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LncRNA ANRIL mediates endothelial dysfunction through BDNF
downregulation in chronic kidney disease
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Endothelial dysfunction is common in patients with chronic kidney disease (CKD), but the mechanism is unknown. In this study, we
found that the circulating ANRIL level was increased and correlated with vascular endothelial dysfunction in patients with CKD, also
negatively correlated with plasma brain-derived neurotrophic factor (BDNF) concentration. We constructed the ANRIL knockout
mice model, and found that ANRIL deficiency reversed the abnormal expression of BDNF, along with endothelial nitric oxide
synthase (eNOS), vascular adhesion molecule 1 (VCAM-1) and Von Willebrand factor (vWF). Meanwhile, mitochondrial dynamics-
related proteins, Dynamin-related protein 1 (Drp1) and mitofusins (Mfn2) level were also recovered. In addition, in vitro, serum
derived from CKD patients and uremia toxins induced abnormal expression of ANRIL. By making use of the gain- and loss-of-
function approaches, we observed that ANRIL mediated endothelial dysfunction through BDNF downregulation. To explore the
specific mechanism, RNA pull-down and RNA-binding protein immunoprecipitation (RIP) were used to explore the binding of ANRIL
to histone methyltransferase Enhancer of zeste homolog 2 (EZH2). Further experiments found increased EZH2 and histone H3 lysine
27 trimethylation (H3K27me3) levels at the BDNF promoter region. Collectively, we demonstrated that ANRIL mediate BDNF
transcriptional suppression through recruitment of EZH2 to the BDNF promoter region, then regulated the proteins expression
related to endothelial function and mitochondrial dynamics. This study provides new insights for the study of endothelial

dysfunction in CKD.
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INTRODUCTION

Chronic kidney disease (CKD) is a public health problem with an
estimated global prevalence of 13.4% [1], which is also
epidemiologically characterized by a high mortality rate [2].
Cardiovascular disease is the main cause of death in patients
with CKD [3], and with the decline of renal function, the incidence
of cardiovascular diseases such as atherosclerosis increased
significantly [4, 5]. Endothelial dysfunction, encompassing inap-
propriate regulation of vascular tone, activated inflammatory
response and impaired antithrombogenic property, is now
regarded as one of the earliest phenomena of cardiovascular
diseases [6, 7]. While in CKD, problems as toxin accumulation,
inflammation, calcium and phosphorus metabolism disorders, can
disrupt endothelial homeostasis and cause endothelial dysfunc-
tion [8], which also play a key role in the occurrence of
cardiovascular complications, however, the underlying mechan-
isms remain unclear.

Antisense non-coding RNA in the INK4 locus (ANRIL) is a long
non-coding RNA (IncRNA) located in the antisense direction of the
INK4B-ARF-INK4A motif cluster of 9p21 chromosomes, and its
gene single nucleotide polymorphism is associated with a variety
of atherosclerotic vascular diseases such as coronary heart disease

and myocardial infarction [9]. Studies have shown that its
expression was associated with risk for coronary atherosclerosis,
carotid arteriosclerosis peripheral artery disease, and other
vascular disease [10]. Meanwhile, the upregulated expression of
ANRIL can also be detected in coronary atherosclerotic plaques
[11], suggesting that ANRIL plays an important role in cardiovas-
cular diseases. ANRIL is widely expressed in human vascular
endothelial cells. Recent data demonstrated that in patients
starting on hemodialysis, ANRIL polymorphisms could identify risk
of major adverse cardiovascular event [12] which indicated that
ANRIL played an important role in CKD and was involved in the
occurrence and development of cardiovascular complications in
CKD. However, the role and mechanism of ANRIL in cardiovascular
complications are still unclear.

Brain-derived neurotrophic factor (BDNF) may be a new
important predictor of cardiovascular disease. It has been reported
that the level of circulating BDNF decreased in angina [13] and
coronary artery disease [14, 15]. Consistently, a prospective
analysis in a large community-based cohort demonstrating that
higher serum BDNF levels are associated with a decreased risk for
future cardiovascular disease events and mortality [16]. Studies
demonstrated that BDNF and its receptors are also highly
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LncRNA ANRIL levels were inversely correlated with endothelial function and BDNF concentration. A ANRIL levels were elevated in

circulation of patients with CKD. B Correlation analysis showed a negative correlation between eGFR and ANRIL levels (n = 57). C Correlation
analysis showed a negative correlation between FMD detection values and ANRIL levels in patients with CKD (n = 42). D BDNF concentration
were decreased in circulation of patients with CKD. E Correlation analysis showed a positive correlation between eGFR and BDNF
concentration (n =59). F Correlation analysis showed a negative correlation between BDNF concentration and ANRIL levels in patients with
CKD (n =57). Data were shown as mean + SD. (Student’s t test, Mann-Whitney test, Spearman’s correlation analysis. P < 0.05 versus control

group).

expressed in heart and aorta, the expression being prominent in
endothelial cells in which its expression is dependent on
endothelial function [17]. Also, BDNF in the endothelium
participates in maintaining endothelial integrity and stimulating
angiogenesis [18, 19]. Additionally, studies have found that BDNF
was also significantly reduced in plasma of patients with end-
stage renal disease [20], suggesting that BNDF may play an
important role in vascular disease in CKD. Therefore, whether
ANRIL can mediate endothelial dysfunction by BDNF regulation
remains to be elucidated.

In the present study, we provided the evidence that ANRIL were
associated with endothelial dysfunction in CKD, then the inducing
factors and specific mechanism were explored. This may provide a
new theoretical basis for the occurrence and development of
endothelial dysfunction in CKD.

RESULTS
LncRNA ANRIL was inversely correlated with renal function
and endothelial function
Baseline demographic and clinical characteristics of all patients are
shown in Supplementary Table 1. Notably, other than the
presence or absence of CKD and Blood Pressure, the two groups
were comparable in sex, age, and other variables that might affect
ANRIL levels (e.g. existing coronary artery disease, diabetes
mellitus, and lipid profiles). RNA was extracted from clinical
plasma samples to detect the content of IncRNA ANRIL. The results
showed that the plasma ANRIL level of CKD patients were
significantly higher than that of the healthy group (Fig. 1A). And,
the plasma level of ANRIL was negatively correlated with
estimated glomerular filtration rate (eGFR) (r=-—0.284,
p =0.032) (Fig. 1B)

To examine whether circulating ANRIL level was associated with
endothelial function, noninvasive evaluation of vascular endothe-
lial function was conducted by Flow-mediated dilatation (FMD)
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test with Doppler ultrasound. As shown in Supplementary Table 1,
CKD patients showed a lower FMD level (5.52% vs 7.79%), and the
FMD detection values in patients with CKD showed a negative
correlation with ANRIL level (r=—0.464, p =0.002) (Fig. 1Q).

BDNF concentration was inversely correlated with renal
function and ANRIL level

Further, plasma BDNF concentration was detected. The result
showed that plasma BDNF concentration was also lower in
patients with CKD (813.94 pg/mL vs 2179.06 pg/mL) (Fig. 1D), and
correlated with eGFR positively (r=0.465, p <0.001) (Fig. 1E).
Moreover, the BDNF concentration in patients with CKD showed a
negative correlation with ANRIL level (r= —0.385, p = 0.003) (Fig.
1F). These suggested that ANRIL may be associated with
endothelial dysfunction in patients with CKD, and BDNF could
play an important role in this process.

Inhibition of ANRIL alleviated endothelial dysfunction in CKD
mice models

The mice model of CKD was established by 5/6 nephrectomy.
Compared with the sham mice, the CKD mice showed higher level
in systolic blood pressure and serum creatinine (Fig. 2A, B). We
further stained the kidney sections with PAS stain (Fig. 2C) which
showed increased mesangial matrix protein deposition, mesangial
cell proliferation, renal tubular atrophy and numerous protein
casts in the CKD mice. Meanwhile, the abdominal aortas were
harvested and real-time PCR showed that the expression of ANRIL
in abdominal aortas was increased in CKD group (Fig. 2D), while
BDNF level was significantly decreased (Fig. 2E, G). Fluorescence
in situ hybridization (FISH) and CD31 immunofluorescence were
used to detect the expression and distribution of ANRIL in aortas
(Fig. 2F), which showed that ANRIL was expressed in vascular
endothelial cells, and the expression of ANRIL was significantly
increased in CKD mice. The endothelial dysfunction was mani-
fested by the induction of proinflammatory cytokines and
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prothrombotic mediators, like vascular cell adhesion molecule-1 VWF levels (Fig. 2H-J). In addition, mitochondria play a critical role
(VCAM-1) and von Willebrand Factor (vWF), along with suppres- in endothelial function. Normally, mitochondria undergo contin-
sion of endothelial nitric oxide synthase (eNOS) [7]. In this study, uous fission and fusion mainly mediated by dynamin-related

compared with aorta from sham mice, aorta from CKD mice protein 1 (Drp1) and mitofusin1/2 (Mfn1/2), respectively. Disrup-
exhibited reduced eNOS expression and elevated VCAM-1 and tions in the fission/fusion balance (primarily a shift toward fission)

Cell Death and Disease (2022)13:661 SPRINGER NATURE



H. Su et al.

Fig. 2 Inhibition of ANRIL alleviated endothelial dysfunction in CKD mice models. A Quantification of systolic pressure (SBP) in different
groups of mice (n = 8). B Serum creatinine (Scr) concentration from different groups of mice (n = 8). C Periodic Acid-Schiff staining was used to
assess the histological changes of kidney. Scale bars = 50um. D The expression level of ANRIL in abdominal aortas was detected by realtime
PCR (n = 6-7). E mRNA levels of BDNF in abdominal aortas was detected by realtime PCR (n = 6-7). F Expression and distribution of ANRIL in

abdominal

aortas were detected by FISH combined with CD31

immunofluorescence double staining. Scale bars=50pm.

G Immunofluorescence staining for BDNF in aortas from different groups of mice. Scale bars = 50 pm. H Immunofluorescence staining for
eNOS in aortas of each group. Scale bars = 50 pm. I Inmunohistochemical staining for VCAM-1 in aortas f of each group. Scale bars = 50pm.
J mRNA levels of vVWF, eNOS, VCAM-1 in abdominal aortas was detected by realtime PCR (n =6-7). K mRNA levels of Mfn2 and Drp1 in
abdominal aortas (n = 6-7). Data were shown as mean + SD. (one-way ANOVA and the Scheffe post-test. ‘P < 0.05 versus WT, *P < 0.05 versus

CKD group).
<

perturb cellular physiology and have been implicated in
cardiovascular disease. To determine whether mitochondrial
fission is involved in endothelial dysfunction in vivo, we explored
the expression of Drp1 and Mfn2 in endothelium via real-time
PCR. Aortas from CKD mice exhibited increased Drp1 expression
and decreased levels of Mfn2 (Fig. 2K).

To examine the role of ANRIL, we used ANRIL™/~ mice to
establish CKD model. Although ANRIL” mice were phenotypically
normal and had no appreciable defect in renal morphology and
function, ANRIL knockout ameliorated renal injury as evidenced by
the decreased levels of serum creatinine and systolic pressure (Fig.
2A, B). Further experiment confirmed that the knockout of ANRIL
accomplished increased expression of eNOS and decreased
expression of VCAM-1 and VWF (Fig. 2H-J). Additionally, ANRIL”"
increased the expression of BDNF (Fig. 2E, G). Meanwhile, ANRIL
deficiency reduced mitochondrial fission through the Drpland
Mfn2 levels recovered (Fig. 2K). These results clarified that
inhibition of ANRIL alleviates endothelial dysfunction in CKD mice
models.

CKD serum induced endothelial dysfunction and ANRIL
expression in vitro

Next, to establish an in vitro model of CKD, we examined the
effect of uremic serum on endothelial cells by incubating cultured
human umbilical vein endothelial cells (HUVECs) with sera from
patients in CKD. The proinflammatory and prothrombotic effects
of endothelial cells were examined, the results showed that
compared with the control serum treatment, the expression of
eNOS decreased and the expression of VCAM-1 and vWF
increased (Fig. 3A, (). Besides, it was found that CKD serum
reduced BDNF expression (Fig. 3B).

Many studies have demonstrated that reactive oxygen species
(ROS) derived from mitochondria plays an active role in
endothelial dysfunction, and mitochondrial fission is an upstream
causal factor for ROS overproduction [21]. Mitosox Red was used
to detect mitochondrial ROS production in endothelial cells, and it
was found that mitochondrial ROS level was significantly
increased in the CKD serum treated group (Fig. 3D). Then
Mitochondrial staining was performed with Mitotracker Red
fluorescence dye, the result indicated that normal mitochondria
were elongated and tubular in shape forming highly intercon-
nected networks, whereas CKD serum induced numerous round
mitochondrial fragments (Fig. 3E). Further, the expression of key
protein related to mitochondrial fission were detected by Western
blot and immunofluorescence staining. The results showed that
Drp1 expression increased and Mfn2 expression decreased (Fig.
3F, G), suggesting that CKD serum stimulation can cause
mitochondrial fission abnormalities in endothelial cells.

Then, ANRIL expression was detected, and the real-time PCR
results showed that ANRIL expression was significantly increased
(Fig. 3H). FISH staining was further performed to detect the
expression and distribution of ANRIL in cells, which showed that
ANRIL was distributed in both the cytoplasm and nucleus (Fig. 3l),
suggesting that CKD serum or factors in CKD serum solution could
induce endothelial injury and high expression of ANRIL.

SPRINGER NATURE

Uremia toxin induced endothelial dysfunction and ANRIL
expression in vitro

Uremic toxin accumulation plays an important role in endothelial
dysfunction in CKD, the protein-bound uremic toxins, such as
indoxyl sulfate (IS), hippuric acid (HA), indole-3-acetic acid (IAA)
and Homocysteine(Hcy) can cause vascular endothelium damage.
We incubated ECs with IS, HA, IAA and Hcy. As shown in Fig. 4A-D,
uremic toxins could increase the expression of ANRIL dose-
dependently. As an important toxin linked to endothelial
dysfunction in CKD and increased ANRIL expression significantly,
we selected IS for subsequent experiments. To verify the role of IS
in endothelial dysfunction, we stimulated endothelial cells with
different concentrations of IS. The results showed that IS
stimulation could decrease the expression of eNOS, and increase
the expression of VCAM-1 and vVWF in a concentration-dependent
manner (Fig. 4E). In addition, the changes of proteins related to
mitochondrial dynamics were detected, and it was found that IS
could increase the expression of Drpl and decrease the
expression of Mfn2 (Fig. 4F). The results indicate that uremic
toxin in CKD serum induced endothelial dysfunction and ANRIL
upregulation.

ANRIL mediated endothelial dysfunction through BDNF

in vitro

To further explore the mechanisms by which uremic toxins induce
endothelial dysfunction, we investigated the effects of ANRIL in
endothelial injury. We knockdown the expression of ANRIL in
endothelial cells under IS stimulation, and the results showed that
compared with scramble, ANRIL shRNA lentivirus infection (Sh-
ANRIL) lead to eNOS expression upregulated, while the expression
of VCAM-1 and vWF decreased (Fig. 4G). In addition, the inhibition
of ANRIL also reversed the increase in Drp1 expression and up-
regulate Mfn2 expression (Fig. 4H), suggesting that ANRIL could
mediate endothelial dysfunction caused by IS stimulation.

To further verify this inference, we infected the endothelial cells
with ANRIL overexpression lentivirus (ANRIL), and Sh-ANRIL co-
infection reversed its high expression. The results showed that
compared with ANRIL overexpression, the Sh-ANRIL double
infection increased the expression of eNOS, decreased the
expression of VCAM-1 and vWF (Fig. 4l). Correspondingly, knock-
ing down ANRIL can reverse the abnormal expression of Drp1 and
Mfn2 caused by ANRIL overexpression (Fig. 4J). These further
suggested that ANRIL participated in endothelial dysfunction.

We next analyzed the BDNF level in endothelial cells after ANRIL
regulation, the results showed that Sh-ANRIL infection reversed
BDNF abnormal expression induced by IS stimulation or ANRIL
overexpression (Fig. 5A, B). Then the endothelial cells in ANRIL
overexpressed group were transiently transfected with BDNF
plasmid, as shown in the results, compared with ANRIL over-
expression alone, BDNF upregulation could dramatically reverse
the abnormal expression of endothelial and mitochondrial key
proteins described above (Fig. 5C-F). Besides, the mitochondrial
ROS production was also reduced in BDNF plasmid co-transfected
cells (Fig. 5G). Thus, it indicated that ANRIL mediated endothelial
dysfunction through BDNF downregulation.

Cell Death and Disease (2022)13:661
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ANRIL regulated BDNF expression by recruiting EZH2 to the
promoter region

Studies have found that ANRIL could act as a recruiter of
polycomb repressive complex (PRC) complexes to facilitate
altering of chromatin structure and participate in epigenetic
transcriptional repression [22, 23]. Enhancer of zeste homolog 2
(EZH2), the main catalytic subunit of PRC2, induces trimethyla-
tion of lysine 27 on histone H3 (H3K27me3), represses gene
transcription, has been confirmed to affect endothelial cell
functions. To study whether ANRIL regulates target genes
through this mechanism, we focused on the relationship
between ANRIL and EZH2. RNA pull-down combined with
western blot was used to detect the ANRIL binding protein,
the results showed that EZH2 was pulled down by biotin-labeled
ANRIL sense, while the ANRIL antisense sequence does not (Fig.
6A). This effect indicated that ANRIL could directly bind to EZH2.
Meanwhile, RNA-binding protein immunoprecipitation (RIP)
assays were performed using anti-EZH2 antibodies, which
further verified the bound of RNA with EZH2, moreover, the
overexpression of ANRIL accentuated this effect (Fig. 6B). To
identify the regions of EZH2 responsible for its binding with
ANRIL, according to the CatRAPID database, we established
three FLAG-tagged vectors containing fragments of EZH2

Cell Death and Disease (2022)13:661

(Fig. 6C), the RIP assay demonstrated that ANRIL binds the
381-500 amino acid region of EZH2 (Fig. 6D).

Further we found that ANRIL overexpression could increase
H3K27me3 level, while this could be reversed by transfection of
EZH2 siRNA (Fig. 6E), which suggested that ANRIL could regulate
histone modification through EZH2. Meanwhile, we also found
that EZH2 inhibition could alleviate the low level of BDNF induced
by ANRIL overexpression (Fig. 6F). Remarkably, we found that
H3K27me3 levels increased at the BDNF promoter region (Fig. 6G)
and the EZH2 levels also increased when ANRIL expression
upregulated (Fig. 6H), suggesting that ANRIL regulates BDNF
expression by recruiting EZH2 to the promoter region.

The expression of EZH2 in endothelial cells was also increased
after uremia toxin stimulation (Fig. 6l). To verify its role in
endothelial dysfunction, endothelial cells were transiently trans-
fected with EZH2 siRNA (si-EZH2), or negative control (si-NC), the
results showed that compared with si-NC, si-EZH2 increased the
expression of eNOS and reversed the upregulation of VCAM-1 and
vWF induced by IS stimulation (Fig. 6J). Also, the Drp1 expression
was decreased and Mfn2 expression was upregulated after the
EZH2 expression inhibited (Fig. 6K). These results suggested that
EZH2 could mediate mitochondrial injury and endothelial
dysfunction induced by uremia toxin stimulation.

SPRINGER NATURE
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ANRIL regulated endothelial dysfunction by recruiting EZH2
to the promoter region of BDNF

Finally, we verified the role of ANRIL in endothelial dysfunction.
The results showed that EZH2 inhibition or BDNF upregulation
could reverse the low expression of eNOS and Mfn2 caused by

SPRINGER NATURE

ANRIL overexpression, and the expression levels of vVWF, VCAM-1
and Drp1 could be reduced (Fig. 7A-C). Meanwhile, compared
with the ANRIL overexpression group, the level of mitochondrial
ROS decreased after EZH2 inhibition or BDNF upregulation (Fig.
7D). All these data demonstrated that ANRIL plays an important

Cell Death and Disease (2022)13:661
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role in mitochondrial injury and endothelial dysfunction through
recruiting EZH2 to the promoter region of BDNF.

DISCUSSION

The incidence of cardiovascular disease in patients with CKD
significantly increased [24], and patients with advanced CKD have
more severe vascular damage than those with hypertension or
coronary artery disease alone [25]. Endothelial dysfunction which
is widespread in cardiovascular diseases and associated with poor
prognosis has attracted more attention. Clinically, vascular
endothelial function usually refers to its vasodilation ability,
especially vasodilation in response to NO, which diffuses into
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endothelial cells and leads to increased production of cyclic
guanosine monophosphate and vasodilation [26]. FMD is currently
the most commonly used clinical method for assessing endothe-
lial function, and impaired FMD has been observed in patients
with CKD. As NO is produced by eNOS, a unique isoform of NO
synthase, the decreased eNOS level is generally regarded as a
marker of impaired endothelial function. In addition to the
impaired vasodilator capacity, endothelial dysfunction also
involves disturbances in antithrombotic, profibrinolytic, and anti-
inflammatory and antioxidant properties of the normal endothe-
lium [27]. Therefore, markers of endothelial proinflammatory
activation including the cell surface expression of adhesion
molecules like VCAM-1 and prothrombotic mediators like vWF
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[7] are important signs of endothelial dysfunction. In this study, we
detected the expression of biomarkers in vascular endothelial cells
which confirmed that vascular endothelial dysfunction existed in
CKD, and the investigation of endothelial dysfunction in CKD can
provide more evidence for the cardiovascular complications in this
high-risk population.

Mitochondria, the center of cell energy metabolism, has been
proved to be involved in regulating cell apoptosis, calcium
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processing, innate immunity and phospholipid synthesis. Mito-
chondria is a dynamic organelle whose dynamic characteristics
include fusion, fission and degradation. The interplay of fusion and
fission confers widespread benefits on mitochondria, including
efficient transport, increased homogenization of the mitochon-
drial population and efficient oxidative phosphorylation, while the
disruption of mitochondrial dynamics and mitochondrial frag-
mentation results in mitochondrial dysfunction [28]. Accumulating
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evidence suggests that mitochondrial damage and dysfunction
plays a causative role in the development of endothelial
dysfunction [29]. Mitochondria are the main source of cellular
ROS [30]. The intact mitochondrial membrane structure helps
prevent excessive ROS production, while when mitochondrial
division is dominant, ROS production increased. Overloaded ROS
can promote cell inflammation, proliferation and apoptosis
through a variety of signaling pathways [31]. A variety of proteins
are involved in the regulation of mitochondrial dynamics. The
mitofusins, Mfn1 and Mfn2, are located on the mitochondrial outer
membrane and are required for outer membrane fusion, while the
inner membrane fusion is mediated by Optic Atrophy 1. The
central mediator of mitochondrial fission is Drp1, a GTP-
hydrolyzing enzyme, which can be recruited from a cytosolic
pool onto the mitochondrial surface, where it self-assembles into
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spiral structures that wrap around and constrict mitochondrial
tubules to facilitate fission [32, 33]. In the current study, the
elevated mitochondrial ROS levels and increased Drp1 protein
expression were observed in endothelial cells exposed to CKD
serum and CKD mice, which suggested that CKD could induce
mitochondrial injury. Studies have shown that ROS-mediated
oxidative stress induced eNOS degradation and NO production
decrease [29]. Drp1 and its mitochondrial Receptor Mff mediate
inflammatory NF-kB activation and VCAM-1 induction in endothe-
lial cells [34]. Therefore, mitochondrial injury was associated with
the progression of endothelial dysfunction and the mechanism
need to be further researched.

Chronic inflammation and oxidative stress are key mechanisms
of endothelial dysfunction in patients with CKD. The uremic toxins
accumulated in CKD have been identified as inducers of
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inflammation, oxidative stress and endothelial dysfunction.
Protein-bound uremia toxins can damage vascular endothelial
cells due to poor clearance by dialysis, and induce the transform
into a pro-oxidative and proinflammatory phenotype [35]. To
identify the components that induced the increase of ANRIL in
CKD serum, we then incubated endothelial cells with IS, HA, IAA
and Hcy, and found that uremic toxins could increase the
expression of ANRIL dose-dependently, which suggested that
the upregulation of ANRIL in CKD was due to or at least partly due
to uremia toxin. IS has been proved to cause increased oxidative
stress, inhibit NO production, induce endothelial inflammation
and thrombosis. Also, we showed that IS stimulation induced
abnormal expression of proteins related to endothelial injury and
mitochondrial fission in a concentration-dependent manner, and
IS was selected for mechanism experiments.

Accumulating studies indicate that IncRNAs play important
roles in the pathobiology of cardiovascular diseases [36]. Further
studies have shown that IncRNAs can induce cardiovascular
disease by mediating endothelial dysfunction. For instance,
MALAT1 was upregulated in patients with atherosclerosis, while
its suppression protected the endothelium from oxLDL-induced
inflammation and oxidative stress by upregulation of miR-181b
and downregulation of thymocyte selection-associated high
mobility group box [37]. HOTAIR served as a scaffold for histone
modification complexes PRC-2 and LDS-1, facilitating epigenetic
histone modifications, and its overexpression could reduce
endothelial dysfunction in atherosclerosis [38]. Research found
that there were multiple subtypes of ANRIL, and the linear ANRIL
subtype was mainly expressed in patients carrying the risk allele of
coronary heart disease. Moreover, ANRIL expression in plaque,
monocytes or whole blood correlated with atherosclerosis severity
[39]. Abnormal expression of ANRIL could mediate atherosclerotic
endothelial injury by combining YY1 or upregulating CARD8 and
VEGF [40]. In addition, IncRNAs are stable in plasma and other
body fluids and can be used as biomarkers for disease diagnosis
[41]. Therefore, in this study, the ANRIL level of clinical plasma
samples was measured to evaluate its role in endothelial injury of
CKD, and we found that ANRIL was increased in the plasma of CKD
patients and negatively correlated with FMD, suggesting that
ANRIL was associated with endothelial dysfunction in CKD.
Meanwhile, the high expression also could be detected in vitro
and in vivo, and ANRIL knockout could alleviate vascular
endothelial cell injury, these finding suggested that ANRIL was a
key regulator of endothelial injury in CKD. Besides, studies have
indicated the role for ANRIL in acute injury. For example, ANRIL
expression levels was increased in heart tissues of acute
myocardial infarction mice, and regulated myocardial cell
apoptosis through IL-33/ST2 pathway [42]. Moreover, research
has shown that knockdown of ANRIL can inhibit kidney
inflammation in LPS-induced acute kidney injury mice [43].
Therefore, we hypothesized that the role of ANRIL was not limited
to chronic stage.

BDNF is a neurotrophin widely expressed in nervous tissue, with
a role in nerve growth regulation and synaptic plasticity [44]. Now
research confirms that BDNF circulates systemically, and the
functional pleiotropy extends beyond the nervous system. BDNF is
also a key regulatory factor of cardiovascular disease. Studies have
found that patients with coronary artery disease exhibited
significantly lower plasma BDNF [14], and the serum BDNF levels
were associated with an increased risk of adverse cardiovascular
events and death [13, 16]. BDNF is highly expressed in endothelial
cells, which can promote vascular development and endothelium
budding and induce angiogenesis, and plays an important role in
vascular diseases [45]. BDNF mimetic, 7,8-dihydroxyflavone
protects against cardiac ischemic injury by inhibiting the
mitochondrial excessive fission and cell death [46]. Consistent
with previous studies, in our study, serum BDNF levels were
significantly decreased in CKD patients and the serum BDNF levels
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were correlated with eGFR positively, which suggested that it
participated in the progression of CKD-related endothelial
dysfunction. Furthermore, the ANRIL level in patients with CKD
showed a negative correlation with BDNF concentration, and the
significant negative correlation between ANRIL and BDNF was also
detected in endothelial cells after ANRIL regulation. Meanwhile,
BDNF upregulation could ameliorate endothelial and mitochon-
drial injury induced by ANRIL overexpression which indicated that
ANRIL mediated endothelial dysfunction through BDNF, and these
also verified its role in cardiovascular complications.

LncRNAs also have secondary and three-dimentional structures
which enable them to have both RNA- and protein-like functions.
Current studies have found that IncRNAs play an important role in
regulating gene expression at epigenetic, transcriptional and post-
transcriptional levels [47, 48]. For instance, IncRNAs regulate
histone methylation by interacting with PRC2, thereby regulating
gene expression. And IncRNAs can interact with chromatin
rearrangement complexes to affect chromatin rearrangement.
Also IncRNAs can mediate cell function by binding and regulating
transcription factors. In addition, studies have found that IncRNAs
can stabilize mRNA by recruiting proteins such as STAU1 to
prevent degradation [49]. Recent studies show that ANRIL can
promote NLRP3 inflammasome activation by upregulating BRCC3
expression via sponging miR-122-5p [50]. Besides, ANRIL can
function as a recruiter of PRC complexes to facilitate altering of
chromatin structure and regulate the target gene expression [51].
In the current study, RNA pulldown and RIP verified that ANRIL can
directly bind to EZH2, the main catalytic subunit of PRC2. There is
a wealth of data on the role of EZH2 in promoting renal fibrosis in
acute kidney injury induced by ischemia-reperfusion, folic acid, or
unilateral ureteral obstruction. The high expression of EZH2 has
also been found in humans with CKD. Blockage of EZH2 with
pharmacologic inhibitor 3-deazaneplanocin A or siRNA attenuates
progression of renal fibrosis [52, 53]. Studies have showed that
EZH2 was demonstrated to be related to the occurrence and
development of atherosclerosis [54]. LDL-C induces endothelial
EZH2 expression and mitigates KLF2-dependent NO production,
resulting in vasoconstriction and the decreased expression of anti-
atherogenic factors thrombomodulin and plasminogen activator
inhibitor-1 [55]. EZH2 was upregulated in the aorta of hyperho-
mocysteinemic ApoE”” mice and contributed to foam cell
formation [56]. In addition, studies had shown that EZH2
expression was upregulated in plaque areas compared with
adjacent plaque-free areas, also EZH2 expression increased in
diseased vessels compared with healthy control carotid artery [57].
Likewise, EZH2 expression was increased with uremic toxin
stimulation, while the inhibition of EZH2 could reverse endothelial
injury. Thus we speculated that EZH2 was involved in the
occurrence and development of vascular disease in CKD. The
cellular effects of EZH2 was mediated by modulating H3K27me3
level and the binding of this repressive epigenetic mark to target
gene promoters [58]. Therefore, in this study, Chromatin
immunoprecipitation (ChIP) assays showed that ANRIL over-
expression increased EZH2 level within BDNF promoter and
aggravated the repressive H3K27me3 epigenetic mark on BDNF
gene promoters, suggesting that ANRIL regulated BDNF expres-
sion by recruiting EZH2 to the promoter region.

Furthermore, domain, a part of protein sequence and
structure, plays an important role in proteins’ functions and
interactions. EZH2 consists of four domains, Polycomb repres-
sive complex 2 tri-helical (PRC2) domain, WD-binding domain,
SET domain and preSET domain. To identify the regions of EZH2
responsible for its binding with ANRIL, three FLAG-tagged
vectors containing fragments of EZH2 were established. We
found that ANRIL binds the 381-500 amino acid region of EZH2
which was between PRC2 and preSET domains. So we
speculated that ANRIL may function as a scaffold for EZH2 to
help play roles in endothelial function.

Cell Death and Disease (2022)13:661
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resulting in endothelial dysfunction.

In conclusion, our study found that the circulating ANRIL level
was correlated with vascular endothelial dysfunction in patients
with CKD. Then our study provides evidence to demonstrate that
ANRIL mediated endothelial dysfunction through BDNF down-
regulation. Our results indicate that ANRIL directly binds to EZH2,
and mediates BDNF promoter methylation through recruitment of
EZH2 to the BDNF promoter region, eventually resulting in
endothelial dysfunction (Fig. 8). These findings provided evidence
to suggest that ANRIL was involved in the development of
cardiovascular complications in CKD. and the exact molecular
mechanisms need further exploration.

MATERIAL AND METHODS

Patients

Totally, 59 adult patients with various stages of CKD and 45 sex- and
age-matched healthy adults were enrolled in this study. Patients were
diagnosed as CKD according to National Kidney Foundation K/DOQI
Guideline. For the purpose of research, patients with diabetes mellitus,
hyperlipidemia, and NYHA heart failure with grade Ill or IV were
excluded, and exclusion criteria also include: failure to provide
informed consent, participating in an interventional clinical trial,
pregnant or lactating women, patients with acute kidney injury, only
simple hematuria, cirrhosis of the liver, HIV infection or AIDS, previous
organ or bone marrow transplant, receive chemotherapy or alkylating
agent treatment in the past 2 years, received immunosuppressive
therapy within the previous 6 months, previous dialysis treatment for
more than one month, Nephritis caused by systemic autoimmune
diseases was excluded, genetic kidney diseases such as polycystic
kidney disease were excluded. The study was approved by Biomedical
Research Ethics Committee of Shandong Provincial Hospital affiliated
to Shandong University, and all participants provided informed
consent.
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FMD of right brachial artery was performed as described previously [59]
and all examinations were performed by the same skilled technician who
was blinded to the patient’s data.

Blood samples were obtained from patients with CKD or control
participants by venipuncture. Blood samples were centrifuged at 3000 rpm
for 15min, then plasm were collected for analyses of ANRIL and BDNF
levels, and serum were collected for analyses of serum creatinine and cell
experiments.

Animals

Male SPF C57BL/6 mice were obtained from the Experimental Animal
Center of Shandong University. The ANRIL knockout (ANRIL) C57BL/6
mice model was constructed using CRISPR/Cas9 gene knockout technol-
ogy (Cyagen Biosciences, Guangzhou, China). The mice were housed in
temperature-controlled cages under a 12-h light/12-h dark cycle with free
access to food and water. A total of 16 male C57BL/6 mice and 16 male
ANRIL” mice (8 weeks old) enrolled in this study and randomly allocated
into the following groups (n = 8): Sham, CKD, ANRIL”" and CKD/ANRIL""
CKD model was established by 5/6 nephrectomy with a 2-step surgical
procedure. Briefly, the upper and lower poles of the right kidney were
resected. One week later, the left kidney was removed after ligation of the
renal blood vessels and the ureter. For the sham and ANRIL” mice, only
the adipose capsule was isolated, and the kidney tissue was retained.
Blood pressure and weight were monitored, and at the end of 8 weeks,
mice were sacrificed, blood, abdominal aorta and kidneys were harvested
for following experiments. All animal studies were carried out with the
review and approval of the Experimental Animal Ethics Committee of
Shandong Provincial Hospital affiliated to Shandong University.

Cell Culture

HUVECs were originally obtained from Sciencell Research Laboratories, and
cultured in endothelial cell medium (Sciencell, California, USA) containing
5% fetal bovine serum, 1% penicillin-streptomycin solution and endothelial
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cell growth supplement in a 5% CO, incubator. HUVECs at passages 5-8
were used for the in vitro studies. To examined the effect of uremic serum
on endothelial cells, sera from patients with CKD or controls were pooled,
and diluted to 20% by using ECM culture media, then endothelial cells
were incubated for 48 h. IS and Hcy (Sigma-Aldrich, St. Louis, MO), IAA and
HA (Solarbio, Beijing, China) were diluted in ECM media and used to
treated HUVECs. The cells were verified by short tandem repeat profiling
and tested negative for mycoplasma contamination.

Cell transfection

LncRNA ANRIL lentivirus were constructed from Cyagen Biosciences,
include: the overexpression vector (pLV[ANRILI-EGFP: T2A: Puro-EF1A),
control vector (pLV[Exp]-EGFP: T2A: Puro-Null), Scramble shRNA and ANRIL
shRNA. The lentivirus infection was performed according to standard
protocols. Satisfactory overexpression or knockdown efficiency of ANRIL
was confirmed by real-time PCR (Supplementary fig. A, B). The target
sequences of shRNA were designed as following:

Scramble shRNA (Scramble): 5-CCTAAGGTTAAGTCGCCCTCG-3/;

ANRIL shRNA (Sh-ANRIL): 5/-CTCCGCTCCTCTTCTAGATTT-3'.

The full-length expression plasmids of BDNF (pcDNA3.1-BDNF),
EZH2 siRNA (si-EZH2) and their negative control inhibitors(si-NC) were
purchased from Genomeditech (Shanghai, China). Cell transfection was
performed with the Lipofectamine 3000 Transfection Reagent (Invitrogen,
USA) following the handbook of transfection reagent. Satisfactory
overexpression efficiency of BDNF and knockdown efficiency of EZH2
was confirmed by western bolt (Supplementary fig.). The sequences used
for EZH2 inhibition are as follows:

Si-EZH2: 5-GAGGGAAAGUGUAUGAUAA-3’

5’-UUAUCAUACACUUUCCCUC-3’

siRNA NC: 5-UUCUCCGAACGUGUCACGU-3’

5/-ACGUGACACGUUCGGAGAA-3/

The full-length expression plasmids of EZH2 (EZH2-FL) and three
truncated mutants (Fig. 6C, A1: [381-752]; A2: [1-380] + [501-752]; A3: [1-
500]) were constructed from Ribobio Biosciences, cell transfection was
performed with the Lipofectamine 3000 Transfection Reagent following
the handbook of transfection reagent.

Histology, immunohistochemistry and immunofluorescence
Renal and abdominal aortic tissues were fixed with 4% paraformaldehyde
and the paraffin-embedded sections were used for staining. Renal
histological analysis was performed with periodic Acid-Schiff (PAS,
Solarbio, China). For immunohistochemical analysis, abdominal aortic
sections were incubated with primary antibodies against VCAM-1 (Abcam,
ab 134047, 1:500) and stained with 3, 3-diaminobenzidine tetrahydrochlor-
ide and hematoxylin reagent (ZSGB BIO, China). For immunofluorescence
of abdominal aortic sections, the tissues were incubated with primary
antibodies against eNOS (Cell Signaling Technology, 32027, 1:100) and
BDNF (Abcam, ab108319, 1:200), followed by co-incubated with Alexa
Fluor®594-conjugated Goat Anti-Rabbit IgG (Abcam, ab150076, 1:200) and
FITC Anti-Mouse CD31 (Proteintech, FITC-65058, 1:100) antibodies at 37 °C
for 90 min the next day. For immunofluorescence of cell, after treatment,
fixed cells were immunostained with primary antibodies against VCAM-1
and Mfn2 (Proteintech, 12186-1-AP, 1:200) at 4°C overnight and Alexa
Fluor®594-conjugated Goat Anti-Rabbit IgG the next day. The images were
observed with microscope (Olympus, Tokyo, Japan).

Enzyme-linked immunosorbent assay

Human plasma BDNF concentrations were measured with an enzyme-
linked immunosorbent assay kit (Elabscience, China) according to the
manufacturer’'s recommended instructions. Briefly, Samples (or Standards)
were added to the micro plate wells and combined with the specific
antibody. Then a biotinylated detection antibody specific for Human BDNF
and Avidin-Horseradish Peroxidase conjugate were added successively to
each micro plate well and incubated. Then washed and added the
substrate solution to each well. The enzyme-substrate reaction was
terminated by the addition of stop solution. The optical density was
measured at a wavelength of 450 nm. The concentrations of BDNF was
calculated from the standard curves. The detection sensitivity of BDNF was
18.75 pg/ml.

Real-time PCR
Total RNA was extracted from cultured cells or abdominal aortic tissues
using TRIzol Reagent (Takara Biotechnology, Japan). The total RNA (1.0 ug
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each) from each sample were reverse transcribed into ¢cDNA by using a
PrimeScript™ RT Reagent Kit (Takara Biotechnology). Then, real-time PCR
analysis was performed with SYBR Premix Ex TaqTM (Takara Biotechnol-
ogy) in the LightCycler ® 480 Real-Time PCR system (Roche Diagnostics,
Basel, Switzerland). Specificity was determined by melting-curve analysis,
and B-actin was used as an internal reference.

For plasm RNA detection, RNA was extracted from plasm using Plasma/
serum free RNA extraction kit (BIOG Biotechnology, China), and reverse
transcribed into ¢cDNA, then real-time PCR analysis was performed. The
primers used in our study were listed in Supplementary Table 2.

Western blot
The total protein was extracted from cells under different conditions with
RIPA buffer (Beyotime Biotechnology, China) containing proteinase
inhibitors and phosphatase inhibitors (Solarbio, China). Protein extracts
were separated by SDS-PAGE and transferred to PVDF membranes
(Millipore, USA), the membranes were then blocked with 5% milk or BSA
for 1hour and incubated with primary antibodies at 4°C overnight
followed by incubation with horseradish peroxidase-conjugated second
antibodies, respectively. Bands were visualized by ECL reagent (Millipore),
and imaged by the Amersham Imager 680 (GE, Boston, MA, USA). The
integrated optical density of each band was calculated using ImageJ.
The antibodies included: eNOS (D9A5L) Rabbit mAb (Cell Signaling,
32027, 1:1000), Anti-Von Willebrand Factor antibody (Abcam, ab174290,
1:2000), Anti-VCAM1 antibody (Abcam, ab134047, 1:1000), Anti-DRP1
antibody (Abcam, ab184247, 1:1000), Mfn2 Polyclonal antibody (Protein-
tech, 12186-1-AP, 1:2000), Anti-BDNF antibody (Abcam, ab108319, 1:2000),
Anti-KMT6/EZH2 antibody (Abcam, ab228697, 1:1000), Anti-Histone H3
antibody (Abcam, ab1791, 1:1000), Anti-Histone H3 (tri methyl K27)
antibody (Abcam, ab192985, 1:1000), B-actin Monoclonal Antibody
(Proteintech, 66009-1-lg, 1:5000), HRP-conjugated Affinipure Goat Anti-
Rabbit 1gG (Proteintech, SA00001-2, 1:5000), HRP-conjugated Affinipure
Goat Anti-Mouse IgG (Proteintech, SA00001-1, 1:5000).

Chip

Cells treated with formaldehyde were broken open and sonication was
performed to shear the chromatin to a manageable size. Then, add the
immunoprecipitating antibody (I9G, EZH2 or H3K27me3) and 20 pL of fully
resuspended protein A/G magnetic beads, incubate overnight at 4 °C with
rotation. Next, Protein-DNA cross-links were reversed and DNA was
purified to remove the chromatin proteins. Immunoprecipitated DNA
samples were subjected to quantitative real-time PCR using primers
specific to the BDNF promoter. The cumulative fluorescence for each
amplicon was taken as a percentage of the input fraction. DNA primers
were as follows: BDNF promoter (—753 to —480): Forward-CACAGGG
AGATGCAAGTTGA; reverse-GAAAGGCACTCCCATTTCAG.

RIP

An RIP experiment was performed according to the instructions of the
Magna RIP RNA Binding Protein Immunoprecipitation Kit (Millipore, 17-701,
USA). Briefly, lysate was prepared in a lysis buffer containing protease
inhibitor cocktail and RNase inhibitor. Then, protein A/G magnetic beads
were prepared for incubation with 5ug of purified antibodies per
immunoprecipitation with rotation for 30 min at room temperature.
Further, to precipitate RNA-binding protein-RNA complexes, the mixture
was incubated with rotation overnight at 4 °C. Finally, RNA was purified
using proteinase K buffer and subjected to quantitative real-time PCR. The
RNA levels were normalized to the input RNA levels.

RNA pulldown

Expression vectors for full-length ANRIL used for the in vitro synthesis
of RNA were provided by GenePharma Technology. The IncRNAs were
transcribed in vitro using a MAXIscript™ SP6/T7 Transcription Kit
(Invitrogen, AM1320, USA) and were biotinylated with a Pierce RNA 3’
End Desthiobiotinylation Kit (Thermo Fisher Scientific, 20163) accord-
ing to the manufacturer’s instructions. The proteins were extracted
from HUVECs using Pierce IP Lysis Buffer (Thermo Fisher Scientific).
Then, RNA pull-down assays were performed with a Pierce Magnetic
RNA-Protein Pull-Down Kit (Thermo Fisher Scientific, 20164). Briefly, the
biotinylated IncRNAs were captured with streptavidin magnetic beads
and incubated with the cell lysates at 4 °C overnight. Then, the mixture
was washed and eluted. The eluate was subjected to Western blotting
analysis.
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Mitochondrial ROS analysis

The levels of mitochondrial ROS (mitoROS) in HUVECs were detected using
MitoSOX Red dye (Yeasen, China). After treatment, cells were incubated in
Hank’s balanced salt solution containing 5 pmol/L MitoSOX Red at 37 °C for
10 min in the dark. After incubation, the cells were rinsed twice with PBS to
remove the dye. The fluorescence of MitoSOX Red was detected by
fluorescence microscopy (Olympus). Quantification of fluorescence inten-
sity was measured using ImageJ software.

Mitochondrial morphology analysis

The change in mitochondrial morphology was detected using Mito-
Tracker® Red Probe (Cell Signaling, 9082, USA), the probe was soluted
according to the instructions. After treatment, the stock solution was
directly diluted into growth media at a concentration of 100 nM, then cells
were incubated for 30 min at 37 °C. After incubation, fix the cells in ice-cold
methanol for 15min then rinse 3 times with PBS for 5min. The
mitochondrial morphology was detected by Microscopy (Olympus
Microsystems, Tokyo, Japan).

FISH

For cell RNA FISH assay, hsa-ANRIL probe and FISH kit were purchased from
Ribio (Guangzhou, China). Briefly, cultured HUVECs under different
conditions were plated onto 6-well plates and fixed in 4% paraformalde-
hyde for 10 min, followed by ice-cold PBS containing 0.5% Triton X-100 for
5 min, and then incubated with pre-hybridization buffer for 30 min at 37 °C
to block non-specific binding. Hybridization buffer was preheated in a
37 °C water bath, and the ANRIL FISH probe working buffer was prepared
by diluting probe stock solution in hybridization buffer (1:50). Cells were
incubated with probe working buffer at 37 °C overnight and followed by
DAPI staining to visualize the nuclei. Images were observed and captured
on an inverted fluorescence microscope (Olympus Microsystems).

For abdominal aorta assay, mus-ANRIL probe and fluorescence in Situ
Hybridization kit were purchased from Ribio. Briefly, the mouse abdominal
aortas were paraffin embedded, sectioned at 3um, and subjected to
antigen retrieval followed by blocking with pre-hybridization buffer for
30 min at 37 °C to block non-specific binding, the mus-ANRIL FISH probe
working buffer was prepared by diluting probe stock solution in
hybridization buffer (1:50), and tissues were incubated with probe working
buffer at 37 °C overnight. Next, tissues were washed and blocked with 1%
BSA for 30 min at room temperature, then incubated with CD31 rabbit
primary pAb (Abcam, ab28364, 1:100) overnight at 4 °C. Alexa Fluor® 488-
conjugated goat anti-rabbit IgG (Abcam, ab150077, 1:200) antibody was
subsequently used for immunodetection. The images were observed with
microscope.

Statistical analysis

Data were analyzed using SPSS 19.0 software. Categorical variables were
compared using the chi-square test. Measurement data were expressed as
mean + SD. Statistical significance between two groups was assessed using
Student’s t test or the Mann-Whitney U test according to the normality
evaluation. Statistical comparisons among multiple groups were con-
ducted using one-way ANOVA followed by Tukey post-test for equal
sample sizes or the Scheffe post-test for unequal sample sizes. The
correlation between measurement data was assessed by Spearman’s rho. A
value of p <0.05 was considered statistically significant.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
corresponding author on reasonable request.

REFERENCES

1. Lv JC, Zhang LX. Prevalence and disease burden of chronic kidney disease. Adv
Exp Med Biol. 2019;1165:3-15.

2. Collaborators GBDCoD. Global, regional, and national age-sex specific mortality
for 264 causes of death, 1980-2016: a systematic analysis for the Global Burden of
Disease Study 2016. Lancet 2017;390:1151-210.

3. Kahn MR, Robbins MJ, Kim MC, Fuster V. Management of cardiovascular disease
in patients with kidney disease. Nat Rev Cardiol. 2013;10:261-73.

4. Di Lullo L, House A, Gorini A, Santoboni A, Russo D, Ronco C. Chronic kidney
disease and cardiovascular complications. Heart Fail Rev. 2015;20:259-72.

Cell Death and Disease (2022)13:661

.Su et al.

w

o

N

©

0

20.

2

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

3

N

. Tonelli M, Wiebe N, Culleton B, House A, Rabbat C, Fok M, et al. Chronic kidney

disease and mortality review.
2006;17:2034-47.

Daiber A, Steven S, Weber A, Shuvaev VW, Muzykantov VR, Laher |, et al. Targeting
vascular (endothelial) dysfunction. Br J Pharm. 2017;174:1591-619.

Gimbrone MA Jr, Garcia-Cardena G. Endothelial cell dysfunction and the
pathobiology of atherosclerosis. Circ Res. 2016;118:620-36.

Goligorsky MS. Pathogenesis of endothelial cell dysfunction in chronic kidney
disease: a retrospective and what the future may hold. Kidney Res Clin Pr.
2015;34:76-82.

Simion V, Haemmig S, Feinberg MW. LncRNAs in vascular biology and disease.
Vasc Pharm. 2019;114:145-56.

Boon RA, Jae N, Holdt L, Dimmeler S. Long noncoding RNAs: from clinical
genetics to therapeutic targets? J Am Coll Cardiol. 2016;67:1214-26.

risk: a systematic J Am Soc Nephrol.

. Holdt LM, Beutner F, Scholz M, Gielen S, Gabel G, Bergert H, et al. ANRIL

expression is associated with atherosclerosis risk at chromosome 9p21. Arter-
ioscler Thromb Vasc Biol. 2010;30:620-7.

. Arbiol-Roca A, Padro-Miquel A, Hueso M, Navarro E, Alia-Ramos P, Gonzalez-

Alvarez MT, et al. Association of ANRIL gene polymorphisms with major adverse
cardiovascular events in hemodialysis patients. Clin Chim Acta. 2017;466:61-7.

. Jiang H, Liu Y, Zhang Y, Chen ZY. Association of plasma brain-derived neuro-

trophic factor and cardiovascular risk factors and prognosis in angina pectoris.
Biochem Biophys Res Commun. 2011;415:99-103.

Jin H, Chen Y, Wang B, Zhu Y, Chen L, Han X, et al. Association between brain-
derived neurotrophic factor and von Willebrand factor levels in patients with
stable coronary artery disease. BMC Cardiovasc Disord. 2018;18:23.

. Ejiri J, Inoue N, Kobayashi S, Shiraki R, Otsui K, Honjo T, et al. Possible role of

brain-derived neurotrophic factor in the pathogenesis of coronary artery disease.
Circulation 2005;112:2114-20.

Kaess BM, Preis SR, Lieb W, Beiser AS, Yang Q, Chen TC, et al. Circulating brain-
derived neurotrophic factor concentrations and the risk of cardiovascular disease
in the community. J Am Heart Assoc. 2015;4:e001544.

. Prigent-Tessier A, Quirie A, Maguin-Gate K, Szostak J, Mossiat C, Nappey M, et al.

Physical training and hypertension have opposite effects on endothelial brain-
derived neurotrophic factor expression. Cardiovasc Res. 2013;100:374-82.

Kaess BM, et al. Circulating Brain-derived neurotrophic factor concentrations and
the risk of cardiovascular disease in the community. J Am Heart Assoc.
2016;5:e001544.

Xu H, Czerwinski P, Xia N, Forstermann U, Li H. Downregulation of BDNF
expression by PKC and by TNF-alpha in human endothelial cells. Pharmacology
2015;96:1-10.

Lee JG, Park MK, Kim YH, Kim YW, Jin K, Park SW, et al. The correlations among
depressive symptoms, cognitive performance and serum BDNF levels in the
patients with chronic kidney disease. Psychiatry Investig. 2018;15:186-92.

. Huang M, Wei R, Wang Y, Su T, Li P, Chen X. The uremic toxin hippurate promotes

endothelial dysfunction via the activation of Drp1-mediated mitochondrial fis-
sion. Redox Biol. 2018;16:303-13.

Thomas AA, Feng B, Chakrabarti S. ANRIL regulates production of extracellular
matrix proteins and vasoactive factors in diabetic complications. Am J Physiol
Endocrinol Metab. 2018;314:E191-E200.

Yap KL, Li S, Munoz-Cabello AM, Raguz S, Zeng L, Mujtaba S, et al. Molecular
interplay of the noncoding RNA ANRIL and methylated histone H3 lysine 27 by
polycomb CBX7 in transcriptional silencing of INK4a. Mol Cell. 2010;38:662-74.
Chonchol M, Whittle J, Desbien A, Orner MB, Petersen LA, Kressin NR. Chronic
kidney disease is associated with angiographic coronary artery disease. Am J
Nephrol. 2008;28:354-60.

Kopel T, Kaufman JS, Hamburg N, Sampalis JS, Vita JA, Dember LM. Endothelium-
dependent and -independent vascular function in advanced chronic kidney
disease. Clin J Am Soc Nephrol. 2017;12:1588-94.

Mordi |, Tzemos N. Is reversal of endothelial dysfunction still an attractive target
in modern cardiology? World J Cardiol. 2014;6:824-35.

Libby P, Bornfeldt KE, Tall AR. Atherosclerosis: successes, surprises, and future
challenges. Circ Res. 2016;118:531-4.

Chan DC. Mitochondrial dynamics and its involvement in disease. Annu Rev
Pathol. 2020;15:235-59.

Peng W, Cai G, Xia Y, Chen J, Wu P, Wang Z, et al. Mitochondrial dysfunction in
atherosclerosis. DNA Cell Biol. 2019;38:597-606.

Widlansky ME, Gutterman DD. Regulation of endothelial function by mitochon-
drial reactive oxygen species. Antioxid Redox Signal. 2011;15:1517-30.

Kadlec AO, Beyer AM, Ait-Aissa K, Gutterman DD. Mitochondrial signaling in the
vascular endothelium: beyond reactive oxygen species. Basic Res Cardiol.
2016;111:26.

Pagliuso A, Cossart P, Stavru F. The ever-growing complexity of the mitochondrial
fission machinery. Cell Mol Life Sci. 2018;75:355-74.

SPRINGER NATURE

13



H. Su et al.

14

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mishra P, Chan DC. Metabolic regulation of mitochondrial dynamics. J Cell Biol.
2016;212:379-87.

Forrester SJ, Preston KJ, Cooper HA, Boyer MJ, Escoto KM, Poltronetti AJ, et al. Mito-
chondrial fission mediates endothelial inflammation. Hypertension 2020;76:267-76.
Jourde-Chiche N, Dou L, Cerini C, Dignat-George F, Brunet P. Vascular incom-
petence in dialysis patients—protein-bound uremic toxins and endothelial dys-
function. Semin Dial. 2011;24:327-37.

Schonrock N, Harvey RP, Mattick JS. Long noncoding RNAs in cardiac develop-
ment and pathophysiology. Circ Res. 2012;111:1349-62.

Wang L, Qi Y, Wang Y, Tang H, Li Z, Wang Y, et al. LncRNA MALAT1 suppression
protects endothelium against oxldl-induced inflammation via inhibiting expres-
sion of MiR-181b target gene TOX. Oxid Med Cell Longev. 2019;2019:8245810.
Pierce JB, Feinberg MW. Long noncoding RNAs in atherosclerosis and vascular
injury: pathobiology, biomarkers, and targets for therapy. Arterioscler Thromb
Vasc Biol 2020;40:2002-17.

Fasolo F, Di Gregoli K, Maegdefessel L, Johnson JL. Non-coding RNAs in cardio-
vascular cell biology and atherosclerosis. Cardiovasc Res. 2019;115:1732-56.
Chen L, Qu H, Guo M, Zhang Y, Cui Y, Yang Q, et al. ANRIL and atherosclerosis. J
Clin Pharm Ther. 2020;45:240-8.

Yang Y, Cai Y, Wu G, Chen X, Liu Y, Wang X, et al. Plasma long non-coding RNA,
CoroMarker, a novel biomarker for diagnosis of coronary artery disease. Clin Sci
(Lond). 2015;129:675-85.

Yang J, Huang X, Hu F, Fu X, Jiang Z, Chen K. LncRNA ANRIL knockdown relieves
myocardial cell apoptosis in acute myocardial infarction by regulating IL-33/ST2.
Cell Cycle. 2019;18:3393-403.

Zhu Y, Wei SW, Ding A, Zhu WP, Mai MF, Cui TX, et al. The long noncoding RNA
ANRIL promotes cell apoptosis in lipopolysaccharide-induced acute kidney injury
mediated by the TLR4/nuclear factor-kappa B pathway. Kidney Blood Press Res.
2020;45:209-21.

Kowianski P, Lietzau G, Czuba E, Waskow M, Steliga A, Morys J. BDNF: a key factor
with multipotent impact on brain signaling and synaptic plasticity. Cell Mol
Neurobiol. 2018;38:579-93.

Descamps B, Saif J, Benest AV, Biglino G, Bates DO, Chamorro-Jorganes A, et al.
BDNF (brain-derived neurotrophic factor) promotes embryonic stem cells dif-
ferentiation to endothelial cells via a molecular pathway, including MicroRNA-
214, EZH2 (enhancer of zeste homolog 2), and eNOS (endothelial nitric oxide
synthase). Arterioscler Thromb Vasc Biol. 2018;38:2117-25.

Wang Z, Wang SP, Shao Q, Li PF, Sun Y, Luo LZ, et al. Brain-derived neurotrophic
factor mimetic, 7,8-dihydroxyflavone, protects against myocardial ischemia by
rebalancing optic atrophy 1 processing. Free Radic Biol Med. 2019;145:187-97.
Chi Y, Wang D, Wang J, Yu W, Yang J. Long non-coding RNA in the pathogenesis
of cancers. Cells. 2019;8:1015.

Schmitz SU, Grote P, Herrmann BG. Mechanisms of long noncoding RNA function
in development and disease. Cell Mol Life Sci. 2016;73:2491-509.

Kretz M, Siprashvili Z, Chu C, Webster DE, Zehnder A, Qu K, et al. Control of
somatic tissue differentiation by the long non-coding RNA TINCR. Nature.
2013;493:231-5.

Hu J, Wu H, Wang D, Yang Z, Dong J. LncRNA ANRIL promotes NLRP3 inflam-
masome activation in uric acid nephropathy through miR-122-5p/BRCC3 axis.
Biochimie. 2019;157:102-10.

Holdt LM, Hoffmann S, Sass K, Langenberger D, Scholz M, Krohn K, et al. Alu
elements in ANRIL non-coding RNA at chromosome 9p21 modulate atherogenic
cell functions through trans-regulation of gene networks. PLoS Genet.
2013;9:e1003588.

Zhou X, Zang X, Ponnusamy M, Masucci MV, Tolbert E, Gong R, et al. Enhancer of
zeste homolog 2 inhibition attenuates renal fibrosis by maintaining Smad7 and
phosphatase and tensin homolog expression. J Am Soc Nephrol. 2016;27:2092-108.
Zhou X, Zang X, Guan Y, Tolbert T, Zhao TC, Bayliss G, et al. Targeting enhancer of
zeste homolog 2 protects against acute kidney injury. Cell Death Dis. 2018;9:1067.
van Mierlo G, Veenstra GJC, Vermeulen M, Marks H. The complexity of
PRC2 subcomplexes. Trends Cell Biol. 2019;29:660-71.

Kumar A, Kumar S, Vikram A, Hoffman TA, Naqvi A, Lewarchik CM, et al. Histone
and DNA methylation-mediated epigenetic downregulation of endothelial
Kruppel-like factor 2 by low-density lipoprotein cholesterol. Arterioscler Thromb
Vasc Biol. 2013;33:1936-42.

SPRINGER NATURE

56. Xiaoling Y, Li Z, ShuQiang L, Shengchao M, Anning Y, Ning D, et al. Hyperho-
mocysteinemia in ApoE-/- mice leads to overexpression of enhancer of zeste
homolog 2 via miR-92a regulation. PLoS ONE. 2016;11:0167744.

57. Xu S, Xu'Y, Yin M, Zhang S, Liu P, Koroleva M, et al. Flow-dependent epigenetic
regulation of IGFBP5 expression by H3K27me3 contributes to endothelial anti-
inflammatory effects. Theranostics. 2018;8:3007-21.

58. Fledderus J, Vanchin B, Rots MG, Krenning G. The endothelium as a target for
anti-atherogenic therapy: a focus on the epigenetic enzymes EZH2 and SIRT1. J
Pers Med. 2021;11:103.

59. Yu M, Kim YJ, Kang DH. Indoxyl sulfate-induced endothelial dysfunction in
patients with chronic kidney disease via an induction of oxidative stress. Clin J
Am Soc Nephrol. 2011;6:30-9.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Foundation of China (Grant:
82070744, 81873615, 81770723), Academic promotion programme of Shandong First
Medical University (No: 2019QL022) and the Taishan Scholars Program of Shandong
Province (No: ts201712090, tsqn201812138).

AUTHOR CONTRIBUTIONS

ZL and RW designed the study and reviewed and edited the manuscript. HS and BL
performed experiments and wrote the manuscript. HC and TH assisted in in vitro
experiments. TZ and CW assisted in animal experiments. QM, QW, and YL assisted in
clinical sample collection and data analysis. and all authors reviewed and approved
the manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-022-05068-1.

Correspondence and requests for materials should be addressed to Zhimei Lv or
Rong Wang.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Cell Death and Disease (2022)13:661


https://doi.org/10.1038/s41419-022-05068-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	LncRNA ANRIL mediates endothelial dysfunction through BDNF downregulation in chronic kidney disease
	Introduction
	Results
	LncRNA ANRIL was inversely correlated with renal function and endothelial function
	BDNF concentration was inversely correlated with renal function and ANRIL level
	Inhibition of ANRIL alleviated endothelial dysfunction in CKD mice models
	CKD serum induced endothelial dysfunction and ANRIL expression in�vitro
	Uremia toxin induced endothelial dysfunction and ANRIL expression in�vitro
	ANRIL mediated endothelial dysfunction through BDNF in�vitro
	ANRIL regulated BDNF expression by recruiting EZH2 to the promoter region
	ANRIL regulated endothelial dysfunction by recruiting EZH2 to the promoter region of BDNF

	Discussion
	Material and methods
	Patients
	Animals
	Cell Culture
	Cell transfection
	Histology, immunohistochemistry and immunofluorescence
	Enzyme-linked immunosorbent assay
	Real-time PCR
	Western blot
	ChIP
	RIP
	RNA pulldown
	Mitochondrial ROS analysis
	Mitochondrial morphology analysis
	FISH
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




