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Vascular proliferative disorders such as primary athero-
sclerosis, restenosis after balloon angioplasty, vein-graft 

disease, and coronary arteriosclerosis are the most common 
causes of severe cardiovascular diseases, the current leading 
cause of death in the United States and the predicted num-
ber 1 killer worldwide by 2020.1 Although vascular smooth 
muscle cells (VSMCs) are normally located in the arterial 
media and maintained in a  contractile nonproliferative state 
in vivo, injury or mechanical stress of arteries causes migra-
tion of VSMCs into the intima layer of the arterial wall, where 
the VSMCs switch their phenotype and start to proliferate and 

synthesize extracellular matrix proteins, resulting in expan-
sion of the arterial intima.2–5
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VSMC phenotype switch from a contractile/quiescent to 
a proliferative/synthetic one is associated with alterations 
of many components of the VSMC Ca2+ signaling network.6 
These changes in VSMC phenotype have been well character-
ized at the level of contractile proteins7 and more recently at 
the level of Ca2+ handling proteins.8 Indeed, expression lev-
els of the L-type Ca2+ channel, sarco/endoplasmic reticulum 
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(SR) Ca2+-ATPase (SERCA2a), and ryanodine receptor are 
decreased in synthetic VSMCs.8–12 Importantly, a sustained 
increase in cytosolic Ca2+ is necessary to activate calcineurin, 
a Ca2+/calmodulin-dependent serine/threonine-specific pro-
tein phosphatase 2B, which dephosphorylates many proteins, 
including nuclear factor of activated T cell (NFAT), that may 
translocate to the nucleus13 and induce VSMC proliferation.14

Recently, we demonstrated that Ca2+ cycling in contractile 
VSMCs requires the expression of the SERCA2a isoform, 
whereas the Ca2+ cycling in synthetic VSMCs is associated 
only with the expression of the ubiquitous isoform SERCA2b.15 
Phospholamban (PLB), a negative regulator of SERCA2 
activity, is inhibited by protein kinase A (PKA) phosphoryla-
tion and activated by protein phosphatase 1 (PP1)–dependent 
dephosphorylation.16 However, inhibitor 1 (I-1), a ubiquitously 
expressed 28-kDa protein, is a highly specific inhibitor of PP1 
that enhances both PKA-dependent PLB phosphorylation and 
therefore SERCA2 activity.17–21 I-1 is a major player in multi-
ple neurohormonal pathways associated with Ca2+ homeostasis 
and contractile function. On stimulation, PKA phosphorylates 
Thr35 in I-1, resulting in PP1 inhibition and amplification of 
the contractile response.17,21,22 Inactivation of I-1 occurs by 
dephosphorylation of Thr35 by protein phosphatase 2A and 
2B, leading to the reversal of PP1 inhibition and restoration 
of basal function.23,24 I-1 can also be phosphorylated at Ser67 
and Thr75 by phosphokinase C, but these phosphorylations 
enhance PP1 activity and diminish contractility.25–27 In VSMCs, 
regulation of phosphoprotein phosphatases has been shown to 
be a major component in the Ca2+ sensitization of contraction.28 
Of relevance, I-1 is present in VSMCs29; however, studies of its 
role in modulating VSMC function have provided conflicting 
results.20,30 In light of the high expression of I-1 in these cells, 
other functions for I-1 in VSMCs are a strong possibility.

The goal of this study was to elucidate the role of PKA sig-
naling enhancer I-1 in the control of VSMC Ca2+ cycling and 
phenotypic modulation. Here, we demonstrate that I-1 and 
SERCA2a act synergistically on Ca2+ cycling and contribute 
directly to the VSMC contractile phenotype. Gene transfer of 
constitutively active I-1 (I-1c) may be a promising therapeutic 
strategy for preventing vascular proliferative disorders.

Methods
Please refer to the expanded Methods section in the online-only Data 
Supplement for a detailed description.

Human Samples
Fragments of the left anterior descending coronary artery were dis-
sected from human explanted hearts, and unused segments of left 
internal mammary artery from 5 patients were obtained during coro-
nary artery bypass from the Surgical Department of the Cardiology 
Institute at Pitié-Salpêtrière Hospital, Paris, France, in accordance 
with French bioethical laws (L.1211-3-9). The artery segments were 
immediately immersed in physiological saline solution, placed at 
4°C, and processed within 2 to 3 hours.

Animals
Genetically modified I-1−/− mice31 were used. C57 Bl-6 mice (Charles 
River) of the same age were used as nonlittermate controls. Adult 
male Sprague-Dawley rats (Charles River) were used for the in vivo 
carotid injury model and for isolation of aortic VSMCs. Animals 
were treated according to institutional guidelines.

Measurement of I-I Knockout Femoral Artery 
Contraction and Relaxation
Mice were anesthetized with a mixture of ketamine (65 mg/kg) and 
xylazine (13 mg/kg, IP). The left femoral artery was dissected gen-
tly, and a 7-0 nylon suture (Ethicon, Johnson & Johnson) was placed 
under the vessel to serve as reference to calculate vessel diameter. 
The vessel was equilibrated by adding 100 μL PBS to the perivascu-
lar site for 5 minutes. Prostaglandin F2α (1 mmol/L, 100 μL, Sigma 
P0314) was applied locally on the vessel to contract the artery. After 
10 minutes, the prostaglandin F2α solution was removed, and 100 
μL acetylcholine (10–9 to 10−3 mol/L, Sigma A6625-25G) was added 
cumulatively to the vessel with 5-minute interval. The change of ves-
sel diameter was recorded with a pixel link camera, and measure-
ments were performed using Image-J.

Measurement of [Ca]2+
i

Cells were loaded with 2 μmol/L Fura-2-AM for 45 minutes at 37°C 
and kept in serum-free medium for 30 minutes before experimenta-
tion. HEPES buffer (in mmol/L: 116 NaCl, 5.6 KCl, 1.2 MgCl

2
, 5 

NaHCO
3
, 1 NaH

2
PO

4
, 20 HEPES, pH 7.4) was used for the experi-

ments. To increase the rate up 7 images per second, single images 
of fluorescent emission at 510 nm under single excitation at 380 nm 
were recorded. Changes in [Ca2+]

i
 in response to the indicated ago-

nist were calculated either using the ratio 380em/380em (basal) or 
the ratio (340em/380em)/(340em[basal]/380em [basal]). For each 
recorded images, 3 distinct regions of interest with no cells were 
selected, the means of fluorescence measured for these 3 areas were 
used as a background, and subtraction was applied for each cell mea-
surement before any further calculation.

Statistical Analysis
All quantitative data are presented as the mean±SEM of at least 3 
independent experiments. Data were analyzed by use of the Kruskal-
Wallis test with a Dunn adjustment for multiple comparisons. 
Statistical comparisons of 2 groups were analyzed by Wilcoxon 
matched-pairs signed-rank test or the Mann-Whitney nonparamet-
ric test. Linear mixed-effect models with random intercepts were 
used to analyze the femoral artery contraction and relaxation per-
cent change. Differences were considered significant when P<0.05. 
Data were analyzed with GraphPad Prism 5 software and IBM SPSS 
Statistics software.

Results
Regulation of the I-1/PP1/PLB/SERCA  
Signaling Axis in Contractile Versus Synthetic 
Human VSMCs
Because VSMCs have the capacity for phenotypic dedifferen-
tiation from a contractile to synthetic phenotype, we assessed 
whether the I-1/PP1 signaling pathway was modified during 
this process. First, we analyzed I-1 expression in contractile 
and synthetic VSMCs from healthy segments of human cor-
onary arteries (hCAs) obtained from 5 patients with dilated 
(nonischemic) cardiomyopathy. hCAs contain a subendothe-
lial layer of synthetic VSMCs and connective tissue to sup-
port the endothelium, whereas the medial layer is composed 
mainly of contractile VSMCs.15 I-1 protein was expressed only 
in the medial layers of hCAs (Figure 1A and Figure IA in the 
online-only Data Supplement) and mammary arteries (Figure 
IB in the online-only Data Supplement) and was down-
regulated in the subendothelial layer (Figure 1A) and in the 
media of atherosclerotic vessels (Figure IC in the online-only 
Data Supplement), suggesting that I-1 is specifically highly 
expressed in contractile VSMCs.15 Immunoblot analysis 
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performed on VSMCs of the medial layer of hCAs (contrac-
tile cells) and cultured human coronary artery smooth muscle 
cells (hCASMCs; synthetic cells) confirmed a higher expres-
sion of I-1 in the contractile cells compared with hCASMCs 
(Figure 1B and 1C), whereas its target, total PP1, was upregu-
lated and highly detectable by immunofluorescence in syn-
thetic hCASMCs (Figure 1B and 1D and Figure IIA in the 
online-only Data Supplement). Next, we looked to PP1 isoform 
expression in synthetic versus contractile VSMCs by coimmu-
nostaining with smooth muscle α-actin. PP1α was detected 
only in the nucleus; however, PP1β was abundantly expressed 
in synthetic VSMCs with a higher level in the nucleus and 
in the cytosol compared with the contractile VSMCs (Figure 
IIB and IIC in the online-only Data Supplement, respectively). 
Consequently, PLB phosphorylation was higher in contractile 
VSMCs compared with synthetic VSMCs (Figure 1B and 1E), 
without a change in total PLB expression (Figure 1B and 1F). 
Confirming previous observations, SERCA2a was expressed 
only in contractile VSMCs,15 whereas SERCA2b expres-
sion was similar between contractile and synthetic VSMCs 

(Figure 1B and 1G). In agreement with this pattern of activ-
ity in the I-1/PP1/PLB/SERCA signaling pathway, global SR 
Ca2+-ATPase activity was significantly decreased in synthetic 
VSMCs compared with contractile VSMCs (Figure 1H). The 
decrease in SR Ca2+-ATPase activity in synthetic VSMCs can 
be linked to the lack of SERCA2a expression and to the inhib-
itory effect of unphosphorylated PLB on SR Ca2+-ATPase. In 
addition, the expression of other markers of quiescent status 
such as cAMP-responsive element binding (CREB; Figure 1B 
and 1I), p53 (tumor suppressor gene), and p21 was also mark-
edly reduced in synthetic SMCs (Figure 1B).

Loss of I-1 Leads to a Shift From Contractile to 
Synthetic VSMC Phenotype
To study the impact of the loss of I-1 on the VSMC phenotype, 
thoracic aortas of adult (6-month-old) I-1−/− mice (I-1 knock-
out [KO]) and control mice (wild type [WT]) were analyzed 
by immunoblot with specific markers. Immunoblot analy-
sis and immunostaining in aortic cross sections confirmed 
the loss of I-1 expression in the thoracic aortas from I-1 KO 

Figure 1. Modulation of inhibitor 1 
(I-1)/protein phosphatase 1 (PP1)/
phospholamban (PLB)/sarco/
endoplasmic reticulum calcium-ATPase 
(SERCA) signaling pathway within 
contractile and synthetic human coronary 
artery smooth muscle cells (hCASMCs). 
A, Confocal immunofluorescence 
microscopy of healthy human coronary 
artery (hCA) cross sections showing I-1 
(red) and elastin autofluorescence (green). 
a Indicates adventitia; m, media; and sei, 
subendothelial neointima. Scale bar, 20 
and 50 μm. B, Immunoblot analysis of 
indicated proteins in contractile hCAs 
and synthetic (cultured) hCASMCs. CREB 
indicates cAMP-responsive element 
binding; and pPLB, PLB phosphorylated 
on Ser16. C through I, Histograms 
showing the relative ratio of I-1, PP1, 
SERCA2a and SERCA2b, and CREB 
expression normalized to GAPDH in 3 
independent experiments. E, Relative 
pPLB level was determined through 
normalization to total PLB level. H, 
SERCA activity measured in contractile 
and synthetic (cultured) vascular smooth 
muscle cells (VSMCs).

 by guest on July 12, 2016http://circ.ahajournals.org/Downloaded from 

http://circ.ahajournals.org/


776  Circulation  February 18, 2014

compared with WT mice (Figure 2A–2C). Interestingly, PP1 
expression was markedly increased in I-1 KO compared with 
WT mice (Figure 2A and 2D), which was consistent with 
reduced PLB phosphorylation (Figure 2A and 2E). SERCA2a 
protein expression was also significantly decreased in I-I KO 
aortic VSMCs (Figure 2A and 2F), whereas SERCA2b level 

remained unchanged (Figure 2A and 2G). A marked decrease 
in SR Ca2+-ATPase activity in I-1 KO mice thoracic aorta 
compared with WT mice was observed (Figure 2H), recapitu-
lating the observations in human samples (Figure 1).

Next, we analyzed the expression of markers of differenti-
ated SMCs. We found that by immunoblot and immunostaining 

Figure 2. Phenotype analysis and sarco/endoplasmic reticulum (SR) Ca2+-ATPase activity of vascular smooth muscle cells (VSMCs) from 
thoracic aortas of wild-type (WT) and inhibitor 1 knockout (I-1 KO) mice. A, Immunoblot analysis of the indicated proteins in the media of 
thoracic aortas from adult (6-month-old) WT and I-1 KO mice. Three aortas were used for preparation of each sample. B, D, F through 
L, and O through Q, Histograms showing the relative ratio of I-1, protein phosphatase 1 (PP1), sarco/endoplasmic reticulum calcium-
ATPase (SERCA) 2a, SERCA2b, smooth muscle α-actin (SMA), smooth muscle myosin heavy chain (SM-MHC), proliferating cell nuclear 
antigen (PCNA), cyclin D1, cAMP-responsive element binding (CREB), p53, and p21 expression normalized to GAPDH in 3 independent 
experiments. E, Relative phospholamban phosphorylation (pPLB) levels were determined by normalization to total PLB. Data represent 
mean±SEM of 3 independent experiments. H, SR Ca2+-ATPase activity measured on thoracic aortas from WT (n=5) and I-1 KO (n=10) 
mice. C and M, Immunostaining of I-1 and cyclin D1 in the media of thoracic aortas from WT and I-1 KO mice, respectively. Scale bar, 
20 μm. a Indicates adventitia; L, lumen; and m, media. N, Quantification of proliferating aorta BrdU-positive VSMCs from adult 6-month-
old WT (n=3) and I-1 KO (n=4) mice. Data represent mean±SEM.
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analysis, smooth muscle myosin heavy chain (SM-MHC) and 
smooth muscle α-actin, markers of contractile VSMCs, were 
highly expressed in WT aortic VSMCs but were significantly 
decreased in I-1 KO aortic VSMCs (Figure 2A, 2I, and 2J, 
respectively, and Figure IIIA and IIIC in the online-only Data 
Supplement, respectively). In I-1 KO aortic VSMCs, the few 
I-1–positive cells (green) were SM-MHC–positive cells (red; 
Figure IIIB in the online-only Data Supplement). Calponin 
was also decreased in the medial I-1 KO aortic VSMCs 
(Figure IIID in the online-only Data Supplement). Markers 
of proliferating cells such as proliferating cell nuclear anti-
gen were absent in the aortic VSMCs of WT mice, in agree-
ment with their quiescent status compared with I-1 KO mice 
(Figure 2A and 2K). In addition, cyclin D1 was significantly 
increased in I-1 KO mice aortic VSMCs (Figure 2A and 2L). 
Immunolabeling performed on thoracic aortic cross sections 
confirmed the presence of abundant cyclin D1–expressing 
proliferating cells on the luminal vessel border (Figure 2M), 
with an increase in NFATC3 expression compared with WT 
(Figure IIIE in the online-only Data Supplement) and a sig-
nificantly higher proportion of BrdU-positive VSMCs in 
I-1 KO compared with WT mice (Figure 2N). Furthermore, 
expression levels of CREB, p53, and p21 were significantly 
decreased in the aortic VSMCs of I-1 KO mice (Figure 2A, 
2O, 2P, and 2Q, respectively). These data likely indicate that 
the downregulation of these key modulators of SMC contrac-
tion in the aorta of I-1 KO mice reflects the shift between 
contractile and synthetic phenotypes and suggests that the 
loss of I-1 affects the differentiation of VSMCs and their 
ability to adjust the phenotype to the physiologically required 
contractile state. Apoptosis was also evaluated in aortic cross 
sections from I-1 KO and WT aortas using terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling. Numerous 
apoptotic cells were detected in the media of I-1 KO aortas 
compared with WT aortas (Figure IIIF in the online-only 
Data Supplement).

Moreover, morphometric analysis revealed a marked 
increase in thoracic aortic thickness in I-1 KO mice 
(Figure 3A and 3B). The phenotype observed in the vascular 
cells of I-1 KO mice, characterized by anarchic proliferation 
and apoptosis, can be described as a vascular proliferative 
disorder. We further investigated the proliferative capacities 
of VSMCs lacking I-1. To achieve this, left carotid artery 
injury with and without I-1c gene transfer was performed in 
adult (12 weeks old) WT and I-1 KO mice. The right carotid 
artery from WT was used as sham operated (no wire injury). 
One month after surgery, histological analysis revealed the 
presence of neointimal lesions in injured arteries of both 
mouse strains. Of note, the medial thickness of the carotid 
artery was already increased in noninjured carotids from I-1 
KO mice (Figure 3C and 3D), confirming the observations 
made from thoracic aortas (Figure 3B). As expected, carotid 
injury induced medial and neointimal proliferation in both 
strains (Figure 3D and 3E), but the thickness was significantly 
greater in I-1 KO animals (Figure 3E). Overexpression of a 
truncated, constitutively active form of I-1 by an adenovirus 
(Ad.I-1c) by gene transfer markedly reduced the neointimal 
thickness in the injured WT carotid artery compared with 
WT nontransduced animals (Figure 3D and 3E). However, 

I-1c–infected I-1 KO did not significantly reduce postinjury 
neointimal proliferation, nor did it reduce medial cell pro-
liferation compared WT I1c-infected mice (Figure 3D and 
3E), probably as a consequence of VSMC dedifferentiation. 
Analysis by immunofluorescence confirmed that injured left 
carotid arteries transduced with I-1c showed downregula-
tion of markers of the contractile VSMCs phenotype such 
as SM-MHC and SERCA2a in I-1 KO mice compared with 
sham noninjured and WT infected carotid arteries after injury 
(Figure IV in the online-only Data Supplement). These data 
demonstrate that VSMCs lacking I-1 proliferate readily and 
appear unable to adopt a quiescent state. Consistent with 
this, adult I-1–deficient mice develop a vascular proliferative 
disorder with excessive neointimal proliferation after vascu-
lar injury.

To assess the effects of I-1 gene ablation on endothelium-
dependent contraction, mouse femoral arteries were stimu-
lated with 1 μmol/L prostaglandin F2α, and measurements of 
outer vessel diameter were performed at different time points 
and compared with baseline (Figure 3F). Prostaglandin F2α, 
which is known to induce endothelium-dependent contrac-
tions,32 resulted in significant modifications of contractile 
properties of femoral arteries of I-1 KO mice compared with 
WT (Figure 3F). Furthermore, analysis of the dose-response 
relationships to acetylcholine indicated a decrease in the 
strength of the response of the I-1 KO femoral arteries to 
endothelium-dependent relaxation at higher concentrations 
compared with WT mice (Figure 3G).

The Effect of I-1 on Calcium Signaling in VSMCs Is 
SERCA2 Isoform Dependent
To determine whether I-1–dependent PLB phosphorylation 
plays a role in the control of SR Ca2+ uptake and intracel-
lular Ca2+ transient, we overexpressed Ad.I-1c in synthetic 
cultured hCASMCs.21 Of note, the ubiquitous SERCA2b is 
the only isoform expressed in these cells (Figure 1B). The 
expression of I-1c protein was observed (7 kDa; Figure 4A, 
left), whereas endogenous I-1 (28 kDa) was not detectable 
in synthetic hCASMCs overexpressing I-1c (not shown). 
Adenovirus-mediated gene transfer of I-1c (Ad.I-1c) signifi-
cantly increased PLB phosphorylation at Ser16 (Figure 4A). 
However, I-1c overexpression had no effect on hCASMC pro-
liferation (Figure 4B), cyclin D1 expression (Figure VB in the 
online-only Data Supplement), and cell survival (Figure VC 
and VD in the online-only Data Supplement). Remarkably, 
when the cells were coinfected with Ad.I-1c and an adeno-
virus encoding for SERCA2a, PLB phosphorylation was 
significantly increased (Figure VA in the online-only Data 
Supplement), with a marked decrease in hCASMC prolifera-
tion (Figure 4B). These data indicate that to inhibit prolifera-
tion, I-1 needs the presence of SERCA2a.

Regulation of gene expression by Ca2+ can be mediated by 
Ca2+-dependent phosphorylation of the transcription factor 
CREB.33 Therefore, we hypothesized that I-1/CREB signaling 
might regulate the VSMC phenotype. In testing this hypoth-
esis, we found that the expression levels of CREB phosphor-
ylated on Ser133 and p21 were highly elevated in synthetic 
VSMCs co-overexpressing I-1c and SERCA2a (Figure VA in 
the online-only Data Supplement).
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Next, we analyzed the effect of I-1c expression on Ca2+ 
transients. Because in VSMCs the Ca2+ signal required for 
proliferation depends on both SR Ca2+ release and store oper-
ated Ca2+ entry (SOCE),15 we performed Ca2+ transient record-
ing in the absence of extracellular Ca2+ (EGTA). We have 
previously shown that during proliferation of VSMCs, the caf-
feine-induced Ca2+ transient, normally observed in contractile 
VSMCs, is progressively lost in favor of an inositol triphos-
phate–induced Ca2+ transient.10 Here, we examined the inositol 
triphosphate–induced Ca2+ transients generated by agonist. In 
hCASMCs infected with Ad.β galactosiase (Ad.βGal), serum 
induced a long-lasting increase in cytosolic Ca2+ as a result of 

SR Ca2+ release (Figure 4C). The addition of Ca2+ to the extra-
cellular medium triggered SOC in these cells (Figure 4C). 
Similar transients were observed in control noninfected cells 
(not shown). Surprisingly, I-1c expression had no effect on 
Ca2+ transients in synthetic hCASMCs (Figure 4D and Figure 
VIA–VID in the online-only Data Supplement). In line with 
this, the increase in PLB phosphorylation by I-1c expression 
(Figure 4A) had no effect on Ca2+-ATPase activity because 
the overall store load was unchanged in I-1c–expressing 
cells compared with cells infected with control virus (Figure 
VIA in the online-only Data Supplement). Meanwhile, when 
cells were infected with an adenovirus encoding SERCA2a, 

Figure 3. Enhanced proliferative 
capacity of aortic vascular smooth 
muscle cells (VSMCs) from inhibitor 1 
knockout (I-1 KO) mice. A, Bright-field 
photomicrograph of vascular hyperplasia 
in the aorta of I-1 KO vs wild-type (WT) 
mice. B, Quantification of thoracic aortic 
thickness in WT (n=10) and I-1 KO (n=10) 
mice. C, Bright-field photomicrograph 
of cross sections harvested 1 month 
after injury and stained with hematoxylin 
and eosin from noninjured control 
arteries (sham group) of WT (n=6) and 
I-1 KO (n=6), noninfected left injured 
carotid of WT (n=9) and I-1 KO (n=7), 
and constitutively active I-1 infected 
with adenovirus (Ad.I-1c) (WT, n=5; 
I-1 KO, n=3). Scale bar, 50 μm. D and 
E, Dot plots showing morphometric 
measurements of media and intima 
thickness area, respectively, in control 
noninjured, injured nontransduced, and 
injured infected I-1c carotid arteries. F, 
Time-response curve for prostaglandin 
F2α (1 μmol/L) and (G) dose-response 
curve for acetylcholine-mediated 
relaxation of femoral arteries from 
WT (blue; n=3) and I-1 KO (red; n=5). 
Percent changes in vessel diameter 
were calculated by the difference from 
baseline. For relaxation, baseline was the 
precontraction state after administration 
of prostaglandin F2α (1 μmol/L). Values 
represent mean±SEM. The maximum 
strength of contraction and relaxation 
was significantly lower in I-1 KO.
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SOC was not observed after Ca2+ addition to the extracellu-
lar medium (Figure 4E), confirming previous observations.15 
Remarkably, in cells coexpressing SERCA2a and I-1c, the 
serum-induced SR Ca2+ transient was significantly reduced, 
and SOC after the addition of Ca2+ to the extracellular medium 
was not observed (Figure 4F and Figure VIA-VID in the 
online-only Data Supplement). These data suggest that I-1c 
increased SERCA2a activity, that the type of Ca2+ transient is 
an SERCA2a isoform–dependent characteristic, and that the 
effects of I-1c and PLB phosphorylation on Ca2+ transients 
depend on SERCA2 isoform expression in VSMCs. When 
thapsigargin, a Ca2+-mobilizing agent from SR, was added, 
the quantity of Ca2+ that was remobilized was higher in cells 
coexpressing SERCA2a and I-1c compared with βGal- and 
I-1c–expressing cells (Figure VIE and VIF in the online-only 
Data Supplement), demonstrating that I-1c and SERCA2a 
overexpression increased the SR Ca2+ load and Ca2+ uptake.

To validate the role of I-1 on PLB phosphorylation, CREB 
phosphorylated on Ser133, CREB responsive element, and 
NFAT activity through PP1, we performed siRNA knockdown 
to silence PP1 expression in hCASMCs. Immunoblot analysis 
of PP1 expression in hCASMCs cultured in 0.1% FBS for 4 
days and transfected with pan PP1 or control siRNA showed 
that PP1 protein levels were decreased by 60% to 80% in PP1 
siRNA-transfected hCASMCs (Figure VIIA in the online-
only Data Supplement). CREB phosphorylation and PLB 
phosphorylation on Ser16 were increased in PP1 siRNA-
transfected cells compared with controls (Figure VIIB in the 

online-only Data Supplement). CREB responsive element 
transcriptional activity was also significantly increased in PP1 
siRNA-transfected cells compared with controls (Figure VIIC 
in the online-only Data Supplement). However, NFAT-driven 
luciferase activity was significantly decreased in PP1 siRNA-
transfected cells compared with controls (Figure VIID in the 
online-only Data Supplement). These results demonstrate that 
I-1 through PP1 controls CREB and NFAT transcriptional 
activity. NFAT activity was also measured in contractile and 
synthetic VSMCs overexpressing I-1c. Furthermore, I-1c 
overexpression in contractile VSMCs significantly decreased 
NFAT activity compared with synthetic VSMCs. However, 
in cells coexpressing I-1c and SERCA2a, NFAT activity was 
significantly decreased in synthetic VSMCs. Infection with 
Ad.βGal had no effect on NFAT activity in either contractile 
or synthetic VSMCs (Figure VIIE in the online-only Data 
Supplement).

Effect of I-1 on Ca2+ Cycling and Signaling in 
Contractile and Synthetic Rat Aortic VSMCs
In the aforementioned adenovirus transduction experiments, 
we used a green fluorescent protein tag to identify infected 
cells. Because both viruses (Ad.SERCA2a and Ad.I-1c) 
were tagged with green fluorescent protein, we were unable 
to ascertain whether any given cell was infected with 1 or 
both viruses, even though the rate of infection for each virus 
was ≈80%. To avoid this uncertainty, we performed experi-
ments using freshly dissociated contractile rat aortic VSMCs, 

Figure 4. Effect of constitutively active inhibitor 1 (I-1c) overexpression on human coronary artery smooth muscle cells (hCASMCs).  
A, Immunoblot analysis (left) for indicated proteins and relative quantification of phospholamban phosphorylation (pPLB) expression 
(right) in hCASMCs infected with the indicated adenovirus. B, Effect of I-1c infected with adenovirus (Ad.I-1c), Ad.β galactosiase 
(Ad.βGal), and Ad.I-1c together with SERCA2a infected with adenovirus (Ad.SERCA2a) on hCASMC proliferation. Cells were infected 
with the aforementioned virus for 48 hours and then cultured for 48 hours in virus-free BrdU in 5% FBS medium. Bars represent the 
mean±SEM of BrdU incorporation of 4 independent experiments. Data are expressed as a percentage of control cells cultured in 5% 
FBS. Values represent mean±SEM. C through F, Analysis of I-1c overexpression on Ca2+ transients in synthetic hCASMCs. Intracellular 
Ca2+ imaging recorded in Fura-2–loaded cells representative of 3 experiments obtained from 3 independent infections. Cells were infected 
with Ad.βGal (C), Ad.I-1c (D), Ad.SERCA2a (E), or both Ad.I-1c and Ad.SERCA2a (F) for 2 days and then cultured for 24 hours in virus-free 
and serum-free medium before Ca2+ transient recording. Fluorescence intensity was recorded only in response to 1 excitation wavelength 
(380 nm). Traces represent the mean of several cells recordings. To record sarco/endoplasmic reticulum (SR) Ca2+ release and store 
operated Ca2+ entry (SOCE) activation, cells were treated with 5% serum buffered with EGTA in the absence of extracellular Ca2+ (EGTA, 
100 μmol/L); extracellular Ca2+ (CaCl2, 300 μmol/L) was then added at the indicated time.
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expressing SERCA2a, and synthetic cultured rat aortic 
VSMCs, expressing mainly SERCA2b.11,14 The phenotypic 
status of the rat aortic VSMCs was verified by analyzing the 
expression of contractile proteins: smooth muscle α-actin, 
SM-MHC, and calponin (Figure VIIIA in the online-only 
Data Supplement). In parallel, the cyclin D1 protein level was 
increased in synthetic VSMCs (Figure VIIIA in the online-
only Data Supplement). By immunostaining, cyclin D1 was 
not detected in freshly dissociated VSMCs, confirming their 
nonproliferative contractile phenotype. Three days after 
induction of proliferation by serum (10% FBS), cyclin D1 
was expressed, demonstrating the proliferative synthetic phe-
notype (Figure VIIIB in the online-only Data Supplement). 
As expected, SERCA2a and I-1 were expressed in contractile 
VSMCs and downregulated in synthetic VSMCs (Figure 5A 
and Figure VIIIB in the online-only Data Supplement). p21 
and p53 expression, CREB phosphorylated on Ser133, and 
PLB phosphorylation were also decreased in rat synthetic 
VSMCs (Figure 5A).

The initial Ca2+ event of VSMC dedifferentiation is the 
downregulation of Ca2+-ATPase activity, which results in a 
sustained increase in cytosolic Ca2+ and increased calcineu-
rin-NFAT activity.11 Because I-1 downregulation is a part of 
the dedifferentiation process, we assessed the effect of I-1c 
overexpression on the dedifferentiation, proliferation, and 
Ca2+ transient of contractile VSMCs. Immediately after dis-
sociation of rat aortic VSMCs, contractile aortic VSMCs were 
infected with Ad.I-1c or βGal virus and analyzed at day 4 after 
infection in a high concentration of FBS (10%). Remarkably, 
expression of I-1c prevented dedifferentiation of contractile 
VSMCs induced by serum, as attested by a sustained increase 
in SERCA2a and SM-MHC mRNA expression (Figure 5B). 
As expected, exposure to serum induced proliferation of con-
tractile VSMCs, with the percentage of proliferation being 
similar to that in synthetic VSMCs (Figure 5C). Infection of 
VSMCs with Ad.I-1c significantly reduced proliferation of 
contractile VSMCs without any effect on synthetic VSMC 
proliferation (Figure 5C). Of note, infection of contractile 
VSMCs with Ad.βGal had no effect on VSMC proliferation or 
on serum-induced dedifferentiation (Figure 5B and 5C). Next, 
we examined Ca2+ transients in contractile and synthetic rat 
aortic VSMCs (Figure 5D–5I). As expected, thrombin induced 
SR Ca2+ release in contractile VSMCs with the inhibition of 
Ca2+ entry by SOCE after the addition of Ca2+ in the extracel-
lular medium (Figure 5D). In contrast, in synthetic VSMCs, 
thrombin induced a large SR-released Ca2+ transient followed 
by SOC after the addition of Ca2+ (Figure 5E). Infection with 
control virus (Ad.βGal) had no effect on Ca2+ transients in 
either contractile or synthetic VSMCs (Figure 5F and 5G). 
Ad.I-1c overexpression had no effect on Ca2+ transients in 
synthetic rat VSMCs stimulated with serum compared with 
controls (Figure 5I and Figure IXB in the online-only Data 
Supplement) and in Ca2+ remobilized when thapsigargin was 
added (Figure IXC in the online-only Data Supplement), con-
firming the observations made for hCASMCs (Figure 4D). 
However, I-1c overexpression significantly decreased over-
all Ca2+ transients in contractile rat VSMCs stimulated 
with serum (Figure 5H and Figure IXA in the online-only 
Data Supplement), confirming that the effect of I-1 on Ca2+ 

transients depends on SERCA2a isoform expression in con-
tractile versus synthetic VSMCs.

Constitutively Active I-1 Prevents Postinjury 
Remodeling and Neointimal Proliferation in a Rat 
Carotid Injury Model
Because I-1c overexpression prevents dedifferentiation and 
proliferation of contractile VSMCs in vitro, we next tested the 
possibility that I-1c gene transfer may prevent postangioplasty 
neointimal proliferation. For this purpose, we performed bal-
loon injury in the left carotid arteries of adult male rats, fol-
lowed immediately by gene transfer of Ad.I-1c or Ad.βGal. 
The right carotid was used as sham operated, noninjured. 
Animals were euthanized 2 weeks after injury, and neointimal 
thickening was analyzed on hematoxylin and eosin–stained 
cross sections (Figure 6A). Infection was confirmed by poly-
merase chain reaction detection of green fluorescent protein 
DNA in the carotid arteries infected with Ad.I-1c compared 
with noninfected arteries (Figure X in the online-only Data 
Supplement). Injury induced abundant neointimal prolifera-
tion and an increase in the medial thickness in noninfected 
(saline) or Ad.βGal-infected arteries, whereas infection with 
Ad.I-1c significantly reduced medial thickening and pre-
vented neointimal proliferation (Figure 6B). Analysis by 
immunofluorescence microscopy confirmed that in saline- and 
Ad.βGal-infected arteries, there was downregulation of I-1 in 
the injured carotid segments, as well as downregulation of 
markers of the contractile phenotype such as SM-MHC and 
SERCA2a (Figure 7A). In contrast, in Ad.I-1c–infected arter-
ies, I-1 expression was detected; however, our antibody does 
not allow us to discriminate between the endogenous and the 
transgene I-1 protein. Nevertheless, expression of SERCA2a 
and SM-MHC was preserved in I-1c–infected arteries 
(Figure 7A). In addition, the expression of CREB and p21 
was lower in the media and adventitia of βGal-infected carotid 
arteries compared with arteries treated with Ad.I-1c. However, 
NFAT expression was highly increased in the βGal- compared 
with the I-1c–infected injured carotid (Figure 7B). Thus, I-1c 
prevented dedifferentiation and proliferation of contractile 
VSMCs expressing SERCA2a but had no effect on synthetic 
VSMCs, which predominantly express the SERCA2b isoform 
and NFATC3.

Discussion
The important finding of the present study is that PKA/I-1 
downstream signaling pathways are organized differently in 
contractile and synthetic VSMCs (Figure 8). This signaling 
specificity is supported by altered expression of molecules 
involved in the regulation of the downstream of the cAMP/PKA 
signaling cascade, with I-1 and PP1 possibly providing of dual 
control of the signaling pathway at both the protein expression 
and phosphorylation levels. We demonstrated mirrored expres-
sion of I-1 and PP1 within contractile and synthetic VSMCs, 
leading to the enhancement of the PKA pathway in contrac-
tile VSMCs. I-1 is more highly expressed in the media of 
human coronary and freshly dispersed rat aortic VSMCs than 
in their cultured counterparts. The expression of I-1 correlated 
closely with the expression of genes for contractile proteins: 
smooth muscle α-actin (SMA), calponin, SERCA2a, and the 
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SM-MHC proteins, which are also downregulated in synthetic 
dedifferentiated VSMCs.15 Therefore, these results establish 
a clear link between the differentiated, contractile phenotype 
of VSMCs and the downregulation of I-1 in rat and human 

VSMCs, suggesting a possible role for I-1 in the maintenance 
or function of the differentiated VSMC phenotype.

Moreover, we showed that VSMCs obtained from I-1KO 
mice are in a proliferative state and display the characteristics 

Figure 5. Effect of constitutively active inhibitor 1 (I-1c) expression on contractile and synthetic rat aortic vascular smooth muscle cells 
(VSMCs). A, Immunoblot analysis with the indicated proteins in contractile and synthetic aortic VSMCs from adult male rats. CREB indicates 
cAMP-responsive element binding; and p, phosphorylated. B, Real-time reverse transcription–polymerase chain reaction analysis showing 
the relative expression of sarco/endoplasmic reticulum calcium-ATPase (SERCA) 2a, SERCA2b, and smooth muscle myosin heavy chain 
(SM-MHC) in freshly dissociated contractile rat VSMCs infected with either constitutively active I-1 infected with adenovirus (Ad.I-1c) or Ad.β 
galactosiase (Ad.βGal). The cells were cultured in the presence of serum (10%) and were collected 4 days after infection. C, Effect of Ad.I-1c 
and Ad.βGal infection on proliferation of contractile and synthetic rat aortic VSMCs. Cells were infected with the aforementioned virus for 48 
hours and then cultured for 48 hours in virus-free BrdU-containing medium supplemented with serum (10%). Bars represent the mean±SEM 
of BrdU incorporation of 4 independent experiments. Data are expressed as a percentage of control cells cultured in 10% serum. D and E, 
Analysis of Ca2+ transients in contractile and synthetic rat VSMCs. Representative intracellular Ca2+ imaging recorded in Fura-2–loaded cells 
from a total of 3 experiments obtained from 3 independent infections. Contractile cells were cultured without serum and used within 3 days 
after dissociation from the aorta. THR indicates thrombin. The cells were infected with Ad.βGal (F and G) or Ad.I-1c (H and I) for 2 days and 
then cultured for 24 hours in virus-free and serum-free medium before recording. Fluorescence intensity was only recorded in response to 
1 excitation wavelength (380 nm). Traces represent the mean of several cells recordings. To record sarco/endoplasmic reticulum (SR) Ca2+ 
release and store operated Ca2+ entry (SOCE) activation, cells were treated with 5% serum buffered with EGTA (100 μmol/L) in the absence 
of extracellular Ca2+; extracellular Ca2+ (CaCl2; 300 μmol/L) was then added at the indicated time.
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of immature or dedifferentiated phenotypes compared with 
WT SMCs. I-1 KO VSMCs expressed minimal differen-
tiation marker proteins such as smooth muscle α-actin and 
SM-MHC and showed an increase in proliferation markers 
such as cyclin D1 and proliferating cell nuclear antigen. 
More interestingly, in contrast to PP1, SERCA2a protein 
levels, together with PLB phosphorylation and therefore 
Ca2+-ATPase, were reduced. However, when constitutively 

active I-1 is overexpressed, SERCA2a activity can be further 
increased. We also demonstrated that in vivo gene transfer 
of constitutively active I-1c prevents VSMC dedifferentiation 
and neointimal formation in a rat and mouse carotid injury 
model. However, in I-1 KO mice, because the VSMCs are 
dedifferentiated, neointimal formation was not decreased 
after I-1c overexpression. Thus, I-1 and SERCA2a are neces-
sary and act synergistically to regulate the VSMC phenotype. 

Figure 7. Constitutively active inhibitor 1 (I-1c) overexpression preserves the vascular smooth muscle cell (VSMC) contractile phenotype 
in balloon-injured rat carotid arteries. A, Immunolabeling of control or balloon-injured carotid arteries with anti–inhibitor 1 (I-1), anti–sarco/
endoplasmic reticulum calcium-ATPase (SERCA) 2a, or anti–smooth muscle myosin heavy chain (SM-MHC; red). Elastin autofluorescence 
is shown in green. Bar scale, 20 μm. B, Representative cAMP-responsive element binding (CREB), p21, and nuclear factor of activated T 
cell (NFAT) C3 immunostaining of cross sections from βGal- and I-1c–infected arteries at 2 weeks after surgery. Red shows CREB-, p21-, 
and NFAT-positive staining. Ad.βGal indicates Ad.β galactosiase; a, adventitia; m, media; and ni, neointima.

Figure 6. Constitutively active 
inhibitor 1 (I-1c) gene transfer 
prevents balloon angioplasty-
associated restenosis in a rat 
carotid injury model. A, Bright-
field photomicrograph of 
hematoxylin and eosin–stained 
cross sections from sham 
control (noninjured carotid, 
n=16) and injured treated 
saline (n=5), Ad.β galactosiase 
(Ad.βGal) (n=9), and Ad.I1c 
(n=11) arteries 14 days 
after surgery. ad Indicates 
adventitia; m, media; and ni, 
neointima. Scale bar, 200 μm 
(top) and 100 μm (bottom). 
B, Measurements of media 
and intima area size and 
intima/media area ratio of 
the 4 groups from A. Values 
represent mean±SEM. 
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A further interesting observation that can be drawn from the 
I-1 KO mice is the increase in aortic thickness resulting from 
hyperplasia and the excessive neointimal formation with vas-
cular injury in vivo. The results presented here demonstrate 
that loss of I-1 in a mouse model increases SMC prolifera-
tion. These data support the hypothesis that a hyperplastic 
response modulated by I-1 in VSMCs contributes to vascular 
disease. In the heart, I-1 was found to be downregulated and 
hypophosphorylated in human and experimental heart fail-
ure but hyperactive in human atrial fibrillation, implicating 
I-1 in the pathogenesis of heart failure and arrhythmias.34 
In addition, constitutive I-1c expression by gene transfer 
restored contractile properties in failing rat hearts and fail-
ing human cardiac myocytes.21,22 In our study, we showed 
that I-1c overexpression in carotid artery injury models pre-
vented the downregulation of the expression of VSMC con-
tractile markers such as SERCA2a and SM-MHC, as well as 
CREB and p21 expression. Several studies have also shown 
that downregulation of CREB expression or phosphorylation 
is associated with elevated cardiovascular risk markers in 
rodent models.35 Indolfi et al36 have reported that PKA signal-
ing inhibits neointimal formation after vascular injury in vivo 
as a model of restenosis after angioplasty. In addition, cAMP 
signaling in SMCs has been shown to decrease the expression 
of cyclin D137 and to increase the expression of antiprolifera-
tive regulators like p53 and p21.38 Furthermore, I-1c overex-
pression in contractile VSMCs also decreased transcription 
factor NFAT activity required for proliferation and migration 
of VSMCs that express SERCA2a.13,15 We have shown that 
the restoration of SERCA2a expression by gene transfer in 
synthetic VSMCs was sufficient to block their proliferation 
and migration via inhibition of NFAT15; however, it will be 
interesting to assess whether SERCA2a gene transfer restores 
the I-1 expression level. The molecular mechanisms of this 
effect are related to the prevention of a functional association 
between STIM1 and OraI-1 (CRAC protein entity), which 
leads to the suppression of SOCE channel influx.15 It is worth 
mentioning that SOC influx after agonist stimulation is not 
observed in contractile VSMCs, which express SERCA2a 
and I-1, compared with synthetic VSMCs. This suggests that 
I-1 exerts its effects through SERCA2a.

In addition, I-1 KO femoral arteries in vivo displayed a sig-
nificantly lower vasoconstriction and vasorelaxation response 
compared with WT. These results suggest that changes in 
I-1 expression can modify the VSMC phenotype and there-
fore VSMC contractility. Indeed, the loss of I-1 in synthetic 
VSMCs and in the mouse model is associated with a reduced 
SR Ca2+-ATPase activity. Therefore, I-1 is a critical determi-
nant of SR Ca2+ uptake function. These results are particu-
larly interesting when considered along with recent results 
demonstrating reduced endothelium-dependent relaxation 
in mice deficient in the SERCA3 isoform.39 Another study 
showed that deletion of PLB can also reduce endothelium-
dependent relaxation.40 However, yet another study has 
suggested that ablation of I-1 does not play a major role in 
either tonic or phasic SM contractility in vivo. In that report, 
although I-1 did not have any major effects on the aorta, there 
was a significant, rightward-shifted (desensitized) response 
to isoproterenol in I-1 KO portal veins.21 The difference 
between that study and our findings may potentially be attrib-
utable to the fact that our experiments were carried out in 
femoral arteries in vivo and the published study was done on 
mounted, isolated, denuded aortic rings.21 In theory, the orga-
nization of the PKA/I-1 signaling pathway should increase 
SERCA2a activity in contractile VSMCs while inhibiting 
SERCA2a activity in synthetic cells. However, in reality, 
SERCA2a activity is further distinguished between contrac-
tile and synthetic VSMCs by SERCA2 isoform expression 
levels. In accordance with our previous observations,10,14,15 we 
confirm here that the SERCA2a isoform is expressed exclu-
sively in contractile VSMCs, whereas SERCA2b is the only 
SR Ca2+-ATPase present in synthetic VSMCs. Furthermore, 
manipulation of these signaling pathways resulted in high 
SR Ca2+-ATPase activity in contractile cells and reduced 
SR Ca2+-ATPase activity in synthetic cells. In this case, we 
hypothesized that this reduction was attributable to enhanced 
endoplasmic reticulum Ca2+ uptake, leading to lower [Ca]2+

i
. 

Therefore, the interplay between Ca2+ release and uptake sys-
tems is an important determinant of endothelial steady-state 
Ca2+ levels that elicits endothelium-dependent relaxation.

Our study also shows that knockdown of PP1 enhances 
hyperphosphorylation of PLB and CREB and decreases 

Figure 8. Schematic representation of 
protein kinase A (PKA)/inhibitor 1 (I-1)/
protein phosphatase 1 (PP1) signaling 
pathways in contractile (left) and 
synthetic (right) vascular smooth muscle 
cells (VSMCs). CaM indicates calmodulin; 
p, phosphate; PLB, phospholamban; 
PP2A, protein phosphatase 2A; PP2B, 
protein phosphatase 2B; SERCA, sarco/
endoplasmic reticulum Ca2+-ATPase; and 
SR, sarco/endoplasmic reticulum. 
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NFAT activity. Our results provide further evidence for a 
role of PP1 pathway in regulating the dephosphorylation of 
Ser133 and thereby limiting CREB transcriptional activity in 
synthetic VSMCs. Many studies have shown that increased 
PP1 activity is closely associated with the progression of 
heart failure.16,22,41 PP1, a haloenzyme, consists of 3 distinct 
genes: PP1c-alpha (PP1α), PP1c-gamma (PP1λ), which 
gives rise to 2 splice variants (PP1c-λ1 and PP1c-λa2), and 
PP1c-beta/delta (PP1β),42–44 the functions of which are not 
well characterized in cardiovascular cells. In our study, we 
found that PP1α and PP1β are increased in synthetic VSMCs. 
PP1β expression has been shown to gradually increase dur-
ing the progressive time course of cardiac dysfunction in 
cardiomyopathic hamsters.41 The expression levels of PP1β 
may have a crucial impact on SR Ca2+ cycling. The PP1β iso-
form was shown to be highly expressed in the longitudinal SR 
and formed a molecular complex with PLB and SERCA2a. 
Moreover, PP1β is the most significantly involved PP1 iso-
form in regulating PLB phosphorylation at Ser16 in the lon-
gitudinal SR, thereby controlling SR-mediated Ca2+ cycling 
in cardiomyocytes.45

Conclusions
We have demonstrated for the first time that Ca2+ signaling 
pathways via the I-1/PP1 signaling pathway are altered in syn-
thetic VSMCs. I-1 expression appears to be a robust marker 
for contractile VSMCs, whereas PP1 expression is specific 
for synthetic VSMCs, thus reinforcing our finding of altered 
Ca2+ signaling. Furthermore, the synergistic action of I-1 and 
SERCA2a is necessary for the acquisition of high SERCA2a 
activity required for the contractile phenotype. Gene trans-
fer of constitutive active I-1c to contractile VSMCs prevents 
injury-induced dedifferentiation and neointimal proliferations 
of VSMCs. Collectively, these data suggest that I-1c gene 
transfer may be considered as a therapeutic strategy for pre-
venting vascular proliferative disorders.
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CLINICAL PERSPECTIVE
Phenotypic switching of vascular smooth muscle cells (VSMCs) from a contractile/quiescent to a proliferative/synthetic phe-
notype plays a key role in vascular proliferative syndromes such as atherosclerosis and restenosis. VSMC phenotype switch 
is associated with alterations of VSMC Ca2+ handling proteins. Recently, we demonstrated that Ca2+ cycling in contractile 
VSMCs requires the expression of the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) isoform SERCA2a. Protein 
phosphatase inhibitor-1 (I-1), a highly specific inhibitor of protein phosphatase 1, enhances protein kinase A–dependent 
phospholamban phosphorylation and therefore SERCA2a activity. In the present study, we examined the role of I-1 in the 
VSMC phenotype switch and the therapeutic potential of constitutively active I-1 (I1c) gene transfer in a postangioplasty 
restenosis model. In human coronary arteries, we showed that I-1 expression is specific to contractile VSMCs; however, 
in synthetic VSMCs, I-1 expression was significantly decreased, leading to an increase in its target PP1 and a decrease in 
phospholamban phosphorylation and SERCA2 activity. In cells coexpressing I-1c and SERCA2a, VSMC proliferation was 
decreased with an increase in Ca2+ uptake and sarco/endoplasmic reticulum Ca2+ load. I-1 knockout mice lack phospholam-
ban phosphorylation and exhibit VSMC arrest in the synthetic state, with a significant modification of contractile properties 
and relaxant response of femoral artery in vivo and an excessive neointimal proliferation after carotid injury. Local I-1c gene 
transfer in a rat model of carotid injury decreased neointimal formation by preserving VSMC contractile marker expression 
and therefore preventing VSMC phenotypic switch. Gene transfer of I1c may be considered a therapeutic strategy for pre-
venting vascular proliferative disorders.
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SUPPLEMENTAL MATERIAL 

  



Materials. The following primary antibodies were used: anti-SERCA2a (21st Century 

Biochemicals, Marlborough, MA) and anti-SERCA2b 
1
, anti- non-muscular myosin heavy chain 

B (NM-B) (Ab 684, Abcam), anti-smooth muscle α actin cell (A5228, sigma), anti-smooth 

muscle myosin heavy chain (SM-MHC) (ab683, Abcam), anti-Cyclin D1 (556470, BD 

Biosciences), anti-h-calponin (C2687, Sigma-Aldrich), a-Cip1/WAF-1/p21 (2947, Cell 

Signaling), anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (G 8795, Sigma), anti-

PLB (A010-14, Badrilla Ltd), anti-phospho Ser16 PLB (A010-12 Badrilla Ltd), anti-I1 

(generously provided by Dr Kranias, University of Cincinnati), PCNA (sc-7907, Santa Cruz 

biotechnology, inc.), anti-CREB (06-86, Millipore), anti-p53 (9282, Cell Signaling), and pan PP1 

(sc-7482, Santa Cruz biotechnology, inc.), anti-PP1α (sc-271762, Santa Cruz biotechnology, inc.), 

anti-PP1β (sc-373782, Santa Cruz biotechnology, inc.). 

Adenovirus. The AdEasy XL Adenoviral Vector System (Stratagene) was used to generate 

recombinant adenoviral vectors. The following adenoviruses were used: Ad.S2a, encoding 

human SERCA2a and green fluorescence protein (GFP) under the cytomegalovirus (CMV) 

promoter 
2
; Ad.βGal, encoding β-Galactosidase and GFP under the CMV promoter 

2
, and  Ad.I-

1c encoding constitutive active I-1 protein (I1c) and green fluorescent protein (GFP) under the 

CMV promoter. Optimized constitutively active form of I-1(I1c) cDNAs (201 bps in size) was 

subcloned into the pShuttle-IRES-hrGFP1 vector using NotI and SalI restriction enzymes. 

Culture of VSMCs. Human Coronary Artery Smooth Muscle Cells (hCASMCs) were 

purchased from Lonza. Cells were cultured in SmBM medium (Lonza), containing Fetal bovine 

Serum (FBS) 5% and bullet kit (Lonza), at 5% of CO2.  



Rat aortic VSMCs were isolated from the media of the thoracic aorta of male sprague dawley 

rats by enzymatic digestion and cultured as described before
3
. Rat VSMCs were cultured in 

DMEM medium supplemented with Fetal Calf Serum (FCS) (10%) and 1% Penicillin-

Streptomycin (Life Technology) at 5% of C02. VSMCs were used between passages 2 to 8 at 

80% confluence. Cells were infected with adenovirus (100 MOI/cell) for 2 days and the 

efficiency of infection was controlled by GFP fluorescence. Proliferation was measured by BrdU 

incorporation during 48 hours using a Cell Proliferation ELISA, BrdU (colorimetric) assay kit 

(Roche) according to the manufacturer’s instructions.  

Cell viability assays. Cell viability was estimated using a fluorescent based Live/Dead Assay kit 

(Invitrogen) according to the manufacturer’s instructions. The number of dead cells was 

estimated by flow cytometry using a FACScalibur flow cytometer equipped with CellQuestPro 

software (BD Biosciences). Data were collected with the Cellquest software (Becton Dickinson, 

Mansfield, USA). 

Immunoblot analysis. Total cell lysates were separated by SDS-PAGE to perform Western blot 

analysis. Proteins were visualized by using the SuperSignal West Pico Chemiluminescent 

Substrate (Pierce Biotechnology).  

Measure of SR Ca
2+

-ATPase activity in VSMCs. Ca
2+

-ATPase activity of SERCA2a activity 

was determined in SR microsomes using High Throughput Colorimetric ATPase Assays 

according to the manufacturer’s instructions (Innova Biosciences). All assays were performed in 

triplicate. 

RNA quantification. Total RNA was isolated using TRIzol reagent (Invitrogen) followed by a 

cleanup step as described in the RNeasy Isolation kit (Qiagen) with on-column DNase I 

http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&productID=15070063
http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&productID=15070063


treatment to eliminate contaminating genomic DNA with an RNase-free DNase Set (Qiagen). 

About 1 µg of total RNA from each sample was reverse transcribed using the High Capacity 

cDNA Reverse Transcription kit (Applied Biosystems, ABI) according to the manufacturer’s 

protocol. PCR reactions were performed with PCR Master Mix (Gibco), the following primers 

were used; human GFP forward: TGGTGAGCAAGCAGATCCTGAAGA, reverse: 5’-

CTCCATGGTGAACACGTGGTTGTT-3’; human β-actin forward: 

CACCATTGGCAATGAGCGGTTC, reverse: 5’- AGGTCTTTGCGGATGTCCACGT-3’.   

PP1 siRNA transfection . hCASMCs were transfected with pan PP1 siRNA (sc-43545 Santa 

Cruz Biotechnologies) and scramble siRNA (sc- sc-37007, Santa Cruz Biotechnologies) for 72 

hours, using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. 

CRE and NFAT-reporter gene assay. hCASMCs were cultured in 0.1% FBS and transfected 

with siRNA for 72 hours. The transfected cells were then infected with an adenovirus expressing 

CRE and NFAT-promoter-luciferase construct for 24 hours. The luciferase activity was 

measured using the Luciferase Assay System (Promega), normalized to total protein, and 

expressed as percent of control non-infected cells in relative luciferase units (RLU). 

Mice Carotid Injury. C57BL/6J male mice weighing 28~35 g were used in these experiments. 

The animals were anesthetized by intraperitoneal injection with a solution composed of ketamine 

65mg/Kg and xylazine 13 mg/Kg body weight diluted in 0.9% sodium chloride solution. The left 

common carotid artery was exposed via a midline incision on the ventral side of the neck. The 

bifurcation of the carotid artery was identified and two silk sutures were placed around the 

external carotid and the distal one was tied. Two temporary sutures were placed around the 

internal and common carotid arteries. An incision hole was made on the external carotid artery. A 



curved wire (0.35 mm diameter) was introduced into the common carotid artery via the incision 

and the wire was passed along the vessel 3 times. The wire was then removed and the virus 

(Ad.I-1c) was infused in the artery for 30 min under pressure. Perfusion was restored through the 

internal and the common carotid
 
artery after 30 minutes and the external carotid artery were tied 

off proximal to the incision with the proximal ligature. The sutures on internal and common 

carotid artery were released
4
. The right carotid was used as sham-operated (no wire injury).  

Rat carotid artery injury and gene delivery. The left external carotid artery from adult male 

Sprague-Dawley
 
rats (Charles River, Mass) weighing 350 to 400 g was injured

 
using a 2F 

Fogarty embolectomy catheter (Baxter Healthcare Corp)
 
that was introduced into the common 

carotid artery through the
 
external carotid and inflated to 2 atmospheres three consecutive times, 

each inflation lasting for 20 seconds. Afterwards
 
both the common and the internal carotid 

arteries
 
were clamped on the proximal site. A viral infusion mixture containing 1x10

11
 pfu

 
of 

virus vectors, diluted to a total volume of 100 µL was instilled between
 
the 2 clamps, and the 

external carotid artery was then ligated.
 
The virus infusion was maintained in the artery for 30 

min under pressure. Perfusion was restored through the internal and the common carotid
 
artery 

after 30 minutes of instillation, and the neck incision
 
was closed. Fourteen days after surgery the 

animals were sacrificed. The left injured and right carotid arteries (used as sham-operated, non-

injured) were dissected, flushed with saline solution, embedded in
 
OCT and frozen at –80°C. A 

small piece from the middle portion was frozen in liquid nitrogen for eventual PCR analysis.  

Histological analysis. The morphology of the aorta and carotid arteries was analyzed on 

hematoxylin/eosin stained cross-sections. The medial and neointimal areas were measured with a 

computer-based morphometric system (cellSens Entry software, Olympus) and calculated using 

Image J software. For each vessel, 5 discontinuous sections were analyzed.  



Confocal microscopy. Immunocytochemistry was performed on acetone-fixed sections 

according to a standard protocol. Slides were examined with a Leica TCS4D confocal scanning 

laser microscope. Stacks of images were collected every 0.4 µm along the z-axis.  
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Supplementary Figure 1. (A) I-1expression (red) in human coronary artery (B) in internal 

mammary artery and (C) in atherosclerotic coronary artery by Confocal immunofluorescence 

microscopy. Elastin autofluorescence (green); a (adventitia); m (media), L (lumen).  

 



 

 

 

Supplementary Figure 2. Subcellular localization of PP1 isoform in contractile and 

synthetic human coronary artery smooth muscle cells (hCASMCS). (A) Contractile and 

synthetic hCAMSCs were co-immunostained using anti-total PP1 antibody (green) and anti-

SMA (red). (B) hCASMCs were immunostained with anti-PP1α (green) and (C) with anti-PP1β 

(green). Bar Scale 50μm.   



 

Supplementary Figure 3. Immunostaining of VSMC protein markers in I-1 KO and WT 

aorta. (A) VSMCs were stained with anti-SM-MHC (red). (B) Cells were co-stained with anti-

SMMHC (red) and I-1 (green) and the images were merged (yellow) as indicated with an 

arrowhead. (C) VSMCs were stained with anti-SMA (red), (D) with an anti-Calponin (red) and 

(E) with an anti-NFAC3 (red). Elastin autofluorescence is shown in green. Nuclei are 

counterstained with DAPI (4',6-diamidino-2-phenylindole, blue). (F) TUNEL staining of 

thoracic aorta cross sections showing apoptotic cells (red) indicated by arrowheads.  nuclei 

stained with DAPI (blue). Scale bar-50 μm.  

 



 

 

 

 

 

 

 

 

Supplementary Figure 4. I-1c gene transfer preserves VSMCs contractile phenotype in WT 

tranduced injured-carotid arteries compared to I-1 KO. Immunolabeling of control WT right 

non-injured carotid artery, WT and I-1 KO left injured carotid arteries with anti-SMMHC and 

anti-SERCA2a (red). Elastin autofluorescence is shown in green and nuclei stained with DAPI 

(blue). Scale bar-50μm 

 

 



 

 

 

Supplementary Figure 5. Analysis of viability of hCASMC overexpressing I-1c. (A) 

Immunoblot analysis of the effect of I-1c, and Ad.I-1c and Ad.SERCA2a co-expression on 

pPLB, phosphorylated CREB (pCREB), total CREB and p21 expression levels. Right panel, 

quantification of the effect of I-1c, and Ad.I-1c and Ad.SERCA2a co-expression on pPLB. (B) 

Western blot analysis of Cyclin D1 in hCASMCs infected with the indicated virus for 4 days.  

(C) Fluorescence microscopy using Calcein AM to determine viable (live) cells in green and 

ethidium homodimer (EthD1) for non-viable (dead) cells in red. (D) Number of dead hCASMCs 

infected with Ad.I-1c and Ad.βGal, and in saponin (10µM, used as a control) treated cells 

measured by flow cytometry.  



 

 

Supplementary Figure 6. Effect of I-1c expression on serum-induced Ca
2+

 transient, SOC and 

SR store load in synthetic hCASMC. (A & B) Dot plots comparing the [Ca
2+

]i peak, and (C&D) 

[Ca
2+

]i area corresponding to SR Ca
2+

 release and SOC recorded when either serum or 

extracellular Ca
2+

 (300µM) were added to the cells, respectively. (E, F) Dot plot comparing the 

effects of I-1c, SERCA2a or both on SR Ca
2+

 release amplitude and the SR Ca
2+

 store content 

after thapsigargin (Tg, 1µM) was added to the medium. The [Ca
2+

]i peak corresponding to the 

maximal SR Ca
2+

 release was recorded when serum was added to the cells cultured in Ca
2+

 free 

medium. For the Tg experiments, cells were treated, in the absence of extracellular Ca
2+

 (EGTA, 

100µM), then Tg was added and Ca
2+

 mobilization was quantified as Σ[Ca
2+

]i*time (in 

sec)/number of measurements (λ [Ca
2+

]Tg*s). The data were recorded along 3 distinct 

experiments and results were analysed for significance using kruskal-wallis test and all pairs 

were further analysed using Dunns multiple comparison test. ns-non-significant, *P <0.05, 

**p<0.001, ***p<0.001. 



 

 

 

Supplementary Figure 7. Effect of PP1 in PLB and CREB phosphorylation. (A) 

Immunoblot analysis of PP1 protein level in cultured hCASMCs (0.1% FBS) transfected with 

pan PP1 siRNA and control siRNA for 72 h. (B) Effect of siRNA-mediated depletion of PP1 in 

total and phospho-PLB and CREB in cultured hCAMSCs cells. (C) Effects of Pan PP1 siRNA 

on CRE luciferase activity in cultured hCASMCs (0.1% FBS) transfected with pan PP1 siRNA 

and control siRNA for 72 h and then infected with an adenovirus expressing CRE-promoter 

luciferase and (D) NFAT-luciferase construct for 48 hours. Data are shown in relative luciferase 

Units as a percentage of value of control (CTL) siRNA. (E) Promoter-reporter assay of NFAT 

transcriptional activity. Contractile and synthetic cells were infected with indicated adenoviruses 

during 48h and Ad NFAT-Luc for 48 hours. Data are shown in relative luciferase Units as a 

percentage of value of Ad.βGal. Values represent mean ± SEM. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 8. I-1 expression in contractile and synthetic rat aortic VSMCs. (A) 

Immunoblot analysis showing relative expression of SM α-actin, SM-MHC, Calponin, 

SERCA2b and Cyclin D1 in freshly dissociated contractile and synthetic rat VSMCs (passage 4). 

(B) Confocal immunofluorescence of I-1 (red) and Cyclin D1 (green) on freshly dissociated rat 

contractile aortic and synthetic VSMCs.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 9. Effect of I1c expression on serum-induced Ca
2+

 transient and 

store content in contractile and synthetic rat aortic VSMC. (A) Dot plots comparing the 

[Ca
2+

]i area corresponding to serum-induced mobilization of SR Ca
2+

 recorded when serum or 

extracellular Ca
2+

 (300µM) were added to freshly isolated contractile infected with Ad.I-1c or 

Ad.βGal. (B) Effect of I1c on serum-induced mobilization of SR Ca
2+

 in synthetic rat VSMC. 

(C) Dot plots comparing the Ca
2+

 store content after thapsigargin (Tg, 1µM) was added to the 

medium. Synthetic cells were treated in the absence of extracellular Ca
2+

 (EGTA, 100µM). 

Then, Tg was added and the following Ca
2+

 mobilization was quantified as Σ[Ca
2+

]i*time (in 

sec)/number of measurements (λ[Ca2+]Tg*s). Mean ± SEM recorded throughout 3 independent 

experiments.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 10. Overexpression of I1c prevents vascular remodeling in a rat 

carotid injury model. PCR analysis demonstrating the presence of GFP DNA in injured carotid 

segments harvested 14 days after injury compared to control non-injured animals.  

 


