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Diabetic retinopathy (DR) is the leading cause of blindness in working-age adults. Vascular pericyte degeneration is the
predominant clinical manifestation of DR, yet the mechanism governing pericyte degeneration is poorly understood. Circular
RNAs (circRNAs) play important roles in multiple biological processes and disease progression. Here, we investigated the

role of circRNA in pericyte biology and diabetes-induced retinal vascular dysfunction. cZNF532 expression was upregulated

in pericytes under diabetic stress, in the retinal vessels of a diabetic murine model, and in the vitreous humor of diabetic
patients. cZNF532 silencing reduced the viability, proliferation, and differentiation of pericytes and suppressed the recruitment
of pericytes toward endothelial cells in vitro. cZNF532 regulated pericyte biology by acting as a miR-29a-3p sponge and
inducing increased expression of NG2, LOXL2, and CDK2. Knockdown of cZNF532 or overexpression of miR-29a-3p aggravated
streptozotocin-induced retinal pericyte degeneration and vascular dysfunction. By contrast, overexpression of cZNF532 or
inhibition of miR-29a-3p ameliorated human diabetic vitreous-induced retinal pericyte degeneration and vascular dysfunction.
Collectively, these data identify a circRNA-mediated mechanism that coordinates pericyte biology and vascular homeostasis in

Introduction
Pericytes are found on almost all capillaries as well as on small
arterioles and venules throughout the body. They are embedded
within the basement membranes and wrap endothelial cells to
establish strong physical contacts (1, 2). Pericytes are important
regulators of vascular development, angiogenesis, and vascular
stabilization (3, 4). Pericyte degeneration has been observed in a
series of human disorders, such as diabetic microvascular com-
plications, tissue fibrosis, and cancers (5-7). Despite the pivotal
role of pericyte in biological processes and human disorders, the
mechanism governing pericyte biology remains largely unknown.
Diabetes-associated vascular complications are the major
causes of morbidity and mortality among diabetic patients.
Diabetic retinopathy (DR) is the most common microvascular
complication of diabetes (8, 9). Of note, pericyte degeneration
is considered the early hallmark of diabetes-induced retinal
vascular dysfunction. Pericyte coverage is obviously greater in
retinal capillaries than in other capillaries (10, 11). Moreover,
retinal capillaries can be observed directly and noninvasively,
providing an excellent system for studying pericyte biology (12).
The mechanisms that govern pericyte biology have been investi-
gated. Aberrant Angiopoietin-1/Tie2 signaling, platelet-derived
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DR. Induction of cZNF532 or antagonism of miR-29a-3p is an exploitable therapeutic approach for the treatment of DR.

growth factor (PDGF) signaling, or transforming growth factor
(TGF) signaling can induce pericyte degeneration in retinal cap-
illaries (13-16). However, there is extensive overlap and complex
crosstalk among these signaling pathways. A new insight into the
mechanism that drives pericyte degeneration may provide anovel
therapeutic strategy for DR.

Circular RNAs (circRNAs) are a novel type of endogenous
noncoding RNAs with closed-loop structures, which are broadly
expressed in the eukaryotic transcriptome (17, 18). circRNAs usu-
ally display a tissue-specific or developmental-specific expression
pattern. They regulate gene expression by acting as microRNA
sponges or the regulators of parental gene transcription or alter-
native splicing (19). Aberrant circRNA expression has been
reported in many human diseases, including cancers, neurode-
generation, and cardiovascular diseases (20, 21). In this study,
we investigated the role of circRNAs in pericyte degeneration
and diabetes-induced retinal dysfunction. We showed that over-
expression of ¢ZNF532 or inhibition of miR-29a-3p ameliorated
diabetes-induced pericyte degeneration and retinal vascular dys-
function. Thus, the intervention of cZNF532-mediated signaling
offers a promising opportunity for the treatment of DR.

Results

Identification of cZNF532 as a high glucose-regulated circRNA in
pericytes. To identify high glucose-regulated circRNAs, we incu-
bated human retinal pericytes with 5.55 mM glucose (normal
glucose, NG), 5.55 mM glucose plus 24.45 mM pyruvate (osmotic
control, OS), or 30 mM glucose (high glucose, HG) for 24 hours,
and then prepared RNA samples for circRNA expression profiles.
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One-way analysis of variance (ANOVA) was conducted to identi-
fy differentially expressed circRNAs among the HG, NG, and OS
groups. We set the threshold as fold change over 2.0 and P value
under 0.05, and identified 1523 differentially expressed circRNAs
between the HG group and NG group (625 upregulated and 898
downregulated, Supplemental Data Set 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI123353DS1) and 792 circRNAs between the HG group and OS
group (386 upregulated and 406 downregulated, Supplemental
Data Set 2). Venn diagrams were generated to identify high glu-
cose-regulated circRNAs and exclude osmotic pressure-regulated
circRNAs. Eighty-six upregulated and 97 downregulated cir-
cRNAs were specifically regulated by high glucose (Supplemental
Data Set 3 and Supplemental Figure 1A). Hierarchical clustering
analysis of high glucose-regulated circRNAs divided the samples
into 3 groups, showing a clear switch among HG, NG, and OS
groups (Supplemental Figure 1B). We then conducted real-time
reverse transcription PCR (qQRT-PCR) to detect the expression pat-
tern of 5 upregulated and 5 downregulated circRNAs identified by
circRNA microarray. Expression of circ 0047814, circ_ 0001757,
circ_0002085, circ_ 0002404, or circ_ 0004588 was upregulated
by the treatment of pericytes with 30 mM glucose. By contrast,
the expression of circ 0090921, circ 0086414, circ_ 0084156,
circ_0084062, or circ_ 0082423 expression was downregulated in
response to 30 mM glucose (Supplemental Figure 1C).

Of these verified circRNAs, circ_0047814 was the most upreg-
ulated circRNA. It had a homologous gene in mouse genome
(mmu_circ 0000883) and the sequence similarity was over 85%,
which was suitable for determining its biological function using
the mouse model. circ 0047814 was named cZNF532 because
its host gene was ZNF532. Sanger sequencing confirmed that
CZNF532 expression was constitutively expressed in retinal peri-
cytes (Figure 1A). cZNF532 was resistant to RNAse R digestion,
whereas linear ZNF532 mRNA was easily degraded (Figure 1B).
qRT-PCR revealed that ¢ZNF532 was mainly expressed in the
cytoplasm of pericytes (Figure 1C).

We further determined whether diabetic stress influenced
CZNF532 expression in vivo and in vitro. Streptozotocin (STZ)
was administered to 8-week-old C57BL/6] mice over 5 consecu-
tive days to build a diabetic murine model. Retinal vessels were
extracted from the retinas at 1 month, 2 months, 4 months, and
6 months after induction of diabetes using anti-mouse CD31
antibody, followed by sheep anti-mouse IgG-conjugated mag-
netic beads and magnetic separation (22). cZNF532 expression
was significantly upregulated in diabetic vessels compared
with nondiabetic controls (Figure 1D). Human retinal pericytes
or human retinal vascular endothelial cells (HRVECs) were
exposed to high glucose, oxidative stress, or inflammatory stim-
ulus to mimic diabetic stress in vitro. Compared with the NG
group, high glucose (30 mM) induced ¢ZNF532 expression in
pericytes after 24-hour or 48-hour treatment (Figure 1E). A sim-
ilar result was observed in pericytes upon oxidative stress (H,0,,
100 um) or inflammatory stimulus, such as VEGF (20 ng/mL),
TNF-a (50 ng/mL), or IL-6 (50 ng/mL) (Figure 1F). By contrast,
high glucose, oxidative stress, or inflammatory stimulus did not
affect cZNF532 expression in HRVECs after 24-hour or 48-hour
treatment (Figure 1, G and H).
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To understand the mechanism of ¢ZNF532 induction under dia-
betic conditions, we examined its transcriptional regulation. Analy-
sis by the TRANSFAC database revealed the binding sites of several
transcription factors in the sequence of cZNF532, including SP1, a
transcription factor involved in the pathogenesis of diabetes (23). SP1
induction was observed in pericytes following high glucose or oxida-
tive stress (Supplemental Figure 1D). SP1 silencing led to a marked
reduction of cZNF532 expression (Supplemental Figure 1E). Normal
pericytes and SP1 silencing pericytes were exposed to high glucose
or oxidative stress for 12 hours. Chromatin immunoprecipitation
assays were conducted to examine the binding between SP1 and the
promoter region of cZNF532. DNA fragments were pulled down by
a specific SP1 antibody. Upon high glucose or oxidative stress, more
DNA fragments were pulled down by SP1 antibody in normal peri-
cytes than in SP1 silencing pericytes (Supplemental Figure 1F).

CZNF532 regulates pericyte function in vitro. We determined
whether ¢ZNF532 regulated pericyte function in vitro. The
expression of cZNF532 but not ZNF532 mRNA was significantly
decreased after the transfection of cZNF532 siRNA (Supplemen-
tal Figure 2). Pericytes are multipotent stem and/or progenitor
cells, which can be differentiated into many different cell types
(3). ¢ZNF532 silencing by ¢ZNF532 siRNA1 reduced the expres-
sion of pericyte markers, including platelet-derived growth factor
receptor B (PDGFR-B), a-SMA, Desmin, and NG2 (Figure 2A).
Pericyte-endothelial cell crosstalk is important for vascular
homeostasis. Pericyte recruitment is required for proper endo-
thelial barrier function (2). Matrigel coculture assays revealed
that cZNF532 silencing decreased pericyte recruitment toward
HRVECs (Figure 2B). Pericytes were cocultured with HRVECs
for 8 hours and 12 hours. Pericytes were seeded onto the baso-
lateral side of the filter, while HRVECs were seeded onto the api-
cal side. Aliquots were collected from the basolateral side 1, 2, 3,
and 4 hours after the addition of FITC-dextran to the apical side.
CZNF532ssilencing in pericytes increased the permeability of mac-
romolecules as compared with the control group (Figure 2C).

We then determined whether abnormal pericyte differen-
tiation and recruitment was associated with altered cell viabil-
ity or proliferation. MTT assays and Ki67 staining showed that
CZNF532 silencing by cZNF532 siRNA1 decreased the viability
and proliferation of pericytes (Figure 2, D and E). Flow cytom-
etry analysis was conducted to determine cell cycle change.
Compared with WT control group, cZNF532 silencing pericytes
displayed a 3-fold reduction in S-phase cells and about a 30%
increase in Gl-phase cells (Figure 2F). We then determined
whether cZNF532 silencing affected the development of pericyte
apoptosis. PI staining and caspase-3/7 activity assays revealed
that ¢ZNF532 silencing by c¢ZNF532 siRNA1 aggravated high
glucose- or oxidative stress-induced cell apoptosis as shown by
increased caspase-3/7 activity and increased PI* cells (Figure 2,
G and H, and Supplemental Figure 3).

We also revealed that cZNF532 silencing by cZNF532 siRNA2
or siRNA3 reduced the expression of pericyte markers, decreased
the recruitment of pericytes toward HRVECs, and decreased the
viability and proliferation of pericytes (Supplemental Figure 4).
Moreover, cZNF532 silencing by cZNF532 siRNA2 or siRNA3
aggravated high glucose- or oxidative stress-induced pericyte
apoptosis (Supplemental Figure 5).
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Figure 1. Identification of cZNF532 as a high glucose-regulated circRNA in pericytes. (A) Sanger sequencing was conducted to detect cZNF532 expression
in pericytes. The result of Sanger sequencing (bottom) was consistent with the sequence of cZNF532 in circBase (top). (B) Total RNAs were digested with
RNAse R followed by gRT-PCR detection of cZNF532 expression. ZNF532 mRNA and VEGFA mRNA was detected as the RNAse R-sensitive control (n = 4,
Student’s t test). (C) The expression of nucleus transcript (U6), cytoplasm transcript (GAPDH), ZNF532 mRNA, and cZNF532 was detected by gRT-PCRs in
the nucleus and cytoplasm fraction of pericytes (n = 4). (D) cZNF532 expression was detected by gRT-PCRs in retinal vessels isolated from nondiabetic ret-
inas and diabetic retinas 1 month, 2 months, 4 months, and 6 months after the induction of diabetes (n = 6 animals per group, Student’s t test). The blood
glucose levels of diabetic mice were above 300 mg/dL. (E and G) cZNF532 expression was detected by gRT-PCRs in pericytes (E) or HRVECs (G) cultured in
medium containing normal glucose (NG, 5.55 mM), 5.55 mM glucose plus 24.45 mM pyruvate (osmotic control, 0S), high glucose (HG, 30 mM), or H,0, (100
um) for 24 hours and 48 hours. (F and H) cZNF532 expression was detected by gRT-PCRs in pericytes (F) or HRVECs (H) cultured in the medium containing
VEGF (20 ng/mL), IL-6 (50 ng/mL), and TNF-a (50 ng/mL) or left untreated (Ctrl) for 24 hours and 48 hours. For E-H, *P < 0.05, 1-way ANOVA followed by
Bonferroni’s post hoc comparison test, error bar indicates SD.

We investigated whether cZNF532 silencing affected endo-
thelial cell function in vitro. cZNF532 expression was downreg-
ulated after cZNF532 siRNA transfection in HRVECs (Supple-
mental Figure 6A). MTT and Ki67 staining assays showed that
CZNF532 silencing did not affect the viability and proliferation
of HRVECs (Supplemental Figure 6, B and C). PI staining and

caspase-3/7 activity assays showed that cZNF532 silencing did
not affect the development of high glucose- and oxidative stress-
induced cell apoptosis (Supplemental Figure 6, D-G).

CZNF532 regulates retinal pericyte function and vascular integ-
rity in vivo. Given the induction of ¢ZNF532 in diabetic retinal
vessels, we postulated that ¢ZNF532 was involved in retinal
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Figure 2. cZNF532 regulates pericyte function in vitro. (A) The expression
of pericyte markers, including PDGFR-B, a-SMA, desmin, and NG2, was
detected by gqRT-PCRs in pericytes after the transfection of scrambled (Scr)
siRNA or cZNF532 siRNAT, or left untreated (Ctrl) for 24 hours and 48 hours
(n =4). (B) WT (Ctrl), cZNF532 siRNA1, or Scr siRNA-transfected pericytes
were cocultured with HRVECs for 8 hours or 12 hours and then stained with
NG2 (pericytes) and CD31 (HRVECs) to detect the recruitment of pericytes
toward HRVECs (n = 4). The representative images at 12 hours are shown.
Scale bar: 100 um. (€) WT (Ctrl), cZNF532 siRNAT1, or Scr siRNA-transfected
pericytes were cocultured with HRVECs for 8 hours and 12 hours. Fluores-
cent solute (FITC-Dextran, 70 kDa) was added to the apical chamber and
the rate of flux across the HRVEC monolayer was detected by a microplate
reader. Endothelial barrier permeability was shown as relative diffusive
flux change (n = 4). Average Po for the control samples at 8 hours and 12
hours was 2.78 x 107° cm/sec and 1.62 x 1076 cm/sec, respectively. (D and

E) Pericytes were transfected with Scr siRNA or cZNF532 siRNAT1, or left
untreated (Ctrl) for 24 hours or 48 hours. Cell viability was detected by MTT
method (D, n = 4). Cell proliferation was detected by Ki67 staining. The
representative images at 48 hours were shown (E, scale bar: 20 um, n = 4).
(F) Cell cycles of pericytes were detected by flow cytometry 48 hours after
the transfection of Scr siRNA or cZNF532 siRNAT1. Cell percentage in each
phase was calculated by BD Cell Quest Pro software. (G and H) Pericytes
were transfected with Scr siRNA or cZNF532 siRNAT, or left untreated
(Ctrl), and then exposed to 30 mM glucose for 24 hours or 48 hours. Apop-
totic cells were detected by caspase-3/7 activity (G, n = 4) or Pl staining (H,
n = 4). Representative Pl staining images at 48 hours were shown (scale
bar: 100 pum). All significant difference was determined by 1-way ANOVA
followed by Bonferroni’s post hoc test. Error bar indicates SD. *P < 0.05.

vascular dysfunction. Intravitreous injection of ¢ZNF532 shR-
NA reduced the expression of ¢cZNF532 but not ZNF532 mRNA
(Supplemental Figure 7, A and B). We used cZNF532 shRNA1 for
subsequent experiments because it had the greatest silencing
efficiency. Injection of ¢ZNF532 shRNA1 significantly reduced
retinal cZNF532 expression but not ZNF532 mRNA expression
throughout the experiment (Supplemental Figure 7, C and D).
STZ injection induced hyperglycemia and a phenotype strong-
ly resembling type 1 diabetes mellitus and diabetic retinopathy.
We used an STZ-induced diabetic model to investigate the role of
CZNF532 in retinal vascular dysfunction. cZNF532 shRNALI injec-
tion did not further change the glycemic level and body weight
of diabetic mice (diabetic+cZNF532 shRNA) as compared with
diabetic group (diabetic+Scr shRNA) (Supplemental Table 1).
CZNF532 shRNALI injection did not induce a detectable immune
response as shown by unchanged expression of IL-6 and MCP-1
in the serum and vitreous compared with PBS-injected control
(Supplemental Figure 7, E and F).

IB4 and NG2 immunofluorescence staining was conducted
to detect pericyte coverage of retinal vessels. At 1 month,
CZNF532 silencing alone (cZNF532 shRNA) or DR alone did not
affect pericyte coverage. The combination of cZNF532 silencing
and diabetes (DR + cZNF532 shRNA) reduced pericyte coverage.
CcZNF532 shRNA alone or DR alone reduced retinal pericyte cov-
erage at 2 months, 4 months, and 6 months. Combine of cZNF532
silencing and diabetes further reduced retinal pericyte coverage
(Figure 3, A and B). These results show that the experimental
factors, cZNF532 silencing and diabetes, regulated pericyte
coverage in a synergistic manner. Evans blue (EB) assays were
conducted to detect retinal vascular leakage. We also revealed
that the experimental factors, cZNF532 silencing and diabetes,

RESEARCH ARTICLE

aggravated diabetes-induced retinal vascular leakage in a syner-
gistic manner at 1 month, 2 months, 4 months, and 6 months,
which was similar to the result of cZNF532-regulated pericyte
coverage (Figure 3, C and D). Acellular vascular, microaneurysm,
and pericyte loss are the typical pathological features of diabet-
ic retinas (24). Trypsin digest and periodic acid Schiff (PAS)
staining was conducted to detect the structural change of retinal
vessels. Nondiabetic retinas injected with cZNF532 shRNA gen-
erated diabetic vascular pathology as shown by the appearance
of retinal microaneurysms, acellular capillaries, and pericyte
ghosts after 2 months, 4 months, and 6 months of treatment. In
diabetic retinas, cZNF532 silencing further increased the num-
ber of microaneurysms, acellular capillaries, and pericyte ghosts
(Supplemental Figure 8, A-D). DR is usually associated with
inflammatory response due to vascular impairment (9). ELISAs
revealed that cZNF532 silencing aggravated diabetes-induced
retinal inflammatory response after 6 months of treatment as
shown by increased expression of IL-2, IL-6, TNF-a, VEGF, and
MCP-1 (Supplemental Figure 8E).

We further asked whether cZNF532 overexpression alleviated
diabetes-induced retinal vascular dysfunction. cZNF532 overex-
pression protected against retinal vascular dysfunction as shown
by increased pericyte coverage, decreased vascular permeability
as shown by reduced EB extravasation, and decreased number of
microaneurysms, acellular capillaries, and pericyte ghosts (Sup-
plemental Figure 9). Collectively, the above-mentioned results
indicate that cZNF532 regulates retinal pericyte function and vas-
cular integrity in vivo.

Conditional knockdown of cZNF532 in pericytes induces retinal
vascular dysfunction in vivo. The above-mentioned results reveal
that nonspecific knockdown of ¢ZNF532 induced retinal vascu-
lar function. The retina is composed of tremendously diverse cell
types. However, it is still challenging to knockout a gene especial-
ly a circRNA in a specific cell type (25). Since hundreds of gene-
specific promoter-driven Cre mouse lines are available, cZNF532
shRNA was subcloned into the Cre-dependent AAV vector, pAKD-
CMV-bGlobin-EGFP-cZNF532 shRNA. Intravitreous injection of
Cre-dependent cZNF532 shRNA in PDGFR-B-cre mice decreased
CZNF532 expression in pericytes but not in endothelial cells (Sup-
plemental Figure 10).

IB4 and NG2 staining showed that compared with nondiabetic
Cre group (Cre) or diabetic Cre group (Cre-DR), pericyte-specific
CZNF532 knockdown (DR + c¢ZNF532 shRNA) reduced pericyte
coverage of retinal vessels at 1 month, 2 months, 4 months, and
6 months after the administration of Cre-dependent cZNF532
shRNA (Figure 4, A and B). EB assays showed that compared with
Cre group or DR group, pericyte-specific cZNF532 knockdown
(DR + ¢ZNF532 shRNA) further aggravated retinal vascular leak-
age (Figure 4, C and D). Trypsin digest and PAS staining showed
that nondiabetic Cre retinas (Cre) injected with Cre-dependent
CZNF532 shRNA generated diabetic vascular pathology as shown
by the appearance of retinal microaneurysms, acellular capillar-
ies, and pericyte ghosts. Compared with diabetic Cre group (Cre-
DR), cZNF532 silencing in pericytes (DR + cZNF532 shRNA)
further increased the number of microaneurysms, acellular capil-
laries, and pericyte ghosts (Supplemental Figure 11, A-C). ELISAs
revealed that pericyte-specific ¢ZNF532 knockdown aggravated
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Figure 3. cZNF532 regulates retinal pericyte function and vascular integrity in vivo. (A and B) Pericyte coverage was quantified by staining the whole-
mount retina with Isolectin IB4 and NG2 in the nondiabetic C57BL/6 mice (non-DR) or diabetic mice (Cre-DR) without or with intravitreous injection of Scr
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shown (B, scale bar: 100 um). (C and D) The mice were infused with Evans blue (EB) dye for 2 hours. The tile-scanning images of whole retinal vessels were
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SD. *P < 0.05 compared with non-DR group; #P < 0.05 between the marked groups.

retinal inflammatory response as shown by increased expression of
IL-2,IL-6, TNF-a, VEGF, and MCP-1 (Supplemental Figure 11D).
CZNF532 regulates pericyte function by acting as a sponge for
miR-29a-3p in vitro. Since cZNF532 was mainly expressed in the
cytoplasm of pericytes, we speculated that cZNF532 regulated
pericyte function at the posttranscriptional level by acting as
miRNA sponge. We searched for ¢ZNF532-interacting miRNAs
by the TargetScan algorithm, which can predict miRNAs that tar-
get circRNAs by surveying for 7-mer or 8-mer complementarity
to the seed region (Supplemental Table 2). The entire cZNF532
sequence was inserted into pGL3 luciferase reporter to generate
LUC-cZNF532 vector. Luciferase activity screening showed that
miR-29a-3p, miR-498, and miR-758 mimic transfection decreased
the luciferase activity of LUC-cZNF532 (Figure 5A). By contrast,
miR-29a-3p, miR-498, or miR-758 mimic transfection did not
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change the luciferase activity of LUC-cZNF532 mutant, which
did not have the binding sites of these miRNAs (Figure 5B). We
determined the relative expression abundance of ¢cZNF532, miR-
29a-3p, miR-498, and miR-758 in pericytes and mouse retinas.
miR-29a-3p had similar expression abundance as ¢cZNF532 and
higher expression abundance than miR-498 and miR-758 (Figure
5, C and D). Due to the high abundance, we mainly investigated
the role of miR-29a-3p in pericytes. If cZNF532 had the potency
as a sponge for miR-29a-3p, it should coexpress with miR-29a-3p
and have a limited number of miR-29a-3p target sites. FISH assay
revealed the overlapping coexpression of ¢cZNF532 and miR-29a-
3pinthe cytoplasm of pericytes (Figure 5E). cZNF532 had 3 poten-
tial miR-29a-3p binding sites (Figure 5F).

We further employed a luciferase activity assay to investigate
whether ¢ZNF532 could bind to miR-29a-3p. The perfect target
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sequence of miR-29a-3p or the entire ¢ZNF532 sequence was
inserted into the pGL3 vector to generate 2 luciferase reporters.
miR-29a-3p could bind to the above-mentioned reporters and
decrease the luciferase activity. cZNF532 overexpression or anti-
miR-29a-3p reversed miR-29a-3p-mediated repression of lucifer-
ase activity. By contrast, cZNF532-ir vector, which could not pro-
duce cZNF532, had a minor effect due to low cZNF532 production
or inefficient circularization (Figure 5, G and H). We also revealed
that transfection of miR-29a-3p inhibitor or mimic did not change
the expression of ¢ZNF532 and ZNF532 mRNA in pericytes (Fig-
ure 5I). These results suggest that cZNF532 only acted as a sponge
for miR-29a-3p and impaired miR-29a-3p activity through seques-
tering miR-29a-3p from its target genes.

We employed TargetScan to predict the target genes of miR-
29a-3p. Three candidate genes, including CSPG4 (NG2), lysyl

oxidase like 2 (LOXL2), and cyclin-dependent kinase 2 (CDK2),
aroused our interests due to their roles in cell differentiation,
migration, and proliferation (26-28). miR-29a-3p mimic transfec-
tion downregulated CSPG4, LOXL2, and CDK2 expression (Sup-
plemental Figure 12A). The 3'-UTR of CSPG4, LOXL2, or CDK2
genes was cloned into the luciferase vector and cotransfected with
miR-29a-3p mimic into HEK293T cells. A significant reduction
in luciferase activity was detected in the presence of miR-29a-3p
mimic, whereas the mutation of miR-29a-3p target site complete-
ly abolished the repression (Supplemental Figure 12B). ¢ZNF532
silencing also reduced the expression of CSPG4, LOXL2, and
CDK2 (Supplemental Figure 12C).

We also investigated the role of miR-29a-3p in pericytes. miR-
29a-3p mimic transfection reduced the expression of pericyte
markers, including PDGFR-, a-SMA, desmin, and NG2 (Sup-
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Figure 5. cZNF532 regulates pericyte function by acting as a miRNA
sponge in vitro. (A) HEK293T cells were transfected with pGL3-Basic (Ctrl)
or LUC-cZNF532 with different miRNA mimic and pRL-TK vector. pRLTK
vector was transfected as the internal transfection control. Luciferase
assays were conducted 48 hours after transfection using the Dual-Lucif-
erase Reporter Assay kit. Normalized value of luciferase activity for Ctrl
group was set to 1(n = 4). (B) LUC-cZNF532 or LUC-cZNF532-mutant was
cotransfected without or with miRNA mimic and pRL-TK vector. Luciferase
assays were conducted 48 hours after transfection. Normalized value of
luciferase activity was set to 1in cells transfected with LUC-cZNF532 and
pRL-TK (n = 4). (C and D) Relative expression abundance of cZNF532, miR-
29a-3p, miR-498, and miR-758 was detected by gqRT-PCR in pericytes (C,

n = 4) and mouse retinas (D, n = 6). (E) Expression distribution of cZNF532
and miR-29a-3p in pericytes was detected by RNA-FISH assay (scale bar:
20 um). (F) The schematic figure shows the putative binding sites of miR-
29a-3p on cZNF532 transcript. (G and H) Luciferase reporter with perfect
miR-29a-3p target site (G) or entire cZNF532 sequence was constructed
(H). The constructed reporter was transfected with 40 ng empty vector
(vector, pcDNA3), 40 ng cZNF532-ir (pcDNA3-cZNF532-ir), 40 ng cZNF532
(pcDNA3-cZNF532), 5 nM anti-miR-29a-3p (anti-miR-29a-3p), or 5 nM
anti-miRNA control (anti-Ctl), together with 20 ng pJEBB-miR-29a-3p or
pJEBB-miR-21 expression plasmid. Meanwhile, pRL-TK vector was trans-
fected as the internal control. The normalized value of luciferase activity
was set to 1in cells transfected with the constructed Luc reporter, pcDNA3
(vector), pJEBB-miR-21, and pRL-TK. Luciferase activity was detected at 48
hours after transfection (n = 4, *P < 0.05 vs. miR-29a-3p plus vector). (I)
Pericytes were transfected with miR-29a-3p mimic or miR-29a-3p inhib-
itor, or left untreated (Ctrl) for 48 hours. The expression of cZNF532 and
ZNF532 mRNA was detected by qRT-PCR (n = 4). The significant difference
was determined by 1-way ANOVA followed by Bonferroni’s post hoc test.
Error bar indicates SD. *P < 0.05.

plemental Figure 12D), decreased the recruitment of pericytes
toward HRVECs (Supplemental Figure 12E), and decreased the
viability and proliferation of pericytes (Supplemental Figure 12, F
and G). ¢ZNF532 overexpression reversed miR-29a-3p-mediated
effects on pericyte function. PI staining and caspase-3/7 activity
assays revealed that miR-29a-3p mimic transfection aggravated
high glucose- or oxidative stress-induced cell apoptosis as shown
by increased PI* cells and caspase-3/7 activity. cZNF532 overex-
pression partially alleviated miR-29a-3p-mediated proapoptotic
effects on pericytes (Supplemental Figure 13).

CZNF532-miR-29a-3p-NG2/LOXL2/CDK2 network regulates
pericyte function and vascular integrity in vivo. We then investigated
the role of miR-29a-3p in retinal vascular dysfunction in vivo. miR-
29a-3p agomir or ¢ZNF532 silencing led to increased expression
of NG2, LOXL2, and CDK2 (Supplemental Figure 14). miR-29a-
3p agomir could mimic the effects of cZNF532 silencing on retinal
vascular dysfunction. In diabetic retina, injection of miR-29a-3p
agomir decreased pericyte coverage (Figure 6, A and B), aggravat-
ed vascular leakage (Figure 6, C and D), and increased the num-
ber of microaneurysms, acellular capillaries, and pericyte ghosts
(Figure 6, E-G).

We then determined whether exogenous intervention of miR-
29a-3p overwhelmed the sponge function of cZNF532. cZNF532
silencing released the sponged miR-29a-3p. Compared with the
DR group (Ctrl), miR-29a-3p inhibition by miR-29a-3p antago-
mir reversed cZNF532 silencing-induced pericyte degeneration
(Supplemental Figure 15, A and B), reduced cZNF532 silencing-
induced retinal vascular leakage (Supplemental Figure 15C), and
decreased the number of microaneurysms, acellular capillaries,
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and pericyte ghosts (Supplemental Figure 15, D-F) at 2 months, 4
months, and 6 months after treatment.

Clinical implication of ¢ZNF532/miR-29a-3p/NG2, LOXL2,
and CDK2 signaling in retinal vascular dysfunction. We subse-
quently investigated the clinical implication of dysregulated
CZNF532/miR-29a-3p/NG2, LOXL2, and CDK2 signaling. We
collected the vitreous samples during vitrectomy from 36 sub-
jects. These samples were divided into 4 categories based on
disease severity: nondiabetic control samples (Ctrl, n = 8 eyes),
diabetic macular edema (DME) without proliferative diabetic ret-
inopathy (PDR) (n = 12 eyes), DME with PDR (n = 12 eyes), and
neovascularization of the iris (NVI), representing the most fulmi-
nate version of DR (n = 4 eyes) (Supplemental Table 3). qRT-PCRs
showed that cZNF532 expression was upregulated in the vitreous
of patients with DME, PDR, or NVI and its expression was cor-
related with disease severity (Figure 7A). By contrast, miR-29a-
3p expression was not altered in the vitreous of patients among
the 4 categories (Figure 7B). ELISAs showed that NG2, LOXL2, or
CDK2 concentration was upregulated in the vitreous of patients
with DME, PDR, or NVI compared with nondiabetic control
samples (Supplemental Table 4). Pericytes were incubated with
the vitreous from PDR patients. Caspase-3/7 activity assay or PI
staining assays revealed that induction of cZNF532-mediated sig-
naling by overexpression of cZNF532 or inhibition of miR-29a-3p
protected pericytes against diabetic vitreous-induced pericyte
apoptosis (Figure 7, C and D). Animal studies have revealed that
CZNF532 overexpression protected against diabetes-induced ret-
inal vascular dysfunction. cZNF532 was upregulated in the clini-
cal samples of the patients with DR. We postulated that cZNF532
acted as a protector in the etiology of diabetic retinopathy. EB
assays revealed that intravitreous injection of human diabetic vit-
reous led to increased retinal vasopermeability, which was similar
to previous studies (29, 30). Coinjection of ¢ZNF532 overexpres-
sion vector or miR-29a-3p antagomir reduced diabetic vitreous-
induced effect on retinal vasopermeability, which was similar to
the effect of anti-VEGF on retinal vasopermeability (Figure 7E).
NG2 and IB4 staining showed that ¢ZNF532 overexpression or
miR-29a-3p inhibition decreased diabetic vitreous-induced peri-
cyte degeneration (Figure 7F).

Discussion
A mechanistic understanding of DR pathogenesis has evolved in
recent years to encompass pericyte degeneration in addition to
endothelial dysfunction. This view is particularly plausible due to
the pivotal role of pericytes in vascular maturation, homeostasis,
and remodeling (26). In this study, we show that cZNF532 expres-
sion is upregulated in pericytes under diabetic stress, in the retinal
vessels of a diabetic murine model, and in the vitreous humor of
diabetic patients. cZNF532 regulates retinal pericyte degenera-
tion and vascular dysfunction by acting as a miR-29a-3p sponge
and inducing increased expression of NG2, LOXL2, and CDK2
(Figure 8). cZNF532 overexpression or miR-29a-3p inhibition pro-
tects against diabetes-induced retinal pericyte degeneration and
vascular dysfunction.

Hyperglycemia and oxidative stress are the major patho-
logical factors in DR (31, 32). They induce the expression of SP1
transcription factor. The involvement of SP1 in the pathogenesis
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of diabetes has been recognized previously (33, 34). SP1 binds
to the promoter region of cZNF532 and activates cZNF532 tran-
scription. Vision loss in DR is primarily ascribed to retinal vascular
dysfunction, including pericyte degeneration, hyperpermeability,
hypoperfusion, and angiogenesis, which eventually cause retinal
anatomical and functional changes (35). Pericyte degeneration is
the earliest event during retinal vascular dysfunction. cZNF532
silencing decreases pericyte coverage in retinal capillaries. Peri-
cyte loss from retinal capillaries can induce the breakdown of the
blood-retinal barrier (BRB) followed by hyperpermeability and
the inflammatory response (35). ¢ZNF532 silencing aggravates
diabetes-induced retinal vascular leakage and inflammation.
Hyperglycemia also induces the progressive loss of retinal capil-
lary cells and the generation of acellular capillaries and microan-
eurysms (36). cZNF532 silencing increases the number of non-
perfused acellular capillaries and microaneurysms. By contrast,
CcZNF532 overexpression protects against diabetes-induced
retinal vascular dysfunction. Thus, ¢ZNF532 induction is criti-
cal for maintaining pericyte function and vascular homeostasis.
¢cZNF532 induction is a compensatory response to diabetic stress.
CZNF532 induction increases the proliferation and recruitment of
pericytes, protects pericytes against diabetic stress, and retards
the progression of retinal vascular dysfunction.

Pericyte degeneration is the primary clinical manifestation in
the diabetic retina (32). Our results show that cZNF532 expression
is deregulated in pericytes but not in endothelial cells. Activation of
CcZNF532-mediated signaling appears to protect against diabetes-
induced pericyte degeneration. However, it is still challenging to
knock out a gene, especially a circRNA in a specific retinal cell.
Since hundreds of gene-specific promoter-driven Cre mouse lines
are available (25, 37), we designed Cre-dependent expression
of ¢ZNF532 shRNA and injected this shRNA into the vitreous of
PDGFR-B-Cre mouse eyes. Cre-dependent expression of cZNF532
shRNA silences cZNF532 expression in pericytes. Moreover, condi-
tional knockdown of ¢ZNF532 in pericytes induces pericyte degen-
eration and aggravates retinal vascular dysfunction. The evidence
suggests that cZNF532 protects against retinal vascular dysfunction
mainly through governing pericyte biology.

circRNAs usually play their roles by acting as the sponges for
miRNAs or proteins, competing with the linear mRNA, or regulat-
ing the transcription of their parental genes (19). cZNF532 is main-
ly expressed in the cytoplasm of pericytes, suggesting a regulatory
role at the posttranscriptional level. cZNF532 serves as a sponge
for miR-29a-3p. NG2, LOXL2, and CDK2 are verified as the target
genes of miR-29a-3p. NG2/CSPG4 is a cell-surface chondroitin
sulphate proteoglycan that is expressed by numerous tissue-spe-
cific progenitor cells during development. It is turned off upon
terminal differentiation, but it is reactivated in a diseased condi-
tion (38). NG2/CSPG4 participates in the regulation of pericyte
function and basement membrane stability (39). LOXL2 mediates
collagen stabilization and deposition in the extracellular matrix,
suggesting a potential role in cell migration (40). CDK2is a serine/
threonine protein kinase that participates in cell-cycle regulation,
and its expression is tightly associated with cell proliferation (41).
Based on the above-mentioned evidence, we know that NG2/
CSPG4, LOXL2, and CDK2 participate in cell differentiation, pro-
liferation, and migration. Pericyte degeneration is associated with
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aberrant differentiation, proliferation, and migration. cZNF532
overexpression becomes a sink for miR-29-3p, and it releases the
repressive effect of miR-29a-3p on NG2/CSPG4, LOXL2, and
CDK2. Thus, it is not surprising that cZNF532-miR-29a-3p-NG2/
LOXL2/CDK2 signaling is involved in pericyte degeneration.

Our results show that cZNF532 is upregulated in the vitre-
ous of patients with DME, PDR, or NVI and its expression is cor-
related with the severity of DR. cZNF532 is shown as a promising
biomarker for the diagnosis and prognosis of DR. cZNF532 over-
expression or inhibition of its downstream molecule, miR-29a-
3p, counteracts the effect of human diabetic vitreous-induced
increased retinal vasopermeability and decreased pericyte cover-
age. The role of VEGF in vasopermeability and pericyte function
has been recognized gradually. Delivery of anti-VEGF is a major
treatment for diabetic eye diseases (42); however, a small number
of the patients have no clinical response or a delayed response to
anti-VEGF treatment (43). The composition of vitreous proteome
changes with diabetes and molecular interactions with other mol-
ecules may potentiate endogenous VEGF effects even at a quite
low concentration (28, 44). Since the eye is a small and self-con-
tained compartment, high-level and region-restricted induction
of ¢ZNF532-mediated signaling may reduce endogenous VEGF
effects and provide an alternative option for the treatment of reti-
nal vascular dysfunction.

In conclusion, this study provides an attractive target (i.e.,
CZNF532) for the treatment of pericyte degeneration and retinal
vascular dysfunction. However, our study has certain limitations.
First, the retina is comprised of several cell types, including gan-
glion cells, cone photoreceptors, amacrine cells, horizontal cells,
bipolar neurons, glial cells, and vascular cells (37). There are still
obvious technical difficulties in performing conditional overex-
pression or knockdown of a circRNA in a specific cell type in the
retina. Nonspecific knockdown or overexpression not only affects
CZNF532 expression in pericytes but also in other retinal cells.
Conditional knockdown by Cre-dependent ¢ZNF532 shRNAs
cannot completely remove cZNF532 expression in pericytes. The
possible off-target effects are required to be examined to avoid the
overestimation of ¢ZNF532 function resulting from nonspecific
intervention or incomplete inhibition of cZNF532. Second, retinal
capillaries are mainly composed of endothelial cells and pericytes.
In vitro studies have identified the cell-specific role of cZNF532
in pericytes. However, in vitro cultures may change the biological
activities of endothelial cells and pericytes. It cannot completely
reflect the dynamic and complicated cell-cell interactions in vivo.
We thus cannot rule out the possibility that cZNF532 also regu-
lates retinal vascular function through targeting endothelial cells
in vivo. Even though the result that cZNF532 regulates retinal
pericyte degeneration and vascular dysfunction is encouraging,
we acknowledge that further studies are still required to define the
precise role of cZNF532 in DR through the improvement of a con-
ditional circRNA knockout technique.

Methods

Cell culture and transfection. Human retinal pericytes (ACBRI-183)
and HRVECs (ACBRI-181) were obtained from Cell Systems Corpo-
ration (CSC). Human retinal pericytes (passages 4-7) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) at 5.5 mmol/L

jci.org  Volume130  Number7  July 2020

3843


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7

RESEARCH ARTICLE The Journal of Clinical Investigation

A B
- S 34
.S 8 v '%
2 x o
9 o
g 64 3 2 n
3 A & ® . A, v
0 4- fan 8 ° "
] * v N [ [ | %
z - )
X . mt, R o = T
2 24 % A o o0 - v
= _$‘_ T 2 ) C Aa
© "L A K}
ol e @ 0
[} ) ] ) ) Ll ] |
Ctrl DME DME + NVI Ctrl DME DME + NVI
only PDR only PDR

(9]

DV

o
o
]
»
o
[]

DV

»
o
1
o
w
o
[]

N
o
1

.
i

Relative caspase3/7 activity
w
o
(]
| o
*
| *
e
*
Relative change in PI positive cells ©
N
o
L
Bd
oJ—H O

o
o
o
o

L) 1 L) U ) ] T T 1 T L
S & & & X = o OL $ & T &
€@ $< S ) K2 é< & O
c/)\’ Q& & c,)\’ < .Q?’
& &
& &
E F 20
310- DV o
= (o))
T 8- @ e DV
0] * 0 154
- F ¥ & :
= (]
8 64 o e
5 o) ) o 3 1.04 % o
3 2 ) * *#
8 4 g
: g
£ =
[0] [h'4
o

’ T8 o & 8 TS X F S s o
o M) SN N o $
SHFFA S E F$ & & F S
,\§ = vSE & ,\,é ARSI
3 S J S &
L& ° N
& < & <

Figure 7. Clinical implication of cZNF532/miR-29a-3p/NG2, LOXL2, and CDK2 signaling in retinal vascular dysfunction. (A and B) Human vitreous
specimens were obtained from 36 subjects at the time of pars plana vitrectomy, including non-DR samples (Ctrl, n = 8 eyes) and those from patients with
DME only (n =12 eyes), DME with PDR (n = 12 eyes), and NVI (n = 4 eyes). qRT-PCR was conducted to detect the expression of cZNF532 (A) and miR-29a-3p
(B) in vitreous samples. *P < 0.05 versus Ctrl group, Kruskal-Wallis's test followed by Bonferroni's post hoc test. (C and D) Pericytes were transfected with
CZNF532 overexpression vector (cZNF532), null vector (Vector), anti-miR-29a-3p, or negative control miRNA for 24 hours or left untreated, and then incu-
bated without (Ctrl) or with 50 pL diabetic vitreous (DV) for 24 hours. Cell apoptosis was detected by caspase-3/7 activity (C, n = 4) or Pl staining (D, n = 4).
*P < 0.05 versus Ctrl group, #P < 0.05 versus DV group. One-way ANOVA followed by Bonferroni's post hoc test. (E) EB evaluation of retinal vasopermeabil-
ity in retinal extracts from mice injected with PBS (Ctrl, n = 6), diabetic vitreous without (DV, n = 8) or with cZNF532 overexpression vector ((ZNF532, 1 = 8),
null vector (Vector, n = 6), miR-29a-3p antagomir (n = 8), negative control (NC, n = 6) antagomir, or anti-VEGF (n = 6) after 1 week of treatment. (F) Pericyte
coverage was quantified by staining the whole-mount retinas with IB4 and NG2 from the mice after intravitreal injection of PBS (Ctrl, n = 6) diabetic
vitreous without (DV, n = 6) or with cZNF532 overexpression vector (ZNF532, n = 6), null vector (Vector, n = 6), miR-29a-3p antagomir (n = 6), or NC (n = 6)
antagomir 1-week after treatment. The statistical result was shown. *P < 0.05 versus Ctrl group, #P < 0.05 versus DV group, Kruskal-Wallis's test followed
by Bonferroni’s post hoc test. Error bar indicates SD.
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D-glucose concentration supplemented with 10% fetal bovine serum
(FBS, Gibco, 11573397) and cell growth supplements. They were incu-
bated at 37°C, 5% CO,, and 95% relative humidity. HRVECs (passage
4-7) were cultured in EGM2-MV medium supplemented with 5% FBS
at 5.55 mmol/L D-glucose concentration. High glucose concentra-
tions were obtained by adding D-glucose to a final concentration of 30
mmol/L. These cells were transfected at approximately 80% conflu-
ence using Lipofectamine RNAiMax (Life Technologies, 13778150) or
Lipofectamine 3000 (Life Technologies, L3000015) according to the
manufacturer’s protocols.

Animals and STZ-induced diabetic retinopathy. Wild-type C57BL/6]
mice were purchased from Nanjing Qinglongshan Experimental Ani-
mal Center (Nanjing, China). PDGFR-B-Cre mice were purchased
from Beijing Biocytogen Co. Ltd (Beijing, China) generated on the
pure C57BL/6] background. DR was induced by intraperitoneal injec-
tion of STZ (MilliporeSigma, 572201). WT mice (8 weeks old, male) or
PDGFR-B-Cre mice (8 weeks old, male) were fasted for 6 hours before
STZ injection. They received STZ (50 mg/kg in 10 mM citrate buffer,
pH 4.5) injection for 5 consecutive days. Control mice were adminis-
tered sodium citrate buffer. All mice were bred in an air-conditioned
room with a 12-hour light-dark cycle. They were fed with standard lab-
oratory chow and allowed free access to water. Seven days later, the
blood from the tail vein was used for the measurement of glucose level
by OneTouch Ultra meter (LifeScan). The mice with a blood glucose
level of over 300 mg/dL were deemed diabetic.

Circular RNA microarray. Human retinal pericytes we incubated
with 5.55 mM glucose (n = 3, NG), 5.55 mM glucose plus 24.45 mM
pyruvate (n = 3, OS), or 30 mM glucose (n = 3, HG) for 24 hours,
and then prepared RNA samples for circRNA expression profiles.
Circular RNA microarray arrays were conducted by commercial
microarray (4 x 180 K, Human Circular RNA Microarray; Shanghai
Biotechnology Co. Ltd.) with a total of 88,371 probes. In brief, total
RNAs were incubated with RNAse R to eliminate linear RNAs. The
enriched circRNAs were amplified, transcribed into fluorescent
cRNAs, and purified by the RNeasy Mini Kit (Qiagen, 74104). The
Cy3-labeled cRNAs were hybridized onto Circular RNA Microarrays
by the Gene Expression Hybridization Kit (Agilent Technologies,
5188-5242) at 65°C for 16 hours. After washing, the signal of the
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Figure 8. Model of cZNF532 function
and mechanism in retinal vascular
dysfunction. cZNF532, an important
regulator of pericyte function and vascu-
lar homeostasis, protects against diabe-
tes-induced retinal pericyte degenera-
tion and vascular dysfunction by acting
as a miR-29a-3p sponge to sequester
and inhibit miR-29a-3p activity, inducing
increased expression of NG2, LOXL2,
and CDK2.

|
|
|
|
|
|
|
|
|
|
I
| ®>-Endothelial cell I Pericyte
L

Circular RNA Microarray was scanned by the Agilent Microarray
Scanner (Agilent Technologies).

Retinal trypsin digestion assay. Retinal vasculature was isolated by
trypsin digest method. Briefly, the mouse eye was enucleated and fixed
in 4% paraformaldehyde for 24 hours. The retina was dissected under a
microscope and washed with water for 30 minutes at least 4 or 5 times.
Retina was incubated in a solution of 3% trypsin (1:250, BD Difco,
215250) in 0.1 M Tris buffer (pH 7.8) at 37°C for approximately 1.5 hours
when the tissue began showing the sign of disintegration. After trypsin
digestion, retina was gently shaken to free vessel network, washed, and
mounted on glass slides. Retinal vasculature was stained with periodic
acid-Schiff hematoxylin (PAS-hematoxylin) and observed under a light
microscopy. The number of acellular capillaries, microaneurysms, and
pericyte ghosts was counted in 15 to 20 randomly selected fields (x400
magnification) in the mid-retina in a masked manner, which was stan-
dardized to capillary area (per mm? capillary area).

Intravitreal injection. C57BL/6 mice (8 weeks old, male) were
anesthetized through the intraperitoneal injection of ketamine (80
mg/kg) and xylazine (4 mg/kg). A 33-gauge disposable needle was
passed through the sclera at the equator and posterior to the limbus
into the vitreous cavity. Approximately 1.5 pL adeno-associated virus
or miRNA inhibitor/mimic was subsequently injected into the vitre-
ous cavity with direct observation of the needle directly above the
optic nerve head. The adeno-associated virus was used in 1 x 10? vg/
mL titers. There was about a 1- to 2-week delay in the conversion of
recombinant adeno-associated virus DNA to a transcriptionally active
double-stranded form. The adeno-associated virus was thus injected 2
weeks before diabetes induction.

Quantification of pericyte coverage. The whole-mount mouse reti-
nas were used for pericyte coverage detection by immunofluorescence
staining. The eyes were enucleated and fixed in 4% paraformaldehyde
(Biosharp Biotechnology, BL539A) in PBS (pH 7.5) for 30 minutes at
room temperature. The eyes were then transferred to cold 1 x PBS on
ice for 5 to 10 minutes. The neural retina and choroid/RPE were dis-
sected separately and placed in cold formaldehyde. Retinas were then
blocked in 1% Triton-X/5% BSA for 30 minutes. The whole-mount
retina was stained with NG2 (1:100, Abcam, ab50009) overnight
at 4°C and Alexa Fluor 594 goat anti-mouse IgG (1:500, Invitrogen,
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A11005) for 3 hours at room temperature to label pericytes. The reti-
nas were then stained with Isolectin B4 (GS-1B4, 1:100, MilliporeSig-
ma, L2895) for 2 hours at room temperature to label endothelial cells.
Fluorescence images were acquired using an IX73P1F fluorescence
microscope (Olympus). Pericyte coverage was quantified using Image
] software to measure the length of GS-IB4* vessel associated with
NG2* pericyte process. Direct contact between pericytes (NG2) and
endothelial cells (GS-IB4) were detected by the colocalization analysis
with BioImage XD.

Evans blue assay. Retinal capillary permeability was determined by
EB assay. EB dye covalently linked to albumin was used as an indica-
tor of albumin leakage into the retina from the capillary. Briefly, the
mice were anesthetized using intraperitoneal ketamine (80 mg/kg)
and xylazine (4 mg/kg). EB dye (100 mg/mL, MilliporeSigma, E2129)
was dissolved in PBS and sonicated for 20 minutes and filtered (pore
size, 0.22 um). EB dye was injected into the femoral vein at the dosage
of 45 mg/kg and the blood samples were collected. After the dye cir-
culated for 1 to 2 hours, the chest cavity was opened. The mice were
perfused with citrate buffer (0.05 M, pH 3.5). After perfusion, the eyes
were enucleated and bisected at the equator. For immunofluorescence
observation, the eyes were fixed in 4% paraformaldehyde for 30 min-
utes at room temperature. After removing the cornea, lens, and vitre-
ous body, the retina was carefully removed from choroid and sclera.
The retinal cups were cut radically to lie flat. Z-stack images were cap-
tured through a x10 objective. For quantitative assessment, the reti-
nas were dissected from the eyeballs. After the measurement of retinal
wet weight, the retinas were dried for 5 hours. EB dye conjugated to
serum albumin in retinas was extracted by solubilization in formamide
(0.2 mL per retina) at 78°C overnight. The resulting suspensions were
placed in an ultracentrifuge at 120,000g at 4°C for 45 minutes. EB
dye in the supernatant was spectrophotometrically detected by absor-
bance at 620 nm (blue signal) and 740 nm (background subtracted).
Blood samples were treated similarly but without solubilization. They
were centrifuged at 3600g at 25°C for 15 minutes. The concentration
of EB dye was calculated from a standard curve of EB dye in forma-
mide and normalized to dry retina weight. Retinal vascular leakage
was calculated using the equation: (retinal EB, pg / retinal dry weight,
mg) / (time averaged EB concentration, pug / plasma, pl x circulation
time, h). Dry weight was substituted for wet weight, with results being
expressed in microliter plasma retinal dry weight mg*h.

Statistics. Data were tested for normality by the Pearson normality
test and for the homogeneity of variances by the Levene test. Contin-
uous data were expressed as mean + SD. For in vivo data, each n value
corresponds to a single mouse. For in vitro data, each n value corre-
sponds to an independent experiment. If technical replicates were
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conducted, their mean was considered as n = 1. No statistical method
was used to predetermine sample size that was based on preliminary
data. All available data were included and no data were excluded from
analysis. For normally distributed data with equal variance, the differ-
ence was determined by 2-tailed Student ¢ test (2-group comparisons)
or 1-way or 2-way ANOVA followed by Bonferroni’s post hoc test (mul-
tigroup comparisons) as appropriate. For nonnormally distributed
data or data with unequal variances, the difference was determined
by the nonparametric Mann-Whitney U test (2-group comparisons) or
Kruskal-Wallis test followed by Bonferroni’s post hoc test (multigroup
comparisons). A P value of less than 0.05 was considered statistically
significant. GraphPad Prism 8 and Microsoft Excel 2016 were used for
all calculations. The circRNA microarray data for the identification
of high glucose-regulated circRNAs in pericytes was deposited in the
NCBI’s Gene Expression Omnibus (GEO) database (GSE14367).

Study approval. Animal experiments were conducted in accor-
dance with the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision Research
and approved by the Animal Care and Use Committee of Eye and ENT
Hospital and Nanjing Medical University. The surgical specimens
were handled according to the Declaration of Helsinki. The clinical
protocols were approved by the institutional review committee of
Nanjing Medical University and Eye and ENT Hospital.

See Supplemental Methods online for additional methods.
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