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Introduction
Cardiovascular diseases (CVDs) are the major cause of morbidi-
ty and mortality in the Western world. Among the different cell 
types involved in such pathologies, vascular smooth muscle cells 
(VSMCs) present a unique characteristic: they show a remarkable 
plasticity that enables them to switch between a differentiated and 
a dedifferentiated status in response to different stimuli (1). In a 
normal, healthy vessel, VSMCs have low levels of proliferation and 
apoptosis and are able to contract and maintain the vascular tone. 
However, in pathological conditions such as atherosclerosis and 
restenosis following surgery, VSMCs become increasingly pro-
liferative and, as a consequence, also less contractile. Epigenetic 
modulation of gene expression is centrally involved in this pro-
cess. Among the known epigenetic mechanisms taking place in 
vascular diseases, histone acetylation has been studied in depth 
(2, 3), whereas only a few studies have focused on histone and 
DNA methylation (4). In order to further investigate the impor-
tance of epigenetics in regulating VSMC phenotypic switch, we 
screened for the expression of key epigenetic-related genes during 
this process. Ubiquitin-like containing PHD and RING finger 
domains 1 (Uhrf1) came out as the most-modulated gene induced 
by PDGF-BB–mediated (PDGF-cytokine composed by two B sub-
units) dedifferentiation.

UHRF1, also known as NP95, does not have intrinsic enzymat-
ic activity but is able to repress expression by directly interacting 

with DNA methyltransferase 1 (DNMT1) and histone deacetylase 
1 (HDAC1) (5, 6), both markers of gene repression. Through its 
set and ring associated (SRA) domain, UHRF1 specifically binds 
to hemimethylated DNA and has an essential role in the mainte-
nance of DNA methylation by recruiting DNMT1 to these DNA 
sites (7). Besides coupling with enzymes for DNA methylation, 
UHRF1 might also interact directly with modified histones (e.g., 
H3K9) to promote its dimethylation (8).

Another class of VSMC phenotype regulator recently iden-
tified is microRNAs (9), which mainly inhibit the expression of 
genes involved in cardiovascular pathologies (10, 11). Among 
various microRNAs, miR-145 was demonstrated to play a pivot-
al role in VSMC phenotypic switch and, consequently, in mouse 
and human vascular diseases (12–16). In the present study, we 
demonstrate that miR-145 regulates the epigenetic modulator 
Uhrf1, adding an additional layer of complexity to VSMC pheno-
type regulation. We further show the importance of Uhrf1 in mod-
ulating disease conditions, such as vascular stenosis, through in 
vivo knockdown and VSMC-specific KO mouse models.

Results
Uhrf1 is the most upregulated gene during VSMC dedifferentiation. In 
order to identify genes involved in the regulation of VSMC phe-
notypic switching, we used quantitative real-time PCR (qRT-PCR) 
to profile the expression of 96 epigenetic genes, comparing quies-
cent cells (cultured in 0.1% FBS) with proliferating cells (cultured 
in 25 ng/ml PDGF-BB for 24 hours). Results show that the expres-
sion level of most epigenetic genes was not modified by PDGF-BB, 
whereas Uhrf1 was the most upregulated gene (Figure 1A). In order 
to validate this result, we compared the effect of prodifferentiation 
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ited luciferase activity when the reporter construct included the WT 
but not the mutated (mt) putative microRNA seed sequence. Gain- 
and loss-of-function experiments using a lentivirus expressing miR-
145, an inhibitor sponge sequence (19), or an anti-miR oligonucle-
otide confirmed that Uhrf1 expression is inversely correlated to the 
level of miR-145 (Figure 2, G and H and Supplemental Figure 2D). 
Finally, since miR-145 expression is downregulated upon PDGF-BB 
stimulation (16) and upregulated upon TGF-β treatment (19), we 
evaluated whether Uhrf1 modulation during PDGF-BB (upregula-
tion) or TGF-β (downregulation) treatments might be at least par-
tially mediated by modulation of miR-145 expression. To this aim, 
miR-145 gain- and loss-of-function experiments were performed on 
VSMCs incubated with PDGF-BB or TGF-β for 18 hours. As expect-
ed, PDGF-BB treatment induced Uhrf1 statistically less in VSMCs 
overexpressing miR-145, whereas the ability of TGF-β to decrease 
Uhrf1 expression was statistically less efficient in VSMCs treated 
with a miR-145 inhibitor when compared with VSMCs transduced 
with a control lentivirus or transfected with a scrambled (SCR) oli-
gonucleotide (Figure 2, I and J).

UHRF1 is upregulated in diseased vascular tissues. To determine 
whether VSMCs express UHRF1 in vivo, we performed cell trac-
ing using a VSMC-specific reporter mouse model. Healthy adult 
VSMCs express very little UHRF1, so we triggered its expression by 
performing transverse aortic constriction (TAC) in mice express-
ing the tomato-red (TR) reporter gene under the SM-MYH11 pro-
moter. This confirmed that VSMCs express UHRF1 (Supplemen-
tal Figure 3, A and B).

To determine whether UHRF1 is regulated in vascular diseas-
es, we investigated its expression in normal and pathological vas-
cular samples. First, we sought to assess whether UHRF1 is dereg-
ulated in atherosclerotic lesions. Cross sections of aorta were 
prepared from ApoE–/– mice fed on a normal chow diet (CD) or a 
hypercholesterolemic Western diet (WD). As expected, CD-fed 
mice showed no or small atherosclerotic lesions, whereas WD-fed 
mice exhibited lesions that progressed in size. Immunohistochem-
istry revealed a strong increase in the number of cells expressing 
UHFR1 in the plaques of WD-fed mice (Figure 3A). Colocalization 

agents (TGF-β and starvation with 0.1% FBS), which trigger a con-
tractile phenotype, and of PDGF-BB, FGF, and 10% FBS, which 
activate VSMC proliferation and migration, on the 7 most upreg-
ulated genes. Again, Uhrf1 was the gene most transcriptionally 
upregulated by all antidifferentiation agents (Figure 1B and Sup-
plemental Figure 1A; supplemental material available online with 
this article; https://doi.org/10.1172/JCI96121DS1). Interestingly,  
rapamycin, a cell-cycle inhibitor and prodifferentiation agent used 
in clinical practice (17), is able to decrease Uhrf1 expression in 
VSMCs cultured under proliferating conditions (10% FBS) (Sup-
plemental Figure 1B). Moreover, the UHRF1 protein level was ele-
vated in proliferating VSMCs, but repressed after treatment with 
prodifferentiation agents (Figure 1C and Supplemental Figure 1C).

Time- and dose-dependent experiments were performed 
using PDGF-BB (Supplemental Figure 1, D–G) and TGF-β (Sup-
plemental Figure 2, A and B). Interestingly, Uhrf1 expression 
inversely correlated temporally and in a dose-dependent manner 
with the VSMC differentiation markers Myh11 and Acta2. Fur-
thermore, using a public RNA sequencing data set (18), UHRF1 
upregulation was also confirmed in PDGF-BB–treated human 
VSMCs (Supplemental Figure 2C). Taken together, these data 
demonstrate the direct association between Uhrf1 expression and 
VSMC differentiation status.

miR-145 contributes to Uhrf1 expression. miR-143 and miR-145 
are master regulators of VSMC biology (12–16). Interestingly, an in 
silico analysis predicted Uhrf1 as a putative miR-143 and miR-145 
target gene (Figure 2A). In order to validate this, we first measured 
Uhrf1 RNA levels in vessels of miR-143– and miR-145–KO mice (19) 
as well as in miR-143– and miR-145–KO VSMCs in vitro. We found 
an increased expression of this gene in both cases (Figure 2, B and 
C). Next, miR-143– and miR-145–KO VSMCs (12) were transduc-
ed with adenoviruses expressing miR-208, miR-143, or miR-145. 
Decreased UHRF1 RNA and protein were observed after miR-145 
but not miR-143 or miR-208 overexpression (Figure 2, D and E). 
The direct binding of miR-145 on Uhrf1 mRNA was then validated 
through a luciferase assay in which its 3′ UTR sequence was cloned 
downstream to the reporter Renilla gene (Figure 2F). miR-145 inhib-

Figure 1. Regulation of Uhrf1 expression in response to 
mediators contributing to VSMC phenotypic switching. 
(A) Analysis of the expression of 96 epigenetic genes in 
PDGF-BB–treated primary murine VSMCs with microfluidic 
cards. After global normalization, the statistical analysis 
was performed on 2 experimental duplicates compared 
with control cells (grown in a serum-deprived condition) 
and plotted versus the values of fold changes. A gene was 
arbitrarily considered modulated if fold induction was <0.6 
to >2 compared with control and if the P value of such a 
difference was less than 0.05. (B) RT-qPCR gene expres-
sion analysis of VSMCs treated with different stimuli. The 
control sample (0.1% FBS) was set as 1. Results are the 
average of at least 3 independent experiments, and error 
bars indicate SD. #P < 0.05. (C) Representative Western blot 
showing UHRF1 levels in VSMCs treated with PDGF-BB (25 
ng/ml) or TGF-β (10 ng/ml). Unpaired 2-tailed Student’s t 
test was used to compare means for A, and 1-way ANOVA 
with Tukey’s multiple comparisons test was used for B. 
#Adjusted P < 0.05.
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undergoing open abdominal aortic aneurysm (AAA) repair with 
those in explant samples from organ donors (12). We found a 
marked and significant increase in UHRF1 mRNA levels in patho-
logical vessels (Figure 3C). These results were confirmed by sys-
tematically reviewing a public data set of patients with brain aneu-
rysm (21) (Supplemental Figure 3E) and a published data set of a 
murine model of aneurysm (22) (Supplemental Figure 3F).

We then analyzed the expression levels of DNMT1 and 
HDAC1, 2 fundamental UHRF1 interactors, documented in the 
above-mentioned databases. We found a statistical increase of 
DNMT1 in all cases (Supplemental Figure 4, A–C). Interestingly, 

experiments of UHRF1 with ACTA2 showed that UHRF1 is prin-
cipally, but not exclusively, expressed in ACTA2-positive cells in 
atherosclerotic plaques (Figure 3A and Supplemental Figure 3, B 
and C). Taking advantage of the SM-MYH11 TR mouse model, we 
confirmed that ACTA2-positive cells are indeed VSMCs (TR posi-
tive) (Supplemental Figure 3D).

To corroborate these results, we looked for UHRF1 levels in a 
public data set of plaques from atherosclerotic patients (20). We 
found that there was a statistically significant increase in UHRF1 
gene expression in the human setting (Figure 3B). Furthermore, 
we compared UHRF1 levels in aortic samples taken from patients 

Figure 2. miR-145–mediated regulation of Uhrf1. (A) Putative binding sites for miR-143 and miR-145 on the 3′ UTR of Uhrf1. (B) Uhrf1 expression in aortas 
of miR-143– and miR-145–KO mice, measured by RT-qPCR. (C) Uhrf1 expression measured by RT-qPCR in 3 different preparations of VSMCs isolated from 
miR-143– and miR-145–KO mice, cultured in medium with 10% FBS. (D and E) Representative RT-qPCR RNA analysis and immunoblot of the target gene 
UHRF1 in miR-143– and miR-145–KO VSMCs transduced with adenovirus expressing miR-208, miR-145, or miR-143 and grown in medium with 10% FBS. 
(F) Luciferase reporter assay on A7r5 cells stably expressing miR-145 (Ctr, cells transduced with the empty vector) with a Renilla reporter gene linked to the 
WT or mutated (mt) Uhrf1 3′ UTR. (G) Uhrf1 expression in WT VSMCs transduced with a lentivirus expressing miR-145 (Ctr, cells transduced with the empty 
vector and cells cultured in medium with 10% FBS). (H) Uhrf1 expression in WT VSMCs transduced with lentivirus expressing sponge sequences (Decoys) 
targeting miR-143 or miR-145 and empty vector, as measured by RT-qPCR (cells cultured in medium with 10% FBS). (I) Uhrf1 expression in WT VSMCs 
transduced with a lentivirus expressing miR-145 and treated with PDGF-BB (25 ng/ml) (Ctr, cells treated with vehicle). (J) Uhrf1 expression in WT VSMCs 
transfected with an anti–miR-145 LNA (i145) oligo and treated with TGF-β (10 ng/ml) (SCR, cells treated with scrambled oligo). All results are the average 
of at least 3 independent experiments and error bars indicate SD. To compare means, an unpaired 2-tailed Student’s t test was used for B, C, D, G, and J, 
whereas 1-way ANOVA with Tukey’s multiple comparisons t test was used for F, H, and I. #P < 0.05. Adjusted P value is shown in F, H, and I.
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perivascular carotid collar placement in ApoE−/− mice (23). We 
performed local delivery of scrambled shRNA (shSCR) or Uhrf1- 
shRNA (shUHRF1) viruses with 2 different types of shRNA sequenc-
es and determined the effects on the vessels 4 weeks after collar 
placement. Stented carotids treated with a control virus showed 
strong intimal hyperplasia, whereas delivery of the Uhrf1 shRNA 
virus markedly decreased Uhrf1 expression and, consequently, the 
neointimal area (Figure 4A and Supplemental Figure 5A). To fur-
ther corroborate this result, we generated a conditional KO mouse 
model in an ApoE–/– background in which Uhrf1 could be specifi-
cally deleted in VSMCs, obtaining the strains ApoE–/–UHRF1fl/fl 

SM-MYH11-cre/ERT2 (KO) and ApoE–/–UHRFwt/wtSM-MYH11-cre/
ERT2 (WT) (Supplemental Figure 5, B–D). When stenosis formation 
was induced in these models, Uhrf1-KO mice exhibited a decreased 
intimal-to-medial ratio when compared with control mice (WT) 4 
weeks after vascular injury (Figure 4B and Supplemental Figure 5, 
E–I). In addition, Uhrf1-KO mice displayed decreased vascular cell 
proliferation in response to injury (Figure 4C), whereas apoptotic 
rate was unchanged (Figure 4D and Supplemental Figure 5J), as 
measured by Ki67 and TUNEL staining.

a linear correlation between DNMT1 and UHRF1 was observed 
in human atherosclerotic plaques and aneurysms (Supplemen-
tal Figure 4, D and E), but not in the mouse model of aneurysm 
(Supplemental Figure 4F). HDAC1 expression was not statistically 
increased in these pathological specimens, except for atheroscle-
rotic plaques (Supplemental Figure 4, G–I).

We next aimed to assess whether Uhrf1 plays a role in a murine 
model of vascular injury. Experimental arterial intimal hyper-
plasia was induced by placement of a silicone collar around the 
carotid artery (23), and samples were taken 30 days after surgery. 
A significant difference in UHRF1 expression was observed in 
the stented arteries when compared with the nonstented carot-
id segments (Figure 3D). Moreover, colocalization experiments 
of UHRF1 with ACTA2 further demonstrated that UHRF1 was 
expressed by VSMCs in stenotic vessels and sham controls (Figure 
3D and Supplemental Figure 3G).

Localized reduction of Uhrf1 improves stenosis development. To 
test the hypothesis that Uhrf1 plays an important role in VSMC 
plasticity in vivo, we examined the antiproliferative effect of spe-
cifically knocking down Uhrf1 in a model of stenosis induced by 

Figure 3. UHRF1 is upregulated during atherosclero-
sis development and vascular injury. (A) Represen-
tative immunostaining and quantification for UHRF1 
on aortic cross sections of ApoE–/– mice fed with 
chow and Western diets (colorimetric images show-
ing UHRF1 in brown, immunofluorescence showing 
UHRF1 in green and ACTA2 in red). Scale bar: 1 mm. 
Labels 2 and 3 indicate the specific areas from where 
the insets have been obtained. (B and C) UHRF1 
expression analysis on atheroma plaque versus 
paired macroscopically intact tissue of 32 patients 
(GSE43292). The y axis indicates normalized UHRF1 
probe intensity (ID 8024900) measured by Affy-
metrix Human Gene 1.0 ST Array (B) or abdominal 
aortic aneurytic vessels measured by RT-qPCR (C). 
(D) Representative immunostaining and quantifica-
tion for UHRF1 on carotid sections of ApoE–/– mice 
undergoing collar placement (Collar) or a sham pro-
cedure (Sham) (colorimetric images showing UHRF1 
in brown, immunofluorescence showing UHRF1 in 
green and ACTA2 in red). Scale bar: 100 μm.  
Error bars indicate SD. To compare means, we used 
the Wilcoxon matched paired test in B and the 
unpaired 2-tailed Student’s t test in A, C, and D.
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and Cdkn1b, 2 inhibitors of the cell cycle, a result in line with 
the decrease of proliferation (Figure 5D). UHRF1 upregula-
tion, on the other hand, determined a decrease in Cdkn1a 
and Cdkn1b mRNA in WT cells as well as in Uhrf1-silenced 
cells (Supplemental Figure 6, E and F). Western blotting 
analysis corroborated the results on CDKN1A and CDKN1B 
(Figure 5E and Supplemental Figure 6G). Since Cdkn1a has 
been already shown to be directly regulated by UHRF1 (24), 
we therefore conducted a ChIP analysis on the promoter of 
Cdkn1b, using an anti–UHRF1 antibody. As expected, there 
was increased binding of UHRF1 to the Cdkn1b promoter 
in proliferating VSMCs (cultured in 10% FBS) (Figure 5F). 
Since UHRF1 binding is associated with increased 5-meth-
ylcytosine (5-mC) DNA content (25), we studied the Cdkn1b 
promoter with a methyl capture technique. Indeed, 5-mC 
enrichment at the promoter was decreased in Uhrf1-silenced 
VSMCs (Figure 5G). Methylation of 5-cytosine on promot-
ers is associated with an increase of the histone repressive 
mark H3K27me3 (26), we sought to determine whether, 
together with a decreased level of DNA methylation, Uhrf1 
knockdown caused a reduction of H3K27me3. We found 
that, indeed, Uhrf1 knockdown combined with decreased 
DNA methylation reduced H3K27me3 (Figure 5H). Finally, 

suppression of Uhrf1 with specific shRNAs was associated with a 
significant decrease of VSMC migration, as assessed by scratch 
assay (Supplemental Figure 6H).

Reduction of UHRF1 results in an increased contractile pheno-
type. Since Uhrf1 expression inversely correlated with VSMC- 
specific gene expression (Supplemental Figure 1, D–G), it is con-
ceivable that it could directly repress the expression of these genes. 
Indeed, a significant increase in expression of key VSMC differen-
tiation genes was observed upon Uhrf1 knockdown at the mRNA 
level in VSMCs cultured in a proliferating condition (namely, in 
10% FBS) (Figure 6A). Western blotting for representative pro-
teins (CNN1, ACTA2, and MYH11) confirmed these results at the 
protein level (Figure 6B and Supplemental Figure 7A). Moreover, 
compared with shSCR-transduced cells, Uhrf1 knockdown also 
decreased the expression of osteopontin (Opn), a marker associat-
ed with the synthetic VSMC phenotype (Supplemental Figure 7B), 
and increased the expression of Srf, Tet2, Myoc, and Mrtf-a (Sup-
plemental Figure 7C), but did not significantly change the expres-
sion of other synthetic markers such as Klf4 (data not shown). 
On the other hand, overexpression of UHRF1 caused decreased 

Uhrf1 regulates proliferation and migration in cultured VSMCs. 
In order to dissect the mechanism by which Uhrf1 affects VSMC 
phenotype, we performed Uhrf1 gain- and loss-of-function exper-
iments in primary VSMCs and studied the effects on proliferation 
and migration. Uhrf1-silenced VSMCs showed a reduced prolifer-
ation rate, as determined by growth curve and BrdU incorporation 
assay (cells cultured in 10% FBS) (Figure 5, A and B), whereas 
UHRF1 upregulation determined an increase of proliferation in 
WT and Uhrf1-silenced cells (Supplemental Figure 6, A and B). 
Moreover, Uhrf1 downregulation was able to inhibit the effect of 
PDGF-BB on cell proliferation, as measured by a BrdU incorpora-
tion assay (Supplemental Figure 6C). Interestingly, UHRF1 overex-
pression also increased the proliferation rate of miR-145–overex-
pressing VSMCs (Supplemental Figure 6D), indicating that part of 
the phenotypic effect of miR-145 could be mediated by Uhrf1. The 
cell cycle was impaired in Uhrf1-silenced cells. In particular, a sig-
nificantly higher percentage of cells were in the G0/G1 phase, with 
a concomitant reduction of cells in the S phase (Figure 5C). Subse-
quently, the mRNA levels of several cyclin-dependent kinase inhib-
itors were measured. We found specific upregulation of Cdkn1a  

Figure 4. Effect of Uhrf1 modulation in an in vivo model of reste-
nosis. (A) Representative H&E staining and quantification of carotid 
sections of ApoE–/– mice infused with shSCR or shUHRF1 viruses 
undergoing collar placement. (B) Representative H&E staining 
and experimental quantification of carotid sections of Uhrf1 WT 
(ApoE–/–UHRF1wt/wtcre/ERT2) and KO (ApoE–/–UHRF1fl/flcre/ERT2) mice 
undergoing collar placement. (C) Representative immunostaining 
and quantification for Ki67 on carotid sections of Uhrf1 WT and KO 
mice undergoing collar placement (Ki67 in brown). (D) Represen-
tative TUNEL staining and quantification of carotid sections from 
Uhrf1 WT and KO mice undergoing collar placement (TUNEL+ cells in 
green). Error bars indicate SD. To compare means, we used the Mann 
Whitney U test in A and B and the unpaired 2-tailed Student’s t test 
in C and D. Scale bars: 100 μm.
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expression of key VSMC differentiation genes in serum-deprived 
VSMC cultures (Supplemental Figure 7D). A similar effect could 
be detected in VSMCs overexpressing miR-145 (Supplemental Fig-
ure 7E), confirming the inverse correlation between miR-145 and 
Uhrf1 in phenotype regulation. Interestingly, when treated with 
PDGF-BB for 24 hours, VSMCs in which Uhrf1 expression was 
crippled by a specific shRNA showed a significant increase in the 
level of some differentiation markers when compared with scram-
bled shRNA–expressing (shSCR-expressing) cells (Figure 6C). 
Conversely, UHRF1-overexpressing VSMCs treated with TGF-β 
for 24 hours showed a significant decrease in the expression level 
of VSMC differentiation markers compared with cells expressing 
an empty vector (Figure 6D). Altogether, these results demon-
strate that Uhrf1 plays a crucial role in VSMC phenotype modula-
tion by mediating the dedifferentiation triggered by PDGF-BB as 
well as by antagonizing the differentiation triggered by TGF-β, as 
summarized in Figure 6E.

The effects of Uhrf1 on VSMC phenotypic modulation sug-
gested the possibility of a direct interaction between the protein 
and the promoter of at least some critical VSMC differentiation 

genes. To test this hypothesis, we performed ChIP experiments 
using an anti–UHRF1 antibody to pull down protein/DNA com-
plexes of proliferative (10% FBS) or resting (0.1% FBS) VSMCs. 
Compared with resting cells, an enrichment of the genomic 
regions bound to UHRF1 was observed for the genes Acta2, 
Cnn1, Myh11, and Sm22 in proliferative VSMCs (Figure 7A). 
These data were consistent with a decrease of UHRF1 expres-
sion upon serum-deprived VSMC differentiation (Figure 1C and 
Supplemental Figure 1C). In line with the previous results (Figure 
7A), we found that the 5-mC content of the promoters of these 
genes depended upon the activity of UHRF1 (Figure 7B). In line 
with the Cdkn1b promoter results, Uhrf1 knockdown caused a 
decrease in H3K27me3, confirming transcriptional reactivation 
of VSMC-specific genes (Figure 7C).

RNA interference of Uhrf1 and gene expression profiling reveal 
direct regulation of the TGF-β pathway by Uhrf1. To gain deeper 
insight into the biological role of Uhrf1 in VSMCs, we suppressed 
endogenous Uhrf1 expression and carried out global gene expres-
sion profiling with an Illumina mouse array. We observed per-
turbed expression of 541 genes (>1.3-fold change, P < 0.01), of 

Figure 5. Uhrf1 regulates VSMC plasticity in vitro. (A) Proliferation curve of VSMCs stably expressing shSCR or shUHRF1. To determine growth curves,  
2 × 104 cells/ml were plated in 6-well plates and cultured with 10% FBS. The number of viable cells was counted for 3 days. (B) Proliferation measured by 
BrdU incorporation in shSCR and shUHRF1 SMCs. (C) Cell-cycle analysis of shSCR- and shUHRF1-expressing SMCs. (D and E) RNA and protein analysis of 
different cyclins involved in VSMC phenotypic switch. (F) ChIP analysis showing UHRF1 enrichment on the Cdkn1b promoter in proliferating cells. Data are 
presented as mean relative enrichment over input ± SD of 3 biological repeats. (G) Results from methyl-ChIP experiments showing reduction of methyla-
tion at the promoter in the absence of Uhrf1. Data are presented as mean relative enrichment over input ± SD of 3 biological repeats. (H) ChIP showing the 
enrichment of H3K27me3 in control VSMCs compared with UHRF1-silenced cells. Data are presented as mean relative enrichment over input ± SD of 3 bio-
logical repeats. If not otherwise stated, the results are the average of at least 3 independent experiments and error bars indicate SD. To compare means, 
1-way ANOVA with Tukey’s multiple comparisons test was used. #Adjusted P < 0.05.
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which 278 genes were upregulated and 263 genes were downregu-
lated (Figure 8, A and B). Perturbed genes were subjected to hier-
archical cluster analysis, and different sets of gene ontology (GO) 
terms (i.e., biological processes and molecular functions) were 
identified (adjusted P ≤ 0.05). As expected, downregulated genes 
were enriched in GO terms related to cell proliferation and cell- 
cycle regulation, whereas upregulated genes were enriched in 
terms involving extracellular matrix organization (Table 1). More-
over, TGF-β signaling pathway was indeed the top enriched molec-
ular function in the upregulated genes (adjusted P = 4.22 × 10–4). 
Genes encoding proteins involved in the activation of TGF-β path-
way signaling, such as Tgfβ2 and Tgfβr1, and genes downstream 
from the TGF-β signaling pathway, such as Col1a1 and Cdkn1a, 
were present within the perturbed gene list. For a subset of tran-
scripts included in the most-represented categories, such as extra-
cellular matrix (ECM) remodeling and TGF-β signaling pathway, 
quantitative RT-qPCR was used to validate microarray data. The 

results of this validation on 6 biological replicates demonstrated 
a positive correlation with the microarray data for the analyzed 
genes (Supplemental Figure 7F and Supplemental Figure 8A). 
Moreover, ChIP experiments using an anti–UHRF1 antibody on 
proliferative VSMCs and MeCapture assay on Tgfβ2 and Tgfβr1 
promoters suggested there was direct regulation of these genes 
by UHRF1, which bound to their promoters, modulating their 
methylation status (Figure 8, C and D). Western blotting analysis 
showed increased SMAD 2/3 and SMAD 1/5/8 phosphorylation 
levels, suggesting consequent activation of the TGF-β signaling 
pathways (Figure 8E and Supplemental Figure 8B). Furthermore, 
Uhrf1-silenced cells treated for 48 hours with a specific inhibitor 
of the TGF-β pathway (SB431542) expressed lower levels of VSMC 
differentiation markers and of representative TGF-β pathway- 
specific targets (Cola1) compared with vehicle-treated cells (Sup-
plemental Figure 8C). These data confirm the involvement of 
Uhrf1 in the downstream regulation of the TGF-β pathway.

Figure 6. Role of Uhrf1 on VSMC 
function and differentiation. (A 
and B) RT-qPCR and Western blot 
showed an increase in several 
differentiation markers in Uhrf1- 
silenced VSMCs (cells cultured in 
medium with 10% FBS). (C) VSMC 
differentiation marker expression 
in Uhrf1-silenced cells treated 
with PDGF-BB (cells cultured in 
medium with 0.1% FBS). (D) VSMC 
differentiation marker expression 
in cells overexpressing human 
UHRF1 treated with TGF-β (cells 
cultured in medium with 0.1% 
FBS). EV, empty vector; UHV, 
UHRF1 vector. (E) Schematic illus-
tration representing data shown in 
A–D. The results are the average of 
at least 3 independent experi-
ments. Error bars indicate SD. To 
compare means, unpaired 2-tailed 
Student’s t test was used for D 
and 1-way ANOVA with Tukey’s 
multiple comparisons t test was 
used for A and C. #P < 0.05 (P val-
ue is adjusted only in A and C).
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Similarly, mean arterial blood (MAP) pres-
sure in adult animals was comparable to that 
in control WT animals (Figure 9A).

Next, we tested whether Uhrf1-KO 
could improve aortic wall homeostasis in 
vivo, triggering the formation of suprare-
nal aneurysms in ApoE-deficient mice via 
angiotensin II (Ang-II) infusion (27). At 
the 4-week endpoint, WT and KO mice 
presented with remodeling and dilatations 
along segments of the aorta. Although the 
average diameter of the KO vessel was low-
er compared with controls (25% reduction 
in diastole), no statistical differences were 
observed between the 2 groups of mice 
(Supplemental Figure 12, A and B). One 
mouse (1/10) in the control group died 
because of aortic rupture before the end of 
the experiment (second week post–Ang-II 
infusion). None (0/11) of the mice in the 
KO group died before the end of the experi-
ment. The overall analysis of event appear-
ance measured by echo-Doppler analysis 
showed a marked reduction of aneurysm 
formation in KO mice compared with WT 
mice (Figure 9B). Furthermore, at the end of 
the 4-week experiment, aortic rupture was 
observed, as expected, in 30% of WT mice 
(28), whereas there were no ruptures in KO 
animals (Figure 9C). The data obtained by 
echo-Doppler analysis was confirmed by 
evaluating event appearance in aorta cross 
sections of WT and KO mice infused with 
Ang-II. WT animals showed rupture of the 
vascular wall with immune cell infiltration, 
whereas none of these events was observed 
in KO mice (Figure 9D). SMAD pathway 
activation in Ang-II–infused mice was also 
assessed. Although not statistically signif-
icant, a trend toward an increase in phos-

phorylated SMAD 2/3 level in KO animals compared with WT ani-
mals (Supplemental Figure 12C) was observed. We also measured 
pulse diameter (PD) as a functional analysis for assessing arterial 
wall weakening and elasticity of the vessel wall (29). Mean PD of 
aneurysm-prone aortic areas 4 weeks after Ang-II infusion was 
significantly lower in WT and KO mice when compared with base-
line (Figure 9, E and F, left panel, and Supplemental Figure 12D). 
However, at 4 weeks, mean PD in KO mice was consistently ele-
vated when compared with WT mice (Figure 9, E and F, left panel, 
and Supplemental Figure 12D), confirming a protective role for the 
absence of Uhrf1 in this pathological model.

These functional data were then corroborated by measuring 
radial wall velocity (RWV), a parameter associated with the wall 
motility speed during the cardiac contraction phase. Reductions 
of RWV are usually caused by increased infiltration of inflam-
matory cells accompanied by changes in the viscoelastic charac-
teristics of the arterial wall (30). When compared with the basal 

Uhrf1-KO improves aortic wall homeostasis and function. Since 
we found UHRF1 upregulated in human and mouse aneurysms 
(Figure 3, C–E), we evaluated whether there was an inverse correla-
tion between genes modulated by UHRF1 (Figure 8A) and genes 
deregulated in published aneurysm data sets (Figure 3, D and E). 
More than 30% of genes affected by Uhrf1 silencing were statisti-
cally deregulated in the mouse aneurysm data set (180 of 541, P ≤ 
0.1). Spearman’s rank correlation coefficient indicated a weak-to- 
moderate anticorrelation (r = –0.37). As expected, 119 genes were 
negatively correlated in the 2 data sets (Supplemental Figure 9).

Next, to determine whether Uhrf1-KO mice have any major 
structural defects of the aorta in basal conditions, gene deletion 
was induced at different developmental stages. No major structur-
al alteration of the aorta in P7 (1 week), P21 (3 weeks), and adult (8 
weeks) mice could be detected (Supplemental Figure 10, A–F and 
Supplemental Figure 11, A–D). In adult animals, smooth muscle (SM) 
cell number and size (Supplemental Figure 11, E and F) were normal. 

Figure 7. UHRF1 binding on VSMC differentiation genes. (A) ChIP assay showing UHRF1 enrichment 
at the Myh11, Acta2, Cnn1, and Sm22 promoters during VSMC dedifferentiation. Mouse primary 
VSMCs were cultured in a serum-deprived condition (0.1% FBS) or with 10% FBS. (B) Methyl ChIP 
assay showing reduced methylation at the Myh11, Acta2, Cnn1, and Sm22 promoters in the absence of 
Uhrf1. (C) ChIP assay showing H3K27me3 enrichment at the Myh11, Acta2, Cnn1, and Sm22 promoters 
in the absence of Uhrf1. Data are presented as mean relative enrichment over input ± SD of 3 biologi-
cal repeats. To compare means, unpaired 2-tailed Student’s t test was used. #P < 0.05.
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positive regulators of SRF binding (2). Conversely, class II HDACs 
interact with a myocardin domain and suppress VSMC activa-
tion (2). HDACs have also been implicated in the proliferation of 
VSMCs, modulating histone acetylation on genes controlling the 
cell cycle (32). Furthermore, it has been shown that the 5-cytosine 
hydroxymethylation (5-hmC) enzyme TET2 induces Myocd and 
Srf expression together with other genes involved in VSMC con-
tractility, while Klf4, one of the most important dedifferentiation 
genes, is concomitantly repressed (33). These reports highlight the 
complexity of the epigenetic landscape regulating VSMC plasticity 
and show that understanding of the global picture is still limited.

Here, we contribute to the comprehension of the regulation 
of VSMC gene transcription by identifying the involvement of 
UHRF1 in the modulation of DNA methylation and histone modi-
fications in VSMCs. We demonstrate that UHRF1 directly binds to 
DNA, promoting DNA and histone modifications at the promoters 

condition, WT mice showed a marked reduction in RWV, whereas 
KO mice did not (Figure 9, E and F, right panel, and Supplemen-
tal Figure 12D), thus strengthening the aneurysm penetrance and 
PD results, which suggested a negative role for Uhrf1 in the vessel 
response to stress.

Discussion
In the present study, we demonstrate that Uhrf1 plays a funda-
mental role in the regulation of VSMC plasticity in physiology and 
in vascular disease. VSMC gene transcription plays an important 
role in vascular development and pathophysiology and is finely 
regulated by epigenetic mechanisms (31). The binding of serum 
response factor (SRF) and myocardin to CArG box DNA sequences 
in VSMC gene promoters, for instance, is dependent on the struc-
ture of the chromatin. In particular, acetylation of lysine 9, methyl-
ation of lysine 4, and dimethylation of lysine 79 on histone H3 are 

Figure 8. Effects of Uhrf1 absence in vitro. 
(A) Hierarchical clustering heat map of 615 
probes differentially expressed between 
shUHRF1 and shSCR (P ≤ 0.1, –1.3 ≤ fold-
change ≥ 1.3). (B) Dot plot, with blue dots 
representing downregulated protein-coding 
genes (263) and yellow dots representing 
upregulated protein-coding genes (278) in 
shUHRF1 and shSCR cells. (C) ChIP assay 
showing UHRF1 enrichment at the Tgfβ2 
and Tgfβr1 promoters in proliferating 
VSMCs (cells cultured with 10% FBS). Data 
are presented as mean relative enrichment 
over input ± SD of 3 biological repeats. (D) 
Methyl ChIP assay showing reduced meth-
ylation at the Tgfβ2 and Tgfβr1 promoters 
in the absence of UHRF1 (cells cultured 
with 10% FBS). Data are presented as 
mean relative enrichment over input ± SD 
of 3 biological repeats. (E) Representative 
Western blots showing activation of  
the canonical TGF-β pathway in Uhrf1- 
silenced VSMCs. Error bars indicate SD. To 
compare means, we used unpaired 2-tailed 
Student’s t test in C and 1-way ANOVA with 
Tukey’s multiple comparisons t test in D.  
#P < 0.05 (P value is only adjusted in D).
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expressed in diseased tissues. The 
identification of the molecular path-
ways regulated by UHRF1 expands 
our understanding of the hierarchal 
complexity of gene regulation in 
VSMCs. Interestingly, we found that 
UHRF1-silenced VSMCs increased 
expression of TGF-β pathway com-
ponents, including augmented 
activation of SMAD signaling in 
vitro. In an in vivo model of Ang-II–
induced aneurysm, the number of 
P-SMAD–positive cells was slight-
ly increased in UHRF1-deficient 
mice, but no statistical differenc-
es were observed when compared 
with WT littermates. The role of 
TGF-β in aneurysm development is 
quite controversial. Li et al. showed 
that TGFβR2 disruption in SMCs 
of weaned mice is responsible for 
aneurysm formation and that it cor-
relates with a decrease in SMAD 

signaling (43). On the other hand, Gallo et al. developed a mouse 
model resembling the Loeys-Dietz syndrome phenotype in which 
the pathology was associated with an aberrant activation of the 
SMAD signaling pathway (44). Unfortunately, our in vivo model 
did not completely clarify the differences observed in the afore-
mentioned studies, perhaps due to poor understanding of the 
activation kinetics of the SMAD pathway in the Ang-II–induced 
aneurysm model. Further studies are necessary to clarify the tim-
ing of UHRF1-mediated intervention on TGF-β signaling in vivo. 
New animal models with multiple gene deletions are needed to 
clarifying the interplay between UHRF1 and the TGF-β signal 
transduction cascade.

Drugs such as rapamycin and taxol that target the cell cycle 
are already in use in medicated stents for coronary artery disease 
(CAD) treatment, so envisioning the targeting of UHRF1 for treat-
ing stenosis or other forms of atherosclerosis is not unreasonable.

The link between UHRF1 expression and aortic aneurysm mer-
its further discussion. Aneurysm formation in humans has been 
found to be associated with mutations on MYH11 and ACTA2 (45). 
Here, we demonstrate that the expression of these contractile pro-
teins is directly regulated by UHRF1. Moreover, we show that inhi-
bition of VSMC proliferative functions through specific KO of Uhrf1 
not only increases the contractile phenotype of VSMCs, but also 
preserves vessel wall integrity, reducing fatal transmural rupture.

Lifestyle modifications such as nutritional habits and exercise 
are well-known first protective measures for reducing the risk of 
CVDs. Interestingly, several recent studies have described the 
potential of adding natural polyphenols to the diet to marked-
ly downregulate UHRF1 in cancer cells, with subsequent arrest 
of cell cycle and apoptosis. Luteolin, for instance, is able to trig-
ger apoptosis of colorectal cancer and human cervical cancer by 
downregulating UHRF1 and DNMT1 (46, 47). It may therefore be 
possible to target this multifunctional protein with natural dietary 
polyphenols for the prevention of CVDs.

of genes that are hallmarks of SMC differentiation as well as at key 
inhibitors of the cell cycle. UHRF1 binding was strongly increased 
in dedifferentiated VSMCs, and UHRF1 was found to regulate the 
expression of the key transcription factors Srf and Myocd. Interest-
ingly, we also show that Uhrf1 repression triggers the upregulation 
of Tet2, which was shown to positively modulate VSMC contrac-
tion, suggesting a collaboration between these 2 genes.

Uhrf1 expression is finely controlled. Many transcription fac-
tors have been shown to positively regulate Uhrf1, including spec-
ificity protein 1 (SP1) (34), E2F1, and E2F8 (35, 36). Notably, E2F 
proteins are important regulators of VSMC proliferation in vitro 
and in vivo (37). Besides transcription factors, several microRNAs 
have been shown to regulate the expression of Uhrf1 in different 
types of cancer cells — miR-146a in gastric (38) and renal (39) car-
cinomas, miR-193a-3p in lung cancer (40), and miR-124 and miR-
145 in bladder cancer (41, 42). Our data show that environmental 
signals modulate Uhrf1 expression in VSMCs. PDGF-BB, a potent 
VSMC dedifferentiator, is able to upregulate UHRF1 levels. Fur-
thermore, our group and others have shown that miR-145 inhibi-
tion promotes VSMC dedifferentiation and is also involved in the 
development of different vascular pathologies (12, 16). Here, we 
corroborated this finding by showing that Uhrf1 expression is, at 
least in part, regulated by miR-145 and that miR-145 overexpres-
sion attenuates PDGF-induced Uhrf1 expression, making UHRF1 
one of the functional mediators of miR-145 in VSMC biology.

CVDs are a vast health problem, and improving therapeutic 
and preventive measures for CVDs is necessary. Despite efforts 
aimed at finding epigenetic therapies for the primary preven-
tion of CVDs, no epigenetically active agents have entered into 
clinical trials for CVDs thus far. Our work provides strong evi-
dence of a pivotal role for Uhrf1 in the development of vascular 
pathologies. Environmental stimuli such as PDGF-BB and TGF-β 
precisely modulate Uhrf1 expression in VSMCs. Whereas Uhrf1 
expression is almost undetectable in healthy vessels, it is highly 

Table 1. Enriched gene ontology terms relative to the upregulated and downregulated protein 
coding genes

Term Overlap Adjusted P value Z score
Upregulated protein coding genes GO function
MF: transforming growth factor β binding (GO:0050431) 5/16 4.22E-04 –2.84
MF: growth factor binding (GO:0019838) 11/123 4.20E–04 –2.38
MF: integrin binding (GO:0005178) 9/102 1.83E–03 –2.32
BP: extracellular matrix organization (GO:0030198) 27/359 8.54E–10 –2.38
BP: receptor serine/threonine kinase signaling pathway (GO:0007178) 12/196 5.21E–03 –2.30
BP: collagen catabolic process (GO:0030574) 7/74 2.01E–02 –2.16

Downregulated protein coding genes GO function
MF: DNA helicase activity (GO:0003678) 10/51 1.07E–07 –2.32
MF: histone binding (GO:0042393) 12/132 5.44E–06 –2.25
MF: ATP binding (GO:0005524) 39/1494 7.79E–05 –2.31
BP: DNA geometric change (GO:0032392) 12/57 1.97E–09 –2.20
BP: cell-cycle G1/S phase transition (GO:0044843) 16/152 1.40E–08 –2.23
BP: DNA replication (GO:0006260) 16/186 1.93E–07 –2.26

Gene ontology (GO) analysis was performed with Enrichr (adjusted P ≤ 0.05). MF, molecular function; BP, 
biological process; GO, Gene ontology term ID.
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Figure 9. Effects of Uhrf1 absence in vivo. (A) Mean arterial blood pressure (MAP) of WT and KO mice as measured by telemetry. Measurements started 
before tamoxifen injection (Basal) and were continued for 4 weeks after induction. Symbols represent individual mice; horizontal bars indicate means  
(n = 3 KO and 3 WT animals). (B) Survival curve for the appearance of aneurysm formation in WT and KO animals, y axis shows the percentage of mice 
that did not develop the pathology (n = 11 KO and 10 WT animals). (C) Representative bidimensional echo-Doppler images of abdominal aortas of Ang-
II–infused KO (Ang-II) mice compared with controls (WT). The white arrow indicates an example of aortic rupture in WT control. (D) Representative cross 
sections of aneurysms forming in abdominal aortas of WT and KO mice. HE, H&E; MT, ECM deposition by Masson Trichrome staining; EL, elastin by 
van Gieson’s staining; ACTA2, immune-staining for smooth muscle actin; CD31, immune-staining for platelet and endothelial cell adhesion molecule 1 
(PECAM1); CD45, immune-staining for leukocyte common antigen (LCA). Scale bars 400 μm (big panels) and 50 μm (small panels). Labels 1, 2 and 3 indi-
cate the specific areas from where the insets have been obtained. (E) Representative echo-Doppler images of abdominal aortas of Ang-II–infused KO mice 
compared with controls (WT), and (F) quantitative analysis of the pulse diameters (PD) and radial wall velocity (RWV). To compare groups, we used the 
log-rank Mantel-Cox test in B and unpaired 2-way ANOVA in A and F. Adjusted P value shown for A and F. NS indicates not statistically significant.
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tocols (19). Plasmids were transfected into HEK-293T cells using the 
CaCl2 method, and the viral supernatant was collected by ultracentrif-
ugation. Viruses were titrated using a qPCR Lentivirus Titration(Titer) 
Kit (ABM, catalog LV900) following the manufacturer’s instructions. 
Adenoviruses were produced by Viraquest (12).

BrdU incorporation assay. The BrdU incorporation assay was per-
formed as previously described (19).

Bioinformatics. BeadChips (Illumina) were scanned with the Illu-
mina iScan system. Raw data underwent variance-stabilizing trans-
formation (VST) and were normalized using the quantile normaliza-
tion method of the lumi R bioconductor package (50). Normalized 
data were filtered for genes with significant expression levels com-
pared with negative control beads. Differentially expressed genes  
(P < 0.01) were identified with the Illumina t test error model (limma 
R bioconductor package) (51). Functional annotation of differentially 
expressed protein coding genes identified by microarray analysis was 
performed with the web-accessible tool Enrichr (52).

Immunocytochemistry and immunofluorescence. Cells and tissues 
were fixed and stained using a standard protocol. Samples were incu-
bated with antibodies against UHRF1 (1:250) (ref. 49), Ki67 (1:500, 
Cell Signaling, catalog 12202, clone D3B5), ACTA2 (1:300, Biocare 
Medical, catalog CME305B, clone E184), CD45 (1:300, R&D Sys-
tems, catalog MAB114, clone 30-F11), and CD31 (1:300, R&D Sys-
tems, catalog AF3628).

Extracellular matrix deposition and elastin structure were evaluated 
using the Gomori Trichrome Kit (Histo-Line, catalog GT-100T) and the 
Weigert-Van Gieson Kit (Histo-Line, catalog WVG-100T), respectively.

Apoptosis was evaluated using the DeadEnd Fluorometric 
TUNEL System (Promega, catalog G3250), following the manufactur-
er’s instructions. Images were taken using an IX81-FV1000 Olympus 
spectral confocal laser scanning microscope.

RNA extraction and reverse transcription–quantitative polymerase 
chain reaction (RT-qPCR). Total RNA was extracted from prima-
ry VSMCs using NucleoZOL reagent (Macherey-Nagel) and then 
reverse-transcribed into complementary DNA (Life Technologies, 
catalog 4368813). The relative expression level of miRNA was normal-
ized to the expression of the internal controls (CHPa or U6) using the 
2−ΔΔCt method. Primers sequences are listed in Supplemental Table 2.

Custom microfluidic cards. A list of included genes was previously 
described (53). Cards were purchased from Life Technologies.

Cell-cycle analysis. Cell-cycle analysis was performed as previ-
ously described (54).

Animals. Eight-week-old mice were used for the experiments. 
Special attention was paid to animal welfare and to minimize the 
number of animals used and their suffering. For Uhrf1 knockdown on 
mouse carotids, 1 × 107 viral particles were mixed with 50% Pluron-
ic F127 gel (Sigma-Aldrich, catalog P2443) at 4°C and the solution 
applied to the mouse vessels (Tygon collar placed 2 weeks after carotid 
transduction). For Uhrf1 genetic knockout, SM-MYH11-cre/ERT2 mice 
were donated by Stefan Offermanns (Max-Planck Institute for Heart 
and Lung, Bad Nauheim, Germany) and crossed with B6.Cg-UHRF1fl/fl  
(Riken, catalog RBRC06536)(24) and ApoE–/– mice (Charles River 
Laboratories). ApoE–/–UHRF1fl/flSM-MYH11-cre/ERT2 mice and rel-
ative controls were housed under specific pathogen–free conditions. 
Gene knockdown was induced by intraperitoneal injections of tamox-
ifen (Sigma-Aldrich, catalog T5648) for 5 consecutive days (1 mg total 
per mouse). Ang-II infusion (Sigma-Aldrich, catalog A9525; 1,000 ng/

Taken together, our data not only show that Uhrf1 orches-
trates the VSMC phenotype but also suggest that UHRF1 is a 
potential target for therapeutic intervention, because it may nor-
malize a VSMC phenotypic switch and reduce the vascular com-
plications of atherosclerosis.

Methods
ChIP-qPCR. ChIP was performed as previously described (48). Briefly, 
2.1 × 106 cells were cross-linked and used for each immunoprecipita-
tion. DNA was sheared to 500–1,000 bp by sonication. Protein G (Ser-
acare, catalog 223-51-01) was used to pull down the antibody–anti-
gen complexes immunoprecipitated with antibodies against UHRF1 
(49), H3K4me3 (Cell Signaling, catalog 9751, clone C42D8), and 
H3K27me3 (Cell Signaling, catalog 9733, clone C36B11). H3 (Cell Sig-
naling, catalog 4499, clone D1H2) and IgG (Life Technologies, catalog 
026102) were included as positive and negative controls, respective-
ly. Immunoprecipitated DNA was extracted with phenol-chloroform, 
precipitated with ethanol, and eluted. Recovered DNA was analyzed 
by qPCR. Primers spanning the promoter regions (within 2,500 bp 
of transcription start site) of the Myh11, Cdkn1b, Acta2, Sm22, Cnn1, 
Tgfβ2, and Tgfβr1 genes were used to amplify input and immunopre-
cipitated DNA. Primers were designed to span a CArG [CC(A/T)6GG] 
element. Sequences are listed in Supplemental Table 1. All samples 
were performed at least in triplicate from at least 2 independent exper-
iments, and data were normalized to percentage of input.

Methyl-capture assay. The MethylCollector Ultra kit (Active Motif, 
catalog 55005) was used according to the manufacturer’s instructions.

Cell culture. Primary SMCs were generated as previously described 
(19). Adventitia and intima layers were surgically separated from the 
media, which was subsequently digested with collagenase and dis-
pase for 1 hour at 37°C. Digestion was then blocked by adding medium 
supplemented with 10% FBS, and cells were plated on plastic dishes 
precoated with gelatin 0.1%. VSMCs were characterized by qPCR and 
immunofluorescence analysis for the expression of specific markers 
such as ACTA2 and SM22. A7r5 was purchased from ATCC (catalog 
CRL-1444). Both cell lines were cultured in DMEM with 10% FBS. For 
virus production, HEK-293T cells were cultured in DMEM with 10% 
FBS as above. All cultures were maintained in a humidified 5% CO2 
atmosphere at 37°C. For treatments, cells were washed with PBS, serum-
starved for 48 hours, and then treated with 10 ng/ml TGF-β (Miltenyi 
Biotec, catalog 130-095-067), 100 ng/ml rapamycin (Sigma-Aldrich, 
catalog 553210), or different doses of PDGF-BB (Sigma-Aldrich, cat-
alog P4306). Primary VSMCs were infected with lentivirus expressing 
UHRF1-specific shRNA or scrambled shRNA, selected with puromycin 
for 2 days, and RNA was collected after 5 days. Lentiviruses expressing 
miR-145 or empty control and RNA were collected after 5 days. Prima-
ry VSMCs were transfected with Lipofectamine LTX or Lipofectamine 
RNAiMAX (Life Technologies) following the manufacturer’s protocols. 
Briefly, the day prior to transfection, cells were detached using trypsin, 
counted, and plated in 6-well plates at the concentration of 192 × 103 
cells per well. The next day, we used Lipofectamine LTX+PLUS reagent 
(Life Technologies) for plasmid transfection and Lipofectamine RNAi-
MAX for oligonucleotides. Control, miR-145 mimic, and inhibitor LNA 
oligonucleotides were purchased from Exiqon (catalog YI00199006, 
YM00479902, YM00470014, and YI04102426).

Virus production. shRNA, empty, miR-145, decoy miR-143, and 
decoy miR-145 lentivirus viruses were generated using standard pro-
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fied using ImageJ software. Results are expressed relative to the con-
trol. See complete unedited blots in the supplemental material.

Statistics. Normality of the data was calculated with the Kolmog-
orov-Smirnov test. Statistical comparison was performed on at least 
3 independent experiments with the Mann-Whitney U test (nonpara-
metric unpaired), Wilcoxon’s test (nonparametric paired), 2-tailed t 
test (parametric unpaired, 2 groups of analysis), or repeated-measures 
ANOVA combined with Tukey’s multicomparison t test (comparisons 
among more than 2 groups, parametric unpaired). Prism 6.0 software 
(GraphPad) was used to assess the normality of the data and for statis-
tical calculation. P < 0.05 was considered significant. Statistical anal-
ysis data are mean ± SD.

Data and materials availability. The gene expression profile data 
set is available from the Gene Expression Omnibus (GEO) data-
base (http://www.ncbi.nih.gov/geo/) under the accession number 
GSE99472. The authors declare that all data supporting the findings 
of this study are available within the article and its supplementary 
information files.

Study approval. Study protocols (15/2014 and 17/2014) were 
approved by the Italian Ministry of Health. All procedures involving mice 
were performed according to institutional guidelines in compliance with 
national and international law and policies and the Guide for the Care and 
Use of Laboratory Animals (National Academies Press, 2011).
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kg/min) was performed as previously described (28) using osmotic 
minipumps (Alzet, model 2004). For TR reporter mice, Cg-Gt(ROSA) 
26Sortm9(CAG–tdTomato)Hze (The Jackson Laboratory, catalog 007909) were 
crossed with SM-MYH11-cre/ERT2 and then fluorescent reporter was 
activated with tamoxifen injection as described above. Transaortic 
constriction was performed as previously described (55) and aortas 
were collected 2 weeks after surgery.

Ultrasound imaging, analysis, and blood pressure measurement. A 
Vevo 2100 high-resolution in vivo imaging system (Fujifilm Visual-
Sonics) with an MS550S probe high-frame scan head was used for 
echocardiographic analysis. The abdominal aorta was identified 
by Doppler signal and longitudinal images were acquired between 
the renal arteries and the diaphragm. All measurements were per-
formed with VisualSonics proprietary software using multiple frames, 
and analyses were performed as previously described (28). Briefly, 
cross-sectional diastolic and systolic diameter, together with the max-
imal aortic RWV [the first derivative (slope) of the aortic diameter 
with respect to time (dD/dt)], were determined from M-mode acqui-
sitions and used to assess the consistency and viscoelastic behavior of 
the arterial wall (30). PD was calculated by subtracting diastolic from 
systolic aortic diameter and the resulting value was normalized to the 
maximum systolic diameter to account for vessel size.

For telemetry analysis, an HD-X11 transmitter (DSI Data Sci-
ences International) was positioned subcutaneously and a catheter 
was implanted in the left carotid. The basal pressure measurements 
were registered 1 week before tamoxifen injection, and subsequent 
measurements were started 1 week after gene deletion induction. All 
measurements were recorded at the same time of the day. MAP was 
measured using the following formula: MAP = (systolic pressure + [2 × 
diastolic pressure])/3.

Western blotting. Cells were lysed in RIPA buffer and sonicated for 
5 cycles (30 seconds on, 30 seconds off) using a Biorupture Next Gen 
(Diagenode). After quantification using DCTM Protein Assay (BioRad), 
the same quantity of protein was separated in 4–12% Nu PAGE Bis-
Tris precast gel (Life Technologies) and transferred to a nitrocellu-
lose membrane (BioRad). Afterwards, anti-UHRF1 (1:1,000) (49), 
anti-CDKN1A (1:1,000, catalog sc-528, clone C-19), anti-CDKN1B 
(1:1,000, catalog sc-397, clone C-19), anti-CDKN2B (1:1,000, catalog 
sc-377412, clone C-7), anti-H3 (1:5,000, catalog sc-517385, clone 1B1-
B2), anti-CNN1 (1:1,000, catalog sc-136987, clone G-10) (all from San-
ta Cruz Biotechnologies); anti-ACTA2 (1:1,000, Sigma-Aldrich, catalog 
A5228, clone 1A4); anti-GAPDH (1:1,000, catalog 2118, clone 14C10), 
anti-pSMAD1/5/8 (1:1,000, catalog 9511), anti-pSMAD 2/3 (1:1,000, 
catalog 8828, clone D27F4), anti-SMAD2 (1:1,000, catalog 5339, clone 
D43B4), anti-SMAD5 (1:1,000, catalog 12534, clone D4G2) (all from 
Cell Signaling); and anti-MYH11 (1:1,500, Protein Tech, catalog 21404-
1-AP) were incubated overnight at 4°C, and secondary peroxidase- 
conjugated antibodies were incubated for 1 hour at room temperature. 
Immobilon Western Chemiluminescent HRP (Millipore) was used for 
protein visualization using a ChemiDoc (BioRad). Bands were quanti-
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