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Circulating microRNAs (miRNAs) have emerged as novel
biomarkers of diabetes. The current study focuses on the
role of circulating miRNAs in patients with type 1 diabetes
and their association with diabetic retinopathy. A total of
29 miRNAs were quantified in serum samples (n = 300)
using a nested case-control study design in two prospec-
tive cohorts of the Dlabetic REtinopathy Candesartan
Trial (DIRECT): PROTECT-1 and PREVENT-1. The
PREVENT-1 trial included patients without retinopathy
at baseline; the PROTECT-1 trial included patients with
nonproliferative retinopathy at baseline. Two miRNAs
previously implicated in angiogenesis, miR-27b and
miR-320a, were associated with incidence and with
progression of retinopathy: the odds ratio per SD
higher miR-27b was 0.57 (95% CI 0.40, 0.82; P = 0.002)
in PREVENT-1, 0.78 (0.57, 1.07; P = 0.124) in PROTECT-1,
and 0.67 (0.50, 0.92; P = 0.012) combined. The respective
odds ratios for higher miR-320a were 1.57 (1.07, 2.31;
P = 0.020), 1.43 (1.05, 1.94; P = 0.021), and 1.48 (1.17,
1.88; P = 0.001). Proteomics analyses in endothelial cells
returned the antiangiogenic protein thrombospondin-1
as a common target of both miRNAs. Our study iden-
tifies two angiogenic miRNAs, miR-320a and miR-27b,
as potential biomarkers for diabetic retinopathy.

Recent studies have begun to unveil a powerful and un-
expected role of microRNAs (miRNAs) in numerous forms of
diseases, providing a unique opportunity to translate
this knowledge into the clinical setting in the form of

miRNA-based therapeutics and diagnostics (1,2). miRNAs
are small noncoding RNAs with cell-type specific expression
patterns that orchestrate biological networks by modulating
gene expression. miRNAs form base pairs with their target
messenger RNAs and mediate gene silencing, often regulat-
ing multiple proteins within the same biological pathways.
Given their importance in angiogenesis, along with the tech-
nical feasibility in manipulating their function in vivo, vas-
cular miRNAs have become central targets for therapeutic
manipulation, including diabetes (3).

Additionally, miRNAs circulate in blood. We have pre-
viously performed the first systematic analysis of circulating
miRNAs in a population-based study (the Bruneck Study) and
identified distinct miRNA signatures associated with type
2 diabetes (4) and risk of myocardial infarction (5). We have
also highlighted their platelet origin (6) and applied concepts
of network topology to explore their biomarker potential (7).
Exciting opportunities exist to pursue miRNAs as novel bio-
markers for risk estimation and patient stratification (8).

The current study addresses the role of circulating
miRNAs in patients with type 1 diabetes (T1D) and their
association with microvascular complications, in partic-
ular, diabetic retinopathy. Our aims were threefold: first,
to evaluate whether miRNA profiles are independently
associated with retinopathy development and progres-
sion in diabetes; second, to quantify the incremental
discriminatory power of miRNAs over and above tradi-
tional risk markers; and third, to conduct experiments
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using endothelial cells (ECs) and proteomics profiling to
provide mechanistic insight.

RESEARCH DESIGN AND METHODS

Patient Sample

The Dlabetic REtinopathy Candesartan Trials (DIRECT)
trials have previously been described in detail (9). In brief,
two randomized, double-blind, parallel-design, and placebo-
controlled trials (PREVENT-1 and PROTECT-1) were con-
ducted in 309 centers worldwide. Both trials assigned
patients with normotensive, normoalbuminuric T1D to either
candesartan 16 mg once a day or placebo. Exclusion criteria
were eye conditions that precluded capture of gradable ret-
inal photographs (i.e., open-angle glaucoma, dense cataract
obscuring retinal view), stenotic valvular disease, previous
history of heart attack or stroke, pregnancy, lactation, or
renal impairment (serum creatinine =110 wmol/L for
women, =130 pwmol/L for men). The PREVENT-1 trial in-
cluded patients without retinopathy at baseline (defined as
Early Treatment Diabetic Retinopathy Study [ETDRS] scale
level 10/10); the PROTECT-1 trial included patients with
nonproliferative retinopathy at baseline (defined as ETDRS
scale between 20/10 and 47/47). For the current study,
we used a “nested” case-control approach. Incident case
subjects were defined as patients who progressed three
steps or more on the ETDRS scale over the course of the
study. Case subjects were stratum matched with control
subjects on sex, HbA; . categories, and categories of diabetes
duration (plus an ETDRS summary score in PROTECT-1).
These were randomly selected from participants whose
ETDRS scale did not progress and who remained free of
intermittent microalbuminuria to the end of the study pe-
riod. Numbers selected for analysis were 70 case and 70
control subjects in PREVENT-1 and 93 case and 93 control
subjects in PROTECT-1. Analysis of miRNAs could not be
performed on all serum samples. Thus, the number of case
and control subjects in the present analysis was 62 and 64
in PREVENT-1 and 81 and 93 in PROTECT-1 (n = 300).

miRNA Measurements

Total RNA from 200 pL of serum samples was prepared
using the miRNeasy kit (Qiagen) as previously described
(4). A fixed volume of 3 pL of the 25 wL RNA eluate was
used as input for RT reactions using Megaplex Primer Pools
(Human Pools A, version 2.1, Life Technologies). RT reaction
products were further amplified using the Megaplex PreAmp
Primers (Primers A, version 2.1). TagMan miRNA assays
were used to assess the expression of individual miRNAs.
Diluted preamplification product (0.5 pL) was combined
with 0.25 pL TagMan miRNA Assay (20X) (Life Technol-
ogies) and 2.5 pL TagMan Universal PCR Master Mix No
AmpErase UNG (2X) to a final volume of 5 pL. Quanti-
tative PCR was performed on a Life Technologies ViiA 7
thermocycler at 95°C for 10 min, followed by 40 cycles
of 95°C for 15 s and 60°C for 1 min. All samples were
run in duplicates. Relative quantification was performed
using the DataAssist, version 3.01 (Life Technologies).
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For normalization purposes, the average of all miRNA
targets displaying C, <32 cycles or an exogenous miRNA
(cel-miR-39) spiked in during RNA extraction was ap-
plied as previously described (5).

Transfection

Human umbilical vein endothelial cells (HUVECs) were
cultured as described previously (10) and seeded at 60-70%
confluency on the day before transfection. Cells were
washed in serum-free DMEM and replaced with M199 con-
taining ECs supplement without antibiotics or serum. Hu-
man retinal microvascular ECs (HRECs) (obtained from
Cell Systems Corporation [CSC], Kirkland, WA) were
seeded on CSC attachment factor (cat. no. 4Z0-210) and
cultured in CSC complete media (cat. no. 4Z0-500). Prior
to transfection, HRECs were washed with CSC Serum Free
Medium without antibiotics (cat. no. SF-4Z0-500). miRNA
mimics or nontargeting mimic control were transfected at
a final concentration of 50 nmol/L using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s
recommendations (11).

Proteomic Profiling of the Endothelial Secretome

HUVECs were carefully washed in serum-free medium and
then incubated twice in fresh serum-free M199 for 30 min.
Cells were stimulated in phorbol 12-myristate 13-acetate
(PMA) (50 nmol/L) containing M199 medium for 45 min
and analyzed by mass spectrometry as previously described
(10). The conditioned medium was collected, centrifuged at
1000 rpm for 5 min, and concentrated using Amicon Ultra-
15 Centrifugal Filter Unit with Ultracel-3 membrane (3 KDa)
(Millipore) to 135 pL. Then, 0.5 mol/L Tris; 1% SDS, pH
8.8 (15 pL); and 100 mmol/L dithiothreitol reducing agent
(7.8 L) were added under agitation for 1 h at 55°C, followed
by incubation with 500 mmol/L iodoacetamide (8.3 wL)
for 1 h before precipitation with cold acetone (—20°C) over-
night at —20°C. Samples were centrifuged (14,000 rpm
for 10 min), the supernatant was discarded, and the pro-
tein pellet was left to air-dry. Pellets were resuspended in
0.1 mol/L, pH 8.5, triethylammonium bicarbonate (100 L)
and incubated at 37°C under agitation for 30 min. Pro-
teins were digested in 0.4 pg/pL trypsin (1 L) overnight
at 37°C. The reaction was stopped by addition of 10%
formic acid (50 pL). Peptide samples were purified using
(18 spin columns (Thermo Scientific). The eluate was kept
at —80°C before freeze drying (Christ Alpha 1-2 LD Freeze
Dryer) under vacuum at —55°C. The samples were resus-
pended in 2% acetonitrile and 0.1% formic acid (20 L)
and analyzed by reverse-phase nanoflow high-performance
liquid chromatography (3 pwmol/L, 100 A, 50 cm X 75 pm
inner diameter column, Acclaim PepMap C18, Thermo Sci-
entific) interfaced with a Q Exactive Plus Orbitrap mass
spectrometer (Thermo Scientific). Each sample was sep-
arated at a flow rate of 0.3 pL/min over 4 h as follows:
0-10 min/2-10% of 80% acetonitrile and 0.1% formic acid
in ddH,O (B), 10-200 min/10-30%B, 200-210 min/30-
40%B, 210-220 min/99%B, and 220-240 min/2%B. Sam-
ples were subject to a full mass spectrometry scan over a
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range from 350 to 1,600 m/z, whereby the 15 most abun-
dant peaks were selected for tandem mass spectrometry
and fragmented by higher-energy collisional dissociation.

Database Search

Raw data were analyzed by Mascot and Sequest HT al-
gorithms (Proteome Discoverer 1.4) to identify proteins
against Swiss-Prot protein database (version 201401) with
taxonomy set to all entries, precursor mass tolerance
to 10 ppm, fragment mass tolerance to 20 mmu, oxidation
of methionine as a variable modification and carbamido-
methylation of cysteine as a static modification, and a
maximum of two missed cleavage sites permitted. Search
results were loaded onto Scaffold software (version 4.3),
where a protein probability >99%, a peptide probability
>95%, and a minimum number of two peptides per pro-
tein were applied as filters to generate the list of identified
proteins.

Luciferase Reporter Assays

The 3’-untranslated region of the human neuropilin 1 (NRP1)
and semaphorin 6A (SEMAG6A) harboring a putative bind-
ing site for miR-320a and miR-27b, respectively, was
cdoned into the Xhol and Pmel linkers of the dual-luciferase
reporter vector psiCHECK-2 (Promega). The following primer
sets were used: NRP, F: TTCAATGAGTATGGCCGACA; NRP,
R: GGATTTCGCTCAGTTTCC; SEMAG6A, F: CGCACAGAGGT
GAACAGAAA; and SEMAGA, R: GCCCAACATGGCATT
TATCT.

The reporter constructs (100 ng) were transfected
together with their respective miRNA mimics (50 nmol/L)
or mimic control in triplicate into HUVECs, previously
plated (post 12 h) in 6-well plates using Lipofectamine
RNAIMAX (Invitrogen) as described above. After 48 h, cells
were harvested in 200 pL Glo Lysis Buffer (Promega)
and the activities of both Renilla and firefly were mea-
sured. Each lysate (30 pL) was analyzed using Dual-Glo
Luciferase reagents (Promega). Renilla luciferase activity
was normalized to constitutive firefly luciferase activity
for each well.

ELISAs

Thrombospondin-1 (TSP-1) levels in the conditioned media
were determined using the Human Thrombospondin-1
Quantikine ELISA kit (Bio-Techne) according to the
manufacturer’s instruction.

Statistical Analysis

miRNA values were log transformed for analysis. Pairwise
correlations between miRNAs and other markers were
assessed using Pearson correlation coefficients in a pooled
data set of 145 control subjects and plotted with the R
package “corrplot” using hierarchical clustering and the single
linkage method. We analyzed the association of miRNAs
with incident retinopathy in two steps. First, to identify
the miRNA subset with the highest prognostic ability for
future retinopathy, we used a L;-penalized logistic regres-
sion technique. This method helps prevent overfitting of
collinear and high-dimensional data and implements the
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“least absolute shrinkage and selection operator” (LASSO)
algorithm, shrinking regression coefficients toward zero
relative to the maximum likelihood estimates. The
amount of shrinkage is determined by the tuning param-
eter \;, which is progressively increased up to the value
that shrinks all regression coefficients to zero. We esti-
mated the optimal tuning parameter \; as the median
of 10,000 fivefold likelihood cross-validations. Plots of
B-coefficients (y-axis) versus \; (x-axis) were generated using
the R package “penalized.” Sensitivity analyses were con-
ducted that 1) standardized miRNA concentrations to a
global C, average (instead of to cel-miR-39) and 2) ex-
cluded participants from analysis with diabetic nephrop-
athy or microalbuminuria. Because the LASSO method
allows assessment of relevance and robustness of individ-
ual explanatory variables but produces biased estimates of
B-coefficients, we fitted, as a second step, “traditional”
logistic regression models for identified miRNAs. Analyses
were adjusted for age, sex, and diastolic blood pressure
and conducted separately for the two trials. A pooled
estimate of association was calculated with random-
effects meta-analysis. Between-study heterogeneity was
assessed by the I? statistic (12). Regarding the experimen-
tal studies, results are presented as the mean + SEM. For
results from transfected ECs, paired or unpaired Student
t test, one-way ANOVA with Dunnett or Tukey post hoc
analysis, and two-way ANOVAs were performed using
GraphPad Prism 5 software. With allowance for loss due
to missing miRNA measurement, our sample size allowed
us to detect a difference in retinopathy incidence and in
progression in association with a standardized difference
of 0.4 and 0.5, respectively, for any given miRNA signal with
80% power and 5% significance. Analysis was performed
using R 3.1.3 statistical software (13) and Stata/MP, ver-
sion 12/1, with two-sided tests and P < 0.05.

RESULTS

Associations of miRNAs With Incidence and
Progression of Retinopathy in the DIRECT Trials

From the PREVENT-1 and PROTECT-1 trials of a total of
3,326 participants with T1D, we selected 62 patients with
incident diabetes retinopathy, 93 patients with progressive
diabetes retinopathy, and 145 matched control subjects.
Supplementary Table 1 compares clinical characteristics of
participants selected for the nested case-control analysis
and those not selected. A panel of 29 miRNAs, of which
some were previously shown to be associated with type 2
diabetes (4) and cardiovascular disease (5), was measured
in serum and values were standardized to an exogenous
spike-in normalization control, cel-miR-39. Baseline char-
acteristics of study participants are summarized in Table 1.
The ratio of males to females and mean diabetes duration
were similar in case and control subjects within each trial,
as anticipated owing to matching. Mean HbA;., however,
was a little higher in control subjects, reflecting the fact
that case and control subjects were stratum rather than
individually matched by HbA;.. Differences in age and
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Table 1—Baseline characteristics of the study populations
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PREVENT-1 PROTECT-1

Case subjects Control subjects Pt Case subjects Control subjects Pt
n 62 64 93 81
Age at randomization, years 31.1 (8.1) 27.7 (8.1) 0.02 31.5(9.1) 31 (8.5) 0.7
Male sex, n (%) 33 (563) 37 (58) 0.7 58 (62) 42 (52) 0.2
Duration of diabetes, years 7.3 (3.8) 7.3 (3.6) 1.0 10.9 4.0 10.6 (4.0) 0.7
Systolic blood pressure, mmHg 116 (9.1) 119 (9.6) 0.04 117 (10.8) 118 (8.9) 0.7
Diastolic blood pressure, mmHg 72 (7.7) 73 (6.5) 0.3 72.7 (7.0) 75 (6.4) 0.02
HbAc, % 8.9 (1.5) 9.2 (1.8) 0.4 8.9 (1.2) 9.4 (1.5) 0.05
UAER, pg/min 4.8 [3.3, 6.5] 4.3 [3.5, 6.0] 0.4 5.0 [3.0, 6.5] 5.0 [3.5, 9.5] 0.2
WHR all 0.81 (0.07) 0.83 (0.09) 0.08 0.85 (0.08) 0.82 (0.08) 0.1
WHR men 0.84 (0.07) 0.88 (0.09) 0.03 0.88 (0.07) 0.88 (0.07) 0.4
WHR women 0.77 (0.05) 0.77 (0.05) 0.9 0.78 (0.07) 0.77 (0.07) 0.5
Creatinine, pmol/L 89.7 (13) 90.0 (14) 0.9 88.1 (13.8) 86.7 (14.1) 0.6
GFR, mL/min/1.73 m?* 88 [75, 107] 90 [79, 105] 0.8 92 [77, 107] 94 [80, 104] 0.8
GFR, mL/min/1.73 m?** 83 [71 ,96] 83 [73, 98] 0.8 86 [73, 100] 88 [75, 96] 0.6
HDL cholesterol, mmol/L 1.7 (0.3) 1.7 (0.4) 0.6 1.7 (0.4) 1.8 (0.4) 0.07
Total cholesterol, mmol/L 4.7 (1.1) 4.9 (0.9 0.5 51(1.1) 4.9 (0.8) 0.2
Insulin dose, units/kg/day 0.77 (0.21) 0.69 (0.24) 0.07 0.81 (0.30) 0.71 (0.20) 0.01
eGDR, mg/kg/min*** 9.2 (1.3) 9.0 (1.4) 0.4 8.6 (1.3) 9.1 (1.3) 0.02
Never smoker 34 (55) 47 (73) 50 (54) 54 (67)
Ex-smoker 7 (11) 2 (3) 5 (5) 8 (10)
Current smoker 21 (34) 15 (24) 0.02 38 (41) 19 (23) 0.08

Data are mean (SD) or median [interquartile range] unless otherwise indicated. eGDR, estimated glucose disposal rate; GFR, glomerular
filtration rate; UAER, urinary albumin excretion rate; WHR, waist-to-hip ratio. P values were calculated using Fisher exact tests for
categorical variables, two-group t tests for continuous normally distributed variables, or Wilcoxon rank sum tests for continuous left-
skewed variables. *Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) (44). **4-variable Modification of Diet in Renal
Disease (MDRD) (45). ***Estimated glucose disposal rate as previously described (46).

blood pressure levels were also observed in the two study
populations. The complex correlation patterns of serum
miRNAs and baseline characteristics are depicted in
Fig. 1. miRNAs emerged to be highly correlated with
each other but largely independent from other character-
istics such as age, duration of diabetes, blood pressure,
and HbA, .

We conducted penalized logistic regression analyses
adjusted for age, sex, and diastolic blood pressure to identify
and evaluate the association of miRNAs with incidence and
progression of diabetic retinopathy (Fig. 2 and Supplemen-
tary Fig. 1). The descriptive tables in Fig. 2 show the di-
rection of association and the percentage of cross-validated
models that included the respective miRNA. The following
miRNAs were identified in descending order of impor-
tance: miR-27b, miR-320a, miR-454, and miR-28-3p in
PREVENT-1 and miR-320a, miR-122, miR-221, and miR-
27b in PROTECT-1. Generally, these miRNAs were more
commonly selected for inclusion in cross-validated models
for incidence than for progression of diabetic retinopathy
(>90% vs. >10%). Results for all 29 individual miRNAs are
provided in Supplementary Fig. 2 but should be interpreted
with caution in light of multiple testing and type 1 error.

Since combinations of miRNAs can be superior to
individual miRNAs (4,5,7), we then performed “traditional”
logistic regression for the two miRNAs most consistently
associated with incidence and progression of diabetic reti-
nopathy: miR-27b and miR-320a. Figure 3 shows estimates
of associations for miR-27b and miR-320a adjusted for
each other, age, sex, and diastolic blood pressure. The
odds ratio per SD higher miR-27b was 0.57 (95% CI 0.40,
0.82; P = 0.002) in PREVENT-1, 0.78 (0.57, 1.07; P =
0.124) in PROTECT-1, and 0.67 (0.50, 0.92; P = 0.012)
combined. The respective odds ratios for higher miR-
320a were 1.57 (1.07, 2.31; P = 0.020), 1.43 (1.05,
1.94; P = 0.021), and 1.48 (1.17, 1.88; P = 0.001). Qual-
itatively similar results were observed in analyses that 1)
standardized miRNA levels to a C, average of all miRNAs
(instead of standardization to spiked-in cel-miR-39)
(Supplementary Fig. 3); 2) excluded cases with incident
microalbuminuria (Supplementary Fig. 3); 3) used differ-
ent levels of adjustment (unadjusted) or adjusted for age,
sex, and systolic blood pressure or HbA;,); or 4) omitted
outliers of the miRNA distributions. Supplementary
Fig. 4 summarizes raw values of miR-27b and miR-320a
for case and control subjects. Addition of information on
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Figure 1—Pairwise Pearson correlation coefficients of serum miRNA concentrations and other markers. DBP, diastolic blood pressure;
SBP, systolic blood pressure; TIDM, type 1 diabetes mellitus; UAER, urinary albumin excretion rate.

miR-27b and miR-320a to a model of a panel of variables
associated with disease risk (i.e., age, sex, duration of
diabetes, diastolic blood pressure, and level of HbA;)
improved the area under the receiver operating curve
by 0.087 for PREVENT-1 (P = 0.027) and by 0.034 for
PROTECT-1 (P = 0.214) (Supplementary Fig. 5).

Expression of miRNAs in ECs
A PCR comparison was conducted to compare the endoge-
nous expression of miR-27b and miR-320a to abundant

endothelial miRNAs miR-126 and miR-126* (or miR-126-3p
and miR-126-5p, respectively). There was no major differ-
ence in the endogenous miRNA expression of miR-27b,
miR-320a, miR-126-3p, and miR-126-5p between four differ-
ent types of ECs: human saphenous vein ECs, human aortic
ECs, HRECs, and HUVECs (Supplementary Table 2). Notably,
miR-320a was consistently more abundant in ECs than miR-
27b. Next, mimics for miR-27b and miR-320a were cotrans-
fected with luciferase reporter constructs containing putative
binding site of two confirmed target proteins for miR-27b
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Figure 2—Penalized logistic regression analysis of the associations of 29 serum miRNA concentrations with diabetic retinopathy. Asso-
ciation with incident diabetic retinopathy in PREVENT-1 (A). Association with progression of diabetic retinopathy in PROTECT-1 (B). Models
included age, sex, and diastolic blood pressure as unpenalized covariates. The graph shows B-coefficients for different levels of penal-
ization (A4, estimated in 100 steps) and is truncated at a Ny of 3; hence, not all measured miRNAs are plotted. The black dashed line
indicates the optimal tuning parameter \4 evaluated using 10,000 fivefold likelihood cross-validations. The descriptive table shows the
direction of association and the percentage of cross-validated models that included the respective miRNA.
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MicroRNA / Study OR (95% CIl) per SD higher microRNA concentration P-value
MiR-27b
PREVENT-1 —a— 0.57 (0.40, 0.82) 0.002
PROTECT-1 —a— 0.78 (0.57, 1.07) 0.124
Combined (1>=39%) S 0.67 (0.50, 0.92) 0.012
MiR-320a
PREVENT-1 —a— 1.57 (1.07, 2.31) 0.020
PROTECT-1 —— 1.43 (1.05, 1.94) 0.021
Combined (1=0%) << 1.48 (1.17, 1.88) 0.001
T T T T
.25 .5 1 2 4

Figure 3—Standard logistic regression analysis and meta-analysis of the association of miR-27b and miR-320a with diabetic retinopathy and
TSP-1 as common target in ECs. Association of miR-27b and miR-320a with diabetic retinopathy in PREVENT-1, PROTECT-1, and both studies
combined. Associations of miR-27b and miR-320a with diabetic retinopathy were adjusted for each other plus age, sex, and diastolic blood
pressure. SDs were defined in control subjects. Study-specific results were combined using random-effects meta-analysis. OR, odds ratio.

and miR-320a: SEMAGA and NRP1, respectively. SEMAGA is
a negative regulator of mitogen-activated protein kinase sig-
naling, known to increase transcription of angiogenic effec-
tor genes (14). NRP1 is a coreceptor for vascular endothelial
growth factor (VEGF) and SEMA, promoting EC prolifera-
tion and microvessel density (15). Forty-eight hours after
transfection, luciferase activity was found to be decreased by

~30% and 40% in SEMA6A and NRP1, respectively (Fig. 4A
and B). Thereby, the functionality of miRNA mimics was
confirmed through silencing expression of known targets.

Proteomics for miRNA Target Identification
We have demonstrated recently that direct and indirect
targets can be identified in a broader proteomics screen,
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Figure 5—Validation of the proteomics findings by ELISA. Reduced secretion of TSP-1 in the endothelial secretome upon transfection with
mimics of miR-27b and miR-320a. HUVECs after 45 min of PMA stimulation in serum-free medium (A) and HRECs after overnight serum
deprivation in the presence of endothelial supplements (B). *P < 0.05.

including targets that would not have been anticipated
based on current bioinformatics prediction models (11,16).
To complement our clinical studies, we used a proteomics
approach to identify putative protein targets of miR-27b
and miR-320a in the secretome of ECs. HUVECs were
stimulated with PMA to induce exocytosis of Weibel-Palade
bodies, an endothelial cell-specific storage organelle, allow-
ing for protein analysis by mass spectrometry. Among
>650 proteins identified (Supplementary Table 3), only

TSP-1 showed differential secretion from both miR-27b-
and miR-320a-transfected ECs, relative to control trans-
fected cells (Fig. 4C and D). The proteomics data were
independently validated by ELISA (Fig. 5A). Similar results
were obtained in HRECs after miR-27b or miR-320a over-
expression (Fig. 5B). An alignment of the thrombospondin-1
gene (THBS-1) mRNA region with the sequence of miR-320a
and miR-27b is shown in Fig. 6A. The vertical bars and
bold characters indicate sequences of the miR-320a- and
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and retinopathy, however, may represent markers of a milieu that is conducive to pathological angiogenesis rather than a local release from

the retina.

miR-27b-binding site of the THBS-1 target gene. As
expected for direct miRNA targets, there was comple-
mentarity between the miR-27b seed-matching sequence
and the 3'-untranslated region of the THBS-1 target
gene. According to one algorithm (miRWalk), TSP-1
was also predicted as a target for miR-320a. The putative
seed-binding region, however, was within the coding re-
gion of the THBS-1 gene. To further confirm the func-
tionality of these predicted interactions, we fused the
putative binding regions within the THBS-1 target gene
to a luciferase reporter vector. Coexpression of synthetic
miR-27b, but not miR-320a, decreased THBS-1 reporter
activity (data not shown), confirming TSP-1 as a direct
target of miR-27b (17) and an indirect target of miR-
320a (Fig. 6B).

DISCUSSION

Using data from two independent prospective cohorts, we
identified miR-27b and miR-320a as potential biomarkers
for new-onset retinopathy or progression of retinopathy
in patients with T1D. Both miR-27 and miR-320a
have previously associated with metabolic syndrome and type
2 diabetes (18) and have been implicated in angiogenesis,

providing a mechanistic underpinning for the observed
association with diabetic retinopathy in the DIRECT
cohort (9).

Retinopathy in T1D

Retinopathy remains the most frequent and most feared
complication of T1D (19). It is associated with elevated
risks of other diabetes complications, notably, nephropa-
thy and cardiovascular disease (20). Although acknowl-
edged as a vascular phenomenon, the only intervention
proven to date to reduce onset or progression of retinop-
athy is tight glycemic control. This is difficult to achieve
and is associated with elevated risks of hypoglycemic
episodes. Significant numbers of individuals with T1D
continue to progress to severe, possibly sight-threatening
disease even in the presence of good glycemic control.
There is therefore a need to discover novel biomarkers
that identify individuals at high risk of progressive reti-
nopathy and targets for therapeutic intervention.

miRNAs in T1D

miRNAs may offer distinct advantages over other bio-
markers (8): Unlike messenger RNAs, miRNAs are stable
in blood. As nucleic acids, miRNAs can be measured by
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quantitative PCR methodology allowing the multiplexing
of several miRNAs in a single experiment. Thus far, the
role of miRNAs in diabetic retinopathy progression has
been assessed in small animal models (21-26). Moreover,
an miRNA-dependent cross talk between HIFla and
VEGF was reported in the diabetic retina (27). In this
study, we show that miR-320a and miR-27b are associ-
ated with new-onset retinopathy or progression of reti-
nopathy in patients with T1D. These findings were
unaltered by excluding participants with incident persis-
tent or intermittent microalbuminuria at any time during
the follow-up.

Mechanistic Links to Angiogenesis

Besides its potential prognostic and diagnostic value,
miRNAs may participate in an unexplored mechanism
contributing to retinopathy in patients with T1D. Several
miRNAs can target the same effector. Diverse miRNAs
can also act cooperatively or redundantly to regulate the
effectors of the same biological process. miR-320a regu-
lates glycolysis and represses angiogenic factors, including
Flk1, VEGFc, insulin-like growth factor 1, insulin-like
growth factor 1 receptor, and fibroblast growth factor
(28,29). miR-320a has also been implicated in tumor
angiogenesis by silencing NRP1 (30). miR-27b is thought
to promote angiogenesis by targeting antiangiogenic genes
(31), including the transmembrane protein SEMA6A. The
miR-23/-27/-24 gene clusters are enriched in ECs and
highly vascularized tissues (32). miR-27b orchestrates en-
dothelial tip cell formation (33,34). By analyzing protein
targets of miR-27b and miR-320a in ECs, we obtained a
more comprehensive depiction of the interactions and
regulatory feedback loops between angiogenic proteins
and our candidate miRNAs.

Proteomics Approach for miRNA Target Identification

The “targetome” of most miRNAs remains an unexplored
aspect of current biology. Currently, the available miRNA
target prediction tools are based on an incomplete under-
standing of miRNA target recognition and miRNA efficacy.
Bioinformatic methodologies reveal numerous putative tar-
gets, but only one of five of the in silico predictions is
correct, and experimental confirmation is essential. Pro-
teomics methods can be useful for identifying miRNA
targets at the protein level in addition to the use of bio-
informatics prediction algorithms. We have pursued a
proteomics approach to compare the effects of miR-27b
and miR-320a on the secretome of ECs (10). TSP-1 was
returned as a common target of both miR-27b and
miR-320a (35). TSP-1 is an extracellular matrix protein,
which inhibits EC proliferation, migration, and angiogen-
esis (36). Its antiangiogenic effect is mediated through an
interaction with VEGF, specifically, via inhibition of VEGF
receptor-2 activation through engaging its receptor CD47
(37). This has further been supported in vivo, specifically,
in the eye: depletion of TSP-1 resulted in corneal neo-
vascularization in mice (38). Of particular significance
to diabetic retinopathy, a biphasic response of TSP-1
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mediated through VEGF occurred in microvascular cells in
the ischemic retina (39). This response tightly regulates
VEGF and therefore indicates a potential negative feed-
back mechanism of VEGF-induced angiogenesis through
TSP-1 (39). By now, several studies have implicated TSP-1
in pathological angiogenesis in the retina (40-42). TSP-1
has been shown to inhibit neovascularization in diabetic
mice (43). Moreover, miR-27b rescued impaired angiogen-
esis via TSP-1 suppression (17). Our findings confirm that
miR-27b directly suppresses reporter activity for TSP-1.
In contrast, miR-320a has an indirect effect on TSP-1
secretion.

Strengths and Limitations of the Study

Our study was prospective and, hence, measured miRNA
levels before occurrence of the disease outcome. Using a
nested case-control approach, we identified 155 partic-
ipants with retinopathy incidence/progression among
DIRECT trial participants (overall n = 3,326) and compared
miRNA profiles with those of matched control subjects.
Associations were independent of established risk factors
for diabetic retinopathy, including age, sex, HbA;,, diabe-
tes duration, and blood pressure, and were further under-
pinned by our biologically plausible finding from the
proteomics analysis that both miRNAs target TSP-1. Still,
whether miR-27b and miR-320a are causally involved in
diabetes retinopathy or a marker of this disease remains
to be clarified. The identified miRNAs are not retina spe-
cific. The changes in miR-27b and miR-320a may reflect
a systemic predisposition for pathological angiogenesis.
The cause for the differential regulation of circulating
levels of miR-27b and miR-320a is currently unclear. For
many biomarkers, the cellular origin remains uncertain. For
example, both ECs as well as platelets secrete TSP-1. Mea-
suring its circulating levels does not reveal how much of
TSP-1 is endothelial or platelet derived. The same limita-
tion applies to miRNAs that are not tissue specific and
detected in the circulation. Both miR-320a and miR-27b
are also present in platelets (6). The opposing direction-
ality of the association of miR-27b and miR-320a with
diabetic retinopathy could hint to a different cellular or-
igin of these two circulating miRNAs; i.e., miR-320a is
secreted at much higher levels from ECs than miR-27b.
Further studies are required to provide an in-depth un-
derstanding of their cellular origin and to test the diag-
nostic or therapeutic potential of these two circulating
miRNAs in diabetic retinopathy. We measured miRNA
levels only at baseline and, hence, could not assess or take
into account within-person variability of the miRNAs over
time. Finally, model selection and parameter estimation were
performed on the same data set without adjustment, which
may lead to an overestimation of the strength of association
obtained and underestimation of confidence limits.

Conclusions

Understanding how circulating miRNAs could be har-
nessed for assessing the risk of retinopathy in T1D is an
essential area of research. Our data in the DIRECT trials
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show that miR-320a and miR-27b are associated with new
onset of retinopathy and progression of retinopathy.
Besides identifying circulating miRNAs associated with
retinopathy, we also interrogated the targets of miR-27b
and miR-320a in ECs using a proteomics approach. Taken
together, the findings of our study identify miRNA bio-
markers for retinopathy in two independent cohorts.
These findings await confirmation in larger studies, but our
two lead miRNAs may have clinical utility given their
established links to angiogenesis, including the translational
control of TSP-1 by miR-27b and its reduced endothelial
secretion by miR-320a.
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