach statistical
significance (Figs. 4J, 4K). In summary, these data impli-
cated the reduced activity of the AKT pathway downstream
of PHLDA1 may specify human photoreceptors from neuro-
genic RPCs.

PHLDA1 May Mediate the Effects of IGF1 on
Promoting Specification of Photoreceptors from
RPCs

To further investigate the molecular mechanism underly-
ing specification of photoreceptors promoted by PHLDAI,
we performed the correlation analysis on cells of photore-
ceptors. As expected, we found that PHLDA1 was
highly correlated with regulators of photoreceptor cell-fate
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specification (BLIMP1 and OTX2), of cones (THRB, ATOH7,
and ONECUT2) and rods (NFIB and NRL; Fig. 5A). Surpris-
ingly, we observed PHLDA1 was correlated with IGF1-
related genes, such as IGFBPL1, IGFBP5, and IGF1R (see Fig.
5A), and colocalization of PHLDA1 with IGF1R protein was
confirmed by immunofluorescence (Supplementary Figs.
S5A, S5B). Similarly, correlation analysis of IGF1R revealed
that IGF1R was highly correlated with regulators of photore-
ceptor cell-fate specification (Fig. 5B), suggesting that IGF1R
and PHLDA1 act cooperatively to promote the differentiation
of photoreceptors.

By supplementing the IGF1 to the culture media, we
found that the number of PHLDAl+ was significantly
increased within the organoids of both early and late stages
(Figs. 5C, 5D), and the number of OTX2+, CRX+, BLIMP1+,
NRL+, and NR2E3+ (Figs. 5E, 5F) cells increased as well.
We also found that the number of BrdU+ cells increased
after treatment with IGF1 (Supplementary Figs. S5C, S5D),
indicating an increase in proliferative RPCs. In line with
PHLDA1 overexpression, IGF1 promoted the generation of
photoreceptors and upregulated the expression of PHLDA1
(see Figs. 5C, 5D). The knockdown of PHLDAI1 blocked
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the effect of IGF1 on promoting photoreceptor differentia-
tion (Figs. 5G, 5H, Supplementary Fig. S5E.). Together, these
results suggest that IGF1 can promote the proliferation of
RPCs, and may also promote photoreceptor specification
through PHLDAL.

It was reported that IGF1 can act through IGF recep-
tor (IGF1R), insulin receptor (INSR), and the hybrid recep-
tor>” We then inhibit the IGFIR by treatment with the
specific IGF1R inhibitor picropodophyllin (PPP) and knock-
down INSR using lentivirus expressing INSR-targeted shRNA
together with mCherry (Supplementary Figs. S5F, S5G). The
IGF1-induced PHLDA1 expression and -increased NR2E3+
cells number were reversed by PPP (Supplementary Figs.
S5H, S5I) but not by shRNA-mediated INSR knockdown
(Supplementary Figs. S5], S5K), suggesting that IGFIR,
instead of INSR, mediates the effects of IGF1-PHLDA1 on
photoreceptor differentiation.

DISCUSSION

Here, based on a strategy to enrich the photoreceptor
lineage, we established a cell atlas during the human
photoreceptor development, and successfully characterized
the developmental progression of human photoreceptor
precursors, identified the IGF1-PHLDA1-AKT signaling path-
way to regulate photoreceptor differentiation (see Supple-
mentary Fig. 51.). This study will provide potential targets
for future studies on the mechanisms underlying photore-
ceptor development and regeneration.

PHLDAT1 has been found to act as a downstream regula-
tor of IGF1 signaling pathway in multi cancer cell lines and
inhibit AKT activity through its PH domain competing with
AKT for phosphatidylinositol binding.>* Our data showed
that PHLDA1 knockdown significantly upregulated pAKT
and reduced the number of cells expressing the photore-
ceptor lineage marker, such as OTX2, CRX, and BLIMP1,
and then we further confirmed that PHLDA1 overexpres-
sion reduced the phosphorylation of AKT and increased the
number of photoreceptor cells. Previous studies have char-
acterized PHLDA1 as a mediator of apoptosis, proliferation,
and differentiation dependent on cell type and content,>
and AKT plays key roles in cell proliferation and differ-
entitaion.®® We speculate that PHLDA1 promotes the RPCs’
exit from the cell cycle and differentiation from neurogenic
RPC to photoreceptor via AKT deactivation. BrdU-labeling
after PHLDA1 knockdown revealed that PHLDA1 promotes
RPCs exit the cell cycle and differentiation into photocep-
tor cells. Consistent with our hypothesis, AKT has also been
reported to stabilize SOX2 through phosphorylation®® and
activate the neurogenic program in hippocampal neuronal
precursor cells.*® SOX2 plays an important role in retinal
development, knockout of Sox2 in postnatal mice moder-
ately increased rod density, suggesting that SOX2 negatively
regulates rod differentiation.”! Thus, these suggested that
the IGF1-PHLDA1-AKT cascade may regulate photoreceptor
differentiation by reducing SOX2 in RPCs and leading to the
RPCs exit of the cell cycle.

Our data showed that IGF1-PHLDA1 promotes retinal cell
survival during RPC differentiation, and PHLDA1 inhibits
PAKT. Consistently, studies by others reported the role
PHLDAL1 in inhibiting Pakt.”> As activation of PI3K/AKT
signaling can promote neuronal survival,®> we speculate
that the effect of PHLDA1 to promote retinal cell survival
was not mediated by PI3K/AKT signaling. Previous stud-
ies demonstrated that PHLDA1 has pro- and anti-apoptotic
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roles, dependent on the cell type and state.** The mecha-
nism to promote the survival of retinal neurons remains to
be elucidated by future studies.

Previously, IGF1/IGF1R signaling pathway has been
reported to promote the proliferation of mouse RPCs in
vitro, predominantly relying on the phosphorylation of
MAPK/ERK signaling pathway.” IGF1 was also shown to
induce rod differentiation through PKC signaling pathway.?4
Consistently, our data showed that IGF1-IGF1R signaling
stimulates the proliferation of RPCs and promotes the differ-
entiation of both cones and rods. As the expression of
BLIMP1 commences as cells are exiting mitosis,'! we specu-
lated that changes in photoreceptor cell numbers are not due
to the proliferation of BLIMP1+ cells but rather the differen-
tiation of RPCs. In addition, our data showed that PHLDA1
inhibits cell proliferation, suggesting its role in mediating
the cell cycle exiting during photoreceptor specification.
Together, this study provided novel insights into the molec-
ular mechanisms of IGF1-mediated neuron differentiation.

In addition, this study provided novel approaches to
enrich the photoreceptors ex vivo. Loss and degeneration
of photoreceptors is the leading cause of blindness. Reti-
nal organoid-derived photoreceptor can integrate into retina
and form axons and synaptic terminals. Previous studies
showed that the photoreceptor cells from neonatal mouse
retina display more efficient integration into the host retina
than cells from either embryonic retina, or older than P11.4
Furthermore, forced expression of IGF1 led to significantly
increased levels of cell integration, which may result from
the potential of IGF1 on photoreceptor differentiation.*”” The
IGF1-PHLDA1-AKT axis proposed by our study will provide
novel targets to enrich the photoreceptors and improve the
therapeutic efficiency in the future.

This study has several limitations. We observed multiple
roles of PHLDA1 to regulate the photoreceptor specification,
RPC proliferation, and survival, but it is still under investi-
gation how PHLDAL1 integrates into the genetic programs
underlying photoreceptor differentiation. In addition, as the
number of assessment time points was limited, the precise
functions of PHLDA1 in mediating photoreceptor differentia-
tion need to be fully addressed by studying retinal organoids
over the differentiation time course.
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