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Abstract. The aging of the population has led to an annual
increase in the incidence of vascular calcification (VC). Specific
protein 1 (Sp1) is a transcriptional activator that serves an
important role in VC. The deacetylation of transcription factors
represses their binding to the promoters of downstream genes,
thereby causing their downregulation. The present study aimed to
investigate the role of deacetylated Sp1 in the development of VC.
In the present study, western blotting and immunoprecipitation
(IP) were performed to detect the protein levels of acetylated
Sp1. Western blotting and immunofluorescence staining were
used to analyze phenotypic switching in vascular smooth muscle
cells (VSMCs). Alizarin red S, alkaline phosphatase (ALP)
activity and calcium content assays were used to assess calcium
deposition in VSMCs. Western blotting, flow cytometry, TUNEL
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staining and caspase3 activity assay were used to evaluate
apoptosis of VSMCs. Chromatin immunoprecipitation (ChIP)
assay was used to detect Sp1 binding to the BMP2 promoter. The
results indicated that, in a β‑glycerophosphate (β‑GP)‑induced
VSMC calcification model, the level of acetylated Sp1 was
increased. Western blotting and immunofluorescence staining
results showed that, compared with the Sp1 overexpression
group (Sp1‑WT), deacetylated Sp1 (Sp1‑K704A) downregulated
the expression of osteogenic markers runt‑related transcription
factor 2 (Runx2) and bone morphogenetic protein 2 (BMP2),
and upregulated the expression of contraction marker α‑smooth
muscle actin (α‑SMA) and calponin 1. In addition, deacetylated
Sp1 also reduced the ALP activity and calcium content of
calcified VSMCs, and the Alizarin red S assay revealed that
the calcium crystallization of Sp1‑K704A group was markedly
decreased. Western blotting, flow cytometry, TUNEL staining
and caspase‑3 activity assay were detected to indicate that the
B‑cell lymphoma 2 (Bcl‑2)/Bcl‑2‑associated X protein ratio
was increased, and caspase‑3 activity and the apoptotic rate of
VSMCs were decreased, in the Sp1‑K704A group, as compared
with the Sp1‑WT group. ChIP assay revealed that Sp1 binding
to the BMP2 promoter was downregulated in the Sp1‑K704A
group, compared with that in theSp1‑WT group. In conclusion, a
deacetylated mutant of Sp1 decreased Sp1 binding to the BMP2
promoter, thus decreasing apoptosis, phenotypic switching
and calcium deposition in calcified VSMCs. This finding may
indicate potential therapeutic targets for VC.
Introduction
Vascular calcification (VC), a prevalent complication of
atherosclerosis, aging, chronic kidney disease and diabetes,
is a major contributor to the high morbidity and mortality
observed in cardiovascular diseases (1). Based on the location
of the lesion, VC is classified into either intimal and medial
calcification (2). Vascular medial calcification is not a passive
calcium salt deposition process, but rather an active osteogenic
process regulated by vascular smooth muscle cells (VSMCs) in
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the medial layer (3). Accumulating evidence demonstrates that
VC is associated with cell apoptosis, calcified matrix exosome
release and osteogenic phenotype transformation of VSMCs,
the apoptosis of which influences VC initiation and osteogenic
transformation in VSMCs, is a key event of VC (4).
Specific protein 1 (Sp1) is a transcriptional activator
extensively involved in life‑sustaining activities, such as cell
cycle, proliferation, differentiation, chromatin remodeling
and DNA damage (5‑9). Sp1 C‑terminal‑specific zinc fingers
can bind to promoters of target genes rich in GC boxes and
participate in transcriptional regulation of target genes (10).
A recent study revealed that Sp1 accelerated the process
of VC by promoting VSMC phenotypic transformation or
accelerating apoptosis (11). Sp1 is widely involved in the
basic expression of several genes, including genes associated
with early embryonic development, and regulates cell prolif‑
eration and differentiation (12). The knockout of Sp1 during
embryonic growth and development is invariably fatal in the
Sp1‑/‑ C57BL/6 mouse model (12), underlining its crucial role
in sustaining basic life activities. Therefore, it is particularly
important to regulate the pro‑calcifying effect of Sp1 without
affecting its expression level. Hence, the present study focused
on the post‑translational modifications (PTMs) of Sp1, with
the aim of helping to identify potential therapeutic targets.
PTM is a process of chemical modification in proteins,
which alters their structure and function (13). Excluding
phosphorylation, lysine acetylation is the most widely known
PTM and it not only enhances transcription by attenuating
interactions between histones and chromatin, but also promotes
the transcriptional activity of non‑histone transcription
factors (14). A previous study revealed that the acetylation
of Sp1 occurs in its DNA‑binding domain and upregulates
the expression of downstream genes (15). Deacetylation, as
opposed to acetylation, is associated with transcriptional
repression (16).
The aim of the present study was to explore whether
deacetylated Sp1 regulates calcification by inhibiting
phenotypic switching and apoptosis in VSMCs and, if so, to
further determine the potential molecular mechanisms.

To induce calcification, confluent VSMCs were treated
with 10 mmol/l β ‑glycerophosphate (β ‑GP; cat. no. G9422;
Merck KGaA) for 2‑14 days at 37˚C (11). The culture medium
containing β ‑glycerophosphate was replaced every 3 days.
Cells without any treatment were used as the normal control
(NC).

Materials and methods

Immunoprecipitation (IP). VSMCs were treated with
10 mmol/l β ‑GP for 3 days at 37˚C and dissolved in RIPA
buffer (Beyotime Institute of Biotechnology) after washing
in cold PBS. The supernatant was centrifuged at 14,000 x g
at 4˚C for 10 min to obtain whole‑cell extracts. 400 µl
whole‑cell extracts (2 x10 6 cells) were preincubated with
25 µl magnetic beads (cat. no. HY‑K020; MedChemExpress)
on a rotator for 2 h at 4˚C to clear non‑specific bead binding.
Following magnetic separation, the extracts were incubated
with anti‑Sp1 antibody (1:100; cat. no. NBP2‑20460;
Novus Biologicals, LLC) on a rotator overnight at 4˚C.
The protein‑antibody mixture was then re‑incubated with
40 µl magnetic beads and cleaned with PBS with 0.5%
Triton X-100 (PBST) on a rotator for 4 h at 4˚C. After
washing four times in PBS‑T, the magnetic beads were
separated magnetically. The proteins that remained and
had bound to the magnetic beads were released by boiling
in 1X SDS‑PAGE loading buffer. The isolated proteins
were then analyzed. Acetyl‑lysine antibody (1:1,000; cat.
no. sc‑81623; Santa Cruz Biotechnology, Inc.) was used

Cell culture and calcification model. Primary rat VSMCs
were extracted from thoracic aortic arteries of male Wistar
rats (8 weeks; weight, 160±10 g) using the tissue explant
adherent method, as previously described (17). The rats were
obtained from Charles River Laboratories, Inc. and kept in
a climate‑controlled room (temperature, 25±1˚C; relative
humidity, 50‑60%) with free access to food and water and a
12‑h light/dark cycle. All animal experimental protocols were
approved by the Ethics Committee of Qilu Hospital of Shandong
University. In short, the rats were euthanized by an overdose of
pentobarbital (>150 mg/kg; i.p.) until loss of limb reflexes.
Cells at passages 3‑8 were used for experiments. VSMCs
were incubated in high‑glucose DMEM/Nutrient Mixture F‑12
(Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.), 1% penicillin and 1%
streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in
a humidiﬁed incubator with 5% CO2. The culture medium was
replaced once per day in this way until harvesting after 3 days.

Western blotting. Western blotting was performed as
previously described (11). Briefly, VSMCs were treated with
10 mmol/l β ‑GP for 3 days at 37˚C and dissolved in RIPA
buffer (Beyotime Institute of Biotechnology) after washing in
cold PBS. The supernatant was centrifuged at 14,000 x g at 4˚C
for 10 min to obtain total protein. Protein concentration was
measured using a BCA protein assay kit (Beyotime Institute of
Biotechnology). The proteins (30 µg/lane) were separated by
10‑12% SDS‑PAGE and transferred to polyvinylidene fluoride
membranes (0.22/0.45 µm; EMD Millipore) which were then
blocked at room temperature (RT) for 1 h in PBS‑Tween‑20
(PBS‑T) solution containing 5% skimmed milk. Primary
antibodies against Sp1 (1:1,000; cat. no. NBP2‑20460;
Novus Biologicals, LLC), BMP2 (1:1,000; cat. no. ab214821;
Abcam), α ‑smooth muscle actin (α ‑SMA) (1:1,000; cat.
no. ab7817; Abcam), calponin 1 (1:1,000; cat. no. 17819; Cell
Signaling Technology, Inc.), Bcl‑2 (1:1,000; cat. no. ab196495;
Abcam), runt‑related transcription factor 2 (Runx2) (1:1,000;
cat. no. 12556; Cell Signaling Technology, Inc.), β ‑actin
(1:1,000; cat. no. 3700; Cell Signaling Technology, Inc.), Bax
(1:1,000; cat. no. 2772; Cell Signaling Technology, Inc.) were
incubated with membranes overnight at 4 ˚C. On day 2, the
membranes were extensively washed with Tris‑buffered
saline with 0.1% Tween-20 and incubated with a horseradish
peroxidase‑conjugated goat anti‑rabbit immunoglobulin g
(IgG) secondary antibody (1:5,000; cat. no. SA00001‑9;
ProteinTech Group, Inc.) or goat anti‑mouse IgG secondary
antibody (1:5,000; cat. no. SA00001‑8; ProteinTech Group,
Inc.) for 1.5 h at RT. Protein signals were visualized using an
Amersham Imager 600 electrochemiluminescence instrument
(Cytiva) and semi‑quantified using ImageJ Software (version
1.48; National Institutes of Health).
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to detect the levels of acetyl‑Sp1 using western blotting as
aforementioned.
Plasmid transfection. A previous study showed that the
acetylation site of Sp1 is at Lys703 in human epidermoid
carcinoma cells (A431) and that mutating lysine 703 (K703)
to alanine (A) leads to deacetylation of Sp1 (18). In addition,
following the alignment of the genomic sequence between
humans and rats through the GenBank database on the
NCBI website (http://www.ncbi.nlm.nih.gov/), as previously
described (19), it was found that the acetylation site of Sp1 is
at Lys704 (K704) in rats. Next, Sp1 overexpression plasmid
(pCMV; Sp1‑WT), Sp1 point mutant (K704A) plasmid
(pCMV; Sp1‑K704A) and control plasmid (pCMV; control
plasmid) were synthesized by Shanghai Genechem Co.
Ltd. SMCs (1x105 cells/ml) were seeded in 6‑well plates. In
total, 6 µg plasmid was transfected into VSMCs with 6 µl
Micropoly‑transfecter Cell Reagent (Micropoly) for 24 h
at 37˚C and used for subsequent experiments. For in vitro
analysis, 48 h after cell transfection, the cells were treated with
10 mmol/l β‑GP for 2‑14 days.
Immunoﬂuorescence staining. VSMCs (1x10 5 cells/ml)
were seeded in 24‑well climbing slice culture plates treated
with 10 mmol/l β ‑GP for 3 days at 37˚C following plasmid
transfection. They were then fixed in 4% paraformaldehyde
for 1 h at RT. Following washing with PBS, cells were
permeabilized using 0.5% Triton X-100 for 10 min at RT.
Next, cells were washed with PBS and blocked with 5% bovine
serum albumin (cat. no. A8850‑5; Beijing Solarbio Science &
Technology Co., Ltd.) for 30 min at RT. The cells were then
double‑stained with primary antibodies against BMP2 (1:100;
cat. no. ab214821; Abcam) and α‑SMA (1:100; cat. no. 48938;
Cell Signaling Technology, Inc.) in PBS overnight at 4˚C.
On day 2, following extensive washing with PBS, cells were
incubated with Alexa Fluor 488‑conjugated goat anti‑mouse
(1:200; cat. no. ZF‑0511; Beijing Zhongshan Golden Bridge
Biotechnology Co., Ltd.) or Alexa Fluor 594‑conjugated goat
anti‑rabbit (1:200; cat. no. ZF‑0516; Beijing Zhongshan Golden
Bridge Biotechnology Co., Ltd.) for 1 h at RT. Following
staining with DAPI for 10 min at 37˚C, cells were viewed by
fluorescence microscopy (magnification, x200; Nikon Eclipse
NI‑E; Nikon Corporation) and analyzed using ImageJ Software
(version 1.48; National Institutes of Health).
Calcium staining. Calcium staining was performed as
previously described (17). Briefly, calcification induction was
performed by 10 mmol/l β‑GP for 12 days at 37˚C following
plasmid transfection, VSMCs were washed with PBS and
fixed in 70% ethanol for 1 h at RT. Following rinsing with
PBS, VSMCs were exposed to 1 mg/ml Alizarin red S solution
(pH 4.2) in the dark for another 1 h at RT. Images were captured
using an inverted motorized microscope (magnification, x40;
Nikon Ti‑E; Nikon Corporation).
Calcium deposition detection, ALP activity and caspase‑3
activity assay. VSMCs were treated with 10 mmol/l β‑GP for
6 days at 37˚C following plasmid transfection and dissolved
in RIPA buffer (Beyotime Institute of Biotechnology) after
washing in cold PBS. The supernatant was centrifuged at
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14,000 x g at 4˚C for 10 min to obtain whole‑cell extracts.
The calcium content was determined using the Calcium Assay
kit at RT (cat. no. C004‑2; Nanjing Jiancheng Bio‑engineering
Institute Co., Ltd.), and ALP and caspase‑3 activities were
detected using an ALP assay kit at RT (cat. no. P0321;
Beyotime Institute of Biotechnology) and caspase‑3 activity
assay kit at 37˚C (cat. no. C1116; Beyotime Institute of
Biotechnology), respectively. The testing of calcium content,
ALP and caspase‑3 activities were performed according to
the manufacturers' instructions. The results were then normal‑
ized to protein concentrations measured using an enhanced
BCA protein assay kit (cat. no. P0010; Beyotime Institute of
Biotechnology).
TUNEL assay. Apoptosis in calcified VSMCs was measured
using an In Situ Cell Death Detection kit at RT, TMR red
(cat. no. 12156792910; Roche Diagnostics), following the
manufacturer's instructions. In brief, VSMCs (1x105 cells/ml)
were incubated in a 24‑well plate and treated with 10 mmol/l
β‑GP for 3 days at 37˚C following plasmid transfection. The
steps to fix and permeabilize cells were the same as those for
immunofluorescence. Calcified VSMCs were then stained
using TUNEL dyes for a minimum of 60 min at 37˚C.
Following DAPI staining for 10 min at 37˚C, TUNEL‑positive
VSMCs were manually counted via fluorescence microscopy
(magnification, x200; Nikon Eclipse NI‑E; Nikon Corporation).
Annexin V/propidium iodide double‑staining. VSMCs
(1x105 cells/ml) were incubated in a 6‑well plate and treated
with 10 mmol/l β ‑GP for 3 days at 37˚C following plasmid
transfection. Following the manufacturer's instructions,
Annexin V/propidium iodide double‑staining was performed
using an Annexin V‑FITC Apoptosis Detection kit at RT
(cat. no. 556547; BD Pharmingen), and apoptotic cells were
detected using BD FACSCalibur (BD Biosciences) and
analyzed using FlowJo software (version 7.6; FlowJo LLC).
Chromatin immunoprecipitation (ChIP) assay. VSMCs
(2x107 cells/ml) were treated with 10 mmol/l β‑GP for 3 days
at 37˚C following plasmid transfection. ChIP assay was
performed using SimpleChIP ® Plus Enzymatic ChIP kit at
RT (cat. no. 9005; Cell Signaling Technology, Inc.), according
to the manufacturer's instructions. Anti‑sp1 antibody (1:50;
cat. no. NBP2‑20460; Novus Biologicals, LLC) was used to
bind chromatin‑bound proteins for 24 h at 4˚C. The primers
used to amplify the fragments containing the BMP2 promoter
were as follows: BMP2 forward, 5'‑TTACACTCAGCCGGG
ACGC‑3' and reverse, 5'‑GAACACCTCCCCCTCGGA‑3'. The
PCR products were analyzed on 2% agarose gel and then visual‑
ized using an electrochemiluminescence instrument (Bio‑Rad
Laboratories, Inc.). ChIP signal was normalized to total input.
A positive control (Anti-Histone H3; 1:50; cat. no. 9005; Cell
Signaling Technology, Inc.) and a negative control (normal
IgG; 1:50; cat. no. 9005; Cell Signaling Technology, Inc.) were
employed for each immunoprecipitation.
Statistical analysis. Each experiment was performed >3 times
independently. Data are presented as the mean ± SEM.
GraphPad Prism 8.0 (GraphPad Software, Inc.) was used for
statistical analysis. Unpaired Student's t‑test was used for
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Figure 1. Acetylated Sp1 expression levels are higher in calcified VSMCs. (A) BMP2, Runx2, α‑SMA and calponin 1 expression levels were measured by western
blotting and normalized to β‑actin. (B and C) Acetylated Sp1 expression was measured by IP and normalized to Sp1. Data are presented as the mean ± SEM.
n=3. #P<0.05; ##P<0.01 vs. NC group. NC group, normal cultured VSMCs; β‑GP group, β‑glycerophosphate‑induced VSMCs; IP, immunoprecipitation; Sp1,
specific protein 1; VSMCs, vascular smooth muscle cells; BMP2, bone morphogenetic protein 2; Runx2, runt‑related transcription factor 2; α‑SMA, α‑smooth
muscle actin; β‑GP, β‑glycerophosphate.

comparisons between two groups, and one‑way ANOVA,
followed by Tukey's post hoc test for comparisons among
multiple groups. P<0.05 was considered to indicate a
significantly significant different.
Results
Expression levels of acetylated Sp1 are increased in β‑GP‑treated
VSMCs. As previously described, VSMCs were treated with
β‑GP for 72 h at 37˚C to induce calcification (17). Western
blotting was performed to assess the calcification of VSMCs, and
it was found that the expression levels of the osteogenic markers
BMP2 and Runx2 were upregulated and those of α‑SMA, a
marker of the contractile phenotype of VSMCs, was reduced
(Fig. 1A; P<0.05). Next, the expression levels of acetylated Sp1
in calcified VSMCs was investigated. The IP results showed
that, compared with the control group, the expression levels of
acetylated Sp1 were increased in a time‑dependent manner in
the calcification group (Fig. 1B and C; P<0.05).

Sp1 acetylation site is at K704 in rat VSMCs. Next, Sp1 K704A
mutant plasmid was constructed to mimic the deacetylation
status of Sp1, and then Sp1‑WT plasmid and Sp1‑K704A
mutant plasmid were transfected into VSMCs. At 48 h from
infection, the acetylation levels of Sp1 were examined. As
shown by western blotting (Fig. 2A; P<0.05), protein levels of
Sp1 remained unchanged following negative control plasmid
transfection, but were higher following Sp1 WT and K704A
mutant plasmid transfection, as compared with the NC. The
IP results revealed that acetylated Sp1 levels were markedly
reduced by Sp1 K704A plasmid, as comparison with plasmid
Sp1 WT plasmid (Fig. 2B; P<0.05).
Sp1 deacetylation ameliorates calcium deposition and
phenotype switching in calcified VSMCs. Following transfec‑
tion with Sp1‑WT and Sp1‑K704A plasmids, calcification
was induced in VSMCs by β ‑GP for 3‑12 days at 37˚C.
As shown in Fig. 3A‑C, Alizarin red S staining, ALP activity
assay and calcium content assay (P<0.05) indicated that
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Figure 2. Sp1 acetylation site is located at K704A in rat VSMCs. (A) Sp1 protein levels were measured by western blotting and normalized to β ‑actin.
(B) Acetylated Sp1 were measured by IP and normalized to Sp1. Data are expressed as the mean ± SEM. n=3. *P<0.05; ***P<0.001 vs. Sp1‑WT group. ns, not
significant; NC, normal control; control plasmid, VSMCs transfected with negative control plasmid; Sp1‑WT, VSMCs transfected with Sp1‑WT plasmid;
Sp1‑K704A, VSMCs transfected with Sp1‑K704A plasmid; Sp1, specific protein 1; IP, immunoprecipitation; VSMCs, vascular smooth muscle cells; WT,
wild‑type.

compared with the Sp1 overexpression group, deacetylated
Sp1 clearly inhibited calcium deposition in calcified VSMCs.
Moreover, using western blot analysis (Fig. 4A; P<0.05)
and immunoﬂuorescence staining (Fig. 4B; P<0.05), it was
observed that the decreased levels of VSMC contractile
markers α‑SMA and calponin 1 were rescued, while those
of osteogenic markers Runx2 and BMP2 were suppressed.
Simultaneously, it was observed that calcium deposition and
phenotype switching were enhanced by Sp1 overexpression in
the Sp1 overexpression group, as compared with the induced
calcification group. The β‑GP groups and NC were used as a
reference to confirm the state of calcification and Sp1 overex‑
pression in VSMCs, respectively.
Deacetylated Sp1 reduces apoptosis in calcified VSMCs.
To investigate the role of deacetylated Sp1 on apoptosis,
Annexin V‑PI flow cytometry (Fig. 5C; P<0.05) and TUNEL
analysis (Fig. 5D; P<0.05) were performed. The number of
apoptotic VSMCs was markedly reduced by deacetylated
Sp1 (Sp1‑K704A). In addition, the expression levels of the
apoptosis‑related protein Bax and the anti‑apoptotic protein
Bcl‑2 were determined via western blotting. It was revealed
that, compared with the Sp1 overexpression (Sp1‑WT) group,
the Bcl‑2/Bax ratio was increased in the Sp1‑K704A group
(Fig. 5A; P<0.05). Caspase‑3 activity assay showed that
deacetylated Sp1 significantly reduced the activity of caspase3
to inhibit VSMCs apoptosis (Fig. 5B; P<0.05).
Deacetylated Sp1 inhibits VSMC phenotype switching and
apoptosis by decreasing Sp1 binding to BMP2 promoter.

Based on the aforementioned findings, the underlying
mechanism mediating the protective role of deacetylated Sp1
in VSMC calcification was explored. Considerable evidence
has demonstrated that BMP2 is not only involved in VSMC
phenotype switching, but also in VSMC apoptosis (20,21).
Furthermore, in our previous study, it was revealed that Sp1
binding to BMP2 promoter was elevated in β ‑GP‑induced
calcified VSMCs (11). To determine whether deacetylated Sp1
regulated VC by inhibiting Sp1 binding activity to the BMP2
promoter, a ChIP assay was performed in β ‑GP‑induced
calcified VSMCs following plasmid transfection. As shown
in Fig. 6A and B, it was observed that Sp1 binding to the
BMP2 promoter was downregulated in the Sp1‑K704A group
compared with that in the Sp1 overexpression (Sp1‑WT)
group.
Discussion
The present study demonstrated that deacetylated Sp1 can
significantly reverse the calcification of VSMCs. The levels
of acetylated Sp1 were clearly increased by β ‑GP‑induced
calcification and altered depending the β‑GP stimulation time.
Following plasmid transfection conducted to interfere with the
levels of acetylated Sp1, osteogenic transformation, calcium
deposition and apoptosis of calcified VSMCs were improved.
Deacetylated Sp1 was found to exert an anti‑VC effect by
downregulating the binding of Sp1 to the promoter of the
target gene BMP2.
VC is recognized as a common vascular complication
during chronic kidney disease (CKD), aging and diabetes
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Figure 3. Deacetylated Sp1 ameliorates ALP activity and calcium deposition in calcified VSMCs. (A) Alizarin red S staining of VSMCs with β-GP induction
for 12 days. Scale bar, 500 µm. (B) ALP activity and (C) calcium deposition in calcified VSMCs with β-GP induction for 6 days were measured and normalized
to protein content for quantitative analysis. Data are presented as mean ± SEM. n=3. #P<0.05; ##P<0.01 vs. NC group; *P<0.05; **P<0.01; ***P<0.001 vs. Sp1‑WT
group. NC, normal control; control plasmid + β ‑GP, β ‑glycerophosphate‑induced VSMCs transfected with negative control plasmid; Sp1‑WT + β ‑GP,
β‑glycerophosphate‑induced VSMCs transfected with Sp1‑WT plasmid; Sp1‑K704A + β‑GP, β‑glycerophosphate‑induced VSMCs transfected with Sp1‑K704A
plasmid; NC, normal control; ALP, alkaline phosphatase; VSMCs, vascular smooth muscle cells; β-GP, β‑glycerophosphate; WT, wild‑type.

mellitus. The selection of different VC models is based on
the underlying disease. For example, glycation end‑products
(AGEs) produced by diabetics are important calcification
promoters, thus diabetes‑associated VC is studied using a
calcification model established by AGEs (22). Anti‑aging
genes, such as klotho and sirt1 are downregulated during
calcification, so the VC model of aging is established
by inhibiting the associated anti‑aging genes (23). The
high‑phosphorus‑induced VC model is established based on
the perivascular high phosphorus environment in patients

with CKD (24). Since VC is more widespread in patients with
CKD and hyperphosphatemia‑related VC is currently a hot
research topic, a β ‑GP‑induced VC model was selected to
study CKD‑related VC (25). A previous study reported that
blocking the phenotypic transformation of VSMC is essential
for the prevention and treatment of VC (26). Therefore,
phenotypic transformation of VSMCs can be used as a reliable
index for assessing VC.
Sp1, a member of the Sp family (Sp1‑Sp8), was found
to be the key regulator in the proliferation and invasion of
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Figure 4. Deacetylated Sp1 ameliorates phenotypic switching in calcified VSMCs. Calcified VSMCs were induced by β ‑GP for 3 days after transfection.
(A) Sp1, BMP2, Runx2, α‑SMA and calponin 1 protein expression was measured by western blotting and normalized to β‑actin. (B) Immunoﬂuorescence
staining of BMP2 (red) and α‑SMA (green), Scale bar=200 µm. Data are presented as the mean ± SEM. n=3. #P<0.05; ##P<0.01 vs. NC group; *P<0.05;
**
P<0.01 vs. Sp1‑WT group; ns, P>0.05. NC, normal control; control plasmid + β‑GP, β‑glycerophosphate‑induced VSMCs transfected with negative control
plasmid; Sp1‑WT + β‑GP, β‑glycerophosphate‑induced VSMCs transfected with Sp1‑WT plasmid; Sp1‑K704A + β‑GP, β‑glycerophosphate‑induced VSMCs
transfected with Sp1‑K704A plasmid; NC, normal control; Sp1, specific protein 1; VSMCs, vascular smooth muscle cells; β‑GP, β‑glycerophosphate; BMP2,
bone morphogenetic protein 2; Runx2, runt‑related transcription factor 2; α‑SMA, α‑smooth muscle actin; WT, wild‑type.

tumor cells (9,27). Recently, the role of Sp1 in the occurrence
and development of cardiovascular diseases was also
investigated. Studies have suggested that Sp1 is involved
in the regulation of myocardial cell apoptosis, myocardial

fibrosis, inf lammation, oxidative stress and vascular
endothelial cell injury (28,29). In our previous study, it
was demonstrated that Sp1 also regulates calcification and
apoptosis in β ‑GP‑induced calcified VSMCs, in which
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Figure 5. Deacetylated Sp1 reduces apoptosis in calcified VSMCs. Calcified VSMCs were induced by β‑GP for 3 days after transfection. (A) Expression of
apoptosis related‑proteins Bcl‑2 and Bax was measured by western blotting and the levels of Bcl‑2/Bax were detected by densitometric analysis. (B) Caspase‑3
activity was assessed using a caspase‑3 activity assay kit. Apoptotic rate was determined by (C) TUNEL staining (Scale bar=400 µm) and (D) Annexin V/prop‑
idium iodide double staining. Data are presented as the mean ± SEM. n=3. #P<0.05; ##P<0.01 vs. NC group; *P<0.05; **P<0.01 vs. Sp1‑WT group. NC, normal
control; control plasmid + β‑GP, β‑glycerophosphate‑induced VSMCs transfected with negative control plasmid; Sp1‑WT + β‑GP, β‑glycerophosphate‑induced
VSMCs transfected with Sp1‑WT plasmid; Sp1‑K704A + β ‑GP, β ‑glycerophosphate‑induced VSMCs transfected with Sp1‑K704A plasmid; NC, normal
control; Sp1, specific protein 1; VSMCs, vascular smooth muscle cells; β‑GP, β‑glycerophosphate; Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein;
terminal deoxynucleotidyl transferase dUTP nick end labeling; WT, wild‑type.

its pro‑calcific role was performed by regulating BMP2
transcriptional activation (11). As the main promoter of
medial calcification, BMP2 induces the expression of MSX2
and Runx2, which are key factors of VSMC phenotypic
transformation (20). Sp1 is extensively involved in the basic
expression of multiple genes, and the deletion of Sp1 is
invariably fatal during fetal development (12). Therefore,
it is important to downregulate the pro‑calcified effect of
Sp1 without affecting its expression level. Protein PTMs can

increase the functional diversity of Sp1, therefore Sp1 PTMs
were investigated in order to identify novel therapeutic
targets in VC. The majority of the research conducted on Sp1
PTMs is on phosphorylation, but the level of phosphorylated
Sp1 in calcified VSMCs exhibited non‑significant changes
compared with the NC group in our unpublished data (data
not shown).
Histone acetylation serves an important role in gene
regulation. A growing number of studies have suggested that,
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Figure 6. Deacetylated Sp1 inhibits VSMC phenotype switching and
apoptosis by decreasing Sp1 binding activity to BMP2 promoter. Calcified
VSMCs were induced by β ‑GP for 3 days after transfection. (A) ChIP
assay. Nuclear DNA‑protein complexes were extracted from VSMCs
treated with β‑GP precipitated with anti‑Sp1 antibody. PCR was performed
to amplify the region of the BMP2 promoter containing Not I fragment.
(B) Semi‑quantitative analysis of ChIP results. Data are presented
as mean ± SEM. n=3. **P<0.01 vs. Sp1‑WT group. Sp1‑WT + β ‑GP,
β ‑glycerophosphate‑induced VSMCs transfected with Sp1‑WT plasmid;
Sp1‑K704A + β ‑GP, β ‑glycerophosphate‑induced VSMCs transfected with
Sp1‑K704A plasmid; Sp1, specific protein 1; VSMC, vascular smooth muscle
cells; BMP2, bone morphogenetic protein 2; β ‑GP, β ‑glycerophosphate;
ChIP, chromatin immunoprecipitation; WT, wild‑type.

besides histones, non‑histone transcription factors can also
be acetylated (14,30). Acetylated Sp1 has been reported to
upregulate the binding activity to target genes during different
pathological processes (31‑33). However, to the best of our
knowledge, no research has explored the association between
acetylated Sp1 and VC. The present study revealed that the
acetylated Sp1 expression is significantly elevated in calcified
VSMCs. This result demonstrated that acetylated Sp1 promotes
the development of VC. Therefore, it was suggested that
inhibiting the acetylation of Sp1 may reduce VC. Hepp et al (34)
reported that mutating K703 to A not only results in the
deacetylation of Sp1, but also downregulates its transcriptional
activity. Following genetic comparison, Sp1 K704A mutant
plasmid was synthesized based on Sp1 overexpression to
achieve the deacetylated state of Sp1 (deacetylated Sp1). In
the present study, deacetylated Sp1 was found to suppress the
expression of osteogenic markers and reduce calcium deposition
in VC, in line with our hypothesis. It was also observed that
Sp1 overexpression promoted VC, which, to the best of our
knowledge, has not been explored in other studies.
Apoptosis, a type of programmed cell death, has been
found to be associated with the initiation of VC (35,36). Our
previous study confirmed that, in addition to up‑regulating
BMP2 transcriptional activity, Sp1 also participated in
VC‑related apoptosis compared with the NC group (11). Of
note, the apoptosis‑promoting role of BMP2 in VSMCs was
also reported in a previous study, which demonstrated that
BMP2 promoted VSMC apoptosis via the Wnt/β ‑catenin
pathway (21). Therefore, it was hypothesized that deacetylated
Sp1 may ameliorate VSMC apoptosis by repressing BMP2
transcription. In the present study, VSMC apoptosis was indeed
shown to be ameliorated by inhibiting the acetylation of Sp1.
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This was then confirmed by ChIP assay, which demonstrated
that deacetylation of Sp1 decreased its binding to BMP2
promoter, in line with our hypothesis.
There were certain limitations to the present study. First, an
acetyl‑Sp1 overexpression plasmid could not be constructed, so
the elevated level of acetylated Sp1 in calcified VSMCs was used
to illustrate that acetylated Sp1 is responsible for the develop‑
ment of VC. Second, whether deacetylated Sp1 affects other vital
activities regulated by Sp1, in addition to VC, was not explored.
Further research is therefore required to address these issues.
In conclusion, the present study provided strong evidence
supporting that acetylated Sp1 promotes β ‑GP‑induced
VSMCs calcification. The deacetylation of Sp1 by Sp1‑K704A
plasmid prevents the calcification of VSMCs by inhibiting
BMP2 transcription. These meaningful findings may provide
new options for the treatment and prevention of VC.
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