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A B S T R A C T

Aims: Although the functional importance of N6-methyladenosine (m6A) in various fundamental bioprocesses
are well known, its effect on vascular calcification is not well studied. We investigated the role of methyl-
transferase-like 14 (METTL14), an m6A methylase, in vascular calcification.
Main methods: We used clinical human samples as well as rat models and primary human artery smooth muscle
cell (HASMC) cultures to study the functional role of m6A and METTL14 in vascular calcification and in
HASMCs. We modulated the expression of METTL14 using siRNAs (in vitro) to study its function in regulating
HASMCs m6A, osteoblasts induced by indoxyl sulfate. We performed the MeRIP-qPCR assays to map and vali-
date m6A in individual transcripts, controls, and calcific HASMCs.
Key findings: We discovered that the METTL14 expression increases in calcific arteries and in HASMCs induced
by indoxyl sulfate, thereby increasing the m6A level in RNA and decreasing the vascular repair function.
Decreasing the expression of METTL14 in calcified arteries attenuated the indoxyl sulfate-induced increase in
m6A and decrease in HASMCs calcification. We performed the methylation activity of METTL14, which selec-
tively methylates vascular osteogenic transcripts, thereby promoting their degradation and improving their
protein expression induced by indoxyl sulfate. Moreover, we demonstrated that the METTL14 de-expression in
HASMCs models of calcification decreased the calcification and enhanced the vascular repair function.
Significance: Collectively, our results demonstrated the functional importance of METTL14-dependent vascular
m6A methylome in vascular functions during calcification and provided a novel mechanistic insight to the
therapeutic mechanisms of METTL14.

1. Introduction

Chronic kidney disease (CKD) is usually regarded as a permanent
loss of kidney functions. The mortality rate of cardiovascular disease is
significantly higher in patients with CKD than in the general population
[1,2]. Accelerated vascular calcification is considered as one of the
major causes of this elevated mortality rate [3,4]. Protein-bound uremic
toxins indoxyl sulfate (IS) has been associated with cardiovascular
morbidity and mortality in patients with CKD.

Although the available therapy has been proved to slow down the

progress of arterial calcification, the pathophysiological mechanism of
treating vascular calcification remains unknown. The current ther-
apeutic approaches have demonstrated limited success in treating vas-
cular calcification in CKD patients. Therefore, newer concepts for vas-
cular calcification that improves the vascular function need to be
developed.

Recent findings in this field suggest that the most abundant internal
chemical modification in RNA N6-methyladenosine (m6A) is a critical
regulator of mRNA stability, protein expression, and several other cel-
lular processes [5–8]. Although dysregulated m6A has been associated
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with various cancer types [9,10] and brain diseases [10,11], its role in
vascular homeostasis and calcification induced via uremic toxins such
as indoxyl sulfate remains to be studied. Therefore, we investigated the
epitranscriptomic regulations underlying vascular calcification induced
by indoxyl sulfate and found a predominant but previously unidentified
mechanism, which contributes to vascular calcification via dysregu-
lated RNA modifications.

Several recent reports suggest that epitranscriptomic mRNA mod-
ifications are reversible and can be dynamically regulated with dedi-
cated writers (i.e., methyltransferases) that catalyze the addition of
m6A (i.e., methyltransferase-like 3 [METTL3], METTL4, METTL14, and
WTAP) and dedicated erasers (i.e., demethylases), which catalyze the
removal of m6A (i.e., FTO and ALKBH5) from mRNA [12,13].
METTL14 protein has been reported to play the key role in regulating
transcriptome-wide m6A modification in mRNAs [5,13]and also as one
of the m6A regulators associated with cancers.

Until date, although the function of m6A in the physiological and
biological processes has been investigated, studies on the m6A level
under pathological conditions, especially in tissues and organs, remain
limited. Moreover, METTL14-dependent m6A methylation and its role
in vascular protein expression and function in healthy and calcified
arteries remain to be addressed. We used clinical human samples,
preclinical rat models of uremic calcification, and primary human ar-
tery smooth muscle cells (HASMCs) culture to investigate the physio-
logical and pathological roles of METTL14-dependent m6A epitran-
scriptome in vascular homeostasis, remodeling, and repair. We have
presented evidence that m6A in RNA is dysregulated in vascular cal-
cification and that METTL14-dependent m6A plays a significant role in
the pathomechanisms of vascular calcification at the molecular (i.e., in
mRNA degradation and protein expression), cellular, and organ levels.
Moreover, we demonstrated that METTL14 delivery attenuates the in-
doxyl sulfate-induced vascular calcification, thereby demonstrating the
therapeutic potential of METTL14 in the treatment of uremic calcifi-
cation. Mechanistically, METTL14 selectively methylates vascular-pro-
tecting transcripts, promoting their degradation and regulating their
protein expression in vascular calcification. Our study helped uncover
the novel function of METTL14-regulated m6A mechanisms in uremic
vascular remodeling and repair. Through our study, we could also es-
tablish that targeting vascular epitranscriptome via METTL14 can be an
effective therapeutic strategy for uremic calcification.

2. Methods

The data, analytic methods, and study materials will be made
available to other researchers for the purposes of reproducing the re-
sults or for replicating the procedure.

2.1. Study design

The human radial arteries were collected from the patients with
end-stage renal disease (ESRD) undergoing arteriovenostomy for he-
modialysis. The radial arteries harvested as grafts from age- and sex-
matched patients with coronary heart diseases undergoing coronary
artery bypass graft served as control. Human artery collection was
conducted at the Zhongshan Hospital, Fudan University, Shanghai,
China. Ethical approval was obtained from the Clinical Research Ethical
Committee of the hospital, and the procedures were conducted in ac-
cordance with the approved guidelines. The patients provided their
written informed consent for the use of their tissues for research pur-
poses. All subjects provided written informed consent in accordance
with the Declaration of Helsinki.

Eight-week-old SD rats with 5/6-nephrectomy were used in this
study [14]. The experimental rats received intraperitoneal injection
with IS (Alfa Aesar, Lancashire, England; n= 5) at a dosage of 100mg/
kg/48 h [15,16] for 8,16,24 weeks. The control rats (n= 5) received
same volume of phosphate-buffered saline injection every 48 h for

8,16,24 weeks. At the end of study, the body weight of study animal
was recorded and the serum levels of blood urea nitrogen (BUN) and
creatinine (Cr) were analyzed. The aortic tissue was micro dissected for
further analysis. This study was approved by the Institutional Animal
Care and Use Committee and performed in accordance with the NIH
Guide for the Care and Use of Laboratory Animals. Surgery was per-
formed under sodium pentobarbital anesthesia to minimize the pain
incurred to animals. The flow diagram for animal study is summarized
in Figure S1 in the online-only Data Supplement.

HASMCs were obtained from the ScienCell Research Laboratory
(CA, USA). The rats were cultured in an incubator at 37 °C under 5%
CO2 atmosphere using a smooth muscle cell medium supplemented
with 5% fetal bovine serum. HASMCs cultured at approximately 70%
confluence were synchronized under serum-free conditions for 48 h and
then treated with IS at the concentrations of 0, 200, 500, and
1000 μmol/L for 72 days. Knockdown of METTL14 was achieved by
transfection of siRNA targeting METTL14 (TriFECTa Mettl14 RNAi by
IDT) or negative siRNA control (TriFECTa negative control DS NC1
RNAi by IDT), and the cells were analyzed 48 h after the transfection.
The overexpression of METTL14 or β-galactosidase (control) was
achieved via adenoviral infection, and the cells were analyzed 48 h
after the infection.

2.2. RNA isolation

Total RNA isolation for UPLC-MS/MS analysis: total RNA was iso-
lated with Trizol reagent (Invitrogen). mRNA was extracted using the
GenElute mRNA Miniprep (Sigma-Aldrich), followed by further re-
moval of the contaminated rRNAs using the RiboMinus Transcriptome
Isolation Kit (Invitrogen) according to the manufacturer's instructions.
The mRNA concentration was measured by Qubit.

2.3. UPLC-MS/MS analysis of m6A

About 50–100 ng of purified mRNA was digested with nuclease P1
(1 U; Sigma) in 20 μL of buffer containing 10mM of NH4Ac (pH 5.3) at
42 °C for 4 h. About 100mM NH4HCO3 and alkaline phosphatase (0.5
U) were then added to the reaction mixture and incubated for another
4 h at 37 °C. The digested sample was centrifuged at 4 °C, 13,000 rpm
for 20min, and the resultant supernatant was injected into UPLC-MS/
MS. The nucleosides were separated by UPLC (SHIMADZU) equipped
with the ZORBAX SB-Aq column (Agilent) and detected with the Triple
Quad 5500 (AB SCIEX) in the positive ion multiple reaction-monitoring
mode. The quantitation of modifications was based on nucleoside-to-
base ion mass transitions: m/z 268.0–136.0 for A and m/z 282.0–150.1
for m6A. Pure nucleosides were used to generate the standard curves,
from which the concentrations of A and m6A in the sample were cal-
culated. The level of m6A was then calculated as a percent of total
unmodified A.

2.4. Western blot analyses

Total protein was extracted using a commercial kit (Protein
Extraction Kit, Millipore) and 30 μg total protein from each sample was
loaded onto separate lanes of 10% sodium dodecylsulfate-poly-acryla-
mide gel. Proteins were electrotransferred onto polyvinylidene fluoride
membranes (0.2 mm: Immun-Blot, Bio-Rad) and immunoblotted with
specific antibodies listed in Table S2 on Supplementary material. The
intensity of each band was quantified using NIH Image J software
(Bethesda, MD) and then normalized against GAPDH expression.

2.5. Immunohistochemistry staining

Immunohistochemistry staining was performed using a biotin-
streptavidin-peroxidase method. Rabbit anti-METTL14 (1:200; Abcam)
was used as primary antibodies. Biotinylated goat anti-rabbit
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immunoglobulin G was used as the secondary antibody. The sections
incubated with non-immune rabbit or mouse serum instead of the pri-
mary antibodies served as negative controls. All sections were stained
under identical conditions together with the controls. Nuclei were
lightly counterstained with hematoxylin.

2.6. Alizarin Red S staining

Alizarin Red S staining was used for calcium deposition evaluation.
Paraffin-embedded artery rings were sectioned into 4-μm-thick sec-
tions, deparaffinized and then stained in 1mg/ml Alizarin Red S solu-
tion (Sigma, St. Louis, MO, USA) (pH 4.0–4.2). For HASMCs, cells were
washed with 0.9% NaCl isotonic solution, fixed with 4% paraf-
ormaldehyde for 15min, rinsed, and stained with Alizarin Red S solu-
tion for 30min. The results were observed under light-microscopy and
photographed by digital camera. Positive results were shown in an
orange-red color in light microscope. Calculation of relative calcifica-
tion area based on positive staining area.

2.7. Methylated RNA immunoprecipitation and MeRIP-qPCR

Briefly, 200 μg of human total RNA was used. Total RNA were iso-
lated for polyA+RNA (Promega) and then RNA-quantified. PolyA+

RNA was fragmented to approximately 100 nt long fragments in RNA
fragmentation buffer (Millipore Sigma). RNA fragmentation was en-
sured by using a bioanalyzer before proceeding to m6A-IP. Non-IP RNA
was stored from fragmented RNA for bioinformatics analysis. For
MeRIP-qPCR, immunopurified RNA was purified and first-strand cDNA
synthesis was performed as described earlier. The enrichment of mRNA
in m6A-immunopurified samples was expressed relative to the 18s
rRNA in the bound samples and expressed as a fold change between the
groups.

2.8. Statistical methods

Data are shown as mean ± SEM, unless otherwise stated. One-way
analysis of variance (ANOVA) was used to determine the statistical
significance for experiments with more than two groups, followed by
Bonferroni's post-hoc tests. Figures with ANOVA analysis where ap-
plicable are indicated in the corresponding figure legends. Comparison
between the two groups was performed using the GraphPad software
with an unpaired Student's t-test. P < 0.05 was considered statistically
significant and assigned in individual figures.

3. Results

3.1. Increased m6A RNA in human and rat vascular calcification

We quantified the m6A levels in RNA extracted from ESRD human
and rat arteries and then compared them with the m6A levels in control
human and sham surgical controls, respectively. We detected sig-
nificantly elevated levels of m6A in total RNA extracted from humans,
and the levels were compared between that in rat calcified arteries and
non-calcific or sham controls (Fig. 1A–B). We observed a sustained
increase in the m6A level in total RNA in the chronic phases of ESRD-
related vascular calcification in rat calcific vascular measured at 8 and
24 weeks, respectively (Fig. 1B). These results provide strong evidence
of increases in the m6A level in RNA in ESRD conditions in humans,
which were conserved across the species in rats.

3.2. Increased Mettl14 expression in human and rat vascular calcification

To identify the regulators of elevated m6A in vascular calcification,
we measured the expression levels of several known RNAs and proteins
associated with m6A methylation (writers such as METTL3, METTL4,
and METTL14 and their regulatory subunit, WTAP) and demethylation

(erasers such as FTO and ALKBH5) in human and rat aortic artery.
Western blotting and qRT-PCR data revealed that the expression of
METTL14 (for human; for rat: METTL14) was significantly increased in
calcified arteries from human and rat samples, both at the RNA and the
protein levels as compared with their respective control values
(Fig. 2A–F). The increase of METTL14 was detected in uremic rat cal-
cific aortic artery, and the increase in METTL14 mRNA and protein
levels consistently correlated with the increased m6A level (Fig. 2D–E).
Moreover, the transient and inconsistent increase or decrease of other
m6A writers and erasers (Fig. 2F) could not fully explain the aberrant
and sustained increase in the m6A level in the calcified arteries. In-
terestingly, among all the m6A writers and erasers studied, METTL14
showed the highest baseline expression both at the RNA and protein
levels in healthy human (Fig. 2A) and no-surgery rat (Fig. 2B) vascular
tissues. Collectively, these data established that indoxyl sulfate-induced
increase of METTL14 could be an important molecular hallmark that
may explain the increase in the m6A levels in human and rat calcified
arteries.

3.3. Mettl14-dependent m6A methylation regulates osteoblasts in HASMCs

To investigate the role of METTL14 in vascular smooth muscle cells
and to determine whether METTL14 is a direct regulator of m6A, we
established cell culture models with the loss of METTL14 using siRNA
to METTL14 (siMETTL14) and the gain of METTL14 using adenovirus
carrying METTL14 (adMETTL14) in the HASMCs and in comparison
with those in si-Ctrl and adnull controls, respectively (Fig. 3A). Inter-
estingly, the expression of METTL14 correlated with the m6A level in
total RNA in primary HASMCs (Fig. 3A and B). Similar to that in cal-
cified rats and human arteries, primary HASMCs subjected to indoxyl
sulfate increased the m6A level in RNAs (Figs. 3B and 4B). De-expres-
sing Mettl14 in HASMCs cultured under indoxyl sulfate reversed the
induced aberrant increase in the m6A level in RNA (Fig. 3B), suggesting
that Mettl14 is the key regulator of m6A levels in HASMCs.

3.4. Klotho transcripts hypermethylated in calcified arteries are methylated
by Mettl14 overexpression

PCR analyses of MeRIP-enriched RNA from human calcific arteries
confirmed that the arteries preventing transcripts Klotho was hy-
permethylated (Fig. 5A). Consistent with this, Klotho mRNA was de-
methylated when Mettl14 was de-expressed in HASMCs (Fig. 5B), re-
sulting in increased Klotho mRNA expression (Fig. 5B). The
hypermethylation of Klotho mRNA and its association with decreased
mRNA levels could be a result of METTL14 increasing the degradation
of Klotho mRNA and possibly of other vascular-protecting mRNAs.

The quantification of m6A level in total RNA in the arteries of A,
human, n = 6–11; from 5/6 Ne rat calcific area in B, rat, n = 3–6. Error
bars represent SEM. *P < 0.05, compared with control or sham. C and
D, Alizarin red calcium staining of arteries from ESRD patients and 5/
6Ne rats. Reddish/purple staining indicated mineral deposition.

A, quantification of mRNA, n = 3–6; B, representative im-
munohistochemistry; C, quantification of mRNA, n = 3–7; D, densito-
metry quantification of protein, n = 3–7 for m6A regulators at different
time points in rat aortic artery; D, representative immunoblots; and E,
densitometry quantification of Mettl14, n = 3–4. F, qRT-PCR quanti-
fication of selected mRNA expressions in rat aortic artery, n = 4–8.
Error bars represent SEM. *P < 0.05, **P < 0.01, compared with
non-failing or sham.

A, qPCR analysis for METTL14 expression in response to Ctrl or
METTL14 siRNA mediated knockdown (n = 3 each). B, m6A in total
RNA of smooth muscle cells treated with control siRNA (si-Ctrl) or
siRNA targeting METTL14 (si-M14). C, Quantification of smooth muscle
cells area (n ≥ 50 cells/well, n = 3 independent experiments/treat-
ment). *P < 0.05 versus control; #P < 0.05 versus si-Ctrl.

Quantification of A, Mettl14 mRNA, n=3–4; B, m6A in total RNA,
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Fig. 1. Increased m6A level in RNA in ESRD patients and rat calcified vasculars.

Fig. 2. Increased Mettl14 mRNA and protein expressions in human and rat calcified arteries.

Fig. 3. METTL14 inhibition prevents the development of vascular calcification induced by indoxyl sulfate.
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n=3–5; C, representative calcification areas induced by indoxyl sul-
fate, n= 3.

A, human MeRIP-qPCR showing m6A enrichment in mRNA. B,
Klotho mRNA, n = 3 expressions in human smooth muscle cells.
*P < 0.05, ***P < 0.001.

4. Discussion

Chronic kidney disease (CKD) is now clearly recognized as a public
health problem worldwide. Patients with CKD display a substantial
increase in end-stage renal disease (ESRD) and cardiovascular disease
(CVD) [17]. Moreover, the prognosis of CVD in CKD is extremely poor
[18]. Understanding the pathophysiology of CVD in CKD might help to
develop treatment strategies to reduce its morbidity and mortality [19].
Compelling evidence suggests that the uremic milieu itself plays a cri-
tical role in the development and progression of CVD [20]. Indoxyl
sulfate, a uremic toxin, has been associated with CVD in patients with
CKD [21–25]. Vascular calcification is one of important phenotypes of
CVD in CKD. Investigation of the underlying mechanism of IS-induced
vascular calcification will be essential for new treatment strategy.

Patients with CKD suffer from more extensive calcification than the
general population [26–28]. IS is one of the most important protein-
bound uremic toxins and is recognized as one of the major risk factors
of vascular calcification in CKD. In the past, many studies have focused
on the signaling pathways leading to activation of VSMCs proliferation,
osteogenesis transformation, and senescence [29–32]. Although sig-
nificant progress has been made in understanding the transcriptional
control of gene expression during vascular calcification, it is now clear
that post-transcriptional regulation of protein expression is a similarly
critical mechanism for cardiovascular disease. For example, microRNA-
mediated gene silencing are established mechanisms of gene expression
that directly alter protein levels in vascular calcification. It is now clear
that m6A methylation plays important and diverse biological functions
in hypertrophic control [33]. The underlying mechanisms of how IS
regulates RNA m6A are still unclear.

The control of protein synthesis can be achieved via complex and
poorly defined mechanisms that regulate the vascular calcification
processing of mRNAs. Understanding how the specific classes of

functionally related mRNAs are co-regulated in the vascular system is
crucial for the elucidation of the molecular mechanisms controlling the
characteristic increase in CKD patients that defines the vascular calci-
fication within smooth muscle cells. In this study, we noted compelling
in vitro, in vivo, and translational evidence demonstrating the important
role for Mettl14 in vascular calcification induced by indoxyl sulfate. We
identified Mettl14 as the key vascular methylase that regulates vascular
m6A and provided the novel characterization of Mettl14-dependent
m6A in vascular calcification induced by indoxyl sulfate. The Mettl14
expression is upregulated in calcific arteries, leading to aberrant in-
crease in the global vascular m6A level as well as the m6A level in
selective osteoblast-related transcripts leading to their decreased pro-
tein expression. Increased Mettl14 expression resulted in the loss of
repair functions in primary HASMCs. Interestingly, the forced expres-
sion of Mettl14 in stressed HASMCs attenuated indoxyl sulfate-induced
calcification, loss of vascular-protecting protein expression, and the loss
of vascular repair function. Our study demonstrated the functional
importance of Mettl14-dependent vascular m6A methylome in vascular
repair function and calcification during CKD as well as provided robust
mechanistic insights to the therapeutic potential of Mettl14.

By modulating the Mettl14 expression through silencing or over-
expression in isolated primary HASMCs, we demonstrated that Mettl14
is the key contributor of global m6A levels. Furthermore, the Mettl14
expression correlated with the m6A level, and Mettl14-dependent m6A
level is a novel and negative regulator of smooth muscle cells and
vascular repair function. A recent study investigated the Mettl14 ex-
pression in myoblast differentiation and revealed that Mettl14 deple-
tion interfered with myogenic differentiation, which highlighted that
Mettl14 is required for myogenesis [34]. These data implicate the im-
portant role of Mettl14 as a regulator of muscle physiology.

The m6A modification forms a part of the larger field of RNA epi-
genetics, which is a growing field that has only recently been explored
in the heart. Similar to the deposition of epigenetic marks on DNA, the
methylation of mRNAs can impact the gene expressivity and define the
fate of mRNAs subgroups. Indeed, transcription is a time-consuming
process, and the cells have devised methods to preserve pools of mRNAs
that can be made readily and dynamically available for translation. As
m6A demethylation in a single-stranded nuclear RNA is the only known
primary function of Mettl14, we attribute the effects of Mettl14 al-
teration directly to the changes in the m6A levels in the target tran-
scripts. Nevertheless, we did not eliminate Mettl14-dependent N6,2′-O-
dimethyladenosine (m6Am) methylation, long noncoding RNA methy-
lation, or other indirect effects resulting from Mettl14 (m6A)-regulated
transcriptional co-regulatory networks or miRNA expression. Moreover,
in addition to Mettl14 upregulation, we detected decreased levels of
eraser proteins, such as FTO in human and ALKBH5 in mouse calcified
arteries, which suggests that these erasers possibly also contribute to
the increased m6A level in calcified arteries. However, whether these
erasers compete with Mettl14 to target similar subsets and locations of
transcripts or functions in a mutually exclusive manner remains to be
investigated. The increase in transcriptome-wide m6A level was sig-
nificant only at 24 weeks post-5/6Ne, and the Mettl14 expression was

Fig. 4. Mettl14-mediated m6A methylation regulates the smooth muscle cells osteoblast conversion.

Fig. 5. Klotho mRNA is hypermethylated in human smooth muscle cells and
methylation by Mettl14 overexpression induces the Klotho mRNA de-expres-
sion.
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upregulated as early as 24 weeks post-5/6Ne. As m6A is dynamically
regulated, the interplay between writer, eraser, and reader proteins
could be important in regulating the protein expression during vascular
repair and regeneration and therefore needs to be determined.

Together, our data provides proof of principle that given the func-
tional importance of Mettl14 in IS-induced vascular calcification, tar-
geting Mettl14 signaling may represent a promising therapeutic
strategy to treat IS-induced vascular calcification. The underlying me-
chanisms of how Mettl14 regulates Klotho in VSMCs still need in-
vestigation.
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