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ABSTRACT
Vascular endothelial cells (VECs) that form the inner wall of blood vessels can be injured by high
glucose-induced autophagy and apoptosis. Although the role of long noncoding RNA in regulating
cell fate has received widespread attention, long noncoding RNAs (lncRNAs) that can both regulate
autophagy and apoptosis need to be discovered. In this study, we identified that a small chemical
molecule, 3-benzyl-5-([2-nitrophenoxy] methyl)-dihydrofuran-2(3H)-one (3BDO), synthesized by us, could
inhibit VEC autophagy and apoptosis induced by a high concentration of glucose. To find new lncRNAs
that regulate autophagy and apoptosis in VECs, we performed lncRNA microarray analysis. We found
and verified an upregulated lncRNA named CA7-4 that was induced by a high concentration of glucose
could be downregulated by 3BDO most obviously among all of the detected lncRNAs. Meanwhile, we
investigated the mechanism of CA7-4 in regulating VEC autophagy and apoptosis. The results showed
that CA7-4 facilitated endothelial autophagy and apoptosis as a competing endogenous RNA (ceRNA) by
decoying MIR877-3P and MIR5680. Further study elucidated that MIR877-3P could trigger the decrease of
CTNNBIP1 (catenin beta interacting protein 1) by combining with its 3ʹ UTR and then upregulating
CTNNB1 (catenin beta 1); MIR5680 inhibited the phosphorylation of AMP-activated protein kinase
(AMPK) by targeting and decreasing DPP4 (dipeptidyl peptidase 4). Therefore, CA7-4, MIR877-3P and
MIR5680 represent new signal pathways that regulate VEC autophagy and apoptosis under the high-
glucose condition.

Abbreviations: 3BDO: 3-benzyl-5-([2-nitrophenoxy] methyl)-dihydrofuran-2(3H)-one; 3ʹ UTR: 3ʹ untrans-
lated region; AGO2: argonaute RISC catalytic component 2; AMPK: AMP-activated protein kinase/protein
kinase AMP-activated; BAX/BCL2L4: BCL2 associated X, apoptosis regulator; BCL2: BCL2 apoptosis
regulator; CASP3: caspase 3; ceRNA: competing endogenous RNA; CTNNB1: catenin beta 1; CTNNBIP1/
ICAT: catenin beta interacting protein 1; DPP4: dipeptidyl peptidase 4; FGF2/FGF-2: fibroblast growth
factor 2; HG: high concentration glucose (30 mM glucose); lncRNA: long noncoding RNA; MAP1LC3B/
LC3B: microtubule associated protein 1 light chain 3 beta; miRNA: microRNA; MIR4778-3P: microRNA
4778-3p; MIR561-3P: microRNA 561-3p; MIR5680: microRNA 5680; MIR877-3P: microRNA 877-3p; MTOR:
mechanistic target of rapamycin kinase; Mut: mutant; NC: negative control; NG: normal concentration
glucose (5.5 mM glucose); PARP1: poly(ADP-ribose) polymerase 1; qPCR: quantitative real-time PCR; RNA-
FISH: RNA-fluorescence in situ hybridization; ROS: reactive oxygen species; RT-PCR: reverse transcription
polymerase chain reaction; siRNA: small interfering RNA; SQSTM1: sequestosome 1; TGFB2-OT1: TGFB2
overlapping transcript 1; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling; VECs:
vascular endothelial cells; WT: wild type
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Introduction

A high concentration of glucose in the blood is harmful to
vascular endothelial cells (VECs) [1]. Under hyperglycemia,
the synthesis of nitric oxide (NO) decreases and reactive
oxygen species (ROS) levels notably increase due to the inac-
tivation of endothelial NO synthase. High glucose-induced
oxidative stress induces cell death, impairs angiogenesis, and
then leads to vascular diseases [1,2]. In parallel, studies have
focused on investigating the mechanism of endothelial cell
autophagy, apoptosis, inflammation and senescence induced

by high glucose. For instance, the production of ROS induced
by hyperglycemia contributes to caspase-dependent apoptosis
of endothelial cells by triggering CYCS (cytochrome c,
somatic) release [3]. The chronic elevation of glucose level
promotes the expression of various inflammatory factors in
endothelial cells, including ICAM1 (intercellular adhesion
molecule 1), IL6 (interleukin 6) [4], and VCAM1 (vascular
cell adhesion molecule 1) [5]. In addition, high glucose accel-
erates endothelial cell senescence, apoptosis and autophagy by
inducing renin-angiotensin system-mitochondrial damage [6].
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Consequently, exploring novel regulatory factors to reduce the
injury caused by hyperglycemia on endothelial cells is of great
significance.

Only about 2% of sequences of human genome can be
translated into protein. Transcripts that do not encode
a protein can be divided according to length, including short
non-coding RNAs (<200 nt) and long non-coding RNAs
(lncRNAs, >200 nt) [7]. However, these noncoding transcripts
do not simply exist as trash or transcriptional noise [8].
LncRNAs have been extensively considered critical players
in regulating dosage compensation, genomic imprinting,
chromatin remodeling, DNA methylation, cell differentiation,
organogenesis, and the physiological and pathological pro-
cesses of organisms [9]. Beyond that, many reports demon-
strate that lncRNAs are emerging as central regulators in
controlling cell autophagy or apoptosis of various diseases,
including cancers [10–12], cardiovascular diseases [13–15],
and diabetic vascular complications [16].

Nevertheless, only a few studies have investigated lncRNA
regulation in endothelium injury caused by hyperglycemia.
For example, under high glucose, MALAT1 (metastasis asso-
ciated lung adenocarcinoma transcript 1) knockdown amelio-
rates retinal vessel apoptosis and capillary impairment [17];
MEG3 (maternally expressed 3) knockdown aggravates retinal
vascular dysfunction [18]; MIAT (myocardial infarction asso-
ciated transcript) is involved in regulating retinal vessel dys-
function as the decoy of MIR150-5P [19]; and CDKN2B-AS1
(CDKN2B antisense RNA 1) promotes angiogenesis by upre-
gulating VEGFA/VEGF (vascular endothelial growth factor A)
and activating NFKB1 (nuclear factor kappa B subunit 1)
signaling [20].

MicroRNAs (miRNAs) also play important roles in
endothelial injury induced by hyperglycemia. In general,
these are a class of evolutionarily conserved non-coding
RNAs approximately 20–22 nt in length. Accumulating evi-
dence has revealed that miRNAs, alone or in combination
with lncRNAs, are involved in regulating specific gene expres-
sion at the transcription or translation level, then changing
cell signaling pathways associated with different physiological
and pathological processes [21]. For the past few years, studies
have elevated our understanding of miRNA regulation in
hyperglycemia-induced endothelial dysfunction. For example,
MIR126 inhibits inflammation and ROS production by target-
ing HMGB1 (high-mobility group box 1) in diabetic vascular
endothelium [22]; overexpression of MIR149-5P improves
high glucose-induced VEC dysfunction and apoptosis by tar-
geting and downregulating TNF/TNFα (tumor necrosis fac-
tor) [23]. Consequently, noncoding RNAs, including lncRNAs
and miRNAs, are emerging as diagnostic biomarkers or ther-
apeutic targets of diabetes-associated vascular complications
because of their regulation of endothelial injury induced by
high glucose [24].

Our previous study indicates that a small chemical mole-
cule, 3BDO, inhibits serum and FGF2 (fibroblast growth
factor 2) deprivation-induced VEC apoptosis [25]. In 2014,
we have identified that 3BDO inhibits autophagy as a novel
activator of MTOR (mechanistic target of rapamycin kinase)
and also found a new lncRNA, TGFB2-OT1 (TGFB2 over-
lapping transcript 1), that regulates autophagy in VECs by

decoying MIR4459 targeting ATG13 (autophagy-related 13),
and 3BDO reduces TGFB2-OT1 by promoting the phosphor-
ylation of TIA1 (TIA1 cytotoxic granule associated RNA
binding protein) [26]. Furthermore, 3BDO ameliorates autop-
hagy and inflammation of VECs caused by lipopolysaccharide
and oxidized low-density lipoprotein through diminishing
TGFB2-OT1 [27]. Thus, according to the available evidence,
we speculated that 3BDO may both suppress endothelial
autophagy and apoptosis induced by high glucose.

In this study, we first demonstrated that 3BDO could
alleviate high glucose-induced VEC autophagy and apoptosis
and also identified a new lncRNA named CA7-4 by high-
throughput sequencing. Here, 3BDO could decrease the level
of CA7-4. Additionally, our findings highlighted novel
miRNA signal pathways regulated by CA7-4 in autophagy
and apoptosis of VECs.

Results

3BDO restrained the upregulation of CA7-4 induced by
high glucose in VECs

First, we found that 3BDO inhibited high glucose-induced
VEC autophagy and apoptosis (Figure S1). However, the
data revealed that 3BDO decreased high glucose-induced
autophagy in VECs without a remarkable effect on the expres-
sion of SQSTM1 (sequestosome 1) (Figure S1(c)). To investi-
gate novel lncRNAs participating in VEC autophagy and
apoptosis under high glucose, we performed lncRNA micro-
array analysis after treating VECs with normal concentration
glucose (5.5 mM glucose) (NG), high concentration glucose
(30 mM glucose) (HG), and HG+3BDO (60 μM) (Figure 1(a))
and found a new lncRNA, CA7-4, prominently regulated by
HG+3BDO (Figure 1(b)). We examined the expression of
CA7-4 by quantitative real-time PCR (qPCR) after treatment
with high glucose or 3BDO. 3BDO inhibited the upregulated
CA7-4 caused by high glucose (Figure 1(d,e)). Under normal
glucose, 3BDO still could downregulate CA7-4 (Figure 1(f)).

In the LNCipedia database (version 5.2), CA7-4 has been
identified as an lncRNA (https://lncipedia.org/db/transcript/
lnc-CA7-4:1). It is located in the forward strand of chro-
mosome 16 (hg38), is 2894 bp in full length, consists of two
exons and one intron, and is antisense to DYNC1LI2
(dynein cytoplasmic 1 light intermediate chain 2) and
TERB1 (telomere repeat binding bouquet formation protein
1) (Figure 1(c)). However, no one has studied the function
of CA7-4. First, we analyzed the expression pattern of CA7-
4 in different human cell lines (Figure S2(a)) and found
CA7-4 expressed highly in VEC, Hela and A549 cells. Then
we predicted the subcellular localization of CA7-4 via
h t t p : / /www . c s b i o . s j t u . e du . cn / b i o i n f / l n cLo c a t o r
(Figure S2(b)). RNA-fluorescence in situ hybridization
(RNA-FISH) and nuclear/cytoplasmic RNA separation ana-
lysis revealed that CA7-4 distributed in both nucleus and
cytoplasm of VECs (Figure S2(c,d)). Moreover, HG
increased the RNA level of CA7-4 in the cytoplasm instead
of the nucleus (Figure S2(e)). After treatment with 3BDO,
the distribution of CA7-4 in the cytoplasm was significantly
reduced(Figure S2(f,g)).
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Overexpression CA7-4 promoted high glucose-induced
VEC autophagy

To clarify the function of CA7-4 in VECs, we cloned full-
length CA7-4 into the pcDNA3.1 plasmid (pcDNA3.1-CA7-4)
and synthesized specific siRNAs against CA7-4. Then the
overexpression and interference efficiency of CA7-4 was
assessed by qPCR analysis (Figure 2(a,b)). In VECs, after
overexpression of CA7-4 and treatment with high glucose,
we detected the distribution of LC3B (microtubule associated
protein 1 light chain 3 beta) by immunofluorescence. CA7-4
substantially increased LC3B puncta and the protein level of
LC3B-II in VECs with high glucose treatment (Figure 2(c,d))
and without high glucose treatment (Figure 2(e)). 3BDO
inhibited the upregulation of LC3B-II induced by CA7-4
(Figure 2(f)). Thus, CA7-4 aggravated VEC autophagy. We
found that cells containing a large number of autophagosomes
were also accompanied with nuclear shrinkage, so CA7-4 may
also regulate VEC apoptosis.

High glucose-induced VEC apoptosis was aggravated by
CA7-4

To detect whether CA7-4 affected VEC apoptosis, we treated cells
with high glucose after transfection with CA7-4 and si-CA7-4.

CA7-4 heightened the levels of BAX and cleaved-PARP1 (Figure 3
(a,b)); these observations could be reversed by CA7-4 knockdown
(Figure 3(c,d)). Then we used Hoechst 33258 staining analysis
after overexpression of CA7-4 and found thatCA7-4 favored VEC
apoptosis (Figure 3(e)). Also,CA7-4 increased the level of cleaved-
CASP3 in VECs, whereas CA7-4 knockdown reversed the result
(Figure 3(f)). Hence, CA7-4 increased VEC apoptosis directly.

CA7-4 decoyed MIR877-3P and MIR5680 as a sponge
RNA

Studies have shown that lncRNAs affect mRNA stability by
competing endogenous RNAs (ceRNAs) [28]. To determine
the mechanism of CA7-4 boosting autophagy and apoptosis
in VECs, we predicted miRNAs that may combine with CA7-4
by bioinformatics analysis (http://starbase.sysu.edu.cn/
mirLncRNA.php) and found MIR877-3P, MIR5680,
MIR4778-3P, MIR561-3P with higher binding scores. CA7-4
overexpression decreased the levels of these miRNAs (Figures 4
(a,c), S3(a,c)), whereas CA7-4 knockdown elevated the levels
(Figures 4(b,d), S3(b,d)), and 3BDO promoted the expression
of MIR877-3P and MIR5680 especially (Figure 4(e–h)).
Furthermore, we predicted the possible sites for MIR877-3P,
MIR5680, MIR4778-3P, and MIR561-3P bonding with CA7-4,

Figure 1. 3BDO could suppress the increase in CA7-4 expression caused by high glucose. (a) The scatter plot of microarray analysis depicts genes upregulated (red) and
downregulated (green). CA7-4 level was decreased obviously, as indicated by the arrow. (b) Changes in CA7-4 level with treatment. (c) Information on CA7-4 in the human
genome is available at https://lncipedia.org/db/transcript/lnc-CA7-4:1. (d,e) VECs were treated with 5.5 mM glucose (NG), 30 mM glucose (HG), and HG+3BDO (15, 30, 60
μM) for 24 h and 48 h. (f) VECs were treated with NG, 3BDO (0, 15, 30 μM) for 24 h. The level of CA7-4 was detected by qPCR. (*, p < 0.05; **, p < 0.01; n = 3.).

72 X. ZHAO ET AL.

http://starbase.sysu.edu.cn/mirLncRNA.php
http://starbase.sysu.edu.cn/mirLncRNA.php
https://lncipedia.org/db/transcript/lnc-CA7-4:1


with putative sites at positions 1302 to 1322, 863 to 884, 2316 to
2337 and 2323 to 2344, respectively. Luciferase activity was
reduced after co-transfection with Luc-CA7-4-WT plasmid
and MIR877-3P or MIR5680 mimics into HEK293T cells as

compared with the negative control or plasmids containing the
mutant sequences of presumptive binding sites (Figure 4(i,j)).
However, luciferase activity did not differ after co-transfection
with Luc-CA7-4-WT plasmid and MIR4778-3P or MIR561-3P

Figure 2. CA7-4 encouraged VEC autophagy. (a) VECs were transfected with empty vector pcDNA3.1 and CA7-4 (0.1, 0.25, 0.5 μg/ml) for 48 h. qPCR analysis of CA7-4
overexpression efficiency. (b) VECs were transfected with NC or siRNA-CA7-4-a, siRNA-CA7-4-b, and siRNA-CA7-4-c for 48 h. qPCR analysis of the RNA level of CA7-4. (c)
After transfection with pcDNA3.1 or CA7-4 (0.25 μg/ml) for 24 h, VECs were treated with HG for 48 h. The distribution of LC3B in VECs was detected by
immunofluorescence, and the proportion of cells containing > 5 LC3B puncta was investigated. Scale bar: 50 μm. Rescue experiment: VECs were transfected with
pcDNA3.1 or CA7-4, then co-transfected with CA7-4 (0.1 μg/ml) and NC; CA7-4 (0.1 μg/ml) and si-CA7-4 (60 nM) for 24 h (d) or 48 h (e), then treated with HG (d) for
48 h. (f) VECs were treated with 3BDO (15 μM) for 48 h after transfection with CA7-4 (0.1 μg/ml) overnight. Western blot analysis of LC3B-II level. (*, p < 0.05; **,
p < 0.01; n = 3.).
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mimics as compared with the negative control (Figure S3(e,f)).
As we know, microRNAs fail to modulate target mRNAs when
ceRNAs bind to microRNA-induced silencing complex (RISC)
as microRNA sponges [29]. AGO2 (argonaute RISC catalytic
component 2) is the core component of RISC, RNA-binding
protein immunoprecipitation (RIP) experiment demonstrated
the existence of CA7-4 in the anti-AGO2 group under the
treatments of NG, 3BDO, HG, HG+3BDO (Figure 4(k–m)),
and 3BDO conspicuously decreased the enrichment of CA7-4
in AGO2 (Figure 4(l,m)). So, CA7-4 directly combined with
MIR877-3P and MIR5680 as a miRNA decoy.

MIR877-3P and MIR5680 suppressed VEC autophagy
and apoptosis

To understand the mechanism of CA7-4 regulating VEC
autophagy and apoptosis, we considered MIR877-3P and
MIR5680 as the point of penetration. First, RNA-FISH
revealed that MIR877-3P and MIR5680 distributed in
both nucleus and cytoplasm of VECs (Figure S4). Next,
we transfected VECs with MIR877-3P and MIR5680
mimics or inhibitor overnight and then incubated cells
with high glucose. LC3B-II level and LC3B immunofluor-
escence indicated that MIR877-3P (Figure 5(a,b)) and
MIR5680 (Figure 6(a–c)) protected VECs against high

glucose-caused autophagy. Simultaneously, according to
TUNEL assay and Hoechst 33258 staining, MIR877-3P
(Figure 5(c–e)) and MIR5680 (Figure 6(d)) alleviated
VEC apoptosis. Furthermore, in normal cultured VECs,
MIR877-3P (Figure S6) and MIR5680 (Figure S7) had
a parallel effect on autophagy and apoptosis. Therefore,
MIR877-3P and MIR5680 weakened VEC autophagy and
apoptosis directly.

MIR877-3P and MIR5680 targeted the 3ʹ UTRs of
CTNNBIP1 and DPP4 respectively

Because CA7-4 increased VEC autophagy and apoptosis by
sponging MIR877-3P and MIR5680, we predicted the pos-
sible targets of MIR877-3P and MIR5680 via miRDB-
MicroRNA Target Prediction and Functional Study
Database (http://www.mirdb.org/). Among the predicted
target genes of MIR877-3P and MIR5680, CTNNBIP1
(catenin beta interacting protein 1) and DPP4 (dipeptidyl
peptidase 4) strongly drew our attention (Table S1).
CTNNBIP1 injures T-cell development by contributing to
T-cell apoptosis and destroying the interactions between
CTNNB1 (catenin beta 1) and T-cell factor [30]. However,
we have no data on the association between CTNNBIP1
and autophagy. Research has illuminated that inhibitors of

Figure 3. Overexpressing CA7-4 increased VEC apoptosis. (a–d) After being transfected with pcDNA3.1 or CA7-4; NC or si-CA7-4 overnight, VECs were treated with HG
for 48 h, and the protein levels of BCL2, BAX and cleaved-PARP1 were detected by western blot. (e) VECs were treated with HG for 48 h after overexpression of CA7-4.
Hoechst 33258 staining analysis of cell apoptosis. Scale bar: 30 μm. (f) VECs were transfected with pcDNA3.1 or CA7-4; co-transfected with CA7-4 (0.1 μg/ml) and NC
or si-CA7-4 (60 nM) for 48 h. The level of cleaved-CASP3 was detected by western blot. (*, p < 0.05; **, p < 0.01; n = 3.).
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DPP4 show excellent anti-hyperglycemic performance,
superior to traditional treatment, especially for older peo-
ple and women [31]. Moreover, as one of the DPP4 inhi-
bitors, sitagliptin contributes to protect mesenchymal stem
cells against hypoxia-induced apoptosis and autophagy
[32]. Therefore, we explored whether MIR877-3P and
MIR5680 targeted and affected CTNNBIP1 and DPP4,
respectively.

We found that positions 2368 to 2388 contained the bind-
ing sites of MIR877-3P and CTNNBIP1 3ʹ UTR (Figure 7(a)).
Likewise, according to the prediction results, MIR5680 has
two putative DPP4 3ʹ UTR binding sites at positions 225 to
246 and 845 to 866 (Figure 8(a)). Luciferase assays showed
that MIR877-3P mimics co-transfection with Luc-CTNNBIP1
3ʹ UTR-WT plasmid repressing luciferase activity significantly
as compared with transfection of the negative control or Luc-
CTNNBIP1 3ʹ UTR-Mut (Figure 7(b)). Also, MIR5680 mimics
weakened luciferase activity of Luc-DPP4 3ʹUTR-WT instead
of Luc-DPP4 3ʹ UTR-Mut (Figure 8(b)). Hence, MIR877-3P

andMIR5680 directly targeted CTNNBIP1 and DPP4 3ʹ UTRs,
respectively.

MIR877-3P, MIR5680 and 3BDO separately
downregulated CTNNBIP1 and DPP4; CA7-4
upregulated CTNNBIP1 and DPP4 by sponging
MIR877-3P and MIR5680

We investigated whether MIR877-3P and MIR5680 affected
CTNNBIP1 and DPP4 expression. The protein level of
CTNNBIP1 was promoted byMIR877-3P inhibitor but decreased
by MIR877-3P mimics under high glucose (Figure 7(c)).
Additionally, MIR877-3P mimics downregulated the mRNA
level of CTNNBIP1, whereas overexpression CA7-4 abolished
this downregulation (Figure 7(d)). In normal VECs, MIR877-3P
mimics (Figure 7(e)) inhibited the protein level of CTNNBIP1,
whereas the MIR877-3P inhibitor (Figure 7(f)) and CA7-4
increased it (Figure 7(g)). Additionally, MIR5680 mimics
decreased the expression of DPP4 at the levels of transcription

Figure 4. CA7-4 directly bonded with MIR877-3P and MIR5680. (a–d) qPCR analysis of MIR877-3P and MIR5680 in VECs after overexpression or knockdown CA7-4 for
48 h. (e–h) VECs were treated with NG, HG, HG+3BDO, or 3BDO (NG) for 24 h, qPCR analysis of MIR877-3P and MIR5680. (i,j) Luc-CA7-WT, Luc-CA7-4-MIR877-3P-Mut,
and Luc-CA7-4- MIR5680-Mut plasmids were separately co-transfected into HEK293T cells with NC, MIR877-3P mimics or MIR5680 mimics for 24 h. Detecting luciferase
activity. (k–m) RNA binding protein immunoprecipitation experiments were performed by using AGO2 antibody in VECs after treatment with NG, 3BDO (30 μM), HG
and HG+3BDO (30 μM) for 24 h. IgG was used as a negative control. The fold enrichment of pulled-down CA7-4 was detected by qPCR analysis. (*, p < 0.05; **,
p < 0.01; n = 3.).
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(Figure 8(c)) and translation with or without high glucose treat-
ment (Figure 9(a,d)).MIR5680 inhibitor (Figure 9(b,e)) or CA7-4
(Figures 8(d), 9(c)) transfection had the opposite results. As well,
elevated CTNNBIP1 and DPP4 levels caused by high glucose
decreased after treatment with siRNA-CA7-4 or 3BDO (Figure
S8). Therefore, we verified that MIR877-3P, MIR5680, 3BDO
negatively modulated and CA7-4 promoted the expression of
CTNNBIP1 and DPP4.

CTNNBIP1 and DPP4 aggravated VEC autophagy and
apoptosis under high glucose by inhibiting CTNNB1
expression and improving AMPK phosphorylation,
respectively

CTNNBIP1 works as a key negative regulator of CTNNB1
and affects cell fate [33]. Thus, we analyzed whether
MIR877-3P regulated the level of CTNNB1. After transfect-
ing VECs with MIR877-3P mimics or inhibitor, we detected

Figure 5. MIR877-3P inhibited VEC autophagy and apoptosis. After transfection with MIR877-3P mimics or inhibitor overnight, VECs were treated with HG for 48 h. (a,
b) Western blot analysis of LC3B-II level. (c) TUNEL staining analysis of cell apoptosis. Scale bar: 100 μm. (d,e) Cell apoptosis was detected by Hoechst 33258 staining.
Scale bar: 30 μm. (*, p < 0.05; **, p < 0.01; n = 3.).
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the protein level of CTNNB1 (Figure S9(a)) and found that
MIR877-3P enhanced CTNNB1 expression. We also con-
ducted a rescue experiment to explore whether CA7-4
affected the expression of CTNNB1. High glucose and over-
expression of CA7-4 negatively regulated CTNNB1, but the
protein level of CTNNB1 recovered after knockdown CA7-
4, transfection with MIR877-3P mimics or treatment with
3BDO (Figure S9(b–d)).

AMPK regulates cellular metabolism as an energy sensor,
and its activation leads to β-cell apoptosis [34]. In addition,
AMPK is famous for activating autophagy to control cellular
energy homeostasis through the AMPK/MTOR pathway [35].
Here, we hypothesized that MIR5680 may have an impact on
AMPK phosphorylation by restraining the expression of DPP4,
then regulating autophagy in VECs. The data revealed that
MIR5680 suppressed AMPK phosphorylation (Figure S10).

Figure 6. MIR5680 prevented VEC autophagy and apoptosis. VECs were treated with HG for 48 h after transfection with MIR5680 mimics or inhibitor overnight. (a)
Western blot analysis of LC3B-II level. (b,c) Immunofluorescence analysis of the distribution of LC3B in VECs, and the proportion of cells containing > 5 LC3B puncta
was analyzed. Scale bar: 20 μm. (d) TUNEL staining analysis of cell apoptosis. Scale bar: 50 μm. (*, p < 0.05; **, p < 0.01; n = 3.).
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Also, we found that CA7-4 overexpression-upregulated AMPK
phosphorylation could be abolished by 3BDO (Figure S10(c)).

To verify the roles of CTNNBIP1 and DPP4 in high glu-
cose-induced VEC autophagy and apoptosis, we used siRNA
knockdown and examined the protein levels of CTNNBIP1,
CTNNB1, DPP4, p-AMPK, cleaved-CASP3, and LC3B-II
(Figure 10). The results suggested that CTNNBIP1 reduced
CTNNB1 expression and DPP4 promoted AMPK phosphor-
ylation to enhance VEC autophagy and apoptosis.

In conclusion, high glucose-induced CA7-4 upregulation,
VEC autophagy and apoptosis could be inhibited by the small
chemical molecule 3BDO. As a competing endogenous RNA,
CA7-4 decoyed MIR877-3P and MIR5680. MIR877-3P and
MIR5680 protected VECs against high glucose-caused autop-
hagy and apoptosis by targeting the 3ʹ UTRs of CTNNBIP1
and DPP4, negatively regulating their levels, as well as

promoting the expression of CTNNB1 and downregulating
AMPK phosphorylation (Figure 11).

Discussion

Normal endothelium function is essential for vascular home-
ostasis and remodeling. For decades, hyperglycaemia induced
by diabetes has been reported to destroy the function of
endothelial cells and result in vascular complications [36]. As
a consequence, avoiding endothelial cell injury is the purpose
of diabetic vascular complications therapy. A spate of reports
show that lncRNAs involved in the pathogenesis of various
human diseases can work as decoys, guides, signals, or scaffolds
to combine DNA, RNA, or protein and consequently exert
diverse biological functions [16]. According to our study,
3BDO inhibited high glucose-induced VEC autophagy and

Figure 7. MIR877-3P targeted and inhibited CTNNBIP1. (a) Potential bind sites of MIR877-3P in CTNNBIP1 3ʹ UTR. (b) Luc-CTNNBIP1 3ʹ UTR-WT or Luc-CTNNBIP1 3ʹ UTR-
Mut plasmid was co-transfected with NC or MIR877-3P mimics into HEK293T cells for 24 h. Luciferase activity was determined. (c) After transfection with NC, MIR877-
3P inhibitor or mimics overnight, VECs were treated with HG for 48 h. Western blot analysis of CTNNBIP1. (d) VECs were treated with HG for 48 h after transfection
with MIR877-3P mimics or co-transfection with MIR877-3P mimics and CA7-4. qPCR analysis of CTNNBIP1 mRNA level. (e,f) VECs were transfected with NC, MIR877-3P
mimics or inhibitor for 48 h. (g) VECs were transfected with pcDNA3.1 or CA7-4 (0.1 μg/ml); co-transfected with CA7-4 (0.1 μg/ml) and NC or si-CA7-4 (60 nM) for 48 h.
Western blot analysis of CTNNBIP1. (*, p < 0.05; **, p < 0.01; n = 3.).
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apoptosis (Figure S1). LncRNA CA7-4, which was upregulated
by high glucose, could be supressed by 3BDO (Figure 1). The
function of CA7-4 lacks evidence, particularly in endothelial
cells during the development of hyperglycemia. We found that
high glucose-induced autophagy and apoptosis of VECs shar-
pened with overexpression of CA7-4 and its knockdown had
the reverse effect (Figures 2, 3).

A number of lncRNAs are dysregulated in vascular cells
under the circumstance of high glucose [37]. However, most
have been identified to participate in regulating vascular dys-
function, as well as vascular apoptosis and inflammation, with
no study about lncRNA regulating high glucose-induced VEC
autophagy. Therefore, CA7-4 discovered to promote VEC
autophagy and apoptosis is of significance.

LncRNAs can function as ceRNAs. The crosstalk
between lncRNAs, miRNAs and mRNA targets represents
a complex network of gene expression regulation [38].
Hence, to explore the mechanism of CA7-4 regulation in
high glucose-induced VEC autophagy and apoptosis, we
used bioinformatics prediction and searched for miRNAs
that CA7-4 might combine with. Further study showed that
CA7-4 could decoy MIR877-3P and MIR5680, and the levels
of MIR877-3P and MIR5680 were increased after treatment
with 3BDO (Figure 4).

Previous study indicates that according to miRNA profiling,
MIR877-3P is upregulated in earlier type II diabetic kidney
disease [39].MIR877-3P also plays important roles in else several
diseases, including nephropathy [40], lung fibrosis [41], bladder
cancer [42] and inflammatory [43]. However, the effect of

MIR877-3P on VEC damage induced by high glucose had not
been studied. Additionally, there were no reports on MIR5680
functions. Here, MIR877-3P and MIR5680 prevented VEC
autophagy and apoptosis with or without high glucose treatment
(Figures 5, 6, S6, S7). Then we predicted and detected the target
genes of MIR877-3P and MIR5680 (Table S1). The data sug-
gested that MIR877-3P and MIR5680 targeted CTNNBIP1
(Figure 7) and DPP4 (Figures 8, 9), respectively, and inhibited
their expression at the transcription and translation levels,
whereas CA7-4 weakened the functions of MIR877-3P
(Figure 7(d,g)) and MIR5680 (Figures 8(d), 9(c)). In addition,
treatment with si-CA7-4 and 3BDO decreased the upregulation
of CTNNBIP1 and DPP4 induced by high glucose (Figure S8).

CTNNBIP1 induces cell apoptosis by suppressing
CTNNB1 activity [44], but no study has investigated the
relationship between CTNNBIP1 and autophagy. DPP4,
also known as CD26, can be expressed as a soluble enzyme
in vascular beds including endothelial cells [45]. GLP1
(Glucagon like peptide-1), a substrate that belongs to
DPP4, can promote insulin secretion and reduce glucagon
production as a kind of incretin hormone. The increased
DPP4 level leads to hyperglycemia by suppressing GLP1
[46]. As a kind of DPP4 inhibitor, sitagliptin reduces high
glucose-caused apoptosis by activating AMPK in endothe-
lial cells [47]. As well, sitagliptin alleviates hypoxia-induced
autophagy and apoptosis by suppressing DPP4 to protect
mesenchymal stem cells [32]. So, we investigated how DPP4
affected AMPK activity during VEC autophagy and apop-
tosis caused by high glucose.

Figure 8. MIR5680 targeted DPP4 and decreased the mRNA level of it. (a) Possible binding sites of MIR5680 in DPP4 3ʹ UTR. (b) Luc-DPP4 3ʹ UTR-WT or Luc-DPP4 3ʹ
UTR-Mut plasmids were co-transfected with NC or MIR5680 mimics into HEK293T cells for 24 h. Luciferase activity was determined. (c) After transfection with NC,
MIR5680 mimics for 48 h, detecting the mRNA level of DPP4 by qPCR analysis. (d) VECs were treated with HG for 48 h after overexpression or knockdown of CA7-4.
qPCR analysis of DPP4 mRNA level. (*, p < 0.05; **, p < 0.01; n = 3.).
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First, we analyzed whetherMIR877-3P affected the expression
of CTNNB1 and whether MIR5680 affected AMPK phosphor-
ylation. MIR877-3P or 3BDO increased the level of CTNNB1,
and CA7-4 downregulated it (Figure S9). The phosphorylation of
AMPK was inhibited byMIR5680 or 3BDO, and overexpression
CA7-4 reversed the result (Figure S10). To understand how
CTNNBIP1 and DPP4 affect high glucose-induced VEC autop-
hagy and apoptosis, we transfected cells with si-CTNNBIP1 and
si-DPP4. CTNNBIP1 and DPP4 knockdown reduced VEC
autophagy and apoptosis under HG (Figure 10). Hence, we
found novel pathways regulating VEC autophagy and apoptosis:
MIR877-3P/CTNNBIP1/CTNNB1 and MIR5680/DPP4/AMPK.

In summary, under high glucose, 3BDO attenuates VEC
autophagy and apoptosis by weakening the upregulation of
CA7-4. As a ceRNA, CA7-4 decoys MIR877-3P and MIR5680,
promotes the expression of CTNNBIP1 and DPP4, decreases

the level of CTNNB1 and increases AMPK phosphorylation,
thereby aggravating VEC autophagy and apoptosis (Figure 11).
Therefore, CA7-4 might become an attractive target against
autophagy and apoptosis of vascular endothelial cells.

Materials and methods

Cell culture

Source of VECs from human umbilical vein was consistent
with the previous description [48]. The VECs were grown in
M199 medium (Gibco, 31100-035) with 10% (V/V) bovine
calf serum (Sigma-Aldrich, 13063C) and 8.4 IU/mL FGF2.
HEK293T cells stemed from the Cell Bank of the Chinese
Academy of Sciences (Shanghai) and grew in DMEM-H med-
ium (Gibco, 12800017) with 10% fetal bovine serum (Gibco,

Figure 9. The protein level of DPP4 was negatively regulated by MIR5680. (a,b) VECs were transfected with MIR5680 mimics or inhibitor for 48 h. (c) VECs were
transfected with pcDNA3.1 or CA7-4 (0.1 μg/ml); co-transfected with CA7-4 (0.1 μg/ml) and NC or si-CA7-4 (60 nM) for 48 h. (d,e) After transfection with NC, MIR5680
mimics or inhibitor overnight, VECs were treated with HG for 48 h. Western blot analysis of DPP4 level. (*, p < 0.05; **, p < 0.01; n = 3.).
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10270-106). H9C2, HepG2, PC3 and U87 cells were grown in
DMEM-H medium with 10% fetal bovine serum. Hela cells
were grown in DMEM-H medium with 10% bovine calf
serum. A549 cells were grown in RPMI-1640 (Gibco,
31800089) medium with 10% bovine calf serum. HCT116
and THP-1 cells were grown in RPMI-1640 medium with
10% fetal bovine serum. All cell lines were cultured in
a humidified incubator at 37°C with 5% CO2.

Immunofluorescence assay

Immunofluorescence assay was performed as described pre-
viously [49]. First, VECs were fixed with 4% paraformaldehyde
for 15 min and washed 3 times with 0.1 M phosphate-buffered
saline (PBS: 137mMNaCl, 2.7mMKCl, 10mMNa2HPO4, 2mM
KH2PO4, pH 7.4), then permeabilized with 0.1% Triton X-100

(Sangon Biotech, A600198). Cells were washed 3 times with 0.1M
PBS. At room temperature, 10% normal donkey serum (Solarbio,
SL050) was applied to block cells for 20 min. Then VECs were
incubated with LC3B primary antibody (1:100) (Cell Signaling
Technology, 2775S) at 4°C overnight and corresponding second-
ary antibody (1:200) at 37°C for 1 h. Cells were washed 3 times
with 0.1 M PBS. After treatment with DAPI (4’, 6-diamidino-
2-phenylindole) (Sigma-Aldrich, D8417) for 10 min, cells were
washed 3 times with 0.1 M PBS, then photographed by confocal
fluorescence microscopy Zeiss LSM700 (Germany).

Western blot analysis

Cells were lysed in RIPA lysis buffer (Beyotime, P0013B)
containing protease inhibitor cocktail (Sigma-Aldrich,
P8340) after being washed twice with 0.1 M PBS. Lysates

Figure 10. The knockdown of CTNNBIP1 and DPP4 reduced VEC autophagy and apoptosis caused by high glucose. (a–d) After transfection with NC, si-CTNNBIP1 or si-
DPP4 overnight, VECs were treated with high glucose for 48 h. The protein levels of CTNNBIP1, CTNNB1, cleaved-CASP3, LC3B-II, DPP4, p-AMPK were analyzed by
western blot. (*, p < 0.05; **, p < 0.01; n = 3.).
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were centrifuged at 12,000 × g, 4°C for 15 min, collecting
supernatant. Bicinchoninic acid (BCA) protein assay kit
(Beyotime, P0011) was used for measuring protein concentra-
tion. After 15% or 12% SDS-PAGE at 4°C, protein was trans-
ferred to polyvinylidene difluoride (PVDF) membrane
(Millipore, IPFL00010). The membrane was blocked with 5%
non-fat milk for 1 h at room temperature, incubated with
primary antibodies: PARP1 (Cell Signaling Technology,
9542S); LC3B (Cell Signaling Technology, 2775S); BCL2
(Proteintech, 12789-1-AP); BAX (Proteintech, 50599-2-Ig);
CASP3 (Cell Signaling Technology, 9662S); ACTB (Sigma-
Aldrich, A-5441); DPP4 (Abcam, ab215711); AMPK (Cell
Signaling Technology, 5832S); p-AMPK (Cell Signaling
Technology, 2535S); SQSTM1 (BD, 610833); CTNNBIP1
(Abcam, ab129011); CTNNB1 (Proteintech, 51067-2-AP),
1:1000 in TBS-Tween 20 (0.1%) at 4°C overnight (0.1 M
TBS: 3 g Tris, 0.2 g KCl, 8 g NaCl, pH 7.4), washed TBST
three times, then incubated with horseradish peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch,
goat anti-rabbit: 111-035-003, goat anti-mouse: 115-035-003)
for 1 h at room temperature. Fluorescence signals were
detected by X-ray films after being incubated with HRP

substrate for 3 min. The expression of protein was quantified
by ImageJ software.

Quantitative real-time PCR

Total RNA was purified by means of Trizol reagent
(TAKARA, 9109). PARIS™ Kit (Invitrogen, AM1921) was
utilized to isolate nuclear and cytoplasmic RNA according
to the manufacturer’s instructions. Following the PrimeScript
RT reagent kit’s (TAKARA, DRR047) protocol, RNA (1 μg)
was reverse-transcribed to cDNA. Quantitative real-time
PCR was implemented in a 20 μl volume containing 10 μl
EvaGreen 2 × qPCR MasterMix (Applied Biological
Materials, MasterMix-S), forward primer, reverse primer,
template DNA, and nuclease-free H2O. Relative gene expres-
sion was normalized to that of actin beta. Additionally, the
levels of MIR877-3P, MIR5680, MIR4778-3P and MIR561-3P
were analyzed by Hairpin-it microRNA and RNU6 snRNA
Normalization RT-PCR Quantitation Kit (GenePharma,
E22001-E22010). Relative gene expression was normalized
to that of RNU6 snRNA. Primer information is provided in
the supplemental material.

Figure 11. Schematic of CA7-4 regulating VEC autophagy and apoptosis caused by high glucose. High glucose induces VEC autophagy and apoptosis. In this
progress, upregulated CA7-4 as a miRNA sponge to decoy MIR877-3P and MIR5680, promote the expression of CTNNBIP1 and DPP4, decrease the level of CTNNB1 and
increase AMPK phosphorylation. 3BDO can attenuate high glucose-induced VEC autophagy and apoptosis by weakening the upregulation of CA7-4.
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Transient transfection

CA7-4 overexpression full-length plasmid (pcDNA3.1-CA7-4)
was obtained by inserting the full length of CA7-4 into
pcDNA3.1 vector. Control: pcDNA3.1-empty vector. Specific
small interfering RNAs, including CA7-4, CTNNBIP1, DPP4,
scramble siRNA (negative control); miRNA mimics and inhi-
bitors for MIR877-3P, MIR5680, MIR4778-3P, and MIR561-
3P were designed and synthesized by Invitrogen. Plasmids
were transfected by using Lipofectamine 2000 (Invitrogen,
11668-019) according to protocols. In addition, siRNAs,
miRNA mimics and inhibitor were transfected by using
HiPerFect Transfection Reagent (QIAGEN, 301705) accord-
ing to the manufacturer’s instructions.

Hoechst 33258 staining

After treatment, VECs grown on 24 well plates were stained
with 10 mg/ml Hoechst 33258 (Sangon Biotech, E607329) at
37°C for 15 min, avoid light. Cells were washed with PBS
twice and photographed by using a fluorescence microscope
(Japan).

Luciferase activity assay

Luciferase reporter plasmids were reconstructed by inserting
target fragments into pmirGLO Dual-Luciferase miRNA
Target Expression Vectors (dual-luciferase: firefly luciferase
and renilla luciferase). Dual luciferase reporter plasmids of
Luc-CA7-4-WT, Luc-CA7-4-MIR877-3P or MIR5680 or
MIR4778-3P or MIR561-3P-Mut, Luc-CTNNBIP1 or DPP4-
3ʹ UTR-WT, Luc-CTNNBIP1 or DPP4-3ʹ UTR-Mut, were
used in the experiments. HEK293T cells were cultured onto
96-well plates at 10000 cells per well overnight in DMEM-H
medium (Gibco, 12800017) with 10% fetal bovine serum, then
co-transfected with plasmids of dual-luciferase reporters and
miRNA mimics or NC, detecting dual-luciferase activity by
using the Dual-Glo Luciferase Assay System Kit (Promega,
E2920) according to the instructions. Firefly luciferase activity
was normalized to renilla luciferase activity.

TUNEL assay

TUNEL assay was performed by using In Situ Cell Detection
Kit (Roche Applied Science, 11767291910) according to the
manufacturer’s instructions and photographed by laser scan-
ning confocal microscopy (Zeiss LSM700, Germany).

RNA-binding protein immunoprecipitation (RIP) assay

RIP assay was operated with the Magna RIP RNA-Binding
Protein Immunoprecipitation Kit (Millipore, 17-701). Briefly,
VECs were lysed, and incubated with magnetic beads conju-
gated with human anti-AGO2 antibody (Millipore, 03-110) or
anti-mouse IgG (Millipore, 03-110). The immunoprecipitated
RNA was detected by qPCR.

Statistical analysis

Experimental data are shown as means ± SEM from at least
three independent experiments and were analyzed by using
SPSS 17.0 (SPSS Inc., Chicago, IL, USA). P < 0.05 was con-
sidered statistically significant.

Highlights

● A small chemical molecule — 3 - benzyl −5 - ((2-nitro-
phenoxy) methyl) - dihydrofuran-2 (3H) - one
(3BDO) — synthesized by us could simultaneously inhi-
bit autophagy and apoptosis induced by a high concen-
tration of glucose in vascular endothelial cells (VECs).

● A novel long noncoding RNA called CA7-4 could pro-
mote VEC autophagy and apoptosis triggered by high
glucose; 3BDO inhibited the role of CA7-4.

● CA7-4 directly bonded with MIR877-3P and MIR5680 as
a decoy.

● We confirmed that MIR877-3P and MIR5680 targeted
3ʹUTRs of CTNNBIP1 and DPP4, respectively.

● MIR877-3P inhibited high glucose-induced VEC autop-
hagy and apoptosis by decreasing the expression of
CTNNBIP1 and upregulating CTNNB1.

● MIR5680 protected VECs against high glucose-induced
autophagy and apoptosis by targeting DPP4 and weak-
ening PRKAA1 phosphorylation.

● Therefore, CA7-4, MIR877-3P and MIR5680 represent
novel signal pathways regulating high glucose-induced
autophagy and apoptosis in VECs.
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