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Transcription factor 21 accelerates vascular calcification in
mice by activating the IL-6/STAT3 signaling pathway and
the interplay between VSMCs and ECs
Xiao-kang Zhao1, Meng-meng Zhu1, Sheng-nan Wang1, Ting-ting Zhang1, Xiao-ning Wei1, Cheng-yi Wang1, Juan Zheng1,
Wen-ya Zhu1, Mei-xiu Jiang2, Suo-wen Xu3,4, Xiao-xiao Yang1, Ya-jun Duan5, Bu-chun Zhang5, Ji-hong Han1,6, Qing R. Miao7,
Hao Hu5✉ and Yuan-li Chen1✉

Vascular calcification is caused by the deposition of calcium salts in the intimal or tunica media layer of the aorta, which increases
the risk of cardiovascular events and all-cause mortality. However, the mechanisms underlying vascular calcification are not fully
clarified. Recently it has been shown that transcription factor 21 (TCF21) is highly expressed in human and mouse atherosclerotic
plaques. In this study we investigated the role of TCF21 in vascular calcification and the underlying mechanisms. In carotid artery
atherosclerotic plaques collected from 6 patients, we found that TCF21 expression was upregulated in calcific areas. We further
demonstrated TCF21 expression was increased in an in vitro vascular smooth muscle cell (VSMC) osteogenesis model. TCF21
overexpression promoted osteogenic differentiation of VSMC, whereas TCF21 knockdown in VSMC attenuated the calcification.
Similar results were observed in ex vivo mouse thoracic aorta rings. Previous reports showed that TCF21 bound to myocardin
(MYOCD) to inhibit the transcriptional activity of serum response factor (SRF)-MYOCD complex. We found that SRF overexpression
significantly attenuated TCF21-induced VSMC and aortic ring calcification. Overexpression of SRF, but not MYOCD, reversed TCF21-
inhibited expression of contractile genes SMA and SM22. More importantly, under high inorganic phosphate (3 mM) condition, SRF
overexpression reduced TCF21-induced expression of calcification-related genes (BMP2 and RUNX2) as well as vascular calcification.
Moreover, TCF21 overexpression enhanced IL-6 expression and downstream STAT3 activation to facilitate vascular calcification.
Both LPS and STAT3 could induce TCF21 expression, suggesting that the inflammation and TCF21 might form a positive feedback
loop to amplify the activation of IL-6/STAT3 signaling pathway. On the other hand, TCF21 induced production of inflammatory
cytokines IL-1β and IL-6 in endothelial cells (ECs) to promote VSMC osteogenesis. In EC-specific TCF21 knockout (TCF21ECKO) mice,
VD3 and nicotine-induced vascular calcification was significantly reduced. Our results suggest that TCF21 aggravates vascular
calcification by activating IL-6/STAT3 signaling and interplay between VSMC and EC, which provides new insights into the
pathogenesis of vascular calcification.
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INTRODUCTION
The presence of vascular calcification increases the risk of acute
cardiovascular events and all-cause mortality. The highly tunable
and active process of vascular calcification is caused by the
deposition of calcium salts in the intimal or tunica media layer of
the aorta [1, 2], which is known as intimal (atherosclerotic)
calcification or media calcification. Media calcification is accom-
panied by chronic kidney disease (CKD), diabetes mellitus, and
aging, which can reduce vascular compliance and ultimately leads
to heart failure or hypertension [3]. Moreover, intimal calcification

often exists in advanced atherosclerotic plaques, and develops
with the development of atherosclerotic lesions. Calcified nodules
and spotty calcification at plaques will further increase the risk of
plaque rupture, which is the main event leading to thrombosis
and stroke [4]. However, no FDA-approved medications have been
demonstrated to attenuate or reverse vascular calcification.
Vascular smooth muscle cells (VSMCs) are pluripotent cell

types in blood vessels that physiologically exhibit a contractile
phenotype. VSMCs are an essential component of the vessel
wall, providing structural support, regulating vascular tone, and
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allowing vascular remodeling [5]. VSMCs can dedifferentiate into
osteoblast-like cells, which is considered to be the initiation stage
of vascular calcification [6]. VSMC-derived osteoblasts can secrete
alkaline phosphatase (ALP), which is loaded into extracellular
vesicles to promote the release of free phosphate, providing the
basis for tissue and cell mineralization [7]. However, the under-
lying mechanisms of vascular calcification are not fully under-
stood. Increasing evidence shows that vascular calcification
develops when the tissue loses calcification inhibitory factors
while accumulating calcification promoting factors. In addition,
the interaction between endothelial cells (ECs) and VSMCs
contributes to VSMC osteogenesis [8]. EC-derived inflammatory
cytokines, chemokines, adhesion molecules and other types of
molecules can promote VSMC phenotypic transition and calcifica-
tion [9, 10]. Osteoblast-like cells derived from ECs are widely
detected in calcified arterial media and atherosclerotic lesions [11].
Transcription factor 21 (TCF21), a member of the basic helix-

loop-helix transcription factor family, is essential for the
development of multiple cell types in the heart, lung, kidney
and spleen during embryogenesis [12–15]. Recently, TCF21 was
shown to be highly expressed in fibromyocytes, a collagen-
synthesis cell type derived from VSMCs, and human and mouse
atherosclerotic plaques [16]. Nagao M et al. demonstrated that
TCF21 can directly bind to myocardin (MYOCD) to inhibit the
transcriptional activity of the serum response factor (SRF)-
MYOCD complex. TCF21 also inhibits SRF and MYOCD expression
by binding to the promoter regions of these genes [17]. During
heart development, TCF21-expressing epicardial cells are com-
mitted to the cardiac fibroblast lineage prior to the initiation of
epicardial epithelial-to-mesenchymal transition, which is essen-
tial for cardiac fibroblast development [12]. Moreover, it has
been demonstrated that TCF21-positve cells are distributed
throughout early lesions, and accumulate in the fibrous cap and
the subcapsular layer in advanced lesions, implying their
important role during the development of atherosclerotic
disease [18]. However, its role in vascular calcification remains
to be investigated.
In the current study, we investigated the role and underlying

mechanisms of TCF21 in vascular calcification. We found that
TCF21 was increased in the calcification area of atherosclerotic
lesions. Mechanistically, we elucidated that TCF21 facilitated
VSMC osteogenesis in vivo and in vitro by promoting the
interleukin 6 (IL-6)-signal transducer and activator of transcrip-
tion 3 (STAT3) signaling pathway. These findings highlight
the critical role of TCF21 in vascular calcification and suggest
that TCF21 may act as a novel potential therapeutic target for
vascular calcification.

MATERIALS AND METHODS
Reagents
Rabbit anti-TCF21, smooth muscle protein 22 alpha (SM22α),
STAT3, phospho-STAT3 and GAPDH polyclonal antibodies were
purchased from Affinity Biosciences (Cincinnati, OH, United
States). Rabbit anti-Runt-related transcription factor 2 (RUNX2),
bone morphogenetic protein 2 (BMP2), interleukin 1beta (IL-1β)
and IL-6 polyclonal antibodies were purchased from ABclonal
(Wuhan, China). Rabbit anti-osteopontin (OPN) and heat shock
protein 90 (HSP90) polyclonal antibodies and mouse anti-
actin alpha 2, smooth muscle (SMA) monoclonal antibodies
were purchased from Proteintech Group (Chicago, IL, United
States). TCF21 siRNA and control siRNA were purchased
from RiboBio (Guangzhou, China). AceQ qPCR SYBR Green
Master Mix, Lipofectamine RNAIMAX and Lipofectamine 2000
were purchased from Thermo Fisher Scientific (Waltham, MA,
United States). Alizarin Red S reagent was purchased from
Sinopharm Chemical Reagent (Shanghai, China). HA tag Nanoab
or control magnetic beads were purchased from NuoyiBio

(Shanghai, China). The dual-luciferase assay kit was purchased
from Promega (Madison, WI, USA).

In vivo studies with animals
The in vivo study with mice was approved by the Ethics
Committee of Hefei University of Technology and was consistent
with the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health. Animal studies are
reported in compliance with the ARRIVE guidelines [19].
B6/JGpt-Tcf21em1Cflox/Gpt (TCF21flox) mice were purchased

from GemPharmatech Co., Ltd. (Jiangsu, Nanjing, China). B6.FVB-
Tg(Cdh5-Cre)7Mlia/J (Cdh5-Cre) mice were kindly provided by
Dr. Suo-wen Xu from the University of Science and Technology
of China. TCF21flox/floxCdh5-Cre (TCF21ECKO) mice were obtained
by breeding male Cdh5-Cre mice with female TCF21flox mice.
To evaluate the effect of endothelial cell-specific TCF21 knock-

down on acute vascular calcification, 8-week-old male TCF21flox/flox

and TCF21ECKO mice (n= 6) were subcutaneously injected with
5.5 × 105 IU/kg vitamin D3 (VD3) at 09:00 on the first day and then
given the first dose of nicotine (25mg/kg) by intragastric
administration. The mice were given nicotine again after a 12 h
interval. Mice in both groups were injected with VD3 once per day
for 3 d. After the last dose of VD3, all mice were maintained on a
normal diet for 2 weeks. Then, the mice were anesthetized and
euthanized in a CO2 chamber, and blood and whole aorta samples
were collected.
Blood samples were kept at room temperature for 2 h. The

serum was collected by centrifuging the blood for 20 min at
2000 ×g. Serum Ca2+ concentrations in mice were measured by a
calcium colorimetric kit (Beyotime, China). Serum IL-6 levels were
determined by an ELISA kit purchased from CUSABIO (Wuhan,
China).

Cell culture
Human aortic smooth muscle cells (HASMCs) and human
umbilical vein endothelial cells (HUVECs) were purchased from
ATCC. HASMCs were cultured in DMEM containing 10% fetal
bovine serum (FBS) and 50 μg/ml streptomycin and penicillin.
HUVECs were cultured in Vasculife basal medium (EC medium)
containing the VEGF Lifefactors kit (complete EC medium,
Lifeline Cell Technology, Frederick, MD, USA). The cells were
cultured in a 5% CO2 humidified incubator at 37 °C. Cells less
than 10 passages were used for experiments.
The calcification medium was prepared by dissolving Na2HPO4

and NaH2PO4 (1:2) in DMEM containing 2% FBS and 50 μg/ml
penicillin/streptomycin. The final concentration of PO4

3− was
3.0 mM. Cells at ~80% density were switched to calcification
medium, which was replaced with new calcification medium every
2 days.

Determination of calcification
Vascular calcification in vivo or in vitro was determined by
Alizarin Red S or Von Kossa staining [20]. Briefly, after fixation
with 4% paraformaldehyde, the cells, aortic ring sections or
aortic root sections were stained with Alizarin Red S (1%,
pH= 4.0) for 30 min. Then, the excess dye was removed with
acidic PBS. All images were photographed under a microscope.
The stained cells were redissolved in 10% acetic acid solution,
and the absorbance value was determined at 405 nm. The whole
aorta was stained with Alizarin Red S (0.003% in 1% potassium
hydroxide solution) for 48 h and then washed with 2% KOH
solution twice.
For Von Kossa staining, the aortic ring sections were washed

with PBS and then immersed in 2% silver nitrate solution under
ultraviolet light for 45 min. After being washed with ddH2O
for 5 min, the slides were washed with 5% sodium thiosulfate
solution for 2 min. Then, the images were photographed under a
microscope.
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Immunofluorescent staining
The expression of BMP2, RUNX2, TCF21, SRF and IL-6 in the mouse
aortic ring, aortic root and human carotid atherosclerotic plaques
was determined by immunofluorescent staining as previously
described [21].

Real-time quantitative RT-PCR (qPCR)
After treatment, total RNA from cells was extracted with
RNApure reagent (Zomanbio, Beijing, China). Then, the expres-
sion of TCF21, RUNX2, BMP2, SM22α, OPN, IL-6 and IL-1β mRNA
was determined by qPCR as described [22] using SYBR green
PCR master mix from Thermo Fisher Scientific (Waltham, MA,
United States) and the primers listed in Table S1. The mRNA
levels were normalized to GAPDH mRNA in the corresponding
samples.

Determination of protein expression by Western blotting
After treatment, total cell protein was extracted from HASMCs or
HUVECs. The protein expression of TCF21, BMP2, RUNX2, OPN,
SM22α, IL-6 and IL-1β was detected by Western blotting [23]. The
density of each band was quantified by two technicians who were
blinded to the treatments and each other’s results with ImageJ
software (NIH, Bethesda, MD, USA).

Transfection of siRNA or overexpression vector
HASMCs or HUVECs in six-well plates (~40% density) were
transfected with control siRNA (siControl) or TCF21 siRNA (siTCF21)
using Lipofectamine RNAIMAX. After 24 h of transfection, the
cells were switched to complete medium with or without
high inorganic phosphate (3 mM, NaH2PO4/Na2HPO4) for 4 d.
The overexpression vectors of TCF21 (pCMV-HA-TCF21, HA-TCF21),
SRF (pCMV-HA-SRF, HA-SRF) and MYOCD (pCMV-HA-MYOCD, HA-
MYOCD) were purchased from Tsingke Biotechnology Co., Ltd.
(Beijing, China). HASMCs and HUVECs in six-well plates (~90%
density) were transfected with the control vector (pCMV-HA, 2 μg/
well), HA-TCF21, HA-SRF or HA-MYOCD plasmid with Lipofecta-
mine 2000 for 24 h. After transfection, the cells were treated with
or without calcification medium for 4 d.

Coimmunoprecipitation (Co-IP) assay
The interaction of STAT3 and TCF21 was determined by Co-IP as
described previously [24]. Briefly, HASMCs were transfected with
HA-TCF21 for 24 h in serum-free medium, after which the cells
were switched to complete medium and cultured for another 24 h.
The cell lysate was added to anti-HA tag or empty magnetic
beads. After being washed five times, the proteins were pulled
down with loading buffer, and the eluent and input cell lysates
were used to analyze HA (representing TCF21) and STAT3
expression by Western blotting.

Preparation of plasmid DNA and determination of promoter
activity
The human TCF21 promoter (from −1155 to −1) sequence was
generated by PCR using HASMC genomic DNA as a template and
the following primers: forward, 5′-AGCGGTACCCATTTTGCTCCAG
CCCCTCAAC-3′, reverse, 5′-ACTGCTAGCCACCAAATTCCTCAGCGCT
CG-3′. The PCR product was inserted into the luciferase reporter
vector (pGL4.10). The constructed promoter was confirmed
by sequencing and named pTCF21. Site-directed deletion of
the predicted STAT3 binding sequence (from −498 to −490:
TTCTAGGAA) was performed as described [25].
To determine the effect of STAT3 activation on TCF21 promoter

activity, we transfected pTCF21 or pTCF21-delete, the internal
reference plasmid (pGL4hRluc) and the STAT3 overexpression
vector into HASMCs with Lipofectamine transfection reagent for
18 h. Then, the cells were cultured in complete medium for 24 h.
The cell lysates were collected, and luciferase activity was
measured using a dual luciferase reporter assay kit.

To determine the effect of TCF21 on STAT3 transcriptional
activity, the STAT3 response reporter (pHHSTAT3-luc, purchased
from HZBIO), the internal reference plasmid (pGL4hRluc) and the
TCF21 overexpression vector were transfected into HASMCs with
Lipofectamine transfection reagent for 18 h. Then, the cells were
cultured in complete medium for 24 h. The cell lysates were
collected, and the luciferase activity was measured using a dual
luciferase reporter assay kit.

Collection and treatment of the EC-conditioned medium (EC-CM)
HUVECs in 100mm dishes were transfected with control or
TCF21 siRNA for 24 h. After being washed three times with PBS.
The cells were cultured in 10 mL of complete EC medium for 24 h.
The culture medium was centrifuged to remove cell debris and
suspended cells, collected as EC-CM and stored frozen at −20 °C.
IL-6 levels in EC-CM were determined by an ELISA kit purchased
from CUSABIO (Wuhan, China). The EC-CM was mixed with fresh
calcification medium (1:1) and used to treat HASMCs for 24 h.

Detection of SMA, TCF21 and RUNX2 expression in patient
samples
All studies with human carotid atherosclerotic plaques were
approved by the regional Ethical Committees and adhered
strictly to the Declaration of Helsinki Principle 2008. All patients
provided informed consent before sample collection. Human
carotid atherosclerotic plaques were collected from 6 patients
who underwent carotid endarterectomy at the First Affiliated
Hospital of University of Science and Technology of China.
Carotid atherosclerotic plaques were used to prepare 5 μm
paraffin sections. The expression of SMA and TCF21 or SMA and
RUNX2 in the lesion areas was determined by immunofluor-
escent staining [21].

Data analysis
All experiments were repeated at least three times, and representa-
tive results are shown. All values are displayed as the mean ± SD.
Normal distribution was determined by the one-sample K-S of
nonparametric test with SPSS 22 software, and the data were
analyzed by parametric statistics (Student’s t test for two groups and
one-way ANOVA for more than two groups). The difference was
considered significant if P < 0.05.

RESULTS
TCF21 expression was positively correlated with vascular
calcification
To determine TCF21 expression in human atherosclerotic plaques,
we collected lesions from 6 patients who underwent carotid
endarterectomy (Table S2). Surprisingly, we found that TCF21 was
highly expressed in patients with high RUNX2 expression and low
SMA expression (Fig. 1a, b). TCF21 and RUNX2 exhibited similar
expression patterns, suggesting that TCF21 may play a crucial role
in vascular calcification. Then, we established an in vitro VSMC
osteogenesis model using high levels of inorganic phosphate [26].
The calcification model was initially confirmed by Alizarin Red S
staining (Fig. 1c). Moreover, corresponding to the increased
calcification-related genes (RUNX2 and BMP2), the protein and
mRNA levels of TCF21 were also significantly upregulated by
inorganic phosphate (Fig. 1d, e). Taken together, the results in
Fig. 1 indicate that the expression of TCF21 was increased during
vascular calcification, suggesting that TCF21 may be involved in
the development of vascular calcification.

TCF21 aggravates vascular calcification in vitro and ex vivo
To determine the effect of TCF21 on vascular calcification, we initially
transfected HASMCs with the TCF21 overexpression vector. Over-
expression of TCF21 aggravated inorganic phosphate-induced
HASMC osteogenesis, as determined by Alizarin Red S staining and
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calcium quantitative assay (Fig. 2a, b). In addition to the increased
calcification, the expression of BMP2 and RUNX2 mRNA and protein
was increased in HASMCs overexpressing TCF21 (Fig. 2c, d). In
contrast, knockdown of TCF21 by siRNA reduced phosphate-induced
calcification and the expression of RUNX2 and BMP2 (Fig. 2e–g).
Next, we explored the role of TCF21 in an ex vivo calcification

model. The rings of thoracic aortas (5 mm long) collected from

C57BL/6J mice were transfected with the TCF21 overexpression
vector or siRNA. The transfection efficiency was initially determined
by immunofluorescence staining. As shown in Fig. S1, TCF21
overexpression increased TCF21 expression, while TCF21 siRNA
inhibited TCF21 expression in the media layer of the aorta. Alizarin
Red S and Von Kossa staining showed that phosphate significantly
induced calcium deposition in the tunica media layer of aortic rings,

Fig. 1 TCF21 was positively correlated with vascular calcification. a, b Carotid artery atherosclerotic plaques were collected from 6 patients
with carotid stenotic disease. Paraffin sections of plaques were prepared to determine SMA and TCF21 (a) or SMA and RUNX2 (b) expression
by immunofluorescence staining. *P < 0.05 (n= 3). c–e HASMCs were cultured in control (Ctrl) or high phosphate medium (Pi, 3 mM) for 4 d.
VSMC calcification was determined by Alizarin Red S staining (c). *P < 0.05 (n= 4). The protein and mRNA expression of TCF21, RUNX2 and
BMP2 was detected by Western blotting (d) and qPCR (e), respectively. *P < 0.05 (n= 3).
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and calcification was substantially enhanced by TCF21 overexpres-
sion (Fig. 3a, b). Compared to the control group, immunofluores-
cence staining showed that phosphate treatment significantly
enhanced the expression of RUNX2, BMP2 and TCF21 (Figs. 3c, d,
S1a). Transfection of the TCF21 overexpression vector further
increased the expression of TCF21, BMP2 and RUNX2 (Figs. 3c, d,
S1a). In contrast, TCF21 siRNA reduced phosphate-induced calcifica-
tion and RUNX2, BMP2 and TCF21 expression (Figs. 3e–h, S1b).

SRF attenuates TCF21-induced vascular calcification
It has been reported that TCF21 induces VSMCs phenotypic
transformation by binding to the SRF-MYOCD complex [27, 28].
We confirmed that overexpression of TCF21 reduced SM22α and
SMA and increased OPN expression (Fig. 4a, b). SRF but not
MYOCD reversed TCF21-mediated inhibition of SM22α and SMA
expression (Figs. 4a, b, S2a, b). Interestingly, we determined that
SRF mRNA expression was inhibited by TCF21 overexpression,
while TCF21 was inhibited by SRF overexpression (Fig. 4a, b).
These results suggest that TCF21 may act as an effective
accelerator of vascular calcification through SRF-regulated VSMCs
phenotype conversion.
To determine the effect of SRF on TCF21-induced calcification,

HASMCs were cotransfected with TCF21 and SRF overexpression

vectors under high phosphate conditions. As shown in Fig. 4c,
overexpression of TCF21 significantly induced the expression of
the osteogenic genes BMP2 and RUNX2, which was attenuated by
SRF overexpression. Similarly, the Alizarin Red S staining showed
that the TCF21-mediated increase in the deposition of calcium
was inhibited by SRF overexpression in VSMCs (Fig. 4d). In
addition, the results of Alizarin Red S and Von Kossa staining
demonstrated that SRF overexpression abolished the TCF21-
induced aortic ring calcification (Fig. 4e). To further investigate
the molecular mechanism by which TCF21 affects vascular
calcification via SRF, we examined the expression of TCF21, SRF,
BMP2 and RUNX2 by immunofluorescent staining. SRF over-
expression significantly reduced TCF21, BMP2 and RUNX2 expres-
sion in the aortic rings (Figs. 4f, g, S2c). Taken together, the results
in Fig. 4 suggest that TCF21 induced VSMC osteogenesis by
promoting VSMC phenotypic switching to an osteoblast-like
phenotype.

TCF21 exacerbates inflammation by relieving the SRF-inhibited
IL-6-STAT3 signaling pathway
Chronic inflammation appears to be a central factor in abnormal
soft tissue calcification, including vascular calcification. Chronic
inflammation in the vascular system has been shown to induce

Fig. 2 TCF21 promotes HASMC osteogenesis. HASMCs were transfected with the TCF21 overexpression vector, TCF21 siRNA or the
corresponding control for 24 h. The cells were then switched to complete DMEM or complete medium containing high phosphate (Pi, 3 mM)
for 3 d. At the end of the experiment, the cells were used for the following assays. a, e Calcium deposition was examined by Alizarin Red S
staining. *P < 0.05 (n= 4). b, f Intracellular calcium levels were determined by a calcium detection kit, and the cell protein concentration was
used for relative quantitative statistical analysis. *P < 0.05 (n= 4). c The mRNA expression of TCF21, RUNX2 and BMP2 in HASMC was analyzed
by qPCR. *P < 0.05 (n= 3). d, g The protein expression of TCF21, RUNX2 and BMP2 was determined by Western blotting. *P < 0.05 (n= 3).
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Fig. 3 TCF21 enhances media calcification in the thoracic aorta ex vivo. Thoracic aortas were collected from C57BL/6J mice and cut into
5-mm-long aortic rings. a–d The aortic rings were transfected with the TCF21 overexpression vector or empty vector (2 μg/well) for 24 h. e–h The
aortic rings were transfected with TCF21 siRNA or control siRNA (20 nM) for 24 h. Then, the aortic rings were cultured in control or high phosphate
medium for 14 d, during which the correspondingmediumwas changed another day. After treatment, the aortic rings were used to prepare 5-μm
frozen sections. a, b, e, f The aortic calcification was determined by Alizarin Red S and Von Kossa staining. The Alizarin Red S positive area was
quantitively analyzed. *P < 0.05 (n= 3). c, d, g, h The expression of BMP2 and RUNX2 in aortic rings was determined by immunofluorescence
staining. The mean fluorescent intensity (MFI) was quantified. *P < 0.05 (n= 3).
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Fig. 4 SRF abolishes TCF21-induced calcification. a–d HASMCs were transfected with TCF21 or TCF21 and SRF vectors for 24 h. Then, the
cells were cultured in high phosphate medium for 4 d. The protein expression of TCF21, SM22α, SMA, OPN, BMP2 and RUNX2 was determined
by Western blotting (a, c). The mRNA expression of TCF21, SRF, SM22α and OPN was determined by qPCR (b). Osteogenesis was determined
by Alizarin Red S staining (d). *P < 0.05 (n= 3). e–g Thoracic aortic rings collected from C57BL/6J mouse were transfected with TCF21 or the
SRF overexpression vector for 24 h. After being cultured in control or high phosphate medium for 14 d, the aortic rings were used to prepare
5-µm cryosections. Aortic calcification was determined by Alizarin Red S and Von Kossa staining (e). The expression of TCF21 (f), BMP2 and
RUNX2 (g) in aortic rings was determined by immunofluorescence staining. *P < 0.05 (n= 3).
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vascular calcification in mouse and human studies [29]. A study
showed that TCF21 may activate proinflammatory gene expression
in coronary artery smooth muscle cells by promoting aryl
hydrocarbon receptor expression [30]. To investigate the mechan-
ism of TCF21 in inflammation under vascular calcification condi-
tions, we first overexpressed TCF21 in HASMCs with phosphate. IL-6

protein and mRNA levels were increased by TCF21 overexpression
(Fig. 5a, b). STAT3 is the downstream effector of the IL-6 signaling
pathway. Overexpression of TCF21 clearly enhanced the phosphor-
ylation of STAT3 (p-STAT3) and its transcriptional activity (Figs. 5a,
S3e). Further study indicated that TCF21 interacted with STAT3
(Fig. S3d), suggesting that the interaction of TCF21 with STAT3 may

Fig. 5 TCF21 activates the IL-6-STAT3 signaling pathway. a–d, j HASMCs were transfected with the TCF21 or SRF overexpression vector or
Control siRNA/TCF21 siRNA for 24 h. The cells were then switched to high phosphate medium for 4 d. At the end of the experiment, total cell
protein and total RNA were extracted. The expression of IL-6, p-STAT3 and STAT3 protein (a, c, j) and IL-6 mRNA (b, d) was determined by
Western blotting and qPCR. *P < 0.05 (n= 3 for Western blotting, n= 4 for qPCR). e, f, k The aortic rings were transfected with the control
vector/TCF21 or SRF overexpression vector or control siRNA/TCF21 siRNA for 24 h. Then, the aortic rings were cultured in control or high
phosphate medium for 14 d. After treatment, the aortic rings were used to prepare 5 μm cryosections. The expression of IL-6 was determined
by immunofluorescence staining. *P < 0.05 (n= 3). g, h HASMCs were transfected with the TCF21 overexpression vector for 24 h. The cells
were then switched to high phosphate medium containing IL-6 antibodies (500 μg/ml) or Stattic (10 μM) for 4 d. HASMC calcification was
determined by Alizarin Red S staining. *P < 0.05 (n= 3). i The aortic rings were transfected with the control vector or TCF21 overexpression
vector for 24 h. Then, the aortic rings were cultured in control or high phosphate medium with or without Stattic (10 μM) for 14 d. After
treatment, the aortic rings were used to prepare 5 μm frozen sections. Aortic calcification was determined by Alizarin Red S staining.

TCF21 increases vascular calcification
XK Zhao et al.

1632

Acta Pharmacologica Sinica (2023) 44:1625 – 1636



increase STAT3 activity. Conversely, knockdown of TCF21 reduced
IL-6 expression (Fig. 5c, d). Interestingly, we determined that LPS
induced TCF21 expression in HASMCs (Fig. S3a). Overexpression of
STAT3 could also induce TCF21 expression (Fig. S3c). Sequence
alignment analysis showed a putative STAT3 binding site in the
TCF21 promoter region with the sequence TTCTAGGAA (from−498

to −490). To further determine whether TCF21 is a direct target of
STAT3, we constructed a TCF21 promoter (pTCF21) and a promoter
with a putative STAT3 binding site deletion (pTCF21-delete). STAT3
overexpression increased pTCF21 promoter activity but not that
of the pTCF21-deleted promoter (Fig. S3f, g). Therefore, TCF21
increased IL-6-mediated STAT3 activation, which in turn enhanced
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TCF21 expression. We also determined that IL-6 levels in aortic rings
were increased by TCF21 overexpression but reduced by
TCF21 siRNA (Fig. 5e, f). Blocking IL-6 with a specific IL-6 antibody
or inhibiting STAT3 with Stattic attenuated TCF21-induced HASMC
calcification (Fig. 5g, h). Stattic was also able to block TCF21-induced
aortic calcification ex vivo (Fig. 5i).
Considering that SRF can reduce TCF21-induced calcification,

we determined whether SRF was involved in TCF21-induced IL-6
expression. The TCF21-mediated increase in IL-6 expression was
significantly reversed by SRF overexpression in HASMCs and aortic
rings (Fig. 5j, k). Consistently, SRF overexpression abolished TCF21-
induced p-STAT3 level (Fig. 5j). Taken together, the data in Fig. 5
and S3 indicate that TCF21 increased the activation of the IL-6-
STAT3 signaling pathway, which induced TCF21 expression
through positive feedback. Therefore, the increase in TCF21
expression facilitated VSMC osteogenesis.

TCF21 promotes calcification through the interplay of ECs and
VSMCs
ECs and VSMCs are adjacent cell types in the vasculature, and the
interplay between ECs and VSMCs affects vascular calcification. We
determined that TCF21 was also expressed in SMA-negative cells
within human atherosclerotic lesions (Fig. 1a). Therefore, we
hypothesized that TCF21 in EC may also be involved in the
development of vascular calcification. To verify this hypothesis, we
determined the changes in some key inflammatory molecules in
ECs under TCF21 overexpression conditions. IL-1β and IL-6 were
significantly increased by TCF21 (Fig. 6a, b). LPS also induced
TCF21 expression in HUVECs (Fig. S3b). Next, we collected
endothelial-conditioned medium (EC-CM) with or without TCF21
knockdown (Fig. 6c, d). IL-6 levels were significantly reduced
in siTCF21-transfected EC-CM (Fig. 6e). HASMC calcification was
induced using phosphate mixed in equal proportions with the
EC-CM described above. Compared with EC-CM from control
siRNA-transfected ECs, the addition of EC-CM from TCF21 knock-
down ECs attenuated the expression of BMP2 and RUNX2 (Fig. 6f).
To further determine the effect of EC TCF21 on vascular
calcification, we generated TCF21flox/flox and EC-specific TCF21
knockout (TCF21ECKO) mice (Fig. 6g), and medial arterial calcifica-
tion was induced by VD3 and nicotine-induced CKD. We
determined that the expression of TCF21 was reduced in the
aortic wall and was barely observed in the endothelial layer
of TCF21ECKO mice (Fig. 6o). Calcium accumulation in the whole
aorta and aortic root was significantly reduced in TCF21ECKO mice
(Fig. 6h, i), indicating that medial calcification was attenuated
by the genetic depletion of TCF21 in ECs. Interestingly, we
determined that calcium levels in serum were also reduced in
TCF21ECKO mice (Fig. 6j). Consistent with the reduction in
calcification, the expression of the contractile gene SRF was
increased, while that of the osteogenic gene RUNX2 was reduced
in TCF21ECKO mice (Fig. 6k, l). The inflammatory cytokine IL-6 was
reduced in the serum and aorta in TCF21ECKO mice (Fig. 6m, n). In
conclusion, the results in Fig. 6 suggest that the interplay between

ECs and VSMCs also contributes to TCF21-mediated enhancement
of vascular calcification.

DISCUSSION
Vascular calcification is associated with cardiovascular morbidity
and mortality in patients with metabolic syndrome, CKD or
atherosclerosis [31]. Our study demonstrated increased TCF21 in
calcified atherosclerotic plaques. TCF21 inhibition in VSMCs
in vitro or endothelial TCF21 deficiency in vivo attenuated
vascular calcification. Moreover, TCF21 is required for the interplay
between VSMCs and ECs via inflammatory cytokines, especially IL-
6, to activate STAT3 in VSMCs, thereby activating the osteogenesis
of VSMCs. Thus, our findings demonstrate that TCF21 is a novel
vascular calcification regulator and indicate the therapeutic
potential of TCF21 inhibition.
Vascular calcification is an active cell-mediated regulatory process

with similarities to bone formation [32, 33], which involves a
phenotypic switch from contractile VSMCs to osteo/chondroblast-
like cells [34, 35]. It has been demonstrated that TCF21 is highly
expressed in unique fibroblast-like cells in human and mouse
atherosclerotic plaques, which suggests that TCF21 may regulate
VSMC phenotypic switching [17]. A subsequent study demonstrated
that TCF21 increased VSMC proliferation by interacting with MYOCD
to inhibit the SRF-MYOCD complex, thereby inhibiting the
expression of contractile genes. TCF21 also inhibits the expression
of SRF and MYOCD [17]. It is unclear whether TCF21 contributes to
the progression of vascular calcification.
In the present study, we found that TCF21 expression was

upregulated in calcific atherosclerotic plaques and osteoblast-like
VSMCs. TCF21 overexpression promoted osteogenic differentia-
tion in VSMCs. In contrast, TCF21 knockdown in VSMCs attenuated
calcification. TCF21 disturbs the SRF-MYOCD complex, which
regulates contractile genes [17] and affects vascular calcification.
Thus, SRF but not MYOCD overexpression significantly attenuated
TCF21-induced VSMC and aortic ring calcification. SRF is a MADS
box transcription factor involved in the expression of contractile
genes with low transcriptional activity [36]. However, it can bind
multiple cofactors to enhance or block its activity [37]. Studies
have shown that inactivation of SRF leads to increased arterial
stiffness in mouse models [38]. Moreover, the roles of SRF in many
cellular processes have been elucidated, including cell survival,
contractility, synaptic activity, cell migration and inflammation
[39]. We determined that SRF increased TCF21-mediated suppres-
sion of SMA and SM22α expression. More importantly, under
high phosphate conditions, SRF reduced TCF21-induced BMP2
and RUNX2 expression and vascular calcification. Therefore, SRF-
mediated contractile gene expression is involved in TCF21-
mediated exacerbation of calcification.
Human and mouse studies indicate that sites of chronic

inflammation in the vasculature are the sites of atherosclerotic
or media calcification [29, 40, 41]. Inflammatory cytokines in the
vasculature can enhance the expression of receptor activator of

Fig. 6 TCF21 promotes calcification through ECs and VSMCs interactions. a,b HUVECs were transfected with the control or TCF21
overexpression vector for 24 h and then cultured in complete DMEM for 1 day. The protein and mRNA expression of IL-6, IL-1β and TCF21 was
determined by Western blotting and qPCR. *P < 0.05 (n= 3). c–e HUVECs were transfected with control or TCF21 siRNA for 24 h. After being
washed with PBS, the cells were switched to serum-free DMEM for 48 h. Cellular RNA, protein and culture medium (defined as endothelial-
conditioned medium, EC-CM) were collected separately. The protein and mRNA expression of TCF21 in the cells was determined by qPCR (c)
and Western blotting (d). IL-6 levels in EC-CM were determined by ELISA (e). *P < 0.05 (n= 3). f HASMCs were cultured with a mixture of high-
phosphate medium and EC-CM (1:1) for 4 d. After treatment, total cell protein was collected to determine the expression of BMP2 and RUNX2
by Western blotting. *P < 0.05 (n= 3). g–o After genotyping with the corresponding primers (g), TCF21flox/flox (TCF21f/f) and TCF21flox/floxCdh5-
Cre (TCF21ECKO) mouse (6 mice/group) were injected daily with 100 μL of VD3 dissolved in peanut oil (5.5 × 105 U/kg) for 3 consecutive days. In
addition, the mice were intragastrically administered nicotine (25 mg/kg) in the morning and evening on the first day. After 3 weeks, the mice
were euthanized, and aorta and serum samples were collected. Vascular calcification in whole aorta (h) and aortic root (i) was determined by
Alizarin Red S staining. *P < 0.05 (n= 6). Calcium (j) and IL-6 (m) levels in serum were determined by commercial kits. *P < 0.05 (n= 6). The
expression of SRF (k), RUNX2 (l), IL-6 (n) and TCF21 (o) in the aortic root was determined by immunofluorescence staining. *P < 0.05 (n= 3). L:
lumen; white arrow: endothelium layer.
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nuclear factor κB ligand (RANKL), a TNF superfamily member,
thereby activating the expression of bone morphogenetic protein
4 (BMP4) and stimulating the osteogenic differentiation of VSMCs
[42]. IL-6 and soluble IL-6 receptor (sIL-6R) induce the transforma-
tion of VSMCs into an osteoblast phenotype via STAT3-jumonji
domain-containing protein 2B (JMJD2B)-regulated RUNX2 expres-
sion [43]. The binding of IL-29 to its receptor IL-28Ra enhances the
activation of JAK2/STAT3 to upregulate BMP2 in VSMCs and
promote their calcification and osteogenic transformation [44].
Moreover, STAT3 but not STAT1 mediates chronic inflammation-
induced ectopic calcification [45]. We determined that TCF21
enhanced IL-6 and p-STAT3 expression, which further increased
the expression of RUNX2. Blocking IL-6 with a specific antibody or
inhibiting STAT3 with Stattic completely blocked TCF21-induced
calcification, suggesting that TCF21 regulates vascular calcification
via the IL-6-STAT3 signaling pathway. Interestingly, LPS or STAT3
overexpression can induce TCF21 expression. TCF21 and STAT3
can bind with each other to enhance STAT3 transcriptional
activity. We also identified that TCF21 is a direct target of STAT3.
These data suggest that inflammation and TCF21 can form a
positive feedback loop to amplify IL-6-STAT3 signaling pathway
activation. Moreover, SRF attenuated TCF21-induced IL-6 expres-
sion. SM22α and SRF can bind together to inhibit the expression of
NF-κB inducing kinase (NIK) and downstream NF-κB signaling
pathway [46]. However, we are not clear how TCF21 and SRF
regulate IL-6 expression. SRF and TCF21 affect SM22α expression
and may affect NF-κB expression, thereby affecting IL-6 expres-
sion. In addition, TCF21 and SRF may act directly on the IL-6
promoter, which requires further investigation.
ECs and SMCs are the main cell types in the vessel wall and act

as semipermeable barriers. Oxidative stress and inflammation
cause excessive endothelial permeability, which further leads to
vascular hyperpermeability and abnormal metabolism [47]. Many
studies have revealed that ECs can promote vascular calcification
through endothelial-mesenchymal transition (EndoMT) and sub-
sequent osteochondral differentiation [48, 49]. EndoMT is
regulated by inflammatory cytokines, fibroblast growth factors
(mechanical stress, hypoxia) and other conditions [50]. In addition,
ECs and VSMCs crosstalk through paracrine mechanisms such as
cytokines, extracellular vesicles containing pro-calcific mediators,
and miRNAs, and myoendothelial gap junctions play critical roles
in vascular calcification [20, 51, 52]. Interestingly, we determined
that TCF21 was also expressed in SMA-negative cells within
human atherosclerotic lesions, suggesting that TCF21 in non-
VSMCs, especially in ECs, may be involved in vascular calcification.
We found that TCF21 aggravated EC inflammatory cytokine
production. Knockdown of TCF21 in ECs reduced IL-6 produc-
tion. Moreover, conditioned medium collected from siTCF21-
treated ECs attenuated phosphate-induced calcification in
VSMCs compared with siCtrl-treated EC-conditioned medium.
In vivo, EC-specific TCF21 deficiency reduced VD3- and nicotine-
induced vascular calcification, suggesting that the interplay
between ECs and VSMCs also plays an important role in TCF21-
enhanced vascular calcification. However, future studies are
still needed to elucidate the role of VSMC TCF21 in vascular
calcification in vivo.
In conclusion, this study reveals a novel role of TCF21 in regulating

vascular calcification by activating the IL-6-STAT3 signaling pathway.
We also demonstrate that TCF21 can antagonize SRF, which affects
the expression of contractile genes and IL-6-STAT3 signaling
inactivation. TCF21 promotes the interplay between ECs and VSMCs
via inflammatory cytokine production. Thus, we established TCF21
inhibition as a new potential therapeutic strategy for the prevention
and treatment of vascular calcification.
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