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ORIGINAL RESEARCH

Blockade of YAP Mechanoactivation 
Prevents Neointima Formation and Adverse 
Remodeling in Arterialized Vein Grafts
Gloria Garoffolo, PhD; Thijs J. Sluiter , PhD; Anita Thomas , PhD; Luca Piacentini , PhD; 
Matthijs S. Ruiter , PhD; Alessia Schiavo, MSc; Massimo Salvi , PhD; Claudio Saccu , MD; 
Stefano Zoli, MD; Mattia Chiesa , PhD; Takumi Yokoyama, PhD; Marco Agrifoglio , MD, PhD; 
Monica Soncini , PhD; Gianfranco B. Fiore , PhD; Fabio Martelli , PhD; Gianluigi Condorelli , MD, PhD; 
Paolo Madeddu , MD, PhD; Filippo Molinari , PhD; Umberto Morbiducci , PhD; Paul H. A. Quax , PhD; 
Gaia Spinetti , PhD; Margreet R. de Vries , PhD; Maurizio Pesce , PhD

BACKGROUND: Bypass surgery using saphenous vein (SV) grafts is commonly performed to revascularize the ischemic heart 
and lower limbs. These interventions have limited success due to adverse remodeling caused by overproliferation of smooth 
muscle cells in the intima layer, leading to progressive bypass stenosis. We previously showed that cyclic strain deriving from 
exposure to coronary flow induces the expression of the matricellular protein thrombospondin-1 in the human SV, promoting 
activation of progenitor cells normally residing in the adventitia.

METHODS: We analyzed the data of an RNA-sequencing profiling of human SV progenitors subjected to uniaxial strain we previ-
ously performed by. Experiments in cell culture, ex vivo, and in vivo vein arterialization models were performed to substantiate 
findings with particular reference to the role of mechanically activated transcription factors. Validation was performed in vitro 
and in ex vivo/in vivo models of vein graft disease.

RESULTS: Results of bioinformatic assessment of the RNA-sequencing data indicated Yes-associated protein (YAP) as a pos-
sible mechanically regulated effector in pathologic evolution of SV progenitors. Inhibition of YAP by verteprofin—a drug that 
abolishes the interaction of YAP with Tea Domain DNA–binding proteins—reduced the expression of pathologic markers 
in vitro and reduced intima hyperplasia in vivo.

CONCLUSIONS: Our results reveal that desensitizing the SV-resident cells to mechanoactivation of YAP is feasible to reduce the 
graft disease progression.

Key Words: mechanical strain ■ TGF-β ■ vein graft disease ■ verteporfin ■ YAP

Despite the high performance of percutaneous 
coronary interventions and the superiority of 
arterial conduits (eg, the inner mammary artery 

or the radial artery) in maintaining graft patency at 
mid/long term,1 the use of venous bypass conduits 
remains common in coronary surgery,2 especially in 
multivessel coronary artery disease.3 Vein grafts are 

also frequently used in the surgical treatment of pe-
ripheral artery disease, where saphenous vein (SV) 
implantation is superior to endovascular treatment.4 
While the choice of SV is justified by ease of har-
vesting, length, manufacturability, and excellent me-
chanical resistance, it also has limitations deriving 
from a maladaptive remodeling process that initiates 
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shortly after implantation. This triggers progressive 
occlusion and formation of atherosclerotic plaques in 
a high percentage of patients. This process, known 
as vein graft disease (VGD), has various pathophys-
iological causes, including mechanical damage to 
the endothelium or the vessel wall due to physical 
manipulation during harvest, exposure to the high 
arterial pressure/flow regimen, hypoxia, intraplaque 
angiogenesis, inflammation, lipid accumulation, and 
secondary atherosclerosis.5–7

At a cell biology level, VGD is caused by overpro-
liferation of cells with smooth muscle cell (SMC)–like 
characteristics in the vein wall. These cells may origi-
nate from preexisting SMCs that undergo a phenotypic 

switch from contractile to secretory or from progenitors 
residing in the adventitia,8–10 which migrate towards 
the subendothelial (intima) layer and accumulate to re-
duce the patency of the graft by an “inward” growing 
process.5 Extensive research has highlighted several 
molecular effectors potentially involved in SV maladap-
tive remodeling. These include innate immunity effec-
tors, chemokines, and matrix-remodeling enzymes.7 
Unfortunately, the success of targeting these factors to 
reduce VGD in patients has been limited.6,11,12 In an ef-
fort to delineate novel pathophysiological mechanisms 
in VGD, we implemented a bioengineering approach 
to assess the role of mechanical forces in the failure of 
SV coronary artery bypass grafts. We previously found 
that exposure of human SVs to pulsatile coronary-like 
flow13 generates matricellular signaling mediated by 
transforming growth factor β1 (TGF-β1) and thrombo-
spondin-1 (TSP-1), which recruits resident progenitors 
with SMC-like characteristics to initiate the process of 
vascular remodeling.14

In the present study, we employed RNA sequenc-
ing to identify mechanically activated transcriptional 
pathways connected to direct myofibroblast differenti-
ation of these progenitors.15,16 We identified numerous 
genes that are modulated by mechanical stimulation, 
including those involved in the transcriptional network 
dependent on YAP, a key transcription factor within the 
Hippo pathway.17,18 Cell biology experiments confirmed 
the involvement of YAP in the acquisition of a myofibro-
blast phenotype.19 To reduce mechanical activation of 
adventitial progenitors, we utilized verteporfin (VTP), an 
inhibitor of the transcriptional complex formed by YAP 
and the transcriptional coactivator with PDZ-binding 
motif (TAZ) complex, which we recently found to inhibit 
fibrosis in the ischemic heart20 and reduce pathologic 
activation of human valve interstitial cells.21 SV progen-
itors (SVPs) treated with the drug exhibited reduced 
migratory ability and formation of focal adhesion con-
tacts.22 VTP also reduced the interaction of YAP with 
phospho-SMAD3 (pSMAD3), a transcriptional activator 
downstream of TGF-β1, while blunting the expression 
of αSMA, TSP-1, and fibronectin (FN) and significantly 
inhibiting the expression/secretion of collagen. Finally, 
VTP substantially reduced the extent of fibrosis and 
adverse remodeling in a mouse model of vein graft 
failure.23

METHODS
A complete methodological section is available in 
Data S1. Lists of the primers sequences and antibod-
ies used in the study are provided in Tables S1 and 
S2, respectively. The data that support the findings of 
this study are available from the corresponding author 
upon reasonable request.

CLINICAL PERSPECTIVE

What Is New?
•	 With this contribution, we demonstrate the 

involvement of the mechanically activated 
Yes-associated protein pathway in the patho-
logical remodeling of the venous coronary ar-
tery bypasses.

What Are the Clinical Implications?
•	 We show the feasibility of a “mechanothera-

peutic” approach to reduce the impact of vein 
graft disease by pharmacologically target-
ing molecular pathways involved in cellular 
mechanosensation.

Nonstandard Abbreviations and Acronyms

CCL2	 C-C motif ligand 2
FN	 fibronectin
FRSK	 forskolin
MCP-1	 monocyte chemoattractant protein-1
p53	 tumor protein p53
RT-qPCR	 real-time quantitative polymerase 

chain reaction
SV	 saphenous vein
SVP	 saphenous vein progenitor
TAZ	 PDZ-binding motif
TEAD	 TEA domain transcription factor
TGF-β	 transforming growth factor β
TIMP-3	 tissue inhibitor of 

metalloproteinases-3
TSP-1	 thrombospondin 1
VGD	 vein graft disease
VTP	 verteporfin
YAP	 Yes-associated protein
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Ethical Statement of In Vivo Procedures
The use of human SV material (recovered during sa-
phenectomy or harvesting for coronary artery bypass 
grafts, patient characteristics in Table S3) for ex vivo ex-
periments and cell culture was authorized by the ethi-
cal committee at Centro Cardiologico Monzino, IRCCS. 
Patients were required to sign an informed consent. The 
use of human material was performed in compliance 
with the Declaration of Helsinki. For the in vivo SV arteri-
alization model in pigs,24 animals received humane care 
in accordance with the Home Office Animals (Scientific 
Procedures) Act of 1986 and the Guide for the Care 
and Use of Laboratory Animals published by the US 
National Institutes of Health (NIH publication number 
85–23, revised 1996). The trial of vena cava to carotid 
artery transplantation in mice was performed accord-
ing to an experimental procedure authorized by the in-
stitutional committee of the Leiden University Medical 
Center, which approved all animal experiments licensed 
under project number (AVD1160020172409). These 
animal experiments were performed in compliance 
with Dutch government guidelines and the Directive 
2010/63/EU of the European Parliament.

Statistical Analysis
The statistical analyses supporting the bioinformatics 
analysis of the RNA sequencing data are reported in the 
specific section of the extended online methods. The type 
of statistical tests to compare data presented in the bar 
graphs throughout the study are specified in the figure 
legends. Each bar includes the number of experimental 
replicates (performed on independent mice and cell lines), 
and a P value < 0.05 was considered significant for statis-
tical comparisons. Data were analyzed using GraphPad 
software. All data are represented as mean ± standard 
error of the mean. Before performing statistical analyses, 
normality and outliers’ tests were performed. The type 
of statistical test used to compare data is specified in 
the legend of each figure. For single comparisons, we 
used 2-tailed paired or unpaired t tests. For multiple com-
parisons, we used 1-way ANOVA with Tukey or Dunnet 
post hoc. Differential gene expression in RNA sequenc-
ing analysis were corrected by the Benjamini-Hochberg 
method, considering differentially expressed genes, with 
an adjusted P value <0.05. Further details are displayed 
in the figure legends and supplementary material.

RESULTS
Cyclic Strain-Dependent Gene Regulation  
in Human SVPs Increases YAP 
Transcriptional Signaling
We assessed the general effects of uniaxial strain-
ing on the global transcriptome of human adventitial 

progenitors.15,16 The condition of mechanically stimu-
lated versus statically cultured SVPs (“ON” versus 
“OFF” comparisons) determined reorientation of the 
cells along a preferentially orthogonal direction to 
the strain field and changes in cellular form factors 
(Figure  1A). RNA sequencing performed using total 
RNA from mechanically stimulated (ON) versus stati-
cally cultured (OFF) cells for 72 hours highlighted sev-
eral hundred modulated genes (Figure 1B).25 In order 
to derive a signature of the mechanically regulated 
genes, we performed a differential gene expression 
analysis. This resulted in a list of 155 upregulated and 
259 downregulated genes (|log2FC|>1 and adjusted P 
value <0.05; Dataset S1) in the mechanically stimulated 
versus static cultured cells (ON versus OFF condition). 
Gene Ontology enrichment analysis showed the pres-
ence of mechanically regulated pathways (Figure 1C), 
including genes related to extracellular matrix organi-
zation, cell adhesion to matrix components, prolifera-
tion, and response to fibrotic signaling (Dataset S2 and 
S3). In other cell types (eg, cardiac fibroblasts), uniaxial 
strain dose-dependently increases nuclear translo-
cation of the transcription factor YAP.26 We therefore 
directed our bioinformatic survey to assess changes 
in regulation of the Hippo signaling components 
and putative YAP transcriptional targets (Figure  1D 
and Figure S1A). This revealed a consistent modula-
tion of genes functionally annotated as YAP targets 
and components of the Hippo pathway, according 
to Gene Ontology and Kyoto Encyclopedia of Genes 
and Genomes terms. Validation of results by real-time 
quantitative polymerase chain reaction (RT-qPCR) 
(Figure 1D) confirmed the effect of mechanical strain 
on the expression of key members of the TGF-β path-
way, suggesting, as previously reported,27 a functional 
convergence involving YAP as a common determinant. 
However, RT-qPCR did not confirm (with the exception 
of FZD8) the relevance of genes belonging to the Wnt-
activated signaling pathway as potential YAP targets 
affected by mechanical stimulation (Figure S1B).

To further confirm the importance of YAP in strain-
dependent SVP activation, we assessed whether the 
morphological changes determined by the mechanic 
stimulation (Figure  1A) also induced nuclear translo-
cation of the transcription factor. A clear increase in 
nuclear YAP was observed on mechanical activation 
of SVPs, indicative of YAP transcriptional activation 
(Figure  1E). Furthermore, mechanical stimulation de-
creased phosphorylation of YAP at Ser127,27 which 
normally promotes cytoplasmic retention.28 However, 
the nuclear translocation of YAP was not associated 
with an imbalance in the expression and phosphory-
lation levels of large tumor suppressor kinase, a com-
ponent of the Hippo pathway upstream of YAP17,29,30 
(Figure  1F). Consistently, with the increased nuclear 
translocation, the expression of canonical YAP target 
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genes CTGF, CYR61, and ANKRD1,20,21 as well as the 
physical interaction with TEA domain transcription 
factor (TEAD) 1–4 DNA binding proteins,31 was sig-
nificantly increased in mechanically stimulated cells 
(Figure  1G and 1H), as demonstrated by RT-qPCR 
and by the increased intensity of the TEAD1–4 band in 
immunoprecipitation/Western blot analyses (see also 
quantification of the TEAD1–4/YAP ratio, revealed by 
densitometric analysis).

YAP Function in Human SVP Is Stress 
Fibers–Dependent

Cytoskeleton tensioning due to transmission of mechani-
cal forces or adhesion on geometrically patterned adhe-
sive substrates is connected to cytoskeleton-dependent 
activation of YAP transcriptional signaling with variation in 
cell responses such as migration and proliferation.17,29 We 
previously showed that adhesion of fibroblast-like cells 

Figure 1.  Mechanosensitivity of human SVPs and activation of YAP–dependent signaling.
A, Human SVPs subjected to cyclic strain (10% elongation, 1 Hz frequency) for 72 hours underwent extensive orientation changes. 
Cells were stained with phalloidin TRITC (red) and DAPI. The graph indicates the difference in the alignment of the major axis of the 
nuclei (indicative of orientation of the whole cellular body) in a perpendicular direction to the strain (vertical in the lower micrograph). 
B, Heatmap representing the results of an unsupervised cluster analysis and relative volcano plot indicating the genes that, by RNA 
sequencing, were found to be differentially expressed in mechanically stimulated (ON) vs statically cultured (OFF) SVPs for 72 hours. 
Red dots in the volcano plot represent genes that are upmodulated/downmodulated by |log2FC|>1, with an adjusted P value <0.05. C, 
Bubble plot representing upregulated Gene Ontology pathways significantly enriched in the ON vs OFF comparison. As is evident, this 
comparison produced enrichment of numerous pathways connected with extracellular matrix remodeling and binding and smooth 
muscle cells proliferation and differentiation. D, Unsupervised cluster analysis of the differentially expressed genes with a Hippo 
pathway functional annotation. The heatmap shows the majority of genes that were upregulated in the ON vs OFF condition. This 
included genes belonging to the TGF-β pathways (eg, TGFBR1, TGFB1, SMAD7) and Wnt-dependent signaling (eg, FZD1/8, WNT5A, 
GLI2, DVL1/3). Part of these genes were confirmed by real-time quantitative polymerase chain reaction on independent RNA samples 
(see graphs on the right of the panel with indication of the significance in pairwise comparison). E, Effect of cyclic straining on YAP 
nuclear translocation. Immunofluorescence staining of cells cultured in static or dynamic conditions for 72 hours was performed with 
YAP-specific antibodies, followed by quantitative analysis of nYAP+ and nYAP− cells (white and yellow arrows, respectively). Pairwise 
comparison of the 2 conditions revealed a significant increase of nYAP+ cells in dynamically cultured cells. F, Mechanical stimulation 
led to a significant decrease of pYAP at Ser127. This was independent of the Hippo kinase pathway modulation, as demonstrated by 
an equal level of the pLATS. G, Assessment of canonical YAP transcriptional targets CTGF, ANKRD1, and CTGF expression under 
static and dynamic conditions establishes the role of YAP as a transcriptional mechanosensory in SVPs. H, TEAD 1–4, but not the 14-
3-3 interaction with YAP is increased in mechanically stimulated cells, as shown by immunoprecipitation/Western analysis followed 
by quantification. In all graphs, red dots overlapping the bars indicate the result of each experiment performed the in independent 
cell lines. The data represented in the bar graph in (A, D, F, G, and H) were compared by pairwise t test. The P values are indicated 
above the significance lines. DAPI indicates 4’,6-diamidino-2-phenylindole; LATS, large tumor suppressor kinase; nYAP; nuclear YAP; 
pLATS,phosphorylated form of large tumor suppressor kinase; pYAP, phosphorylated YAP; SVP, saphenous vein progenitor; TEAD, 
TEA domain transcription factor; TGF-β, transforming growth factor β; TRITC, tetramethylrhodamine isothiocyanate; and YAP, Yes-
associated protein.
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onto substrates (plastic or glass) with a Young elastic 
modulus in the range of Mega Pascal is, per se, a me-
chanically sufficient stimulus to observe robust YAP nu-
clear signaling caused by firm adhesion and stress fibers 
polymerization.20 Because inhibition of F-actin by protein 
kinase A reduced YAP/TEAD-dependent SMC prolifera-
tion in previous studies,32 we tested the effects of forskolin 
(FRSK), a pharmacological stimulator of cyclic adenosine 
monophosphate production and protein kinase A activa-
tion with direct effects on actin cytoskeleton.33 Treatment 
with FRSK resulted in partial depolymerization of the F-
actin cytoskeleton of SVPs, which was associated with a 
reduction in the percentage of cells that exhibited a clear 
nuclear localization of YAP (Figure 2A, top right). To assess 
how the pharmacological treatment interferes with YAP lo-
calization, we quantified YAP fluorescence using ImageJ 
or a proprietary algorithm (CARdiosphere Evaluation) that 
was devised specifically for automated segmentation of 
fluorescence images.34 This enabled us to determine the 
nuclear/cytoplasm YAP expression ratio. As shown in the 
bottom of Figure 2A, the addition of FRSK in the medium 
caused a significant relocation of the YAP fluorescence 
from the nucleus to the cytoplasm, while removal of the 
drug restored YAP nuclear localization. In keeping with 
previous results showing that YAP nuclear localization is 
regulated by direct phosphorylation,35 Western analysis 
confirmed an elevation of phospho-YAP in cells treated 
with FRSK (Figure 2B, left). Negative transcriptional reg-
ulation of CTGF, and, to a greater extent, CYR61 and 
ANKRD1—direct YAP transcriptional targets—followed 
the trend of YAP nuclear shuttling in cells treated with 
FRSK (Figure 2B, right). Finally, to assess whether me-
chanical stimulation was also related to an increase in 
cellular motility (another cellular mechanism regulated by 
YAP36), we performed migration tests with SVPs exposed 
to cyclic strain (or not) and in the presence or the absence 
of protein kinase A activator. This showed that mechani-
cally stimulated SVPs had a higher migratory ability, and 
this migration was inhibited by depolymerization of the 
cytoskeleton (Figure 2C). A more direct role of YAP and 
TEAD in migratory activity of SVPs was finally assessed 
by genetically interfering with YAP expression by treat-
ing cells with specific small interfering RNAs. As shown 
in Figure 2D, the use of YAP- and TEAD-specific small 
interfering RNAs abolished the SVPs migration, thus con-
firming a direct role of the YAP transcriptional function in 
SVP motility.

Cooperation of YAP Signaling With 
TGF-β Downstream Targets Establishes 
a Molecular Basis for SMC-Like 
Differentiation of SVPs
We previously showed that profibrotic signaling in 
arterialized veins might depend on a mechanically 

activated pathway involving the TGF-β/TSP-1 axis.14 
Therefore, we interrogated the set of the upregulated 
genes in SVPs in the ON versus OFF conditions, 
searching for targets containing known binding se-
quences for transcription factors. With this search 
we identified gene modules potentially regulated 
by a number of DNA-binding factors (Figure  3A, 
Dataset S4), among which TEAD4, one of the natural 
molecular interactors of the YAP/TAZ complex,37,38 
was enriched. A Gene Ontology analysis of the genes 
potentially regulated by TEAD4 in the same gene set 
was then performed, and this led to the identifica-
tion of numerous pathways related to extracellular 
matrix remodeling and response to TGF-β signaling 
(Figure 3B, Dataset S5). To mechanistically substan-
tiate the convergence of YAP/TAZ and TGF-β profi-
brotic signaling on mechanical-dependent activation 
of SVPs, we plated SVPs onto the Mega Pascal sub-
strate with or without stimulation with TGF-β, TSP-1, 
or the combination of the two (T+T condition). We 
then assessed the YAP nucleus/cytoplasmic ratio 
and determined the expression of proliferating cell 
nuclear antigen and SM22α. Results showed that 
the T+T combination yielded the highest level of nu-
clear YAP translocation (Figure 3C) and significantly 
increased the growth and SMC differentiation of 
SVPs (Figure 3D). These findings were corroborated 
by an increase in phosphorylation of SMAD2 and 
SMAD3, the most relevant nuclear transducers of 
TGF-β profibrotic signaling,39 in cells treated with the 
T+T combination (Figure S2).

Implication of YAP Signaling in the Vein 
Arterialization Process
We next investigated the direct involvement of YAP 
in the vein arterialization process. To this aim, we 
assessed the expression of the transcription factor 
using: (1) human SVs exposed to either venous flow 
or coronary flow/pressure,13,14 (2) a porcine in vivo vein 
graft model (SV interposition in carotid),24,40 and (3) a 
time course of murine in vivo vein graft model (caval 
vein interposition in carotid).23 The results of immu-
nohistochemistry staining with YAP-specific antibod-
ies exhibited a progressive increase in the number of 
cells with nuclear YAP+ cells, especially in the porcine 
and mouse models (Figure 4). It is interesting to note 
that cells with nuclei with a more elongated shape, 
apparently aligned in the direction of the circumfer-
ential component of the hemodynamic force in the 
graft wall,14 were found to contain a higher amount of 
nuclear YAP. This extends our previous observations 
showing the effects of compression forces on nuclear 
YAP translocation in cardiac fibroblasts in postisch-
emic myocardial remodeling.20
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Pharmacological Blockade of YAP 
Reduces Migratory Activity and Fibrotic 
Differentiation in Response to the  
TGF-β/TSP-1 Pathway
We previously showed that pharmacological inhibi-
tion of YAP by VTP, a Food and Drug Administration–
approved inhibitor of the interaction between YAP/
TAZ and DNA-binding proteins TEADs,41 reduces the 
expression of YAP-dependent targets in human valve 
interstitial cells21 and, at least in part, prevents the 

mechanical-dependent fibrotic remodeling of the in-
farcted heart.20 We therefore assessed the effect of 
the drug in human SVPs to decrease expression of 
canonical YAP targets CTGF, CYR61, and ANKRD1. 
The observed decrease in expression of YAP targets 
confirmed pharmacological inhibition of YAP by VTP, 
which was independent of cytoskeleton tensioning, 
as shown by the presence of well-structured stress 
fibers in VTP-treated samples (Figure S3). In line with 
existing literature,42 treatment with VTP also partly in-
hibited expression of YAP, and reduced the migratory 

Figure 2.  Dependency of YAP transcriptional activation by cytoskeleton tensioning.
A, SVPs plated onto dishes with Mega Pascal mechanical compliance were treated with FRSK, an activator of the adenylate cyclase 
and the cyclic adenosine monophosphate/ PKA pathway for 6 hours, followed by recovery for an overnight period. The panels on 
the top show the reversible depolymerization of the F-actin cytoskeleton. White arrows indicate cells with nYAP+ nuclei, while white 
arrows show nYAP− cells; quantification of these cells is shown in the upper right bar graph. The images on the bottom of the panel 
show the rendering of the YAPnucl/YAPcyto ratio as detected by the CARE algorithm. The nuclei of the cells (and the arrows pointing 
at some of these nuclei) are represented with a different color to discriminate differences in the YAPnucl/YAPcyto ratio. The color code 
adopted for this representation is indicated in the bar on the right side of the panels and graphic representation of the YAPnucl/
YAPcyto ratio is included in the lower right bar graph. B, Western/ RT-qPCR analyses to detect the effects of FRSK treatment on  
P-YAP (Ser127) and expression of canonical target genes. As shown in the Western analysis, treatment of SVPs with the PKA activator 
transiently increased the level of pYAP, consistent with the reversible effect on nuclear localization observed in (A). Inhibition of 
canonical targets CTGF, CYR61, and ANKRD1 also showed a transient inhibition of the YAP transcriptional activity (more pronounced 
for CYR61 and ANKRD1) and the downregulation of the YAP gene itself. C, Transwell migration assay of static and dynamically cultured 
SVPs for 72 hours. As shown in the panels on the left, mechanically stimulated cells (72 hours) migrated more efficiently than those 
maintained in static culture. Treatment with FRSK inhibited this effect (panel on the right). D, Implication of YAP and TEAD in SVPs 
migration was assessed by siRNA–mediated knockdown experiment. The upper left graphs indicate the downregulation of both 
transcription factors at a transcriptomic level by RT-qPCR vs the control and scrambled siRNAs. The micrographs on the right show 
an example of a transwell migration assay performed with control, scrambled siRNA, and YAP/TEAD4 siRNA sequences. As shown, 
siRNA-mediated downregulation of both transcription factors reduced SVP motility. Quantification of the SVP motility is shown in the 
bottom bar graph. Data in bar graphs were compared by 1-way ANOVA (repeated-measures) with Tukey (A, B, D; Western blot or 
RT-qPCR) or Dunnet post hoc tests (D, migration), and by paired t test in the other graphs. In all graphs, the red dots overlapping the 
bars indicate the result of each experiment performed in independent cell lines. The P values are indicated above the significance 
lines. CARE indicates Content-Aware Image Restoration; CTRL, control group; DAPI, 4’,6-diamidino-2-phenylindole; FBS, fetal bovine 
serum; FRSK, forskolin; nYAP, nuclear YAP; PKA, protein kinase A; P-YAP, phosphorylated YAP; REC, recovery; RT-qPCR, real-time 
quantitative polymerase chain reaction; Scr, scrambled small interfering RNA group; siRNA, small interfering RNA; SVP, saphenous 
vein progenitors; TEAD, TEA domain transcription factor; and YAP, Yes-associated protein.
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activity compared with controls (Figure 5A). This re-
duction coincided with a decrease in the expres-
sion of CD47—one of the cellular receptors engaged 
in SVP migration against TSP-1 gradients,14 and a 

decrease in the number of focal adhesion contacts, 
as determined by immunofluorescence with anti-
vinculin antibodies (Figure  5B). To find a mecha-
nistic link between YAP and TGF-β signaling, we 

Figure 3.  Cooperation of TEAD 4/ TGF-β transcriptional signaling to mechanoactivation of human SVPs.
A, Bubble plot of the most represented group of genes contained in their promoter consensus binding sequences of the indicated 
transcription factors. TEAD4, indicated in red, is one of the most common  YAP transcriptional interactors in transcriptional 
complexes. The gene network represented on the right of the panel indicates the genes that contain the TEAD4 consensus in their 
promoters and are putatively regulated by YAP/TEAD4 complexes. Note the presence of numerous genes linked to extracellular 
matrix binding and remodeling, YAP target genes, and genes connected to TGF-β signaling. B, Bubble plot representation of an 
enrichment analysis of the genes containing the 2 TEAD4 consensus binding sequences shown in (A). Among these pathways, again, 
there was an association of genes to extracellular matrix remodeling and binding and response to TGF-β, suggesting a functional 
cooperation of the YAP/TEAD4 complex with the TGF-β signaling. C, Potentiation of the YAP-dependent signaling by TGF-β and 
TSP-1. The panels show immunofluorescence staining of SVPs plated onto Mega Pascal substrates in the presence of TGF-β, TSP-
1, or a combination of both (T+T). As shown in the immunofluorescence panels, the addition of the single factors enhanced YAP 
nuclear translocation compared with controls. The T+T combination was, however, the most effective as evidenced by the analysis 
of the YAP nuclear/cytoplasmic ratio with the CARE algorithm,34 which indicated a significantly higher YAPnucl/YAPcyto ratio in cells 
treated with T+T compared with control or single treatments. As in Figure 2A, the nuclei of the cells (and the arrows pointing at 
some of these nuclei) are represented with a different color to discriminate differences in the YAPnucl/YAPcyto ratio. The color code 
adopted for this representation is indicated in the bar on the top right panels and a graphic representation of the YAPnucl/YAPcyto 
ratio is included in the graph on the right. D, Stimulation with T+T increased the proliferation of SVPs and the expression (both at the 
RNA and protein levels) of SM22α early SMC marker. On the top of the panel immunofluorescence shows proliferating cell nuclear 
antigen (PCNA) as a cell growth marker (note the difference in the number of PCNA+ cells [white arrows] vs PCNA− cells [yellow 
arrows]), in the T+T compared with control treatment. Quantification of the cells expressing PCNA is represented in the lower left bar 
graph. Quantification of TAGLN (SM22α) RNA by real-time quantitative polymerase chain reaction and protein by Western analysis 
was performed to show that treatment with T+T increases SMC differentiation of SVPs. Statistical comparisons were performed by 
1-way ANOVA (repeated-measures) with Tukey post hoc in (C) and by paired t test in (D). In all graphs, the red dots overlapping the 
bars indicate the result of each experiment performed in independent cell lines. The P values are indicated above the significance 
lines. CARE indicates Content-Aware Image Restoration; C/CTRL, control group; DAPI, 4’,6-diamidino-2-phenylindole; SMC, smooth 
muscle cell; SVP, saphenous vein progenitors; TEA, TEA domain transcription factor; TGF-β, transforming growth factor β; TSP-1, 
thrombospondin 1; and YAP, Yes-associated protein.
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Figure 4.  Dynamics of YAP upregulation in various models of vein arterialization.
A, Exceeding SV conduits recovered from the surgery theater were immediately processed for histology (T0), mounted, and stimulated 
for 2 weeks in a bioreactor tailored to reproduce a flow with low pressure, typical of the VP, or the counter pulsed coronary circulation, 
typical of the coronary bypass. Pictures represent transversal sections of the vessels after unmounting from the bioreactors and following 
histological sectioning and YAP immunohistochemistry. Under these conditions, the cells in CABG–stimulated SVs exhibited a clear 
upregulation of YAP in the nuclei of the cells in the media (red arrows in the inset). B, Transverse sections of pig SVs before and 90 days 
after implantation into carotids. Evident from the panels in freshly harvested SVs, the expression of YAP was negligible, while at 90 days, 
several cells in the vein wall were characterized by the presence of the co-factor in the nuclei (red arrows in the inset). Quantification of the 
cells was performed in 3 independent samples (bar graph on the right). The number of animals included in the quantification is indicated 
by the red circles overlapping in the bar graph. C, The upregulation of YAP in a model of vena cava into carotid interposition in mice was 
also tested at different times. The images show the transverse section of preimplant and postimplant vena cava immunostained with YAP-
specific antibody. It is evident that before implantation, the cells did not express the transcription factor. After implantation, an increasing 
number of YAP+ cells were found either in the media (me) or the adventitia (Adv) of the vessel starting at 3 days. Some endothelial cells 
(ECs; blue arrows) also expressed the factor in line with the role of YAP as a mechanosensor of shear stress.72 Note the increasing signal 
of nuclear YAP (red arrows) in cells of the hyperplastic intima (IH) starting at day 21 and culminating at day 28, in keeping with the lumen 
reduction. The data represented in the bar graph in panel B were compared by unpaired t test. The P values are indicated above the 
significance lines. CABG indicates coronary artery bypass graft; SV, saphenous vein; VP, venous perfusion; and Yes-associated protein.
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hypothesized that YAP directly interacts with SMAD 
nuclear factors to upregulate expression of genes re-
lated to cell proliferation and SMC differentiation.43 To 
verify this hypothesis, we first performed a proximity 
ligation assay (PLA) to assess a possible interaction 

of YAP and phospho-SMAD3, and then assessed the 
expression of various genes and gene products by 
RT-qPCR and analyzed the cellular supernatants. As 
shown in Figure 5C, PLA clearly indicated the physi-
cal interaction of YAP and phospho-SMAD3 in the 

Figure 5.  Interference with YAP transcriptional activity reduces sensitivity to TGF-β/TSP-1 signaling.
A, Treating cells with VTP reduces expression of the transcriptional cofactor and migratory activity of human SVPs in transwells. 
The top left of the panel shows Western blotting analysis of SVPs treated with VTP. Quantification of the Western analysis is shown 
below. In the center of the panel there is a representative image of the migration assay performed in transwells with control and 
VTP-treated SVPs; the relative quantification is in the top right. VTP also downregulated expression of CD47, one of the main 
TSP-1 receptors that have been demonstrated to be relevant for migration of these cells.14 B, VTP reduces the amount of the focal 
adhesion contacts in SVPs. The left of the panel represents control cells showing a high number of vinculin-stained focal contacts 
(arrows). VTP significantly inhibited formation of focal contacts/cells, as shown in the bar graph. C, PLA performed with YAP and 
phospho-SMAD3–specific antibodies. The proximity of the 2 transcriptional cofactors was followed by quantifying the red signal in 
the nuclei of control cells and cells treated with TGF-β, TSP-1, and the TGF-β/TSP-1 combination (T+T; see the fluorescence profiles 
overlapping the nuclei of the cells). Evident from the representative images, the red signal was significantly elevated in cells treated 
with the T+T combination (bar graph on the right). This increase was reverted by VTP, indicating a functional cooperation of TGF-β 
and TSP-1 with nuclear signaling by YAP. D through E, The TGF-β/TSP-1 combination also elevated the RNA expression of key 
fibrotic/myofibroblasts markers, including fibronectin (FN), ACTA-2 (encoding for αSMA), and TSP-1 itself (THBS1). The combination 
also elevated the messenger RNA expression and secretion of collagen 1. In all cases, the addition of VTP reduced the expression 
of these markers to control levels. Statistical comparisons were performed by pairwise Student t test in (A) and (B) and by 1-way 
ANOVA (repeated-measures) with Tukey post hoc in (C through E). In all graphs, the red dots overlapping the bars indicate the result 
of each experiment performed in independent cell lines. The P values are indicated above the significance lines. CTRL indicates 
control group; SVP; saphenous vein progenitors; TGF-β, transforming growth factor β; TSP-1,thrombospondin 1; VTP, verteporfin; 
and YAP, Yes-associated protein.
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nuclei of cells treated with TGF-β/TSP-1 combina-
tion, while the presence of VTP reduced the PLA 
signal to the level of controls, suggesting the direct 
involvement of YAP in TGF-β signaling. RT-qPCR 
performed on RNA extracted from SVPs showed that 
several genes relevant to the pathologic progression 
of VGD44,45 were upregulated in the presence of the 
TGF-β/TSP-1 combination and were reduced by VTP. 
This included expression of FN, ACTA-2 (αSMA), and 
TSP-1 (THBS1) (Figure  5D). Upregulation of colla-
gen—another important effector of fibrosis and VGD 
progression46—was also assessed both at the tran-
scriptional and proteomic level, using RT-qPCR and 
dosage in cells culture supernatant, respectively 
(Figure  5E). Moreover, the upregulation of collagen 
was inhibited by VTP, indicating a direct role of YAP in 
fibrotic/SMC commitment of SVPs induced by TGF-β 
signaling.

VTP Improves Vein Graft Remodeling by 
Inhibiting Intraplaque Angiogenesis and 
the Fibroproliferative Response In Vivo

To test the therapeutic potential of VTP to improve vein 
graft remodeling in  vivo, hypercholesteremic APOE*3-
Leiden mice underwent venous bypass surgery 
(Figure 6). Treatment with VTP was initiated at 10 days 
after surgery—before the upregulation of YAP at 14 days 
(Figure 4C)—and maintained until euthanasia at day 28 
after surgery. VTP treatment was well tolerated, no ap-
parent differences in behavior or wound healing were 
observed, and body weight was similar between VTP 
and vehicle (Figure S4). Vein graft remodeling was lon-
gitudinally assessed using ultrahigh frequency ultra-
sound. From 7 days to 28 days, the lumen area was 
slightly and nonsignificantly increased on VTP treatment 
compared with a minor decrease in the vehicle group. 

Figure 6.  In vivo administration of VTP blunts progression of vein graft disease in mice.
A, The right side of the panel illustrates the experimental protocol used in our in vivo approach. ApoE*3-Leiden mice were subjected 
to a high-fat diet for 21 days before the surgery. After vena cava into carotid interposition, each mouse was monitored by ultrasound at 
days 7, 10, 14, and 21 after surgery. The intraperitoneal administration of VTP (or vehicle as a control) started at day 10 after surgery. 
Euthanasia of mice and harvesting of biological material (veins, blood) occurred at day 28 after surgery. The 2 micrographs on the 
left show a low magnification of the transverse sections of mouse arterialized veins at 28 days postimplant into carotids. Histological 
sections were stained with Movat pentachrome solution. In mice injected with the control solution (vehicle), the presence of an 
abundant accumulation of IH and a secondary atherosclerotic plaque is evident, well separated from the preexisting Me. Systemic 
administration of VTP attenuated intima hyperplasia and, at least in part, reduced the formation of the plaques. B, The micrographs 
show immunofluorescence staining of the veins with antibodies specific for αSMA (red staining) and CD31 (yellow staining). As shown 
in the pictures, injection of VTP reduced the number of αSMA+ cells in the vein wall and promoted maturation of the neovasculature 
present in neointima, indicative of reduced atherosclerosis, as shown by the higher number of vessels characterized by coverage 
of CD31+ endothelial layer by αSMA+ cells (arrows, compare the structure of these vessels in the control vs VTP-treated veins). C, 
Quantification of vessel morphometry (% wall area, I/M ratio), αSMA (ACTA2) intensity, circulating (pg/mL blood), vessel neoformation 
(density/mm2), and vessel maturation (% of vessels covered by smooth muscle cells). D, VTP significantly reduces the expression of 
TSP-1. The micrographs indicate the immunohistochemistry of the explanted vein grafts in control and VTP-injected mice. It is evident 
the reduction in the positive area in treated mice compared with controls (quantification in the bar graph on the right). Data in the bar 
graphs were compared by unpaired t test. In all graphs, the red dots overlappping the bars indicate the result of each experiment 
performed in independent animals. The P values are indicated above the significance lines. IL6 indicates interleukin 6; I/M, intima/
media; IH, intimal; Me, media; TSP, thrombospondin 1; and VTP, vertepofrin.
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In addition, the wall area increased significantly during 
the same period, and this was in part inhibited by VTP 
(Figure 6C). In-depth analysis of the vessel wall on his-
tology revealed that VTP determined a reduction in the 
ratio between the areas occupied by the intima and the 
media in the transversal sections (intima/media ratio), in-
dicating improved vein graft remodeling (Figure 6A and 
6C). To evaluate whether VTP affected plaque stability, 
cellular compositional analysis on the vein grafts was 
performed. In line with our in vitro results, expression of 
ACTA2 (αSMA) was decreased by VTP (Figure 6B and 
6C). Due to the critical role of YAP in endothelial cells, we 
finally explored whether VTP inhibited intraplaque angio-
genesis, a hallmark of unstable atherosclerotic plaques. 
Plaque angiogenesis is rarely observed in naïve murine 
atherosclerosis; however, it is a unique feature observed 
in our atherosclerotic vein graft model.47 The number of 
neovessels per mm2 was significantly reduced by VTP 
compared with vehicle. Moreover, VTP increased ACTA2 
coverage of these neovessels, indicating improved ne-
ovessel maturation (Figure 6B and 6C). Finally, given the 
involvement of TSP-1 in SV mechanical-dependent ar-
terialization,14 we quantified the TSP-1+ vein graft area. 
Vein grafts of VTP-treated mice exhibited significantly 
less staining, indicating a reduction in the expression 
of the matricellular protein, in line with in  vitro results 
(Figures 6D), and, consequently, intragraft TGF-β sign-
aling. VTP also reduced systemic interleukin 6 levels, 
indicative of less systemic inflammation48 and, hence, 
reduced pathological vein graft remodeling.

DISCUSSION
The problem of maladaptive remodeling in venous cor-
onary artery bypasses has been recognized since the 
first follow-up studies in the early 1970s.49 Since then, 
it was hypothesized that the damage caused during 
graft harvesting/preparation and the subsequent ex-
posure to an unphysiological flow/pressure regimen is 
one of the major causes of the remodeling, in coopera-
tion with other important factors such as inflammation, 
hypercholesterolemia, and hypertension.5 While vari-
ous strategies have been implemented to improve vein 
graft patency, such as the adoption of external stent-
ing,50 the use of “no-touch” harvesting procedures,51 
and the storage of vessels in protective buffers during 
extracorporeal exposure,52 the progressive occlusion 
of venous grafts remains a major challenge, exposing 
patients to recurrence of ischemia.53

Various studies have been conducted to identify 
the cellular and molecular determinants of vein graft 
failure, leading to the identification and validation of 
key players such as metalloproteases and cell cycle 
genes in animal models, using approaches such as 
gene therapy.11,54 Some of the most promising results, 
at least in preclinical models, were obtained with the 

transfer of TIMP-3 (tissue inhibitor of metalloproteinas-
es-3),55 p53 (tumor protein p53),56 and endothelial nitric 
oxide synthase57 genes. By contrast, the only clinical 
trial performed to date, the PREVENT (Prevention of 
Restenosis After Vascular Intervention) trial,58 based 
on treating the grafts with E2F decoy edifoligide, has 
not met expectations in terms of disease reduction.59,60 
Other interesting targets such as miR-2161 or inflamma-
tory mediators (eg, MCP-1 [monocyte chemoattractant 
protein-1]/CCL2 [C-C motif ligand 2] chemokine62 and 
Toll-like receptors63) have been identified in preclinical 
studies, but their significance has not yet been fully 
established.

Involvement of a YAP/TGF-β Signaling 
Network in Mechanical Pathologic 
Programming of SVPs
The saphenous conduits are living vessels that are 
removed from their natural bed to bypass the ob-
structions present in the coronary tree. Apart from 
endothelial cells, which are important for vascular 
permeability, and SMCs, which are important for the 
maintenance of vascular tone, other cell types are pre-
sent in the intact vessel structure. SVPs are normally 
associated with vasa vasorum, from which they can be 
isolated as CD34+/NG2+/CD31− cells.16 While the main 
function of these cells is to maintain vascular homeo-
stasis, their potential pathogenetic role has also been 
highlighted, with evidence that they can be activated 
and give rise to fibrotic cells undergoing epigenetic 
modifications.15 Using bioreactors tailored to expose 
human SVs to pressure or flow/pressure regimens 
typical of coronary circulation, we have shown in vari-
ous publications that the pulsatile stress to which the 
SV grafts are subjected during arterialization causes 
extensive morphological remodeling and activates 
TGF-β–dependent signaling mediated by TSP-1; this 
matricellular factor is likely involved in the recruitment 
of adventitial progenitors.13,14,64,65 In the present study, 
we aimed to contextualize the effects of mechanical 
forces on the pathologic programming of these cells 
when exposed to uniaxial strain (10% elongation) cyclic 
stimulation. This condition accurately corresponds to 
the mechanical solicitation that cells experience in the 
SV wall, according to a numerical model of the radial 
strain associated with the counter pulsed coronary 
flow in the grafts.14 By whole genome transcriptomics 
and bioinformatics, we found numerous differentially 
expressed genes and obtained a clear indication of 
transcriptional networks that may be involved in cell/
extracellular matrix interactions, proliferation, and 
crosstalk with the TGF-β signaling (Figure 1). We also 
assessed whether, similar to cardiac fibroblasts,20,26 
the mechanical sensing of SVPs involved the par-
ticipation of components of the so-called Hippo 
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transcriptional pathway.18 Particular care was dedi-
cated to assess a functional convergence of YAP (the 
most investigated Hippo transcriptional co-factor) with 
nuclear signaling downstream of TGF-β and the re-
lationship with TEADs, the canonical cognate DNA-
binding proteins of the YAP/TAZ complex.66,67 Our 
results clearly indicated mechanical-dependent mod-
ulation of genes represented as canonical YAP targets 
(CTGF, CYR61, and ANKRD1) and encoding for TGF-β 
transcriptional effectors (SMAD2/7) (Figure  1D and 
1G). This regulation likely involved the F-actin cytoskel-
eton, as demonstrated by the reversible downregula-
tion of the YAP targets by treating SVPs with FRSK, 
an activator of the cyclic adenosine monophosphate/
protein kinase A pathway (Figure 2A and 2B),32,68 and 
the cooperation of TEAD4 as a transcriptional co-
factor, as assessed by bioinformatics (Figure 3A and 
3B). The role of YAP in myofibroblast differentiation of 
human SVPs was further contextualized in the light of 
our previous findings showing that mechanical strain 
amplifies the effects of TGF-β through the release of 
TSP-1 from SMCs of the SV, as a result of a contrac-
tile to secretory phenotype switch.14 In particular, the 
combination of soluble TSP-1 and TGF-β enhanced 
the YAP nuclear signaling compared with the single 
treatments (Figure  3C), and this increased cellular 
proliferation and expression of SM22α (Figure  3D), 
ACTA2, FN, TSP1, collagen 1 (Figure 5D and 5E), and, 
finally, the physical association with phospho-SMAD3 
in the nuclei of the treated cells (Figure 5C). In line with 
findings from other groups in different model systems 
showing cooperation of YAP with components of 
TGF-β signaling (in particular SMAD2/3 nuclear pro-
teins) in endothelial-mesenchymal transition,69 or arte-
rial stiffening,70 our data consolidate the role of YAP 
as a transcriptional co-factor with crucial roles in the 
integration of mechanical and fibrotic signaling in car-
diovascular pathologies.71

In Vivo Blockade of YAP Reduces VGD
On the basis of our previous findings suggesting that 
YAP is involved in strain-dependent activation of car-
diac fibroblasts in the ischemic heart,20 we investigated 
the expression of the transcriptional co-factor in 3 in-
dependent models of vein arterialization (Figure 4). In 
the first model, using a bioreactor capable of mimick-
ing the flow and pressure patterns typical of coronary 
circulation,13,14 we performed arterialization of ex  vivo 
human SV segments for up to 14 days. In a second ap-
proach, we used a gold-standard large animal model 
of bypass failure by interposing the SV into the carotid 
arteries of pigs, with a 90-day follow-up.40 Finally, we 
performed a mouse model of vena cava into carotid 
interposition in hypercholesterolemic mice, with a fol-
low-up to 28 days.23 Although with different dynamics 

and efficiency, in all of these models, the localization of 
YAP in the nuclei of cells in the medial layer increased. 
Remarkably, as shown in the panels in Figure  4, the 
nuclear localization of the factor was pronounced in 
the endothelial cells lining the lumen72 and in the cells 
that had an elongated nuclear shape. This pattern was 
similar to what we previously observed in the mouse 
hearts, where the fibroblasts were exposed to com-
pression forces generated by the distribution of the 
radial strain.20 We then aimed to modulate YAP signal-
ing in vivo and reduce the molecular translation of the 
mechanical cues. To achieve this aim we employed 
transplantation of the vena cava into the carotids of 
hypercholesterolemic mice23 and administered VTP, a 
drug that can be used in nonphotodynamic inhibition 
of the YAP/TAZ/TEADs complexes transcriptional func-
tion.41,73 Longitudinal follow-up of vein graft remodeling 
using ultrahigh frequency ultrasound clearly showed a 
stepwise increase in the wall area and this, as shown 
in Figure  6, involved extensive intima hyperplasia in 
control animals. Interestingly, these zones were the 
ones in which the cells expressed high levels of αSMA 
(Figure  6B) and TSP-1 (Figure  6D), consistent with a 
myofibroblast and secretory phenotype. Administration 
of VTP reduced this stepwise increase and prevented 
accumulation of αSMA+ cells in the subintimal layer. 
This was accompanied by remarkable inhibition of the 
vessel wall remodeling (as assessed by reduction of 
the intima/media ratio), and of the area of the vein wall 
containing TSP-1+ cells (Figure 6C and 6D). Finally, VTP 
treatment also drastically reduced the presence of in-
terleukin 6 in peripheral blood, suggestive of reduced 
inflammation,74,75 and suppressed intraplaque angio-
genesis, while concomitantly enhancing the maturation 
of these newly formed vessels, thus improving plaque 
stability.47,76,77 This warrants pharmacological YAP tar-
geting as a new strategy to reduce the myofibroprolif-
erative response and adverse vein graft remodeling in 
less exploratory and more preclinically oriented studies.

CONCLUSIONS
During coronary transplantation, the cells residing in 
the wall of the SV grafts (eg, preexisting ECs, SMCs, 
and SVPs) are subjected to a sudden increase of me-
chanical forces, including shear stress and longitudinal 
and transversal wall strain.78 These forces have been 
mechanistically connected to the progression of VGD. 
For example, we have found that exposure of human 
SVs to a wall strain typical of the coronary-like flow/
pressure pattern triggers a fibrotic process mediated 
by TGF-β/TSP-1 signaling.14,65 In the current study, 
we show that mechanical signaling induces a fibrotic 
evolution of SVPs involving the differential expression 
of several gene pathways connected to extracellular 
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matrix remodeling and cellular/matrix interactions. Our 
data also suggest that there is a synergistic effect of 
mechanical forces and matricellular signaling elicited 
by the TGF-β/TSP-1 combination. This was shown by 
a drastic increase in SMC/fibrotic marker (FN, ACTA-2, 
TSP-1, Collagen) expression when SVPs were treated 
with a combination of the 2 fibrotic factors onto rigid 
substrates, and by the crucial role of YAP as a me-
chanically activated transcriptional co-factor in their 
phenotypic transformation.

The recent preclinical success of external stent-
ing to reduce the impact of the unphysiological wall 
mechanics to consequently reduce adverse vein graft 
remodeling, highlights that limiting transmission of the 
excess strain is crucial in reducing excessive cell prolif-
eration and, hence, delay bypass failure.79,80 This pro-
tective effect is mediated through modulation of YAP 
signaling81 and provides compelling evidence for the 
so-called “mechanotherapeutic” approach as a new 
avenue to prevent maladaptive remodeling of cardio-
vascular tissues.71 Our results indicate that this ap-
proach is practicable, even though particular care will 
have to be dedicated to choose an appropriate release 
system of the drug locally to the graft.

In summary, our findings suggest that reducing me-
chanically induced activation of vein resident progenitors 
by pharmacologically targeting YAP could have benefi-
cial effects on reducing intima hyperplasia by targeting 
vein resident progenitors as precursors of activated fi-
broblasts and, potentially, SMCs. While this is a poten-
tially different approach compared with gene therapy 
that has been historically employed to target SMCs 
hyperplasia,82 it also provides new opportunities for the 
development of new devices such as nanotechnologies 
or materials endowed with a slow-release drug poten-
tial to maximize therapeutic effects. Various options are 
available such as pretreating the grafts with the drug 
before being reimplanted in the patient (such as in exist-
ing gene therapy trials) or to release the drug by active 
or passive support systems (eg, nanoparticles, drug-
releasing external stents, drug-containing hydrogels).83 
We anticipate that these strategies might be helpful to 
minimize the side effects of systemic drug administration 
and localize the therapeutic intervention to the grafts.

Study Limitations
The present investigation is a proof-of-concept study 
that inhibition of YAP with VTP may be effective in 
preventing the maladaptive remodeling of the arte-
rialized vein caused by the sensing of mechanical 
forces. Although, in line with our previous findings in 
the infarcted heart,20 this effect was mechanistically 
related to the reduction of the TGF-β–dependent 
transcriptional pathways in cultured SVPs, the inhibi-
tion of vascular remodeling in  vivo could be caused 

by the cumulation of unrelated effects such as inhibi-
tion of inflammation,84 inhibition of proliferation and en-
hancement of apoptosis,85 or a reduction in oxidative 
phosphorylation activity.86 More targeted, cell-specific 
approaches for YAP inhibition should be investigated in 
the future to address this important mechanistic point.

Another limitation of the present study is the modal-
ity of VTP administration in the animal model of vein 
graft administration. We are aware of the disadvantages 
that systemic injection of the drug may cause, given its 
pleiotropic action. In this regard, we anticipate that ex-
posure of the SV to the drug or mixing the drug with 
a polymer that could be used to slowly release it on 
the adventitial side might increase the efficiency of the 
treatment and minimize the side effects. This feasibility 
of the last option has been shown in the literature81 and 
we are presently implementing systems to pursue it.
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