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Objective:MicroRNAs (miRNAs) have emerged as promising regulators of diabetesmellitus (DM)-induced angio-
genic dysfunction in endothelial cells (ECs), but information vis-à-vis the functional roles of distinct miRNAs re-
main surprisingly scarce. The current studywas designed to elucidate the expression and function ofmiR-140-3p
in diabetic ECs.
Methods:miR-140-3p expressionwas evaluated in DMmousemodel and in human ECs using RT-qPCR, Northern
blot and RNA fluorescent in situ hybridization. Effects of miR-140-3p manipulation on ECs function were evalu-
ated using cell proliferation, migration and in vitro tube formation assay. Regulation of FOXK2 transcription by
miR-140-3p was determined by luciferase reporter assay and site-directed mutagenesis.
Results:miR-140-3p expression was significantly down-regulated in high glucose-challenged ECs. Under normal
conditions, miR-140-3p knockdown impaired endothelial proliferation and migration, and endothelial tube for-
mation. Mechanistically, miR-140-3p exhibited its proangiogenic effects through directly inhibiting the expres-

sion of the forkhead transcription factor FOXK2. From a therapeutic standpoint, shRNA-mediated stable
inhibition of FOXK2 effectively corrected miR-140-3p deficiency–induced impairment of ECs proliferation and
in vitro angiogenesis.
Conclusion: EndothelialmiR-140-3p positive regulates ECs function by directly targeting FOXK2 signaling. Dereg-
ulation of miR-140-3p/FOXK2 cascade by hyperglycemia thus serves as an important contributor to angiogenic
dysfunction in DM.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

In conjunction with urbanization and lifestyle changes, diabetes
mellitus (DM) is currently a leading cause ofmetabolic disorders.1 Glob-
ally, the victims of DM is estimated to be around 642 million by 2040.2

Regardless of clinicopathological categorization, both type 1 and type 2
diabetes result inmarked plasma hyperglycemia.3,4Within the vascula-
ture, the endothelial cells (ECs) remain the main targets of glucose-
mediated challenges. Intracellular hyperglycemia induces endothelial
dysfunction and microvascular rarefaction. Given that smallest blood
vessels play essential roles in nourishingmultiple organs, microangiop-
athy serves as a major risk factor for diabetic complications causing
more than half of morbidity and mortality in diabetic patients.5 Despite
such pervasiveness, the underlying mechanisms for ECs dysfunction in
DM remain poorly understood.
atory, The 3rd People's Hospital
ao 266041, Shandong Province,
MicroRNAs (miRNAs), a group of small, noncoding RNAs that medi-
ate degradation of targetedmRNA and/or translational arrest by binding
to specific sequences (such as 3′ untranslated region, 3′-UTR). The ex-
pression of N30% of human genes is regulated by miRNAs at the post-
transcriptional level.6 Of particular interest, miRNAs are gradually
regarded as important contributing factors for angiogenic dysfunction
in DM.7–9 For instance, miR-27b rescues bone marrow-derived angio-
genic cell function in T2DM.10 Down-regulation of miR-126 and miR-
132 are functionally implicated in diabetic cardiac microangiopathy
and these two miRNAs are thus considered to be important
proangiogenic factors.11 We have previously reported that T2DM inhi-
bition of endothelial miR-342-3p facilitates angiogenic dysfunction via
repression of FGF11 signaling.12 Hitherto, the expression, functions,
and targets of miRNAs in ECs remain largely unexplored.

In the present study, miR-140-3p was chosen for further investiga-
tion based on three criteria: i) miR-140-3p has been shown by compar-
ative miRNA array analysis to be a signature miRNA in hyperglycemic
conditions.13 ii) miR-140-5p, another isoform of miR-140, has been re-
ported to regulate angiogenesis in both normal14 and transformed
cells.15 iii) translational relevance of circulatingmiR-140-3p as a poten-
tial biomarker for monitoring metabolic processes has been proposed
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by multiple publications.16,17 In an exploration of the mechanisms un-
derlying miR-140-3p action, we demonstrate that deregulation of
miR-140-3p/FOXK2 cascade by hyperglycemia exacerbates the primary
ECs dysfunction and attenuates in vitro angiogenesis, thus indicating a
novel proangiogenic facet of miR-140-3p.

2. Materials and methods

2.1. Patient samples and animal models

The human study, strictly conformed to the ethical standards of Hel-
sinki Declaration, was approved by the Clinical Investigation Committee
of our hospital (QDRMYY-20160618-098). All participants gave in-
formed consent before inclusion. Peripheral blood samples, along with
human CD34+ cells purified from these blood samples, were obtained
from healthy volunteers (n = 15) and T2DM patients (n = 18), as de-
scribed in detail in our previous work.12 Moreover, patients with glau-
coma (diagnosed as glaucomatous optic neuropathy by fundoscopic
examination with elevated intraocular pressure N 21 mmHg,18 n =
12), with cataract (n = 8), or with diabetic retinopathy (DR, n = 16)
were recruited fromDepartment of Ophthalmology in 3rd People's Hos-
pital of Qingdaoduring September 2016 andApril 2017. ~100 μl of aque-
ous humor (AH) samples, collected from anterior chamber paracentesis
from these ophthalmic patients, were stored immediately at −80 °C
until further use.

The animal work, in accordance with the Guide for the Care and
Use of Laboratory Animals published by the National Institutes of Health
(NIH publication No. 85–23, revised 1996), was approved by the An-
imal Care and Use Committee of our hospital (QDRMYY-20160618-
096). Adult C57/BL6 male mice at the ages of 2 months were ob-
tained from the Animal Research Center of our hospital. Mice had
free access to clean water and were fed ad libitum, and maintained
under a constant 12 h light:12 h darkness cycle (lights on at
0800 h) and controlled conditions of humidity (between 70 and
80%) and temperature (22± 1 °C). Mice were sacrificed by CO2 inha-
lation followed by cervical dislocation and all efforts were made to
minimize suffering. To induce T2DM, mice (n = 10) were fed on a
high fat diet (HFD) (Jiangsu Medicience Biomedicine, Yangzhou,
China). Three weeks later, mice were injected intraperitoneally
with a single dose of of STZ (80 mg/kg in 0.1 M citrate buffer,
pH 4.5, Sigma-Aldrich, Beijing, China). Mice fed on a normal diet
served as the control (n = 10). Three weeks after the STZ injection,
mice with distinct hyperglycemia concomitant with insulin resis-
tance (beyond 1–2 S.D. values from the normal controls) were con-
sidered as T2DM.19

2.2. Cell treatment

Human retinal vascular endothelial cells (HRVECs), human umbilical
vein endothelial cells (HUVECs), human coronary artery endothelial
cells (HCAECs) and human coronary artery endothelial cells (EA.
hy.926) were obtained from ATCC (Manassas, VA, USA). These pur-
chased endothelial cells (passage 3-6) were cultured at 37 °C with 5%
CO2 in EGM2-MV media supplemented with different doses of FBS (5%
of FBS for HRVECs, 2% FBS for HUVECs and HCAECs, and 10% of FBS for
EA.hy.926) (Gibco, Shanghai, China), according to the procedures sug-
gested by ATCC. Primary ECs were isolated and purified from heart tis-
sues using a sequential affinity selection method, as described in our
previouswork.12 The primary ECs lineage was further confirmed by an-
alyzing primary ECs (at subculture b2) for cell surface expression of
PECAM-1 and ICAM-2, the two endothelial-specific markers that were
used for the positive selection of these cells.20 To study the effects of hy-
perglycemia on miR-140-3p expression, HUVECs were incubated with
the culture media containing 5 mmol/L glucose, 30 mmol/L glucose, or
30 mmol/L mannitol (osmolar control group, Sigma-Aldrich, Shanghai,
China) for 4 h,21 followed by RT-qPCR analysis. To manipulate the
miR-140-3p expression, primary ECs were transfected with miR-140-
3p mimics or inhibitors, along with their corresponding negative con-
trols (RiboBio, Guangzhou, China), using HiPerFect Transfection Re-
agent (Qiagen, Shanghai, China). HUVECs were stably deprived of
endogenous FOXK2 expression by transfection with FOXK2 shRNA
(Sigma-Aldrich), followed by selectionwith 0.5 μg/ml G418 (Invitrogen,
Shanghai, China).
2.3. Measurement of cell proliferation and migration

Primary ECs with different transfections were fixed using 10% tri-
chloroacetic acid at 4 °C for 1 h, followed by sequential incubation
with Sulforhodamine-B (Sigma-Aldrich) for 0.5 h and unbuffered Tris
Base (10 mM, pH 10.5) for 5 min. Final spectrophotometry was per-
formed at 492 nm.12

To measure cell migration, primary ECs with different transfections
were cultured to confluence, followed by streaking at 1-mm width
using a rubber scraper. 36 h later, the migrated cells beyond the streak
edge were calculated in 5 random fields.12
2.4. Tube formation assay

Primary ECs or HUVECs with different transfections were seeded at
density of 1 × 105 cells/well on a 24-well plate coated with growth
factor-reduced Matrigel (300 μl/well, BD Biosciences, Shanghai,
China). After incubation at 37 °C for 24 h, tube construction was viewed
and tube length was quantified using Image J22 (www.imagej.net).23
2.5. RT-qPCR

Total RNAwas isolatedusing amiRNeasyMini Kit (Qiagen, Shanghai,
China) and was reverse transcribed using miScript II RT Kit or
Omniscript RT Kit (Qiagen). To determine the expression levels of
miR-140-3p and FOXK2 mRNA, cDNA was subjected to PCR using a
SYBR PrimeScriptmiRNA or anmRNAReal-TimePCRkit (Takara, Dalian,
China), with 18S, mouse snoRNA202 and human U6 snRNA serving as
internal controls. Subsequent relative quantification was performed
using the comparative △△Ct method.24 Primers used were: FOXK2
(NM_004514.3), 5′-CGAGTGATGCCATCTGACCT-3′ and 5′-AGCCATCG
TAATCGCCTGAA-3′; Foxk2 (NM_001080932.3): 5′-AATGCAGCAGCAA
GTCCTCT-3′ and 5′-GCAATGACAATGCTCTCGCC-3′;
2.6. Northern blot

~20 μg total RNA was separated by 3% agarose gel and transferred
onto a Blotting-Nylon 66 membrane (Sigma-Aldrich). Subsequent
Northern blot was performed with a Digoxin-labelled locked nucleic
acid probes (Exiqon, Shanghai, China) that had been prepared using
the DIG Northern starter Kit (Roche, Shanghai, China), with the aid of
NorthernMax kit (Ambion, Shanghai, China) followingmanufacturer in-
structions. Final visualization of positive signals was achieved through
phosphorimaging (Typhoon, Mundelein, IL, USA).
2.7. RNA fluorescent in situ hybridization (RNA-FISH)

HUVECs were cultured to 80% confluence and then subjected to
prehybridization (1 × PBS/0.5% Triton X-100). HUVECs were then incu-
bated with FITC-labelled RNA probes to miR-140-3p in the hybridiza-
tion buffer (ThermoFisherScientific, Shanghai, China) overnight.
HUVECs were counter-stained using 4,6‑diamidino‑2‑phenylindole
(Sigma-Aldrich) and final positive signals were developed using
RNAscope® Multiplex Assay Kit (ThermoFisherScientific).25

http://www.imagej.net
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Fig. 1.High glucose challenges inhibitsmiR-140-3p expression inmouse tissues and ECs. (A) Total RNAwas isolated fromdifferentmouse tissues using amiRNeasyMini Kit as described in
Materials andmethods. Subsequently, absolute quantification of miR-140-3p expression in different mouse tissues was achieved using (n=4). (B) Northern blot analysis of miR-140-3p
expression in different mouse tissues (n = 4). (C) Absolute quantification of miR-140-3p expression in different endothelial cells (n = 4). (D) Northern blot analysis of miR-140-3p
expression in different endothelial cells (n = 4). (E) Localization of miR-140-3p in HUVECs was revealed by RNA-FISH assay (n = 3). Bar = 10 μm (F) RT-qPCR analysis of miR-140-3p
expression in the primary ECs isolated from normal and diabetic mice, at the end of different durations after DM induction (n = 5). *P b 0.05 and **P b 0.01 when compared to the Ctrl
mouse. (G) HUVECs were incubated with the culture media containing 5 mmol/L glucose, 30 mmol/L glucose, or 30 mmol/L mannitol for the indicated durations, followed by RT-qPCR
analysis (n = 5, *P b 0.05 and **P b 0.01).
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2.8. Western blotting/immunoblotting

Immunoblotting was carried out according to our previous work.12

Briefly, total protein sampleswere isolated fromprimary ECs or HUVECs
using a ReadyPrep Protein Extraction Kit (Bio-Rad, Beijing, China) with
the aid of the complete proteinase inhibitor cocktail tablets (Roche,
Shanghai, China). A total of ~30 μg of protein samples were separated
by SDS/PAGE and were transferred to a PVDF membrane (Bio-Rad),
followed by incubation with the antibodies including rabbit-anti
FOXK2 (1:1000, Sigma-Aldrich) and rabbit anti-β-ACTIN (Santa Cruz
Biotechnology, Shanghai, China). Final signals were developed using
an ECL kit (ThermoFisherScientific) according to the manufacturer's
instructions.

2.9. Luciferase reporter assay

The FOXK2 3′UTR spanning 500 bp was PCR amplified from
human genomic DNA using Taq DNA polymerase (Qiagen) and was

Image of Fig. 1
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Fig. 2.miR-140-3p regulates the endothelial function in vitro. (A) Normal primary ECs were transfected with miR-140-3p inhibitors or negative controls (NC). 48 h later, normal primary
ECs were subjected to RT-qPCR analysis of miR-140-3p expression (n=5, *P b 0.05 and **P b 0.01). (B) Effects of miR-140-3p inhibition on the endothelial proliferation was determined
using Sulforhodamine-B (SRB) absorption assay innormal primary ECs (n=5). (C) Effects ofmiR-140-3p inhibition on theendothelialmigrationwas evaluatedusingwoundhealing assay
in normal primary ECs (n = 5). (D) Normal primary ECs with different transfections were seeded on the Matrigel matrix. 24 h later, tube construction was viewed and tube length was
statistically analyzed (n=4, *P b 0.05 and **P b 0.01). Scale bar= 50 μm(E) Diabetic primary ECswere transfectedwithmiR-140-3pmimics or negative controls (NC). 48 h later, diabetic
primary ECswere subjected to RT-qPCR analysis of miR-140-3p expression (n=5, *P b 0.05 and **P b 0.01). (F) Effects ofmiR-140-3p overexpression on the endothelial proliferationwas
determined using SRB absorption assay in diabetic primary ECs (n=5). (G) Effects of miR-140-3p overexpression on the endothelial migration was evaluated using wound healing assay
in diabetic primary ECs (n=5). (H) Effects of miR-140-3p overexpression on in vitro angiogenesis was evaluated using tube formation assay in diabetic primary ECs (n=4, *P b 0.05 and
**P b 0.01).
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cloned into KpnI–NheI sites of pGL4.10[luc2] Vector (Promega, Beijing,
China) using CloneJET PCR Cloning Kit (Thermo Fisher Scientific).
The site-directed mutagenesis was achieved using QuikChange II
Site-Directed Mutagenesis Kit (Agilent, Beijing, China). The wild-
type pGL4.10/FOXK2-3′UTR or mutated pGL4.10/FOXK2-3′UTR, along
with empty vector, were cotransfected with pSV‑β‑galactosidase into
NIH/3T3 cells. 24 h later, relative luciferase activity was measured
using Dual-Glo Luciferase.

Reporter Assay kit (Promega).26

2.10. Statistical analysis

All data are presented as mean ± S.E.M. Statistical significance was
assessed by performing Student's t-test or one way analysis of variance
(ANOVA) as appropriate, using a P-value of 0.05. Correlation analysis
between miR-140-3p expression and FOXK2 transcripts level was
achieved using the Pearson Chi-Square test.

3. Results

3.1. Down-regulation of miR-140-3p in high glucose conditions

Because has-miR-140-3p and mmu-miR-140-3p share the same se-
quence, we firstly explored the expression profile of miR-140-3p in dif-
ferentmouse tissues. RT-qPCR revealed thatmiR-140-3pwas expressed
in multiple tissues including brain, spleen, liver, heart, kidney, artery
and vein, with the highest values being observed in artery and vein
(Fig. 1A). This expression profile was further verified by Northern blot-
ting using a LNA-labelled miR-140-3p probe (Fig. 1B). miR-140-3p ex-
pression was also abundantly detected in HUVECs and HCAECs, along
withmodest expression levels in other endothelial cells, as well, includ-
ing HRVECs and EA.hy.926 (Fig. 1C and D). As expected, RNA-FISH
showed that miR-140-3p was mainly expressed in the cytoplasm of
HUVECs (Fig. 1E). Because we were interested in the potential role of
miR-140-3p in the diabetic vascular complications, we then examined
the miR-140-3p expression in the primary ECs from diabetic mice,
which have been prepared and described in our previous work.12 Our
FACS analysis demonstrated that both PECAM-1 and ICAM-2, two
endothelial-specific markers, were abundantly expressed in the pri-
mary ECs isolated from mouse hearts (Supplementary Fig. 1), thus val-
idating the endothelial cell lineage in our system. RT-qPCR revealed
that miR-140-3p expression in the primary ECs from diabetic mice
was significantly lower than that from non-diabetic mice (Fig. 1F). Con-
sistently, treatment with high-glucose in HUVECs could inhibit the ex-
pression levels of miR-140-3p in a time-dependent manner (Fig. 1G).
Thus, hyperglycemia suppresses miR-140-3p expression at both
in vivo and in vitro levels.

3.2. Endothelial miR-140-3p positively regulates angiogenesis

To address the biological significance of miR-140-3p as a regula-
tor of angiogenesis, we transfected miR-140-3p inhibitors into
normal primary ECs. 48 h later, the effectiveness of miR-140-3p
knockdown was verified by RT-qPCR assay (Fig. 2A). Interestingly,
miR-140-3p inhibition significantly impaired endothelial prolifera-
tion (average SRB absorption values 0.334 in ECs transfected with
Inhibitors as compared to an overall average SRB absorption values
of 0.986 in ECs transfected with Inhibitors NC, Fig. 2B) and migration
Fig. 3. miR-140-3p targets FOXK2. (A) Prediction of miR-140-3p binding site on the 3′UTR of
(B) and RT-qPCR analysis (C) to reveal the expression levels of FOXK2 (n = 4). (D) Correl
(E) Schematic diagram of FOXK2 3′-UTR reporter construct. (F) Luciferase reporter assay show
stably deprived of endogenous FOXK2 expression by transfection with FOXK2 shRNA. Cells
noblotting analysis (n = 4). (H) HUVECs with different transfections were subjected to S
absence of miR-140-3p inhibition, on endothelial proliferation (n = 5, *P b 0.05 and **P b
bition, on in vitro angiogenesis was evaluated using tube formation assay in HUVECs with
(average migrated cell numbers 23.14 in the primary ECs transfected
with Inhibitors as compared to an overall average migrated cell
numbers 60.08 in the primary ECs transfected with Inhibitors NC,
Fig. 2C), and thereby resulted in a compromised tube formation of
primary ECs (Fig. 2D). By contrast, transfection of miR-140-3p
mimics in diabetic primary ECs (Fig. 2E) abrogated high glucose-
impaired endothelial proliferation (average SRB absorption values
2.834 in diabetic primary ECs transfected with Mimics as compared
to an overall average SRB absorption values of 1.186 in diabetic
primary ECs transfected with Mimics NC, Fig. 2F) and migration
(average migrated cell numbers 45.44 in diabetic primary ECs
transfected with Inhibitors as compared to an overall average mi-
grated cell numbers 20.08 in diabetic primary ECs transfected with
Inhibitors NC, Fig. 2G), thus rescuing the inhibitory effect of diabetes
on in vitro angiogenesis in diabetic primary ECs (Fig. 2H).

3.3. miR-140-3p directly targets the 3′UTR of forkhead box K2 (FOXK2)

With the aid of TargetScan andmiRDB, the 3′UTR of FOXK2 genewas
recognized as a putative target ofmiR-140-3p (Fig. 3A). A direct connec-
tion between miR-140-3p and FOXK2 was firstly substantiated when
we assayed the relative transcript levels of FOXK2 in miR-140-3p
mimics-transfected primary ECs. Diabetes resulted in a more than
two-fold increase in the relative transcript levels of FOXK2 in primary
ECs, whereas this stimulatory effect was substantially abolished upon
transfection with miR-140-3p mimics, as evidenced by our immuno-
blotting (Fig. 3B) and RT-qPCR (Fig. 3C) analyses. Human circulating
CD34+ cells contain a large portion of endothelial progenitor cells.12

Pearson Chi-Square test revealed a negative correlation between
FOXK2 and miR-140-3p expression levels in the CD34+ cells purified
from the peripheral blood samples of DM patients (Fig. 3D). To provide
the direct evidence for the regulation of FOXK2 expression bymiR-140-
3p, we cloned wild-type FOXK2 3′UTR and mutated FOXK2 3′UTR into
luciferase reporter vector pGL4.10 (Fig. 3E). Transient cotransfection
of miR-140-3p mimics and WT pGL4.10/FOXK2-3′UTR in NIH/3T3
cells resulted in a noticeable suppression of FOXK2 transcript. Contrarily,
suppression of FOXK2 transcription by miR-140-3p mimics was
completely abrogated when cells were transfected with Mu pGL4.10/
FOXK2-3′UTR (Fig. 3F). To further askwhether FOXK2 alone can explain
for the miR-140-3p deficiency-induced angiogenic dysfunction, we
established HUVECs stably deprived of endogenous FOXK2 expression.
As expected, transfectionwithmiR-140-3p inhibitors failed to stimulate
FOXK2 expression in HUVECs/shRNA (Fig. 3G). Importantly, FOXK2
inhibition efficiently rescuedmiR-140-3pdeficiency-impaired endothe-
lial proliferation (Fig. 3H) and tube formation capability (Fig. 3I) in
HUVECs/shRNA. Taken together, these results indicate that miR-140-
3p could regulate angiogenic function by directly targeting FOXK2
signaling.

3.4. Translation of miR-140-3p molecular effects to human disease

To further provide the translational medicine relevance for the
effects of miR-140-3p on diabetic vascular disorders, we explored
miR-140-3p levels in plasma and AH samples collected from dia-
betic patients and normal controls. miR-140-3p expression was
significantly down-regulated in the plasma of peripheral blood
from diabetic patients (Fig. 4A). Deregulation of AH, an important
body fluid in the eye, is frequently associated with retinal
FOXK2. 48 h after transfection, different primary ECs were subjected to Western blotting
ation analysis between miR-140-3p and FOXK2 mRNA in human CD34+ cells (n = 4).
ing that miR-140-3p directly repressed FOXK2 transactivation (n = 4). (G) HUVECs were
were then transfected with miR-140-3p inhibitors or NC for 48 h, followed by immu-
RB absorption assay to determine the effects of FOXK2 inhibition, in the presence or
0.01). (I) Effects of FOXK2 inhibition, in the presence or absence of miR-140-3p inhi-
different transfections (n = 4, *P b 0.05 and **P b 0.01).
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microvascular diseases.22 Interestingly, miR-140-3p expression
was significantly reduced in the AH of patients with diabetic reti-
nopathy, but not in other patients with cataract or glaucoma
(Fig. 4B). Thus, circulating miR-140-3p may serve as a potent bio-
fluid derived-biomarker for monitoring microvascular complica-
tions in diabetic patients.

4. Discussion

Although accumulating evidence suggests that deregulation of
miRNAs is a hallmark of vascular disorders caused by diabetes, only
minor studies have characterized the biological effects and correspond-
ing mechanisms of distinct miRNAs. The data presented here show
that miR-140-3p expression is significantly attenuated in primary ECs
upon hyperglycemia stimulation. miR-140-3p inhibition compromises
the angiogenic function in primary ECs by directly targeting FOXK2
signaling. Conversely, repression of FOXK2 rescues the miR-140-3p
deficiency-impaired angiogenesis in HUVECs. miR-140-3p/FOXK2 cas-
cade thus mediates, at least in part, the angiogenic dysfunction in
diabetes.

Based on our data, miR-140-3p has a “positive” effect on angiogene-
sis, and its inhibition by DM conditions leads to decreased angiogenesis.
However, diabetic retinopathy, a secondarymicrovascular complication
of DM, is characterized by two hallmarks: diabetic macular edema and
increased retinal blood vessel growth and angiogenesis.27 Therefore,
could inhibition of miR-140-3p instead be positive for diabetic retinop-
athy? Three possibilities may account for this intriguing question: 1) In
our study, we constantly observed that the expression levels of miR-
140-3p were almost negligible in HRVECs, as compared to those in
other cell types (Fig. 1C and D). We thus could not rule out the

Image of Fig. 4
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possibility that miR-140-3p may not be responsible for the angiogenic
regulation in retinopathy. It is well recognized that the functions of
many miRNAs are determined by the cell context and tissue types.28

2) Although the angiogenesis or neovascularization is elevated in dia-
betic retinopathy, most of the newly-formed vessels inside the retina
demonstrate abnormal architecture and permeability.29 Therefore, it is
likely thatmiR-140-3pmaynot function as an essential regulator of ves-
sel formation. Instead, dysregulation of miR-140-3p signaling may di-
rectly target the vascular structure and function. 3) It is well known
that DM exerts differential effects on angiogenic process in different tis-
sue types. For example, in four limbs, DM attenuates angiogenic re-
sponse to tissue injury, thus contributing crucially to the strong
propensity to develop persistent decubitus and foot ulcers.21 By con-
trast, the growth of new blood vessels in retina is significantly enhanced
by DM, which, if not properly controlled, leads to irreversible retinal
damages and vision loss.30,31 Thus, the proangiogenic and
antiangiogenic effects by DM can both promote vascular dysfunction
in different tissue types. Therefore, miR-140-3p may also serve as a
double-faced regulator angiogenic function in different tissues. These
interesting hypotheses are currently under investigation in our lab.

miR-140-3phas recently gainedmuch attention due to its regulatory
roles inmetabolic processes.17 To this end, we showhere that hypergly-
cemia is associated with decreased expression levels of miR-140-3p in
both cultured primary ECs and diabetic human blood samples. Our re-
sults are well consistent with the previous studies in which miR-140-
3p are demonstrated to be significantly down-regulated in impaired
fracture healing16 and progressive chronic kidney disease in diabetes.32

It is therefore clear that hyperglycemiamodifies the changes to themiR-
140-3p expression pattern, but mechanistically the details remain to be
further resolved. A role for intracellular oxidative stress in mediating
hyperglycemia inhibition on endothelial miR-140-3p is very likely,
given the prooxidative environment in diabetic ECs. Diabetes impairs
glucose uptake andmetabolic substrate shifts, thus leading to a substan-
tial oxidative stress. The latter has beenwell documented to be a potent
agent of post-translational modification in diabetes microvascular
pathology.33 Excessive reactive oxygen species (ROS) can cause regula-
tory effects through oxidative modification of miRNA leading to their
deregulated expressions and functions. For example, maternal diabetes
induces miR-27a expression, which causes ROS imbalance by directly
targeting Nrf2 singling in diabetic embryopathy.34 Likewise, Angioten-
sin II, a well-known pro-oxidant induced by hyperglycaemia, sup-
presses miR-145 expression and thereby promotes cardiomyocyte
apoptosis and aggravates infarcted myocardium.35 Thus, we propose a
model of coordinate regulation by hyperglycemia and oxidative stress-
induced repression of miR-140-3p in ECs. This tempting possibility is
currently under investigation in our lab.

Intriguingly, our functional analyses reveal that inhibition of endog-
enous miR-140-3p impairs EC proliferation, migration, and angiogenic
potentials in primary ECs. By contrast, forced miR-140-3p expression
restored endothelial proliferation and potentiates in vitro angiogenesis
in diabetic primary ECs. miR-140-3p may thus act as an essential pro-
moter of neovascularization in primary ECs. In favor of this hypothesis,
it has been shown that miR-140-5p inhibits angiogenesis by decreasing
endothelial proliferation,migration and tube formation, in both cerebral
ischemia14 and breast cancers.15 Thus, regulation of angiogenesis ap-
pears to be a fundamental function of miR-140 family, but different
members may exert differential regulatory roles under different patho-
physiological conditions.

Revealing the direct down-stream targets is essential before inter-
fering with miRNA expression for therapeutic purposes.5 By employing
multiple approaches including bioinformatics analysis, luciferase re-
porter assay and site-directed mutagenesis, we have identified FOXK2
as a potential target of miR-140-3p in primary ECs and HUVECs. Emerg-
ing data suggest that the forkhead transcription factors regulate funda-
mentally the angiogenic function. For instance, endothelial FOXO1 is an
intrinsic regulator restraining angiogenesis in ischemic muscle.36
FOXP3 inhibits angiogenesis by downregulating VEGF in breast
cancer.37 Together, the forkhead transcription factors are conserved an-
giogenic regulators in both normal and transformed cells.38 Of particu-
lar interest, the regulation of forkhead transcription factors is tightly
controlled at posttranscriptional levels by miRNAs. miR-544a and
miR-379 regulates the angiogenesis in ECs by directly targeting FOXP1
and FOXP2 pathways, respectively.39 miR-370 potentiates neovascular-
ization in amputated fingers through targeting FOXO1 signaling.40 As
for FOXK2, it is targeted by miR-1271-5p and may promote cell growth
and unfavorable prognosis in hepatocellular carcinoma.41 The current
study extends these understandings by identifying FOXK2 as the direct
target of miR-140-3p in primary ECs and HUVECs. To the best of our
knowledge, this is the first demonstration of a specific miRNA regula-
tion of FOXK2 in diabetic vascular implications.

In summary, we show here that miR-140-3p has an inhibitory effect
on FOXK2 expression, which potentiates angiogenic function and pro-
mote in vitro tube formation in endothelial cells. Deregulation of miR-
140-3p/FOXK2 cascade is therefore implicated in the pathogenesis of
diabetes-associated vascular complications (Fig. 4C). miRNAs are
protected from RNase, and are usually stable in bio-fluid samples.5 In
line with this insight, the expression levels of miR-140-3p in plasma
and AH were significantly decreased in diabetic patients, rendering
the possibility of using miR-140-3p as a suitable bio-fluid derived-
biomarker for evaluating different diabetic conditions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jdiacomp.2019.02.001.
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