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After angiogenesis-activated embryonic and early postnatal
vascularization, endothelial cells (ECs) in most tissues enter a
quiescent state necessary for proper tissue perfusion and EC func-
tions. Notch signaling is essential for maintaining EC quiescence,
but the mechanisms of action remain elusive. Here, we show that
microRNA-218 (miR-218) is a downstream effector of Notch in
quiescent ECs. Notch activation upregulated, while Notch
blockade downregulated, miR-218 and its host gene Slit2, likely
via transactivation of the Slit2 promoter. Overexpressing miR-
218 in human umbilical vein ECs (HUVECs) significantly
repressed cell proliferation and sprouting in vitro. Transcriptom-
ics showed that miR-218 overexpression attenuated the MYC
proto-oncogene, bHLH transcription factor (MYC, also known
as c-myc) signature. MYC overexpression rescued miR-218-medi-
ated proliferation and sprouting defects in HUVECs. MYC was
repressed by miR-218 via multiple mechanisms, including reduc-
tion of MYC mRNA, repression of MYC translation by targeting
heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1), and
promoting MYC degradation by targeting EYA3. Inhibition of
miR-218 partially reversed Notch-induced repression of HUVEC
proliferation and sprouting. In vivo, intravitreal injection of miR-
218 reduced retinal EC proliferation accompanied by MYC
repression, attenuated pathological choroidal neovasculariza-
tion, and rescued retinal EC hyper-sprouting induced by Notch
blockade. In summary, miR-218 mediates the effect of Notch acti-
vation of EC quiescence via MYC and is a potential treatment for
angiogenesis-related diseases.

INTRODUCTION

Vascularization, the formation of organized and functional blood
vessels, takes place throughout embryonic and early postnatal devel-
opment. It occurs mainly through angiogenesis, which involves coor-
dinated proliferation and differentiation of endothelial cells (ECs)."
Most ECs become quiescent after active angiogenesis, which is essen-
tial for physiological tissue perfusion and other EC functions.”
Abnormal activation of ECs is involved in many human diseases;’
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therefore, it is important to understand the molecular mechanisms
underlying EC quiescence in adults.

Multiple environmental and cell-intrinsic signals regulate EC quies-
cence.* Notch signaling, in collaboration with vascular endothelial
growth factor receptor 2 (VEGFR2) signaling, regulates angiogenesis
by controlling tip-stalk cell differentiation, among other processes.™
Recently, single-cell RNA sequencing (RNA-seq) showed that Notch
signaling is upregulated in mature capillary and arterial ECs.” Disrupt-
ing the Notch integrating transcription factor recombination signal
binding protein Jk (RBPj) results in autonomous vessel sprouting in
adult tissues, suggesting that Notch signaling is required for EC quies-
cence.” Although cyclin dependent kinase inhibitor 1A (CDKNI1A, also
known as p21°"P"), cyclin dependent kinase inhibitor 1B (CDKN1B,
also known as p27°™"), phosphatase and tensin homolog (PTEN),
and certain metabolic enzymes have been implicated in Notch-medi-
ated proliferation arrest in ECs,”'" and Notch signaling may also influ-
ence EC quiescence by regulating proliferation,™” the exact mecha-
nism for Notch-induced EC quiescence is not completely known.

MYC proto-oncogene, bHLH transcription factor (MYC, also known as
c-myc) plays a critical role in mediating EC proliferation by influencing
glycolysis, mitochondrial respiration, and cell-cycle progression.”'*'>
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In ECs, MYC deficiency has been shown to impair cell growth and ~ RESULTS

vascular expansion.'® As a critical proto-oncogene, MYC expression
is tightly controlled at multiple levels in normal cells. MYC transcription
is regulated by enhancers, which can harbor oncogenic mutations.'®
MYC mRNA is inherently unstable and requires cap-dependent and in-
ternal ribosome entry site (IRES)-mediated translation.'”'® IRES-
dependent MYC translation is regulated by AKT serine/threonine ki-
nase (AKT) and enhanced by rapamycin through a mitogen-activated
protein kinase (MAPK)-dependent pathway.'® Heterogeneous nuclear
ribonucleoprotein A1 (hnRNPA1) is involved in malignant transforma-
tion”” and regulates cyclin D1 (CCND1) and MYC IRES function
through AKT.”' MYC protein is rapidly degraded, mainly via the ubiq-
uitin-proteasome system (UPS).>* Protein phosphatase 2A (PP2A) is a
ubiquitously expressed serine/threonine phosphatase and dephosphor-
ylates many critical proteins™ including MYC.** The tyrosine phospha-
tase eyes absent 3 (EYA3) partners with PP2A to stabilize MYC;* how-
ever, a relationship between Notch activation and MYC in ECs has not
been characterized.*

MicroRNAs (miRNAs) are essential regulators of angiogenesis under
physiological and pathological conditions.”” To identify potential
Notch downstream miRNAs in ECs, we screened miRNAs upregu-
lated after forced Notch activation in liver sinusoidal ECs (LSECs).*®
In this study, we identified miR-218-5p (hereafter referred to as miR-
218), hosted in the slit guidance ligand 2 (Slit2) gene intron, as a
downstream molecule activated by Notch signaling in ECs.”” An
anti-angiogenic function’’" is among the several characterized activ-
ities of miR-218.7>7>* Here, we show that miR-218 attenuates MYC
activity via several targets, including hnRNPA1 and EYA3, and re-
presses EC proliferation. Our results indicate Notch signaling pro-
motes endothelial quiescence via miR-218 regulation of MYC.

miR-218 is a downstream target of Notch signaling in ECs
Previously, we used small RNA-seq to show that miR-218 was upregu-
lated in Notch-activated ECs.*® To confirm that Notch activation upre-
gulates miR-218, we infected human umbilical vein ECs (HUVECs)
with adenoviruses expressing either the Notch-intracellular domain
(AdNIC) or control (AdCtrl; Figure S1A). Quantitative real-time poly-
merase chain reaction (PCR) showed that NIC overexpression upregu-
lated hes related family bHLH transcription factor with YRPW motif 1
(Heyl1), a downstream Notch effector, as well as miR-218 (Figure 1A).
There are two human miR-218 genes, miR-218-1 and miR-218-2,
accommodated in the Slit2 and Slit3 genes, respectively.”” Both quanti-
tative real-time PCR and western blotting showed that Slit2 mRNA and
protein were respectively upregulated in NIC-overexpressing ECs (Fig-
ures 1A and S1B). In contrast, Slit3 mRNA levels were comparable be-
tween HUVEC:s infected with AANIC and AdCtrl (Figure S1C). When
HUVECs were treated with the y-secretase inhibitor DAPT to inhibit
spontaneous ligand-dependent Notch activation (Table S1), Heyl,
miR-218, and Slit2 were all downregulated (Figure 1B), whereas Slit3
showed no change (Figure S1D). Slit2 mRNA levels were much higher
than Slit3 in HUVECs (Figure S1E). HUVECs cultured in culture dishes
coated with soluble delta like canonical Notch ligand 4 (DI14) protein to
stimulate Notch receptors showed upregulation of Hey1, Slit2, and miR-
218, which could be inhibited by DAPT (Figures 1C and 1D). These re-
sults suggest that Notch activation upregulates miR-218 in ECs, likely
via the Slit2 promoter.

We then constructed a reporter (pGL-Slit2) using the Slit2 promoter,
which harbors two consensus RBPj binding sites (Figure 1E).
HEK293T cells transfected with pGL-Slit2 and increasing amounts
of pEFBOS-NIC showed that pGL-Slit2 could be transactivated by
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Figure 2. miR-218 inhibits EC proliferation and sprouting in vitro

(A) HUVECGCs were transfected with miR-218 or NC by adenovirus. Cell number was evaluated using a counting chamber (n = 3). (B) HUVECs were transfected as in (A). Cell
proliferation was determined by EdU assay 24, 48, and 72 h after the transfection (n = 5). (C) HUVECs were transfected as in (A). Cell-cycle progression was determined by
FACS 48 h after the transfection. Cells in GO/G1, S, and G2/M were quantitatively compared between the two groups (n = 3). (D) HUVECs were transfected as in (A) and
subjected to the fibrin beads assay 48 h after the transfection. Nearly all sprouts were GFP positive, which confirmed effective transfection and gene expression. The number
of sprouts per bead and the average sprout length were compared between the two groups (n = 6). (E) HUVECs were transfected as in (A) and subjected to the lumen
formation assay 48 h after the transfection. Lumen formation was quantitatively compared between the two groups by the number of branches, the number of loops, and cell
cord length per field (n = 8). Scale bars, 100 um. Error bars, means + SD. *p < 0.05, *p < 0.01, **p < 0.001.

transfection with NIC (Figure 1E). These results suggest that miR-218
is activated downstream of Notch signaling activation.

miR-218 inhibits EC proliferation and sprouting in vitro
Slit2 expression in both developing retinal vasculature and in vitro EC
angiogenic assays was negatively correlated with proliferation-associ-
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ated genes, but not with tip cell markers, suggesting that Slit2 and/or
miR-218 inhibit EC proliferation (Figures SIF-S1H).”>*” We tested
the function of miR-218 in HUVECs by adenovirus-mediated transfec-
tion (Figure S1I). Cell number quantification and 5-ethynyl-2'-deoxy-
uridine (EdU) incorporation assays showed that overexpression of
miR-218 significantly suppressed EC proliferation (Figures 2A and
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Figure 3. miR-218 represses MYC signaling in ECs
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(A) GSEA of gene sets related to cell-cycle progression and E2F targets in HUVECs transfected with miR-218 or NC adenovirus. (B) GSEA of MYC target genes in HUVECs
transfected as in (A). (C) Heatmap of MYC target genes shown by fragments kilobase million (FPKM) of RNA-seq data from HUVECs transfected as in (A). The p value of each
comparison is represented with colors (n = 3). (D) HUVECs were transfected as in (A). The expression of MYC target genes related with cell proliferation and metabolism was
determined by quantitative real-time PCR 48 h after transfection (n = 4). (E) HUVECs were transfected as in (A). CCNE1, RRM2, CDK2, and CDKN1A levels were determined
by western blotting (n = 3). Error bars, means + SD. *p < 0.05, *p < 0.01, **p < 0.001.

2B). Cell-cycle analysis confirmed that miR-218 overexpression
increased the number of cells in GO/G1 and reduced the number in S
phase (Figure 2C). A sprouting assay showed that miR-218 remarkably
reduced the number and length of sprouts in HUVECs (Figure 2D).
Moreover, miR-218 overexpression slightly inhibited lumen formation
by HUVECs (Figure 2E), but apoptosis was not affected (Figures S2A
and S2B). Accordingly, an anti-miR-218 lentivirus successfully in-
hibited function of miR-218 and further confirmed its negative effect
on EC growth, tube formation, and sprouting (Figures S3A-S3E).
Taken together, these data indicate that miR-218 mainly inhibits EC
proliferation and sprouting.

miR-218 overexpression attenuates MYC activity in ECs

To gain insight into the underlying mechanisms of miR-218-medi-
ated inhibition of EC proliferation, we used RNA-seq to compare
transcriptomes of HUVECs infected with adenovirus expressing
miR-218 (AdmiR-218) or AdCtrl (Figures S4A and S4B). Bio-

informatic analyses suggested that pathways associated with DNA
replication, cell cycle, and metabolism were downregulated when
miR-218 was overexpressed in HUVECs (Figure S4C). Gene set
enrichment analysis (GSEA) also revealed that transcripts involved
in cell-cycle progression were enriched in the control compared to
miR-218-transfected HUVECs (Figure 3A). This analysis also indi-
cated that MYC target genes were downregulated in miR-218-over-
expressed HUVECs (Figure 3B). A heatmap comparison showed
that miR-218 overexpression reduced proliferation and increased
downstream proliferation-inhibiting MYC genes (Figure 3C). The
effects of miR-218 overexpression in downregulating prolifera-
tion-promoting genes and upregulating proliferation-inhibiting
MYC target genes were confirmed by quantitative real-time PCR
and western blotting (Figures 3D and 3E); inhibiting miR-218
reversed these effects (Figures S5A and S5B). These findings sug-
gest that miR-218 represses EC proliferation, likely by inhibiting
MYC.
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Figure 4. Overexpression of MYC rescues miR-218-mediated suppression of EC proliferation and sprouting

(A) HUVEGCs were transfected with NC, MYC, miR-218, or miR-218 plus MYC using adenovirus. Cell number was determined by a counting chamber (n = 4). (B) HUVECs
were transfected as in (A). Cells in GO/G1, S, or G2/M phase were evaluated with FACS and quantitatively compared (n = 3). (C) HUVECs were transfected as in (A) and
subjected to the fibrin beads sprouting assay 48 h after transfection. The number of sprouts per bead and the average sprout length were compared between the four groups
(n = 4). Scale bars, 100 um. Error bars, means + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

MYC rescues miR-218-induced proliferation arrest and
sprouting in ECs

To confirm that miR-218 inhibits EC proliferation by attenuating
MYC, we simultaneously infected HUVECs with AdmiR-218 and
an adenovirus expressing MYC (AdMYC). The results showed that
MYC overexpression increased cell number, possibly by decreasing
the number of cells in GO/G1, and improved EC sprouting (Figures
4A-4C). Notably, miR-218-induced reduction in cell number could
be significantly rescued by MYC overexpression (Figure 4A). Cell-cy-
cle analysis further revealed that MYC overexpression overcame G1
arrest induced by miR-218 overexpression (Figure 4B). Moreover,
MYC overexpression abrogated miR-218-mediated inhibition of EC
sprouting, as shown by the fibrin bead sprouting assay (Figure 4C).
These data further verify that miR-218 represses EC proliferation
by inhibiting MYC.
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miR-218 likely downregulates MYC via hnRNPA1 and EYA3

MYC expression and activity are regulated at multiple levels. We first
examined MYC mRNA and protein levels in AdmiR-218-infected HU-
VECs. The results showed that miR-218 overexpression reduced, while
inhibiting miR-218 increased, MYC expression at both the mRNA and
protein levels (Figures 5A and 5B). This could not be attributed to fork-
head box O1 (FOXO1), an upstream transcription factor of MYC (Fig-
ure S6A)." Notably, MYC protein levels decreased to a much larger
extent than mRNA (45.8% =+ 10.8% versus 15.0% + 7.3%), suggesting
that translational and/or post-translational mechanisms might be
involved. MG-132, a proteasome inhibitor, partially but significantly
rescued miR-218-mediated MYC downregulation at the protein level
10.8% to 26.1% + 14.7%, p <
0.01; Figure 5B). Consistently, blocking transcription with actinomycin
D (ActD) or translation with cycloheximide (CHX) showed that miR-

(percentage of reduction from 45.8% =+
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Figure 5. miR-218 downregulates MYC expression via multiple targets at different levels

(A) HUVECs were transfected with miR-218 or NC adenovirus or anti-miR-218 (Anti-218) or control (Anti-Ctrl) lentivirus. The expression of MYC mRNA was determined by
quantitative real-time PCR 48 h after transfection (n = 9 for miR-218 and NC groups; n = 4 for Anti-218 and Anti-Ctrl groups). (B) HUVECs were transfected as in (A) in the
absence or presence of MG-132. The expression of MYC protein was determined by western blotting 48 h after transfection (n = 9 for miR-218 and NC groups; n = 3 for Anti-
218 and Anti-Ctrl groups). (C) HUVECs were transfected with miR-218 or NC adenovirus and cultured in the presence of ActD. MYC mRNA levels were determined by
quantitative real-time PCR at different time points after the addition of ActD (n = 5). (D) HUVECs were transfected as in (C) and cultured in the presence of CHX. MYC protein
level was determined by western blotting at different time points after the addition of CHX (n = 5). (E and F) HUVECs were transfected with as in (A). The expression of
hnRNPA1 and EYA3 were determined by (E) quantitative real-time PCR and (F) western blotting 48 h after transfection (n = 6). (G) Reporter assay. HEK293T cells were
transfected with either pGL-hnRNPAUTR3 or pGL-EYAUTRS and increasing amount of pGV317-miR-218 plasmid. Luciferase activity in cell lysates was determined 48 h
after transfection (n = 6). (H) Reporter assay. HEK293T cells were transfected with pGL-Ctrl, pGL-MycUTRS5, or pGL-MycUTR3 as reporters, and increasing amount of
pGV317-miR-218 plasmid. Luciferase activity in cell lysates was determined 48 h after transfection (n = 6). Error bars, means + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

218 did not influence MYC mRNA decay but slightly accelerated MYC
protein decay (Figures 5C and 5D). Glycogen synthase kinase 3 beta
(GSK3p) is a critical inducer of MYC degradation.38 The levels of phos-
phorylated GSK3p at Ser9, which is catalytically impaired, increased af-
ter miR-218 upregulation, inconsistent with increased MYC degrada-
tion (Figure S6B). Using the DIANA microT-CDS tools,” we found
that EYA3, which inhibits MYC degradation,25 is a potential miR-218

target (Figure S7A). Downregulation of EYA3 expression by miR-218
was demonstrated by quantitative real-time PCR, western blotting,
and reporter assays (Figures 5E-5G). These results suggest that miR-
218 inhibits EYA3 to promote MYC degradation.

Next, we examined the translational regulation of MYC. Consistent
with previous reports, GSEA showed impaired mammalian target of
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Figure 6. Notch activation represses endothelial proliferation and sprouting via miR-218

(A) HUVECSs were transfected with AdCtrl, ADNIC, or AANIC plus anti-miR-218 lentivirus. The level of miR-218 was tested by quantitative real-time PCR 48 h after transfection
(n=8). (B) HUVECs were transfected as in (A), and MYC expression was determined by western blotting 48 h after the transfection (n = 4). (C and D) HUVECs were transfected
asin (A). (C) Cell number was evaluated using counting chamber 48 h after transfection (n = 5). (D) Cell-cycle progression in each group was analyzed 48 h after transfection
(n = 4). (E) HUVECs were transfected as in (A) and subjected to the fibrin beads sprouting assay 48 h after transfection. The number of sprouts per bead and the average
sprout length are shown (n = 4). Scale bars, 100 um. Error bars, means + SD. *p < 0.05, **p < 0.01, **p < 0.001.

rapamycin complex 1 (mTORCI) signaling,” but we failed to detect
any significant change in the phosphorylation of eukaryotic transla-
tion initiation factor 4E (EIF4E) and eukaryotic translation initia-
tion factor 4E binding protein 1 (EIF4EBPI) in AdmiR-218-trans-
fected HUVECs (Figures S6C and S6D). MYC might not be a
predicted target of miR-218, as supported by a reporter assay using
a MYC mRNA 3’ untranslated region (UTR) reporter (Figure 5H),
however, the activity of a reporter containing the MYC mRNA 5
UTR, which hosts an IRES that promotes MYC mRNA transla-
tion,’” "' was inhibited by miR-218 (Figure 5H). We also found
that hnRNPA1, which promotes MYC translation by binding to
IRES,”>*" is likely targeted by miR-218 (Figure S7B). Using quanti-
tative real-time PCR, western blotting, and reporter assays, we
confirmed that miR-218 significantly downregulated hnRNPA1
expression (Figures 5E-5G). We also identified several genes of
the nuclear factor kB (NF-kB) pathway,”® including NFKBI,
IKBKB, and VOPPI, as predicted miR-218 targets. However, nu-
clear localization of p65 remained unchanged, although the
mRNA levels of these molecules decreased slightly after miR-218
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transfection (Figures S6E and S6F). Together, these data indicate
that miR-218 attenuates MYC protein levels through multiple
mechanisms, including mRNA translation and protein degradation
via hnRNPAI and EYA3, respectively.

Notch activation inhibits EC proliferation and sprouting by
upregulating miR-218

In HUVECs infected with NIC-overexpressing lentivirus, cell-cy-
cle-related genes and MYC target genes were downregulated, as
shown by GSEA (GSE45750; Figures S8A and S8B),'” coincident
with the miR-218 upregulation signature (Figures 3A and 3B).
We therefore infected HUVECs with AdNIC to activate Notch
signaling, and with a miR-218-inhibiting lentivirus to downregu-
late miR-218 (Figure 6A). We found that reduction of miR-218
partially rescued Notch-induced MYC reduction at the protein
level (Figure 6B). Moreover, NIC overexpression resulted in de-
creases in cell number, cell-cycle arrest, and compromised sprout-
ing, which were also partially rescued by miR-218 knockdown
(Figures 6C-6E). These results indicate that miR-218 mediates
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the inhibition of EC proliferation and sprouting upon Notch
activation.

miR-218 compromises physiological and pathological
angiogenesis

Next, we examined the effect of miR-218 on angiogenesis in vivo.
Retinal vasculature develops after birth in mice through angiogenesis,
and EC proliferation decreases after postnatal day 10 (P10).*’ Using
quantitative real-time PCR, miR-218 levels decreased in retinal ECs
at P5, and then increased up until P11 (Figure 7A). Coincidentally,
levels of MYC mRNA also increased at P5 and decreased at P11 (Fig-
ure 7A). P3 pups were intravitreally injected with either miR-218
agomiR or antagomir and whole retinal flat-mounts were immuno-
stained at P5. The number of proliferating (bromodeoxyuridine,
BrdU positive) ECs, as well as vessel density at the growth edge,
were significantly reduced in the agomiR-injected group, and slightly
increased in the antagomiR-injected group (Figures 7B and S9A).
Meanwhile, western blotting demonstrated that MYC, EYA3,
hnRNPA1, and ribonucleotide reductase regulatory subunit M2
(RRM2, a MYC target) protein levels decreased significantly in
miR-218 upregulated retinas, while the levels of CDKNI1A protein
increased significantly (Figure 7C). In the laser-induced choroidal
neovascularization (CNV) model, miR-218 in ECs decreased on
day 7, then increased thereafter, as shown by quantitative real-time
PCR (Figure 7D). We also intravitreally injected mice with miR-218
agomiR on day 0.5 after laser photocoagulation (Figure S9B).
Compared with the control group, mice treated with miR-218 agomiR
showed a significant decrease in CNV area (Figure 7E). To confirm
the relationship between miR-218 and Notch in vivo, we intravi-
treously injected miR-218 agomiR into P3 pups, which were pre-
treated with DAPT (Figure S9C). Immunostaining of whole retinal
flat-mounts at P5 showed that miR-218 could significantly rescue
EC hypersprouting and hyperproliferation caused by Notch blockade
(Figure 7F). These results suggest that the expression pattern of miR-
218 is closely related to angiogenesis, and miR-218 overexpression
could suppress physiological, as well as pathological, neovasculariza-
tion in vivo.

DISCUSSION

Notch signaling plays a critical role in blood vessel development by
regulating EC functions.*' In quiescent phalanx ECs, Notch signaling

Molecular Therapy: Nucleic Acids

is active in maintaining quiescence, because disruption of RBPj results
in autonomous angiogenic sprouting.”® Several downstream effectors
mediating EC quiescence by Notch signaling have been implicated.”
"' Moreover, Notch signaling may interact with other morphogen and
cytokine pathways to repress EC proliferation. VEGFR2 signaling is
typically repressed by Notch activation.”®
presses Wnt signaling at different levels, which inhibits EC prolifera-
tion.*” In the current study, we demonstrate that Notch activation
upregulates miR-218. There are two miR-218 genes in the human
genome, miR-218-1 and miR-218-2, harbored by Slit2 and Slit3,
respectively.”” Our data revealed that Notch activation upregulates
miR-218-1, likely by transactivating the Slit2 promoter, in ECs. It
has been well established that characteristic metabolic patterns deter-
mine EC quiescence,”>**** and that MYC critically regulates EC
metabolism in different contexts.">”'> Our results demonstrate that
miR-218 mediates the effects of Notch activation on EC quiescence
by repressing MYC (Figure 7G). The role of Slit2, which is a round-
about guidance receptor (Robo) ligand and regulates sprouting and
vessel stability via Robo receptors,*” requires further investigation.

Notch activation also re-

miR-218 is a tumor suppressor that targets a broad range of signaling
pathways.*® In ECs, miR-218 has been shown to restrain angiogenesis
by downregulating Robol or RPTOR independent companion of
MTOR, complex 2 (Rictor).”>*! Qur transcriptomic analysis showed
that miR-218 overexpression in HUVECs exclusively repressed genes
involved in cell proliferation and biomass synthesis. These transcrip-
tomic changes pointed to attenuated MYC activity. Indeed, a panel of
MYC downstream molecules was downregulated in miR-218-overex-
pressing HUVECs, and ectopic expression of MYC rescued the miR-
218-overexpressing phenotype, confirming that miR-218 targets
MYC to repress EC proliferation and metabolism. Our data also
confirmed repression of the mTORCI signature in miR-218-overex-
pressing HUVECs, consistent with previous findings.”' Reduction in
mTORCI activity may further disfavor MYC activity and reinforce
EC quiescence via metabolic control after Notch activation and
miR-218 upregulation.*’

As the central regulator of cell proliferation, MYC is tightly regulated
at multiple levels in cells, including miRNA-mediated regulation.***’
Interestingly, miR-218 does not attenuate MYC levels by directly tar-
geting MYC mRNA, but by targeting at least three MYC regulators as

Figure 7. miR-218 overexpression compromises physiological and pathological angiogenesis

(A) Expression levels of miR-218 and MYC mRNA from retinal vasculature isolated from pups at P3, P5, P7, and P11 (n = 3). (B) Immunofluorescence staining with 1B4 (green),
BrdU (red), and Erg (white) of P5 retina injected with miR-218 agomiR and NC. BrdU*Erg™ cells and the number of loops were quantitatively compared in the leading growth
edge between the two groups (n = 5). (C) P3 pups were injected intravitreally with miR-218 agomiR or NC. Retinas were collected on P5 and MYC, EYA3, hnRNPA1, RRM2,
and CDKN1A levels were determined by western blotting (n = 3 or 4). (D) Mice were subjected to laser-induced CNV. Choroidal tissues were collected on the indicated days,
and miR-218 level was determined by quantitative real-time PCR (n = 3). (E) Immunofluorescence staining with IB4 (green) of flat mounted RPE-choroid-sclera complexes on
day 7. The CNV volumes (marked by circles with dashed lines) were compared between the miR-218 and NC groups (n = 4 for each group, 5 laser burns per sample). (F) Pups
were injected subcutaneously with DAPT or DMSO at P1 and P3, followed by intravitreous injection with miR-218 agomiR or NC at P3, and injected i.p. with EdU at P5.
Retinas were collected 4 h later, followed by immunofluorescence staining with I1B4 (green), EdU (red), and Erg (white). The number of loops and EdU*Erg* cells were
quantitatively compared in the leading growth edge among the three groups (n = 6). (G) A summary of miR-218-mediated repression of MYC expression in ECs. Notch
activation in ECs upregulates miR-218 by transactivating the Slit2 promoter. miR-218 represses MYC via at least three mechanisms, namely, (1) reducing MYC mRNA level,
(2) inhibiting MYC translation via hnRNPA1, and (3) promoting MYC degradation via EYA3. MYC could be activation by various pro-angiogenic pathways such as VEGFR2
signaling (as an example). Scale bars, 50, 100, or 200 um as indicated. Error bars, means + SD. *p < 0.05, **p < 0.01, **p < 0.001.
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documented in our experiments. First, miR-218 overexpression
slightly reduced the MYC mRNA levels. Several pathways, including
Wnt, FOXO1, and NF-kB,'>*® regulate MYC transcription, but we
failed to find significant transcriptomic changes in these pathways
in miR-218-overexpressing HUVECs, leaving the mechanism for
miR-218-mediated MYC transcriptional regulation an open question.
The second mechanism of miR-218-mediated MYC downregulation
may be a retarded translation. We identified hnRNPA1 as a potential
miR-218 target in ECs. hnRNPA1 regulates alternative pre-mRNA
splicing, nuclear export of mature mRNAs, and both cap-dependent
and IRES-mediated translation initiation."””'” The 5" UTR of the
MYC mRNA contains an IRES, which recruits the 40S ribosomal sub-
unit to initiate translation.'”'® Importantly, it has been reported that
hnRNPAL1 acts as an IRES trans-acting factor (ITAF) of MYC mRNA,
and therefore maintains MYC translation when cap-dependent trans-
lation is inhibited.”’ miR-218 downregulates hnRNPA1 via its 3’
UTR, leading to compromised MYC translation. The third mecha-
nism underlying miR-218-mediated MYC repression is protein
degradation. This involves miR-218-mediated repression of EYA3,
which promotes MYC degradation. EYA proteins serve as transcrip-
tional co-activators and haloacid dehalogenase-family tyrosine phos-
phatases. EYA proteins have an unexpected connection with PP2A,
the major serine/threonine phosphatase that dephosphorylates
many critical cellular molecules, such as AKT, tumor protein p53
(TP53), and catenin beta 1 (CTNNB1).>>** PP2A consists of a cata-
Iytic (C), structural (A), and regulatory/variable B-type subunit,
which can be grouped into four subfamilies (B [B55/PR55], B’
[B56/PR61], B” [B72/PR72], and BA [PR93/PR110]) and determines
PP2A function. The B560 subunit directs PP2A to MYC, leading to
dephosphorylation of Ser62 and proteasome-dependent degradation
of MYC. EYA3 binds to B55a, leading to dephosphorylation of MYC
Thr58 instead of Ser62, which increases MYC stability.zd‘23 Therefore,
miR-218 downregulation of EYA3 leads to decreased MYC stability.
In summary, our data suggest that miR-218 downregulates MYC in a
multi-layered manner, which may achieve the regulatory purpose
without causing catastrophic alterations in cell signaling (Figure 7G).

Previously, we reported that Notch activation upregulates a group of
miRNAs, and one of them, miR-342-5p, represses multiple angio-
genic pathways in ECS including VEGFR2 and transforming growth
factor beta (TGF-P) signaling.*® In the current study, we showed that
miR-218 is also upregulated by Notch activation and represses angio-
genesis by inhibiting EC proliferation via MYC. Many miRNAs have
been implicated in regulating angiogenesis.””*’ Our studies suggest
that Notch activation could upregulate a group of miRNAs that coor-
dinate the effects of Notch signaling to repress angiogenesis via mul-
tiple mechanisms. These anti-angiogenic miRNAs could be used in
combination for the treatment of angiogenic diseases, such as CNV
and cancer.

MATERIALS AND METHODS

Animals

C57BL/6 mice were maintained under specific pathogen-free condi-
tions. P3 pups were intravitreally injected with 0.2 nmol synthetic

miR-218 agomiR or antagomiR in 0.5 pL. RNA-free phosphate-buft-
ered saline (PBS) in one eye and with nonsense control (NC; RiboBio,
Guangzhou, China) in the other. On P5, pups were intraperitoneally
(i.p.) injected with BrdU (Sigma-Aldrich, St Louis, MO, USA) at
100 pg/g of body mass or EdU (RiboBio) at 50 pg/g of body mass
for 4 h before sacrifice. For Notch signal blockade in vivo, 30 g/kg
DAPT (Selleck Chemicals, Houston, TX, USA) was subcutaneously
injected on P1 and P3. The laser-induced CNV model was established
in 4-week-old mice as previously described.® Mice received an intra-
vitreal injection of miR-218 agomiR or Cy3-labeled NC on day 0.5 af-
ter photocoagulation and were sacrificed on day 7. Retinal pigment
epithelia (RPE)-choroid-sclera complexes were dissected after perfu-
sion with PBS. All animal experiments followed the guidelines issued
by the Animal Experiment Administration Committee of the Fourth
Military Medical University.

Cell culture and transfection

HUVECs were cultured in EC medium (ECM; ScienCell, San Diego,
CA, USA) supplemented with 5% fetal bovine serum (FBS), EC
growth supplements (ECGS), 100 U/mL penicillin, and 100 pg/mL
streptomycin. Cells between passages two and six were used. MRC5
(human embryonic lung fibroblasts) and HEK293T cell lines (Amer-
ican Type Culture Collection [ATCC], Manassas, VA, USA) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invitro-
gen, Carlsbad, CA, USA) containing 2 mM L-glutamine and 10% FBS.

Adenoviruses expressing miR-218 (AdmiR-218, from pGV317-miR-
218) was purchased from Genechem (Shanghai, China), and AAMYC
or AANIC were purchased from HanBio (Shanghai, China). All
adenovirus-encapsulated plasmids contained a green fluorescent pro-
tein (GFP) sequence to monitor infection efficiency. HUVECs were
infected with adenovirus at a multiplicity of infection (MOI) of 30 ac-
cording to standard procedures. To knockdown miR-218, we infected
HUVECs with a lentivirus expressing miR-218 inhibitor (Anti-218;
Genechem) at an MOI of 30. DAPT and the proteasome inhibitor
MG-132 (Selleck Chemicals) were used at concentrations of
25 pmol/L and 50 pmol/L, respectively, with dimethyl sulfoxide
(DMSO) as a control. For RNA and protein decay assays, HUVECs
were treated with ActD (Selleck Chemicals) at 5 pmol/mL or CHX
(Selleck Chemicals) at 50 pg/mL, respectively, for the stated period
of time. To coat culture dishes with soluble DIl4, we added recombi-
nant DIl4 (Sino-Biological, Beijing, China) solution or PBS to the cul-
ture wells (0.5 pg) and incubated them for 12 h at 4°C. The solutions
were discarded, and HUVECs (6 x 10* cells/well) were seeded after
washing with PBS. In some experiments, DAPT or DMSO was added
after cell adherence and cultured for 48 h.

Immunostaining

Retinas were dissected and post-fixed in 4% paraformaldehyde (PFA)
overnight at 4°C, blocked, and permeabilized in PBS containing 1%
bovine serum albumin (BSA) and 0.5% Triton X-100 overnight. Sam-
ples were incubated with isolectin B4 (IB4) (1:100) or anti-Erg (1:200)
in PBS containing 1% BSA and 0.5% Triton X-100 overnight at 4°C,
followed by incubation with Alexa Fluor 647-conjugated goat anti-
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rabbit immunoglobulin G (IgG; H+L) secondary antibody (1:400) in
PBS. Retinas were then treated with 2 mol/L HCI for 30 min at 37°C,
washed with 0.1 mol/L sodium tetraborate solution, and blocked in
PBS containing 1% BSA for 2 h at room temperature (RT). Anti-
BrdU (1:400) was incubated in PBS containing 1% BSA and 0.5%
Triton X-100, followed by incubation with Alexa Fluor 488-conju-
gated goat anti-rat IgG (H+L) secondary antibody (1:400). EdU stain-
ing was performed according to the manufacturer’s instructions. Each
step was washed three times with PBS for 10 min. Retinas were flat-
mounted under a dissecting microscope (Olympus, Tokyo, Japan),
examined, and photographed under a confocal laser scanning micro-
scope (FV1000, Olympus). Antibody reagents are listed in Table S2.

Reporter assay

The human Slit2 promoter (—2,000 to +1 bp of human Slit2 gene,
NC_000004.12:20251905-20620561) was amplified by PCR with HU-
VEC DNA as a template, and subcloned into the pGL3-basic plasmid
(Promega, Madison, W1, USA) to construct pGL-Slit2. The 5’ and 3’ hu-
man MYC UTRs (NM_002467.5), hnRNPA1 3’ UTR (NM_002136.3),
and human EYA3 3’ UTR (NM_001990.3) were amplified from DNA
or cDNA derived from HUVECs using the primers listed in Table S3.
Amplified fragments were cloned into the pGL3-promoter plasmid
(Promega) to construct pGL-MycUTR5, pGL-MycUTR3, pGL-
hnRNPAUTR3, and pGL-EYAUTR3, respectively.

HEK293T cells were co-transfected with pGL-Slit2 (100 ng), phRL-
TK (5 ng), and pEFBOS-NIC (0, 50, 100 ng, balanced by pEFBOS-
neo).”" In other cases, HUVECs were co-transfected with 100 ng
pGL-MycUTR5, pGL-MycUTR3, pGL-hnRNPAUTR3, pGL-EYA
UTR3, together with phRL-TK (5 ng) and pGV317-miR-218 (0, 50,
100 ng, Genechem). Cells were lysed 48 h after transfection, and
firefly and Renilla luciferase activities were analyzed using a Dual-
Luciferase Reporter Assay System (Promega).

Cell proliferation assay

EdU incorporation was performed after infection with AdmiR-218 or
AdCtrl for 24, 48, or 72 h as previously described.”® For cell-cycle
analysis, HUVECs were cultured in ECM containing 0.5% FBS for
24 h, then cultured in complete ECM for another 24 h. Cells were
trypsinized and fixed in 75% ethanol at 4°C for 2 h, then incubated
with PBS containing 0.2% Triton X-100, 3,000 U/mL RNase A
(Sigma-Aldrich), and 50 pg/mL propidium iodide (PI; P4170,
Sigma-Aldrich) for 30 min at 37°C. Cells were analyzed by fluores-
cence-activated cell sorting (FACS) using a FACSCalibur flow cytom-
eter (BD Biosciences, San Jose, CA, USA). Data were analyzed using
ModFitLT software (Verity Software House, Topsham, ME, USA).
For cell counting, HUVECs were digested and resuspended in com-
plete ECM. The number of cells per well was quantified using a count-
ing chamber.

Cell apoptosis assay

Cell apoptosis was detected using a DNA fragmentation imaging kit
(Roche, Basel, Switzerland) according to the manufacturer’s instruc-
tions. DNA fragmentation was measured using terminal deoxynu-
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cleotidyl transferase and fluorescein-labeled dUTP (TUNEL assay).
Briefly, HUVECs were fixed in 4% PFA for 10 min at RT, and then
incubated with the reaction solution at 37°C for 1 h following the
nuclei dye mixture at RT for 5 min. For the positive control, HUVECs
were pre-treated with DNase I at RT for 10 min before incubation
with the reaction solution. The cells were analyzed using a fluores-
cence microscope (BX51, Olympus).

Lumen formation assay

HUVEGs (1 x 10° cells/well) were seeded in 96-well plates precoated
with 200 pL Matrigel (1:1, BD Biosciences) and incubated at 37°C for
4 h. The number of branches, loops, and total length of the cell cords
were measured.

Fibrin beads sprouting assay

HUVECs were incubated with Cytodex 3 microcarrier beads (Sigma-
Aldrich) in EGM-2 medium (Lonza, Basel, Switzerland) at 37°C for 4
h, then cultured overnight. The beads were embedded in fibrinogen
(Sigma-Aldrich) containing 0.625 U/mL thrombin (Sigma-Aldrich)
the next day at a density of 100 beads/mL in a 48-well plate, and
0.5 mL EGM-2 medium was added with MRC5 (5 x 10> cells/well).
HUVECs were allowed to sprout for 4 days. Sprouting was quantified
by measuring the number and length of the sprouts.

RNA-seq analysis

HUVEC:s infected with AdmiR-218 or AdCtrl for 48 h were analyzed
by RNA-seq. RNA extraction and sequencing were performed using a
custom service provided by Megagenomics (Beijing, China) using the
Mumina HiSeq3000 platform. Raw data reported in this paper have
been deposited in the Genome Sequence Archive of the BIG Data
Center (Beijing, China; accession number CRA002986; http://bigd.
big.ac.cn/gsa). Bioinformatics analysis was performed using Omic-
Share (https://www.omicshare.com/tools).

Quantitative real-time PCR

Total RNA from HUVECsS or retinal vasculature was extracted using
TRIzol reagent (Invitrogen), and cDNA was synthesized using a
reverse transcription kit (Takara Dalian, Dalian, China). Real-time
PCR was performed using a TB Green Premix Ex Taq kit (Takara)
and a QuantStudio 3 real-time PCR system (Life Technologies, Wal-
tham, MA, USA). Gene expression levels are reported as relative fold-
change, with RPS18 as an internal control.”” The miRNA levels were
determined using a miRNA quantitative real-time PCR kit (Takara),
with U6 RNA as an internal control. The primer sequences are listed
in Table S3.

Western blotting

HUVEC: or retinal vasculature were lysed in radioimmunoprecipita-
tion assay (RIPA) buffer (Beyotime, Shanghai, China) containing
phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich). To detect
the cytoplasmic and nuclear p65 protein levels, we performed cyto-
plasmic and nuclear extraction using an extraction kit (Beyotime) ac-
cording to the manufacturer’s instructions. Proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-


http://bigd.big.ac.cn/gsa
http://bigd.big.ac.cn/gsa
https://www.omicshare.com/tools

www.moleculartherapy.org

PAGE) and blotted onto polyvinylidene fluoride (PVDF) membranes.
Membranes were incubated with primary antibodies, then horse-
radish peroxidase (HRP)-conjugated goat anti-rabbit IgG or horse
anti-mouse IgG secondary antibody (1:2,000, Cell Signaling Technol-
ogy, Boston, MA, USA). Each step was followed by three washes in
PBS containing 0.1% Tween 20 for 10 min. Bands were visualized us-
ing an enhanced chemiluminescence (ECL) system (Clinx Science In-
struments, Shanghai, China). Quantification was performed using
Image]2x software (Rawak Software, Stuttgart, Germany). The anti-
bodies used are listed in Table S2.

Retinal vasculature assessment

Assessment of the retinal vessels was based on a published protoco.
For quantitation of vascular density and proliferative ECs, the equiv-
alent area of the retina with adequate capillary plexus (to avoid vessel-
free zone) at the leading edge was selected as a “field” between
different samples. Vascular density was calculated as the number of
capillary loops, and proliferative ECs were calculated as the number
of BrdU"Erg" or EQU"Erg" cells per field.

1.53

Statistical analysis

Statistical analysis was performed using Image-Pro Plus 6.0 (Media
Cybernetics, Rockville, MD, USA) and GraphPad Prism 8 (GraphPad
Software, San Diego, CA, USA). All quantitative data are presented as
the mean =+ standard deviation (SD). Statistical significance was calcu-
lated using Student’s t test or one-way analysis of variance (ANOVA).
Statistical significance was set at p < 0.05.
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