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Endothelial stem cells of the retinal
vasculature reside in the optic nerve
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Cells of the retina, photoreceptors especially, are highly metabolically active
with substantial energy requirements. Accordingly, the effective delivery of
oxygen and nutrients to the retina via the retinal vasculature is key to tissue
function. Indeed, a disturbed retinal blood supply, especially if prolonged, can
result in a loss of vision. Vascular endothelial cells, which form the inner lining
of blood vessels, are pivotal in ensuring a healthy blood circulation in many
tissues, including the light-sensitive retina at the back of the eye. However, the
mechanism by which vascular endothelial cells maintain a functional retina
(and aid the healing of a damaged one) is not understood. Here, through
single-cell RNA sequencing, colony-forming assays and lineage tracing analy-
sis, we provide data that point to a new regulatory system by which vascular
endothelial cells are supplied to the retina by a reservoir of stem/progenitor
cells in the optic nerve.

Coordinated somatic stem cell activities are central to the homeostasis  existence or not of vascular endothelial cell progenitors remains a

of tissues that turn over'’. Indeed, in epithelial, hematopoietic, vas-
cular and nervous systems, homeostatic remodeling by the stem cell
system occurs at different time points and at different speeds in
response to various chronic external or internal stresses’ . During
acute injury, stem cells are activated and tissue repair occurs, however,
if a stem cell system becomes dysfunctional, disease invariably
develops due to failed remodeling”®.

Endothelial cells from different tissues possess unique tran-
scriptional patterns, often clustering into organ-specific subtypes as
has been demonstrated by single-cell RNA sequencing (SCRNA-
seq)”'. Some studies have suggested that resident endothelial stem
cells underpin vascular healing and renewal’™, however, the

matter of debate.

As the innermost layer of the eye, the light-sensitive retina is
essential for vision. However, owing to the high energy expenditure of
cells of the retina—which has a metabolic rate surpassing that of the
brain—a restricted supply of oxygen and nutrients caused by a dis-
rupted blood supply can deleteriously affect vision. Indeed, the
ischemic retinopathies, such as diabetic retinopathy, retinopathy of
prematurity and retinal vein occlusion, are primary causes of vision
loss™*. As well as providing oxygen and nutrients, the retinal vascu-
lature also plays a key role directing immune cell movement and
upholding tissue balance'®”. By virtue of their role lining the inside of
retinal blood vessels, endothelial cells are instrumental in maintaining
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tissue homeostasis and also for enabling angiogenesis, a process that
creates new blood vessels from existing ones'®". Here, we report a
prominent population of retinal vascular endothelial stem cells
(VESCs) in the optic nerve that not only supply endothelial cells to the
retina under homeostatic conditions but are also active in vascular
healing, being rapidly recruited to repair damaged blood vessels.

Results

Endothelial stem cells in the optic nerve

In the murine eye, the ophthalmic artery traverses the orbital space,
advancing towards the scleral portion of the eye, with the central
retinal vein situated closer to the optic nerve? (Fig. 1a). As previously
reported, retinal and optic nerve flat-mount staining for
PECAMI1(CD31, pan-endothelial marker) shows that the central retinal
vein is embedded into the retina along the optic nerve (Fig. 1b). To
explore retinal endothelial stem/progenitor cells, we first focused on
cell surface antigens CD157 and CD201 as markers of endothelial
progenitors'>®, In order to confirm whether endothelial progenitor
cells exist in retinal blood vessels, CD45"*CD31+ endothelial cells were
sorted (Fig. 1c-e). From this it was found that about 1 to 2% of CD157+
cells were seen in the retina, which is a lower proportion than the
approximately 5% often seen in other organs' (Fig. 1f). A wider analysis
disclosed that CD157+ or CD201+ cells derived from retinal vessels and
the optic nerve were present at levels exceeding 5% (Fig. 1g), and that
the optic nerve itself harbored more than 20% of CD157+ or CD201+
endothelial progenitors (Fig. 1h and i). CD157+ or CD201+ cells were
also present in the central retinal vein (Fig. 1j and k). When the clonal
expansion potential of endothelial cells in the retina and optic nerve
was compared, colony-forming assays using CD45"¢CD31+ cells from
adult mice revealed that endothelial cells from optic nerve generated
more endothelial cells (Fig. 1 and m). Moreover, the cells that
expressed both CD157 and CD201 markers demonstrated character-
istics of endothelial colony-forming cells, unlike CD157+CD201"¢,
CD157™¢CD201+ and CD157"¢CD201" cells (Fig. In and o).

To better understand the hierarchy of vascular endothelial cells
below VESCs, we re-analyzed endothelial colony-forming cells derived
from CD157 + CD201+ endothelial cells by fluorescence-activated cell
sorting (FACS) (Fig. 1p). Because insufficient numbers of endothelial
cells could be obtained from the optic nerve for FACS analysis, we used
liver and heart, which have favorable colony-forming capabilities and
similar CD157 + CD201 + VESC fractionation rates to those in retina
plus optic nerve. The analysis revealed that CD157+CD201"¢ cells
formed less than 5% of colonies, CD157"*CD201+ cells formed 20-30%
and CD157"¢CD201™¢ cells formed 40-70% (Fig. 1q). This suggests a
hierarchical structure, with CD157 + CD201+VESCs upstream and
CD157™¢ CD201+ECs and CD157"¢CD201"* ECs located down-
stream (Fig. 1r).

Retinal vascular endothelial cells exist in the optic nerve in
homeostatic conditions

The 3’ and 5" ends of RNA of sorted retinal endothelial cells, defined as
CD45™:CD31+ cells from 8-week-old mice, were studied by scRNA-
seq”. A total of 44,358 endothelial cells from “retina only” and from
“retina plus optic nerve” were analyzed (Fig. 2a), identifying multiple
endothelial clusters contaminated by a small fraction of photoreceptor
cells, Miiller cells, bipolar cells and monocytes (Fig. 2b). Within
endothelial populations, distinct clusters were detected that express
Bst1 [CD157] and Procr [CD201] (Fig. 2c) and were located upstream of
cell differentiation (Fig. 2d). These are assumed to represent a VESC
subpopulation (Fig. 2d). Subpopulations highly expressing BstI also
expressed Lrgl, which is a regulator of angiogenesis (Fig. 2c)* along
with other genes and pathways (Supplementary Fig Sla and b). The
velocity analysis (Fig. 2d) and pseudotime analysis (Fig. 2e) suggest a
differentiation trajectory where Bstl-low endothelial cells might
emerge from Procr-positive or BstI-positive cells (Fig. 2d and e).

Moreover, VESC candidate clusters highly expressing BstI (clusters 6
and 10) were abundantly included in endothelial cells collected from
the retina plus optic nerve (Fig. 2f-h). Transcription factors such as
Atf3, Irfl and Stat3 were more highly expressed in cluster 10 than in the
other clusters (Fig. 2i). A¢f3-binding motif was enriched in transcribed
candidate enhancer regions of cluster 10 (Supplementary Fig. SIc).

To identify CD157 + CD201+ endothelial cells and mark their
location, Procr [CD201]-CreERT2 mice were crossed with a floxed
tdTomato reporter strain (Fig. 3a). Two days after a single tamoxifen
injection into 8-week-old mice, tdTomato expression was pre-
dominant in vessels of the optic nerve. Seven days after the injection,
tdTomato-positive CD31+ cells were also observed in the veins of the
central retina and at 14 days in mid-peripheral retinal vessels too. After
two months, tdTomato-positive cells were present mainly in the optic
nerve vessels rather than the retinal veins (Fig. 3b and c). These data
suggest that tdTomato-labeled cells undergo reverse migration—
migrating against the direction of blood flow”’—to traverse from veins
to arteries via the capillary network (Fig. 3d).

Endothelial stem cells help repair the retinal vasculature

To interrogate the mechanism of vascular repair and ascertain if
damaged vessels are formed by endothelial stem/progenitor cells, a
mouse vascular injury model (oxygen induced retinopathy; OIR) was
studied. In this, mice are placed under hyperoxic conditions at P7 to
induce ischemic retinopathy and the shedding of blood vessels. A
return to normal oxygen conditions (normoxia) at P12 results in neo-
vascularization peaking at P17, with a recovery to normal by P30%%,
CD45™2CD31+ retinal endothelial cells at P12 (ischemic phase), P17
(retinopathy phase) and P25 (vascular repair phase) were collected
from retina only or retina plus optic nerve (six samples) and analyzed
along with six control specimens (Fig. 4a). When combining all 12
samples, the scRNA-seq analysis identified seven endothelial cell
clusters contaminated by a small fraction of photoreceptor cells and so
on (Fig. 4b and Supplementary Fig. S2a). Pglyrpl, reported to be spe-
cific to brain endothelial cells’, was highly expressed in all clusters
except cluster 4, which appeared to consist of photoreceptors rather
than endothelial cells (Supplementary Fig. S2b). In the combined retina
plus optic nerve samples, cluster 1 was enriched for endothelial stem
cell populations (Fig. 4c). This cluster was also abundantly represented
among endothelial cells collected from the retina plus optic nerve at
P12, P17, and P25 (Fig. 4d and Supplementary Fig. S2c). Based on the
results of the colony-forming assays shown in Fig. In, retinal endo-
thelial cells were divided into four fractions: Bstl [CD157]+Procr
[CD201]+; Bst1"® Procr + ; Bst1+Procr "%; Bst1 "¢ Procr "*¢. An analysis of
these indicated that more BstI+ Procr+ endothelial cells were present,
especially in cluster 1 of the combined retina plus optic nerve samples.
Moreover, copious Bstl " Procr+ endothelial cells were found at P17
and P25 in retinal samples taken from mice with a retinal vascular
injury (Fig. 4e).

Hierarchy of endothelial cells in retinal/optic nerve vasculature
To examine the role of CD201+ endothelial cells in vascular repair, we
again studied Procr-CreERT2-tdTomato reporter mice in OIR model
and its physiological control (Fig. 5a and Supplementary Fig. S3a-d).
An injection of tamoxifen at P12 was used to determine the involve-
ment of marked VESCs in vascular repair. This indicated that one day
after tamoxifen injection (P13), only a few CD201+ endothelial cells
marked by tdTomato in the retina were present in the OIR model
(Fig. 5b and Supplementary Fig. S3c), whereas a substantial number of
CD201+ endothelial cells marked by tdTomato were found in optic
nerve vessels. At P15, tdTomato-positive cells were present on the
optic nerve side of the large veins but not in peripheral side in the
retina (Supplementary Fig. S3d), whilst at P17, they were seen in all of
the large veins in the retina. Furthermore, at P28, most of the recon-
structed blood vessels consisted of tdTomato-positive cells (Fig. 5b
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Fig. 1| Endothelial stem/progenitor marker-positive cells are abundant in optic
nerve vessels. a Diagram illustrating the connection between the retina and the
optic nerve. b Flat-mount immunostaining for CD31 on retina and optic nerve (8-
week-old C57BI6) mouse). Half of the retina has been removed. c-e Flow cytometric
analysis of CD45"¢CD31" endothelial cells (ECs) in retina, retina plus optic nerve
(ON) and ON. f-h Flow cytometric analysis for CD201 and CD157 in ECs from
(c-e, respectively). i Quantification of percentage of CD157* ECs, CD201'ECs and
CD157* CD201" ECs from (f-h). Data are pooled from 3 independent experiments
(each using 3 mice per experiment) and displayed as mean + SD. j Immunostaining
for CD31 (green) and CD157 (red) and staining with DAPI (blue) in ON section from
8-week-old C57Bl6) mice. Four mice were used in this experiment.

k Immunostaining for CD31 (green) and CD201 (red) and staining with DAPI (blue)
in ON sections from 8-week-old C57BI6] mice. I, m Colony forming assay using ECs
form retina or ON. Immunostaining for CD31 (green) and with phalloidin (red) and
DAPI (blue) (I). ECs from ON potentiate, producing more ECs (m). Data are pooled
from 3 independent experiments (each using 10 mice per experiment) and

displayed as mean + SEM. n, o Colony forming assay using CD157""€ CD201"/"¢ ECs.
Immunostaining for CD31 (green) and staining with phalloidin (red) and DAPI (blue)
(n). Quantification of colony forming assay demonstrates CD157* CD201" ECs from
retina plus ON potentiate, producing more ECs (0). Data are pooled from 3 inde-
pendent experiments (each using 20 mice per experiment) and displayed as
mean + SEM. p lllustrative representation of the approach for FACS analysis of
cultured endothelial colony-forming cells originating from CD157 + CD201+ ECs.
q Re-analysis of ECs from colony-forming assays shows that the majority of cells in
colonies formed by CD157°CD201" VESCs were composed of CD157"¢CD201"
endothelial cells or CD157"¢CD201"® endothelial cells. Hearts or livers from two
mice were used in this experiment. r Diagrammatic illustration of the hierarchical
model of vascular endothelial cells in the retina. Significance was determined using
two-tailed unpaired t test in m and a one-way ANOVA with Tukey’s multiple com-
parisons test in (i, 0). Each image are from representative of at least two inde-
pendent experiments. Scale bars, 100 um (500 pm in b).
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Fig. 2 | A population of endothelial cells that express progenitor-associated
genes is present in the optic nerve. a Schematic diagram of the strategy for 3’ and
5" scRNA-seq for sorted ECs (CD45"¢CD31") from retina or retina plus optic nerve.
Experiments using 10 mice were pooled three times and analyzed. b A uniform
manifold approximation (UMAP) of ECs identified by scRNA-seq of sorted 44,358
total (retina and retina plus optic nerve) cells (CD45™CD31") at 8-weeks of age.
Batch corrections were performed by Harmony. ¢ UMAPs of the levels of gene
expression (Pecaml [CD31], BstI [CD157], Procr [CD201] and LrgI. d Velocity esti-
mate projected onto UMAP demonstrating a directionality of RNA dynamics.

e UMAP projection of endothelial cluster colored by RNA velocity-derived pseu-
dotime (O = early, 1=1Iate) as computed with scVelo, demonstrating a continuous
progression along the inferred cellular trajectory. f mRNA levels of Bst1 [CD157] in
vascular endothelial cluster in cells from retina only (left) and retina plus optic

nerve (right). A distinct BstI positive population was present through integration of
the optic nerve into the retina. g Distribution of the percentage of Bst1 positive cells
in each cluster. h Bar plots of the fractions of cells form retina or retina plus optic
nerve in all cells (top), cluster 10 (middle) and BstI positive cells in cluster 10
(bottom), respectively. *p = 7.308e-09, **p < 2.2e-16 by two-sided Fisher’s exact test.
i Scatter plot of average expression (x-axis) versus log, fold change (y-axis) for
genes upregulated in cluster 10. Predicted transcription factors are colored, with
Atf3, Irfl and Stat3 (logFC > 1) highlighted in red. Highly expressed marker genes—
including Lrgl, MctpI and Ptgs2—are labeled, and the Atf3-binding motif sequence
logo is overlaid at the top left. Statistical significance was determined using a two-
sided Wilcoxon Rank Sum test. P-values were adjusted with the Bonferroni
correction.

and c). In addition, it was also shown that the blood vessels recon-
structed by tdTomato-positive cells improved ischemia and were
functional (Supplementary Fig. S4a). These results suggest that
endothelial progenitors residing in the optic nerve play a pivotal role in
the restoration of retinal blood vessels (control data is shown in Sup-
plementary Fig. S2b). To clarify if the tdTomato-positive cells were
CD201+ cells or were derived from CD201+ cells, FACS analysis was
performed. In the OIR model at P28 when the blood vessels are
undergoing repair, an analysis of retinal and optic nerve samples
showed that less than 5% of the CD45"CD31" endothelial cells were
CD201+ (i.e., expressing CD201 by FACS analysis). However, at this
juncture more than 50% of the cells are clones of CD201+ cells (i.e.,
tdTomato-positive ones) (Supplementary Fig. S4b). One possible rea-
son why stem cells may reside in the niche is hypoxia®?*. In the OIR
model, as expected, hypoxia was observed in the retina, but no
hypoxia was seen in the optic nerve (Supplementary Fig. S4c). Taken
together with the results of in vitro experiments (in which CD157"¢
CD201+ and CD157"¢ CD201"¢ endothelial cells form from CD157 +

CD201+endothelial cells) this suggests a hierarchy in which the
CD157 + CD201+ VESCs occupy the upstream position, followed by
CD157"¢ CD201+ endothelial cells and CD157"¢ CD201"® below
(Fig. 5d). To characterize the role of CD201+ progenitors in vascular
repair, we crossed Procr [CD201]-creERT2 mice with an inducible
diphtheria toxin receptor (ROSA26iDTR) line (Fig. 6a). Selective
depletion of Procr+ cells after treatment with tamoxifen and diphtheria
toxin significantly increased vascular obliteration in vascular repair
phase at P28 (Fig. 6b and c).

Transcription factors in endothelial progenitors mediate
vascular repair

To gain a mechanistic insight into the activity of retinal VESCs, we
focused on ATF3, a transcription factor that is highly expressed in the
candidate endothelial progenitor subpopulation, and whose tran-
scription factor binding motif is enriched in the subpopulation’s
transcribed enhancer regions (Fig. 2i, Supplementary Fig. Slc)*. To
probe the influence of ATF3 on VESCs we generated an inducible, cell-
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specific mouse model in which ATF3 is selectively and conditionally
deleted in endothelial progenitors upon tamoxifen treatment (Procr
[CD201]-CreErt2/ATF3flox/flox) (Supplementary Fig. S5a). When oxy-
gen induced retinopathy experiments were performed on these
ATF3*™" mice, a larger area of the retinal vasculature was eliminated at
P17 and P21 following tamoxifen injection at P12, but not at P12 fol-
lowing tamoxifen injection at P7 (Supplementary Fig. S5b and c).

Discussion

A longstanding question in the field of vascular biology has revolved
around identifying the origin of endothelial cells responsible for
homeostasis and tissue remodeling. Here, we present multiple lines of
evidence based on scRNA-seq, colony-forming assays, lineage tracing
and gene targeting analyses, indicating that endothelial cells expressing
stem cell markers are prominent in the optic nerve, where they supply
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Fig. 3 | Endothelial progenitors located in the central retinal vein within the
optic nerve slowly supply endothelial cells under normal conditions.

a Schematic diagram of the strategy for tamoxifen administration and lineage
tracing for Procr{fCD201],CreERT2-tdTomato mice at indicated time points. b Flat-
mount confocal microscopic analysis of retina and optic nerve for td-Tomato
combined with CD31 and DAPI staining. The time course was examined for
homeostatic condition at 2, 7, 14, 28 days post-tamoxifen injection (dpi) and

2 months post-injection (Mpi) in optic nerve, central retina and mid-peripheral

retina of 8-week-old mice. Bar indicates 50 um. ¢ Quantification of tdTomato*CD31"
ECs in optic nerve, artery or vein and in the central and mid-peripheral retina at 2
(n=5),7 (n=4),14 (n=4) and 28 (n=4) days and 2 months (n = 6) post-tamoxifen
injection. Data were from at least four mice for each tracing time point and lines are
presented as median. Each image are from representative of at least two inde-
pendent experiments. Significance was determined using a one-way ANOVA with
Tukey’s multiple comparisons test. d Schematic illustration of the proposed
tdTomato labeled cells migration from optic nerve.
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Fig. 4 | scRNA-seq of healing following an ischemic retinopathy injury in mice
suggests a hierarchy within endothelial cells of the retinal vasculature.

a Schematic diagram of the strategy for scRNA-seq for sorted endothelial cells
(CD45™2CD31") of retina (Retina) or retina plus optic nerve (Retina + ON) from a
total of twelve injury model samples at P12, P17 and P25 and their respective con-
trols. Samples from 10 mice were pooled in three independent experiments for
analysis. b UMAP plot of the integrated scRNA-seq data from CD45"CD31" vascular
endothelial cells sorted from twelve samples, showing distinct endothelial cell
subpopulations. ¢ Feature plot showing the expression of Bst1 (CD157).

d Comparisons between the Retina and Retina+ON groups at P12, P17, and P25
under both control and OIR conditions. Stacked bar charts show that cells in cluster
1 were significantly more abundant in Retina+ON than in Retina, at all three time
points, except P12 control. e Proportion of BstI”"® Procr™e endothelial cells in
each sample. The proportion of BstI™&Procr* vascular endothelial cells was
increased in the retina and ReON samples at P17 and P25. Statistical significance was
assessed using two-sided Fisher’s exact test. OIR, oxygen-induced retinopathy. ON,
optic nerve. ReON, Retina+optic nerve.
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Fig. 5 | Hierarchical analysis for subpopulations of retinal vascular endothelial
progenitors. Lineage tracing analysis in a vascular injury model suggests that
endothelial progenitor cells that reside in optic nerve play a pivotal role in vascular
repair in the retina. a Scheme of the experimental set-up for tamoxifen adminis-
tration and lineage tracing in Procr;CreERT2-tdTomato mice at indicated time
points during oxygen induced retinopathy (OIR). b Flat-mount confocal micro-
scopic analysis of the optic nerve and retina for td-Tomato combined with CD31
immunostaining. Vascular regeneration was studied at P13, P17 and P28.

¢ Quantification of tdTomato" area/CD31" area in optic nerve, the central and mid-
peripheral retina at P13, P17 and P28 in Procr;CreERT2-tdTomato mice during OIR
model (n =4). Data were from at least four mice for each tracing time point and
lines are presented as median. Significance was determined using a one-way
ANOVA with Tukey’s multiple comparisons test. d Schematic illustration of the
hierarchy of retinal endothelial cells in this study. Each image is from representative
of at least two independent experiments. Bar indicates 200 um in the retina images
and 50 um in those of optic nerve.
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Fig. 6 | CD201 positive cells modulates vascular repair following an oxygen
induced retinopathy injury. a Scheme of experimental set-up for tamoxifen
administration and lineage tracing in Procr{CD201]cre-ROSA26iDTR (Procr®™) mice
at indicated time points following oxygen induced retinopathy. b Representative
PECAM-1stained OIR flat-mount retinas of Procr®™ mice in OIR and controls at P28.
Scale bars: 500 pm. In the top-right inset, neovascular tufts are shown in red and
vascular obliteration in yellow. ¢ Quantification of neovascular tufts and vascular
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obliteration of (b) (n =12 in iDTR mice and n =10 in Procr®™). CD201+ cells deletion
resulted in more vascular obliteration. Data from at least 10 eyes and lines are
presented as median. Significance was determined using two-tailed unpaired t test.
Each image are from representative of at least two independent experiments.

d Schematic illustration of the proposed stem cell system of retinal endothelial cells
uncovered in this study.

5703 CD201
“Vascular Repair ECs”
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the retina. A cellular hierarchy is proposed, which is characterized by (i)
a slow supply of retinal endothelial cells by progenitors enriched in the
optic nerve during homeostasis and (ii) activated vascular repair by
CD201+CD157"# endothelial cells following injury (Fig. 6d).

Consistent with this model, selective ablation of the Procr (CD201)
* lineage (Procr-creERT2; ROSA26"iDTR") increased vaso-obliteration
during the repair phase (P28) without reducing neovascular tufts. We
interpret this as consistent with our observation that tdTomato-
positive cells in Procr-CreERT2-tdTomato reporter mice are relatively
sparse within neovascular tufts and more abundant in large retinal
vessels (Fig. 5b and Supplementary Fig. S3c). Moreover, pan-
endothelial ATF3 deletion showed the same result (expanded avas-
cular area with unchanged neovascular tuft)”’. These findings support
a role for Procr-lineage cells in preserving and reconstituting the
physiological capillary plexus under stress rather than directly driving
pathological tuft formation.

While our data support a predominant contribution from optic-
nerve-enriched progenitors, additional inputs cannot be excluded; for
example, bone-marrow-derived cells may act in parallel under
inflammatory or ischemic conditions. Future work should quantify the
relative input of the optic nerve versus other sources.

Anatomically and developmentally, the retina is often viewed as
an extension of the CNS. The current discovery of a stem cell niche in
the optic nerve that supplies endothelial cells to the retinal vasculature
underscores this notion. The identification of retinal endothelial stem
cells in the optic nerve also opens up the possibility of developing
future therapeutic strategies to treat retinal disease by inducing vas-
cular endothelial cells to repair the retina. In the case of proliferative
diabetic retinopathy, the most advanced phase of diabetic retino-
pathy, for example, new vascular formations originate from the retinal
veins and capillaries®. However, these newly formed vessels are
characteristically fragile, which significantly heightens the risk of
complications, including intraocular hemorrhage and/or retinal
detachment. If a more normal vasculature could be formed from
endothelial cells originating from the stem cell reservoir in the optic
nerve, these risks might be alleviated.

Methods

Mice

All the animal experiments were reviewed and approved by the Insti-
tute of Experimental Animal Sciences, Faculty of Medicine, Osaka
University, Japan. Procr;CreERT2-IRES-tdTomato (Jackson Labora-
tories), Rosa26;CAG-Isl-tdTomato (The Institute of Medical
Science, The University of Tokyo), ATF3fl/fl (Tokyo Medical and
Dental University)” C57BL/6-Gt(ROSA)26Sor<tm1(HBEGF)Awai > /]
(ROSA26iDTR) (Jackson Laboratories) and C57BL/6] mouse strains
(SLC and Charles River Laboratories) were used in this study. For the
oxygen induced retinopathy study, mice were treated with 4 mg/25g
BW tamoxifen at P7 and examined at P12 or treated with 4 mg/25 g BW
tamoxifen at P12 and examined at P13, P17, P21 and P28. Tamoxifen in
corn oil (Sigma) was used. For the analysis of homeostasis, mice were
treated with 4 mg/25g BW tamoxifen at eight weeks of age and
examined at 2, 7, 14, 28 and 56 dpi. In the OIR Diphtheria Toxin (DT)
administration experiment, tamoxifen was administered at a dose of
4 mg/25¢g body weight (BW) on P12, followed by Diphtheria Toxin
(50 ng/g BW) administration on P12, P13, and P14. Mice were then
analyzed on P28. Diphtheria Toxin (Sigma) was dissolved in PBS
(Wako) for the injections.

Flow cytometry

Mouse retinas, heart or liver were incubated in dispase | (Roche, Basel,
Switzerland) and 1% collagenase I and Il (Worthington, Lakewood, NJ,
USA) in 4% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA).
Retinas were disrupted and extracted through an 18 G needle and
dissociated into single cells using a 40 pM cell strainer (Falcon,

Franklin Lakes, NJ, USA). The cells were blocked with anti-mouse CD16/
CD32 (Fc Blocker) (BD Biosciences, San Jose, CA, USA) and stained with
Brilliant Violet 421 anti-mouse CD31 (Biolegend, San Diego, CA, USA),
FITC anti-mouse CD45 antibodies (BioLegend, San Diego, CA, USA),
APC anti-mouse CD157 antibodies (BioLegend, San Diego, CA, USA)
and PE anti-mouse CD201 antibodies (BioLegend, San Diego, CA, USA).
Dead cells were stained with propidium iodide (Immunostep, Sala-
manca, Spain) and excluded. Cells were analysed and sorted using a BD
FACS Melody™ Cell Sorter (BD Biosciences, San Jose, CA, USA).

Fluorescence and light microscopy

For whole-mount retinas and optic nerves, eyes were enucleated, dis-
sected in phosphate-buffered saline (PBS), fixed for 2 h in 4% paraf-
ormaldehyde (PFA) in PBS, washed in 40%, 70%, and 100% methanol
and stored overnight at —30 °C in 100% methanol. The next day, the
retinas were washed in 70% and 40% methanol and incubated over-
night in blocking buffer (skim milk 2%, 5% NGS, 1% bovine serum
albumin (BSA), and 0.1% Tween20 in PBS). The retinas were then
incubated overnight at 4 °C with primary antibodies diluted in block-
ing buffer, followed by another overnight incubation at 4 °C with an
appropriate secondary antibody. The retinas were mounted on
microscope slides and fluorescein images acquired using a Zeiss LSM
710 confocal microscope (Carl Zeiss, Oberkochen, Germany). Migra-
tion experiments of stem cell-derived tdTomato+CD31+ cells in a
steady state were conducted on 8-week-old Procr;tdToamto mice: The
number of tdTomato-positive cells on CD31+ blood vessels was
counted in 20x fields of view of the optic nerve and retina, respectively.
Four fields of view were counted for each retina, central and mid-
peripheral. For the optic nerve, one or two fields of view were counted
for each nerve. Quantification of CD31+ Vessels and tdTomato-Positive
Cells in the Procr;tdTomato mice in oxygen-induced retinopathy
model. Whole-mount retinas and optic nerves were collected from
Procr;tdTomato mice at postnatal day 17 following oxygen-induced
retinopathy. Images were acquired using a VF3000 microscope
(Olympus [now Evident], Tokyo, Japan). For vascular repair experi-
ments in CD201-CreERT2-tdTomato reporter mice, two non-
overlapping fields of view were captured at 40x magnification from
the retina and two from the optic nerve. All images were processed in
Fiji (ImageJ 2.0.0; National Institutes of Health, Bethesda, MD, USA).
Images were first converted to 8-bit grayscale, then subjected to the
“Threshold” function to generate binary masks for CD31 and tdTomato
signals. The “Analyze Particles” tool was used to calculate the total
positive area for each channel within each field of view. Mean vessel
and cell areas were computed by averaging across the four retinal and
four optic-nerve fieldsofview per animal and are reported as mean +
SEM. For vascular repair experiments in Procr[CD201]-CreERT2-
ROSAIDTR and -ATF3"" mice, the avascular area and surface area of
NVTs were measured”. All images were analyzed using ImageJ soft-
ware (v1.54) (National Institutes of Health, Bethesda, MD, USA) or
Adobe Photoshop software version (v23.5.1) (Adobe Systems Incor-
porated, Seattle, WA, USA). For frozen sections, fixed optic nerves
were embedded in OCT compound (Sakura Finetek, Tokyo, Japan)
after which 10 um-thick sections were cut. Antibodies for staining were
anti-CD31(PECAM1) (1/200, BD Biosciences, San Jose, CA, USA), anti-
CD157(BST1) (1/200, BD Biosciences, San Jose, CA, USA), anti-
CD201(PROCR) (1/200, Invitrogen, Carlsbad, CA, USA) and anti-
Collagen Type IV (1/200, Merck Millipore). The secondary antibody
was Alexa Fluor 488/594/647-conjugated IgG (1/500, Invitrogen,
Carlsbad, CA, USA). To visualize the nuclei, DAPI (1/1000, Biotium,
Hayward, CA, USA) was added to the secondary antibody solution.
Hypoxic areas were detected by the Hypoxyprobe™-1 Omni Kit (Nat-
ural Pharmacia International Inc., Burlington, MA, USA), which con-
tains pimonidazole hydrochloride (HCI) and rabbit anti-pimonidazole
antisera (primary antibody for immunofluorescent labeling). Pimoni-
dazol was used intraperitoneally at 60 mg/kg. The secondary antibody
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was an anti-rabbit IgG Alexa Fluor 488-conjugated IgG (1/500, Invi-
trogen, Carlsbad, CA, USA). Samples were collected 90 min after
pimonidazole-HCI administration, and then fixed and stained in the
same manner as whole-mount retinal tissue staining.

Oxygen induced retinopathy model

Oxygen induced retinopathy was induced in C57BL/6 ) mice according
to a protocol described elsewhere®. Briefly, P7 pups and their mothers
were transferred from room air to an environment of 75% oxygen for
5 days and after which they were returned to room air. The hyperoxic
environment was created and maintained using a chamber from Bio-
Spherix. Under these conditions, large hypovascular areas formed in
the central retina during hyperoxia. Abnormal pre-retinal neovascu-
larization occurred after return to normoxia, peaking at around P17
and ultimately resolving. The retina and optic nerve were dissected at
P12, P13, P17, P21, P25 and P28.

Colony forming assay

Primary targeted endothelial cells were isolated and 500-5000 cells/
well were co-cultured with OP9 stromal cells (RIKEN cell bank, Tsu-
kuba, Japan) in 8-well chambers. Cultures were maintained in RPMI
(Sigma-Aldrich Japan), supplemented with 10% FCS and 10-5 mol/L
2-mercaptoethanol (Life Technologies) and VEGF (10 ng/mL; Pepro-
Tech, Rocky Hill, NJ, USA). Cells were fixed for immunostaining after
14 days and the colony area was measured. Proliferation-positive
colonies were defined as clusters of at least two adjacent CD31+ cells.
Images were acquired and processed in Fiji (ImageJ v1.53c; National
Institutes of Health, USA). All micrographs were first converted to 8-bit
grayscale, then binarized by setting an intensity threshold via Image,
Adjust, Threshold. CD31+ areas were quantified using the “Analyze
Particles” function, and colonies meeting the adjacency criterion were
counted as proliferation-positive.

Single-cell RNA-seq library preparation and sequencing

Mouse retinal endothelial cells were sorted using flow cytometry as
described®. The cell suspensions were loaded onto a Chromium Single
Cell B Chip or K Chip to generate Gel Bead-In-emulsions (GEMs) using
Chromium Controller (10x Genomics, Pleasanton, CA, USA). Reverse
transcription was performed in a thermal cycler. First-strand cDNA was
purified from the post-GEM-RT reaction mixture using DynaBeads. The
cDNA was then amplified using a thermal cycler, and the amplified
¢DNA product was purified using the SPRIselect Reagent Kit (Beckman
Coulter, Brea, CA, USA). Gene expression libraries were constructed
using Chromium Single Cell 3’ GEM, Library & Gel Bead Kit v3 or
Chromium Next GEM Single Cell 5 Kit v2 (10x Genomics, Pleasanton,
CA, USA) following the manufacturer’s instructions. A 2100 Bioanaly-
zer Laptop Bundle (Agilent Technologies, Santa Clara, CA, USA) with a
High Sensitivity DNA Kit (Agilent Technologies, Santa Clara, CA, USA)
was used to assess DNA quality and quantity. The single-cell library was
sequenced using Illumina HiSeq with DNAFORM (Yokohama, Japan).

Integration analysis of 5" and 3’ scRNA-seq data

scRNA-seq data were processed using Cell Ranger version 7.1.0 (10x
Genomics) with default settings®, aligning reads to the mouse refer-
ence genome (refdata-gex-mmi10-2020-A, 10x Genomics). An initial
quality control was performed to exclude low-quality cells, removing
cells with fewer than 200 detected genes and cells with a high mito-
chondrial genome content (>10%). To identify and remove potential
doublets, DoubletFinder version 2.0.3** was used with default settings.
The filtered data were then normalized and scaled using the Seurat
package version 4.3.0**, and the top 2000 highly variable genes were
selected for downstream analysis. Principal component analysis (PCA)
was performed on these genes, and the top 20 principal components
were used to cluster cells at a resolution of 0.5. To correct for potential
batch effects, Harmony version 0.1.1** was used with dim=20 and

resolution = 0.5 to ensure that clusters were not biased by technical
variations. Marker gene identification was performed using the Fin-
dAllMarkers function in Seurat with the parameters only.pos=true,
logFC =0.1, and min.pct=0.05. Cell type annotation was performed
based on known markers from the literature, specifically from
Lukowski et al.** and Cowan et al.”. Marker genes of cluster 10 were
subjected to enrichment analysis using the clusterProfiler (v4.10.1) and
ReactomePA (v1.46.0) packages to identify significantly enriched GO
terms, KEGG pathways, Reactome pathways, and WikiPath-
ways (p < 0.05).

RNA velocity analysis

Spliced and unspliced mRNA counts were obtained from the pro-
cessed data using Velocyto version 0.17.16*. RNA velocity was esti-
mated using scVelo version 0.2.4*° with default settings. The analysis
was conducted in a Python environment (version 3.8.19) using the
Scanpy package (version 1.9.8)*°.

Identification of transcribed candidate enhancer regions using
5’ scRNA-seq data

We identified 17,390 transcribed candidate enhancer regions in this
study using the pipeline provided by the authors (Oguchi et al. Science
2024, https://github.com/Murakawalab/ReapTEC)*. The versions of
the tools and references used for ReapTEC are as follows: STAR version
2.7.10a*, mm10 GENCODE version M23 (primary assembly)*’, umi-
tools version 1.1.2*}, samtools version 1.15.1**, bedtools version 2.30.0*,
bedGraphToBigWig and bigWigAverageOverBed*’. To identify tran-
scribed enhancers, transcription start site (TSS) peak pairs were
detected wusing the scripts available at https://github.com/
anderssonrobin/enhancers/blob/master/scripts/bidir_enhancers*’
with minor modifications. TSS peaks were generated by merging TSSs
within 10 bp of each other. The TSS regions (+300 bp) of protein-
coding transcripts (mm10; GENCODE version M23 [‘primary assem-
bly’]) were masked for negative filtering of bidirectionally transcribed
regions.

Motif analysis

To examine the enhancer activity in each cluster, 5’ ends of transcripts
were counted at the single-cell level to the identified transcribed
candidate enhancer regions. Transcribed enhancer regions with a
cutoff of log,CPM = 0 in cluster 10 (Fig. 2) were used for motif analysis
(n=1315). Motif analysis was performed using AME tool implemented
in MEME Suite version 5.5.5¢ with JASPAR2024 (Mus musculus)* as the
reference database with the following parameters: --verbose 1, -0 $*5,
--scoring avg, --method fisher, --hit-lo-fraction 0.25, --evalue-report-
threshold 1000.0, --control, --shuffle--, and --kmer 2. Input enhancer
regions were modified to center +100bp regions of transcribed
enhancers.

Single-cell RNA-seq data analysis (OIR Model)

Raw reads were aligned to the mm10 mouse reference genome using
the Cell Ranger (10x Genomics, v7.1.0) count pipeline with default
parameters. The output count data were corrected for ambient RNA
expression using the R package SoupX (v1.6.2)*°, and doublets were
identified using the Python package scrublet (v0.2.3)*. The corrected
count matrices were processed using the R package Seurat (v5.1.0)* In
addition to the doublets removal, low-quality cells were excluded based
on the following criteria: cells with fewer than 2000 or more than 8000
detected genes, cells with more than 7% of the reads mapped to mito-
chondrial genes, and cells with more than 15% of the reads mapped to
ribosomal protein-coding genes. To standardize the number of cells
across samples, 2000 cells were randomly selected from each sample.
The data were normalized and scaled using the SCTransform function
while regressing out the percentage of mitochondrial and ribosomal
protein-coding genes. Processed datasets of the 12 samples were
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integrated using the IntegrateLayers function with the CCAlntegration
method. After dimensionality reductions using the RunPCA and
RunUMAP functions, clustering was performed using the FindNeigh-
bours and FindClusters functions with a resolution of 0.1. Marker genes
for each cluster were identified using the FindAllMarkers function, with
each sample set as a latent variable the likelihood ratio test as the sta-
tistical method. The top 10 differentially expressed genes in each cluster
were visualized using the DoHeatmap function. The list of tissue-
enriched EC marker genes was obtained from Kalucka et al.’. Cells with
at least one read mapped to the Bstl or Procr gene were classified as
CD157" or CD201" cells, respectively. The proportion of cells in each
sample was statistically compared using Fisher’s exact test.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source Data are provided with this paper. The scRNA-seq data from
wild-type 8-week-old mice have been deposited in the Genomic
Expression Archive (GEA) at DDBJ under accession number E-GEAD-
882. Data from the vascular injury model are available in the
ArrayExpress repository at EMBL-EBI under accession number E-
MTAB-14315. Source data are provided with this paper.
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