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Abstract 
Objective: To investigate the role of chromobox protein homolog 3 (Cbx3) in vascular 

smooth muscle cell (VSMC) proliferation, migration and neointima formation following 

vascular injury.          

 

Methods and Results: Overexpression of Cbx3 led to a significant increase in VSMC 

contractile gene expression and VSMC apoptosis, as well as a dramatic decrease in collagen 

gene expression, VSMC proliferation and migration. Meanwhile the opposite was observed 

following inhibition of endogenous Cbx3. Luciferase activity assays revealed that Notch 

signalling, but not β–catenin nor NF-κB signalling, is regulated by Cbx3 in VSMCs, and 

among the four Notch receptors, Notch3 is selectively down-regulated by Cbx3 through a 

transcriptional repression mechanism. Notch3 gene activation recapitulates the effects of 

Cbx3 knockdown on VSMC proliferation and migration. Consequently, the inhibitory effects 

of Cbx3 over-expression on VSMC proliferation and migration were reversed by Notch3 

gene re-activation. In a model of vascular damage by carotid wire injury, we observed that 

Cbx3 expression was dramatically down-regulated in injured arteries. Local ectopic 

overexpression of Cbx3 in injured arteries significantly inhibited Notch3 expression, thereby 

reducing VSMCs proliferation and causing an overall decrease in neointima formation. 

Additionally, injury-induced neointimal SMC hyperplasia was significantly reduced by aortic 

inhibition of Notch3. Importantly, a decreased expression level of Cbx3, but an increased 

expression level of Notch3 was observed in human femoral arteries with atherosclerotic 

lesions. 

 

Conclusions: Cbx3 modulates VSMC contractile and collagen gene expression, as well as 

VSMC proliferation, migration, and apoptosis via a Notch3 pathway, and plays an important 

role in controlling injury-induced neointima formation. 
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Introduction 
Vascular disease is the primary cause of myocardial infarction, stroke, and ischemia. Arterial 

remodeling characterized by alterations in the structure and function of the vascular wall in 

response to disease, injury, or aging, is the main underlying cause for various vascular 

diseases. The pathological process of arterial remodeling has been extensively characterized 

and involves a series of pro-inflammatory processes, endothelial dysfunction, vascular 

smooth muscle cell (VSMC) proliferation and migration, arterial calcification, as well as 

extracellular matrix remodeling
1-4

. Evidence accumulated from animal studies and 

histological observations in human has provided clear confirmation that VSMC proliferation 

and migration are two major local biologic processes influencing the process of post-

angioplasty restenosis
1-4

. Therefore, exploring the underlying molecular mechanisms required 

for VSMC proliferation and migration is key to developing novel therapeutic strategies aimed 

at treating vascular disease. 

Studies have suggested that VSMC migration and proliferation is mediated by a fairly 

complicated regulatory network comprised of growth factors, adhesion molecules
5-7

, 

proteases
8
, intra/extra-cellular proteins as well as non-coding RNAs

9, 10
. Moreover, it has 

been well established that VSMC migration and proliferation is closely governed by three 

key signal pathways, namely β-catenin
7, 11, 12

, nuclear factor-κB (NF-κB)
13-15

 and Notch 

signaling
16-18

.  

Chromobox protein homolog 3 (Cbx3) or heterochromatin protein 1γ (HP1γ), was primarily 

reported to regulate gene transcriptional silencing in heterochromatin-like complexes by 

promoting the conversion of local chromatin to a ‘heterochromatin-like’ repressive state 

through recognizing and binding to tri-methylated H3K9
19, 20

. However, later studies indicate 

that Cbx3 is a multifunctional molecule, and plays an important and diverse role in gene 

transcription
21

, epigenetic regulation
22

, DNA damage response pathway
23

, embryonic 

development
24

, human telomeres
25

 and various cellular functions such as cellular 

differentiation
24, 26

, reprogramming
27

 and senescence
28

. Importantly, a critical role for Cbx3 

in VSMC differentiation from stem cells and vascular development was demonstrated in our 

previous study
29

 which showed that Cbx3 promoted stem cell differentiation towards VSMC 

lineage. Disruption of Cbx3 in neural crest cells resulted in the death of chick embryos due to 

severe developmental defects of the branchial arch arteries. Our study also revealed that Cbx3 

mediates expression of SMC specific genes by regulating serum response factor (SRF) 

recruitment to the SMC gene promoters. Moreover, we showed that the interaction between 

Cbx3, Dia-1 and SRF plays a crucial role in Cbx3-mediated VSMC-specific gene expression. 

However, the potential significance of Cbx3 in mature VSMC functions and neointimal 

VSMC hyperplasia remains unclear. In the present study, we sought to investigate the effect 

of Cbx3 on VSMC proliferation and migration, and delineate any potential molecular 

mechanisms involved, specifically in the context of neointima formation following vascular 

injury.  
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Methods 

Full Materials and Methods are available in the online only Data Supplement. 
 

Animal experiments, anaesthesia and euthanasia 

All animal experiments were conducted according to the Animals (Scientific Procedures) Act 

of 1986 (United Kingdom). All the animal procedures were approved by Queen Mary 

University of London ethics review board (PPL number: 70/7216), and conform to the 

guidelines from Directive 2010/63/EU of the European Parliament on the protection of 

animals used for scientific purposes or the NIH guidelines (Guide for the care and use of 

laboratory animals). For mouse carotid artery denudation injury and gene delivery, 

anaesthesia was induced using 100% O2/4% isoflurane, and was maintained throughout the 

injection by the administration of 100% O2/2% isoflurane. At the end of protocol, all mice 

were euthanized by placing them under deep anaesthesia with 100% O2/5% isoflurane, 

followed by decapitation. 

 

Mouse carotid artery denudation injury and lentiviral particle infusion  

C57BL/6 mice were anesthetized and the surgical procedure was similar to that described 

previously
8, 30-32

. Briefly, the left common carotid artery was dissected and injured by 

passing a curved flexible wire (0.38-mm diameter, Reference Part Number: C-SF-15-20, 

Cook Medical European Shared Services, Ireland) three to five times. After the vascular 

injury, the injured carotid arteries were randomly received lenti-GFP or lenti-Cbx3 treatments. 

The procedures for local gene delivery were similar to that described in the previous 

studies
33-39

 with some modifications. 

 

Morphometric analysis and quantification of lesion formation 
The carotid arteries (~5.0mm from injury site) were harvested at 4 weeks post- operation. The 

specimens were fixed in 4% formaldehyde for H&E staining. Sections (8µm) were collected 

at 200µm intervals (10 sections per segment/interval), mounted on slides, and numbered. Five 

digitised sections with same identification number from five segments/intervals (~0.5mm, 

1.5mm, 2.5mm, 3.5mm and 4.5mm from injury site) of each animal (e.g. I-1/2, III-1/2, V-1/2 

represent the 1
st
 and 2

nd
 section of the 1

st
 , 3

rd
 and 5

th
 segment/interval, respectively) were 

stained with H&E for morphometric analysis. The procedure used for lesion quantification 

was similar to that described in our previous studies
8, 9, 31, 32

. 

 

VSMC culture and treatments  
Primary murine VSMCs were isolated from mouse aorta, and routinely maintained in DMEM 

supplemented with 10% FBS as described in our previous studies
8, 9

. A minimum of three 

different batches of VSMCs between passages 5 to 8 were used in the experiments described 

in the current study. VSMCs were treated with various athenogenic stimuli as described in 

our previous study
9
. 

 

VSMC proliferation/migration assays 

VSMC proliferation was evaluated using 5-Bromo-2’-deoxy-uridine (BrdU) Labeling and 

Detection Kit II (Roche) according to the manufacturer’s instructions and manual cell 

counting. VSMC migration was evaluated using scratch wound healing assays and trans-well 

migration assays, respectively, as described in our previous study
40

.  

 

Plasmid electroporation into primary VSMCs  

Respective control or gene over-expression plasmids as indicated in the figure legend were 

transfected into primary VSMCs using Neon® Transfection System (MPK500S, Thermo 
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Fisher Scientific) with either 10µl or 100 µl Electroporation Pipette Tips, according to the 

manufacturer's instructions. Using this electroporation system, a very high transfection 

efficiency (>85%) is normally achieved with primary VSMCs in our Laboratory. 

 

Human health and diseased arteries collection  
Human diseased arteries and their neighbouring health tissues were collected and described in 

our recent study
41

. Briefly, human femoral arterial specimens were obtained from patients 

with peripheral arterial diseases undergoing leg amputation at the First Affiliated Hospital of 

Zhejiang University (China) between July 2014 and June 2017. All patients gave their written, 

informed consent. All procedures had local ethical approval (2014/294). All studies were 

approved by the Research Ethics Committees of the First Affiliated Hospital of Zhejiang 

University and all experiments were conducted according to the principles expressed in the 

Declaration of Helsinki. 

 

Statistical analysis. Each experiment was performed at least in biological triplicate, and all 

values are expressed as mean ± standard error of the mean (SEM). Statistical analysis was 

performed using Graphpad Prism5. Shapiro-Wilk Normality Test was used for checking the 

normality of the data. Two tailed unpaired student’s t-test was used for comparisons between 

2 groups, or two-way analysis of variance (ANOVA) with a Bonferroni post-hoc test was 

applied when more than two groups were compared if the data displayed a normal 

distribution. Conversely, non-parametric Mann-Whitney U Test or Kruskal–Wallis one-way 

ANOVA with a post hoc test of Dunn's test was applied for comparing two groups and three 

or more groups, respectively, if the data did not display normal distribution or if the number 

of observations from each group was smaller than 5 (n<5). P<0.05 was considered 

statistically significant. 
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Results 

Impact of Cbx3 on VSMC contractile and collagen gene expression 

We previously reported that Cbx3 promotes SMC differentiation from stem cells by 

controlling VSMC contractile gene expression
29

. To explore the potential role of Cbx3 in 

mature VSMC differentiation and dedifferentiation, Cbx3 over-expression and knockdown 

experiments were conducted in VSMCs. Data from quantitative real-time reverse 

transcription-PCR (qRT-PCR) analyses showed that a panel of VSMC contractile genes 

(SMαA, S22αA, h1-calponin, and SM-myh11) were significantly up-regulated by Cbx3 over-

expression. Conversely, Cbx3 over-expression led to a decreased expression level of two 

collagen genes (col1a1, col4a1) (Figure S1A). As expected, Cbx3 knockdown exerted the 

opposite effect for gene expression (Figure S1B). The expression levels of the other four 

collagen genes examined (col2a1, col3a1, col5a1, and col6a1) were not affected by Cbx3 in 

VSMCs (Figure S1A and S1B).  

Effect of Cbx3 on ex vivo VSMC proliferation, migration, and apoptosis 

To study if Cbx3 has any effect on VSMC proliferation, we compared the proliferation rate of 

VSMCs transfected with a control plasmid and a Cbx3 over-expressing plasmid. qRT-PCR 

and Western blotting analyses confirmed that Cbx3 was successfully over-expressed in 

VSMCs at both mRNA and protein levels (Figure 1A and 1B). BrdU incorporation assays 

(Figure 1C) and cell counting (Figure S2A) revealed that Cbx3 over-expression in VSMCs 

results in a significantly lower rate of proliferation than VSMCs transfected with the control 

plasmid in response to serum and PDGF-BB stimulation. To substantiate these findings, we 

measured the effect of Cbx3 knockdown on VSMC growth by comparing cell growth rate of 

the VSMCs infected with Cbx3 shRNA lentivirus to VSMCs infected with a non-target 

shRNA lentivirus. As expected, we observed that over 70% of endogenous Cbx3 was 

inhibited by Cbx3 shRNA in VSMCs at both the mRNA (Figure 1D) and protein (Figure 1E) 

level. Consequently, we found that Cbx3 inhibition significantly increased VSMC 

proliferation as assessed using BrdU incorporation assays (Figure 1F) and cell counting 

(Figure S2B). All the above data provides conclusive evidence that Cbx3 has an inhibitory 

effect on VSMC proliferation. 

To investigate whether Cbx3 has an effect on VSMC migration, we performed in vitro 

scratch wound healing assays and Transwell migration assays on cultured VSMCs. The 

assays showed that compared to controls, Cbx3 overexpression limits the ability of VSMCs 

to migrate, while Cbx3 knockdown has the opposite effect (Figure 1G-H, Figure S2C-D, 

Figure S3, and Figure S4). 

VSMC apoptosis is another major contributor to vascular disease, terminal deoxynucleotidyl 

transferase (TdT)-mediated dUTP nick end labeling (TUNEL) assay was conducted in 

VSMCs to determine if Cbx3 plays a role in VSMC apoptosis. We observed that VSMC 

apoptosis was significantly increased by Cbx3 over-expression, but decreased by Cbx3 

inhibition (Figure S5), proving that Cbx3 promotes VSMC apoptosis.   

 

Effect of Cbx3 on Notch, β-catenin and NF-κB signaling pathway in VSMCs 

As mentioned earlier, Notch, β-catenin and NF-κB signaling are three major pathways 

involved in VSMC pathology and human disease. As such, we wondered whether one or 

more of these signaling pathways were responsible for the inhibitory effects of Cbx3 on 

VSMC proliferation and migration. To this end, VSMCs were co-transfected with the Cbx3 

over-expression plasmid as well as a reporter vector containing either four copies of a CSL 

binding site (pGL3-4xCSL for measuring Notch signaling, a gift from Raphael Kopan
42

 

(Addgene plasmid # 41726)), seven copies of a TCF/LEF binding site (M50 Super 8x 

TOPFlash for measuring β-catenin signaling, a gift from Randall Moon
43

 (Addgene plasmid # 

12456)) or five copies of an NF-κB response element (NF-κB-RE) (pGL4-NF-κB or 
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pGL4.32[luc2P/NF-κB-RE/Hygro] for measuring NF-κB signaling, Promega, E8491). 

Luciferase activity assays showed that the reporter activity of pGL3-4xCSL, but not that of 

TopFlash and pGL4-NF-κB, was significantly inhibited by Cbx3 over-expression in VSMCs 

(Figure S6), revealing an inhibitory role for Cbx3 in Notch signaling. 

 

Cbx3 down-regulates Notch3 through a transcriptional repressing mechanism 

Since our data shows that Cbx3 inhibits Notch signaling in VSMCs and the Notch signaling 

network comprises four Notch receptors (Notch 1-4), we decided to investigate which Notch 

receptor(s) were affected by Cbx3 in VSMCs. We examined the gene expression levels of 

Notch 1 to 4 in VSMCs transfected with control and Cbx3 over-expressing plasmids, and 

found that only Notch3 gene expression was significantly down-regulated by Cbx3 over-

expression (Figure 2A and Figure S7). Inhibition of Notch3 expression by Cbx3 over-

expression was also confirmed at the protein level (Figure 2B). Conversely, we found that 

knockdown of endogenous Cbx3 caused a significant increase in Notch3 expression at both 

the mRNA and protein level (Figure 2C-D), confirming an inhibitory effect for Cbx3 on 

Notch3 gene regulation. Luciferase activity assays showed that Notch3 promoter activity was 

significantly inhibited by Cbx3 expression (Figure 2E), indicating that Cbx3 inhibits Notch3 

gene expression through a transcriptional mechanism. Data from CHIP assays revealed that 

Cbx3 can directly bind to Notch3 gene promoter DNA, an effect that was enhanced by Cbx3 

over-expression in VSMCs (Figure 2F). Collectively this data demonstrates that Cbx3 

inhibits Notch3 gene expression through a transcriptional repression mechanism.         

 

Notch3 gene activation recapitulates the effects of Cbx3 knockdown on VSMC 

proliferation and migration 
To investigate the functional impacts of Notch3 on VSMC proliferation and migration, we 

compared the cell proliferation rate and migration capability between control and Notch3 

over-expressing VSMCs. For this purpose, serum starved VSMCs were transfected with a 

control vector or a Notch3 functional domain (namely Notch3 Intracellular Domain (NICD3)) 

over-expression plasmid (NICD3 or pCMV-3xFlag-NICD3, a gift from Raphael Kopan
44

, 

Addgene, plasmid 20185), and subjected to the following assays. Gene expression data 

obtained by qRT-PCR revealed that the expression level of Notch3, but not Cbx3, was 

significantly up-regulated by the NICD3 over-expression plasmid (Figure 3A). Proliferation 

assays showed that Notch3 over-expression promoted VSMC growth assessed by cell 

counting (Figure 3B) and BrdU incorporation analysis (Figure 3C). Data from transwell 

migration assays also revealed that Notch3 over-expressing VSMCs had a significantly 

higher migratory capacity in response to both serum and PDGF-BB stimulation (Figure 3D). 

Hence, the above data reveals that Notch3 has a positive effect on VSMC proliferation and 

migration.  

 

Notch3 gene re-activation abolishes the inhibitory effects of Cbx3 on VSMC proliferation 

and migration 

To investigate whether modulation of the Notch3 gene is responsible for Cbx3-mediated 

inhibition of VSMC proliferation and migration, Cbx3 and Notch3 were co-overexpressed in 

VSMCs, using  control and/or over-expression plasmids, as indicated in the figures, followed 

by VSMC proliferation and migration assays. qRT-PCR analysis revealed that both Cbx3 and 

Notch3 were successfully up-regulated (Figure 4A). However, Notch3 expression was 

significantly down-regulated by Cbx3 over-expression, while the expression levels of Cbx3 

were not altered by Notch3 over-expression, confirming that Notch3 is the downstream target 

gene of Cbx3 in VSMC pathology. Importantly, BrdU incorporation assays showed that 

while VSMCs transfected with Cbx3 (2
nd

 bars) or Notch3 (3
rd

 bars) over-expressing plasmid 
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alone exhibited a significant lower or higher cell proliferation rate, respectively, re-activation 

of Notch3 abolished the inhibitory effects of Cbx3 over-expression on VSMC proliferation 

(4
th

 bars) (Figure 4B). A similar phenomenon was observed in VSMC transwell migration 

assays (Figure 4C). Thus the above data reveals an important relationship between Cbx3 and 

Notch3 in the context of VSMC migration and proliferation.  

 

Impact of locally enforced expression of Cbx3 and inhibition of Notch3 on VSMC 

proliferation and neointimal SMC hyperplasia after vessel injury 
To investigate if Cbx3 plays a role in vessel injury-induced neointima formation, a well-

established arterial remodelling model
8, 30

 was carried out in mice. In this model, wire-

induced vessel injury results in rampant VSMC migration and proliferation, peaking between 

day 7 and day 10 and resulting in the  formation of a neointima which progresses until 28 

days following injury 
8, 45

. Consistent with our in vitro data, we observed that the expression 

level of Cbx3 was decreased as early as Day 3 post-injury, and was significantly down-

regulated between week 1 and week 2 (Figure 5A), suggestive of a protective role for Cbx3 

that is naturally absent during neointima formation and progression after injury. To facilitate 

our in vivo investigations, we generated Lenti-GFP (control) and Lenti-Cbx3 lentiviral 

particles, and directly infused them into the lumen of the injured carotid arteries immediately 

after vessel injury to induce local VSMC infection. Double immunofluorescence staining 

using antibodies against GFP and SMA (SMC marker), CD68 (macrophage marker), or 

CD31 (endothelial cell marker) confirmed a SMC-specific infection since GFP-positive cells 

within injured arterial wall co-expressed SMA (Figure S8A), but not CD68 (Figure S8B) or 

CD31 (Figure S8C).  We found that direct infusion of Lenti-Cbx3 into the injured arteries 

significantly increased the expression levels of Cbx3 (Figure 5B-C) in the injured arteries 

compared to the injured vessels treated with the control lentivirus. Compared with the normal 

uninjured arteries, the expression levels of Notch3, PCNA (cell proliferation marker), and 

collagen (col1a1 and col4a1) were significantly increased in the injured vessels infected with 

Lenti-GFP, but this effect was reversed by Lenti-Cbx3 (Figure 5B). This provided 

confirmation of the in vivo inhibitory effect of Cbx3 on Notch3 and collagen gene expression 

in the injured arteries, and demonstrated that locally enforced expression of Cbx3 in injured 

vessels decreases VSMC proliferation. Importantly, we observed an approximate 50% 

decrease in neointima formation in the injured vessels infected with Lenti-Cbx3, compared 

with the injured arteries infected with Lenti-GFP (Figure 5D and 5E). Specifically, a 

significant decrease in neointimal hyperplasia (neointimal area, 11,000±1,250 µm
2
 versus 

20,500±2,025 µm
2
) and neointima/media ratio (1.14±0.19 versus 2.09±0.29) was observed in 

the injured vessels infected with Lenti-Cbx3 at 28 days post-injury compared with control 

injured vessels (Figure 5E).  

To better understand the inhibitory effect of Cbx3 on VSMC migration and proliferation 

within the context of injury-induced neointima formation, we analyzed the impact of locally 

enforced expression of Cbx3 on neointima formation after injury at an early time point (day 

10 post-injury). At this time-point VSMC migration is the more predominant event, more so 

than VSMC proliferation when considering their relative contributions to injury-induced 

neointima formation. Data shown in Figure 5F and 5G revealed that local infusion of Lenti-

Cbx3 led to a trend of decreased neointima SMC hyperplasia after injury, although this did 

not reach significance, indicating that the inhibitory effect for Cbx3 on VSMC migration has 

an effect on the response to vascular injury at 4 weeks post-injury, but such an effect cannot 

be detected at an early stage (10 days post-injury). 

Our data demonstrated that Notch3 was up-regulated in response to vascular injury, and this 

was reversed by Cbx3 over-expression in injured arteries (Figure 5B and 5C). To further 

confirm the functional importance of Notch3 activation in vascular injury-induced neointima 
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formation, control or Cbx3 shRNA lentiviral particles were directly infused into the lumen of 

the injured carotid arteries immediately after vessel injury. We observed that local infusion of 

Cbx3 shRNA lentiviral particle resulted in a significant decrease in Notch3 gene expression 

in injured arteries, with no obvious change for Cbx3 gene expression (Figure 5F). Combined 

with the above findings, showing that Notch3 gene expression is modulated by Cbx3 over-

expression in injured arteries (Figure 5B and 5C), our data further confirms a regulatory role 

for Cbx3 on Notch3 gene expression in neointima formation after injury. As expected, PCNA 

gene expression was decreased by local inhibition of Notch3 (Figure 5H). Consequently, we 

found local inhibition of Cbx3 led to an approximately 55% decrease in neointima formation 

(Figure 5I and 5J). 

Cbx3 and Notch3 expression in diseased human arteries and its neighbouring segments 

To further explore the functional relevance of the Cbx3-Notch3 regulatory axis in a clinical 

setting, Cbx3 and Nocth3 gene expression and their relationship was examined in eight pairs 

of femoral arterial specimens (arterial fragments with atherosclerotic lesions and their 

respective neighbouring segments with less apparent disease) from patients with peripheral 

arterial diseases undergoing leg amputations collected in our recent study
41

. Double 

immunohistochemistry staining assay showed that VSMCs in human arteries express both 

Cbx3 and Notch3 (Figure S9). Importantly, we observed a decreased expression level of the 

Cbx3 gene, with an increased gene expression level of Notch3 in the diseased femoral 

arteries, compared with their neighbouring segments with less apparent disease (Figure 6A). 

Meanwhile, we noted a significant inverse relationship and a trend pointing towards an 

inverse association between Cbx3 and Notch3 in the diseased femoral arterial specimens as 

well as its neighbouring segments with less apparent disease, respectively (Figure 6B).  
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Discussion 

VSMC proliferation, migration, and apoptosis are the key biological processes occurring 

locally after vascular injury, which influence the rate of post-angioplasty restenosis, as well 

as vascular disease formation and progression
1-4

. As such, signaling pathways controlling 

these VSMC functions represent potentially novel therapeutic drug target for the treatment of 

vascular disease.  Our findings have provided new insights into the intracellular signaling 

pathways governing VSMC proliferation, migration, apoptosis, and neointima formation. 

Specifically, we found a decreased expression of Cbx3 in injured arteries, and have shown 

that Cbx3 has an inhibitory effect on VSMC pathology and adverse arterial remodeling in 

response to injury. Mechanistically, we have provided compelling evidence to show that 

Cbx3 exerts its inhibitory effect on VSMC proliferation, migration, apoptosis, and injury-

induced neointimal SMC hyperplasia through modulation of Notch3 gene expression in 

VSMCs and injured arteries. We have confirmed the clinical relevance of Cbx3-Notch3 

regulatory axis in human femoral arteries with or without atherosclerotic lesions. The finding 

presented in the current study will significantly enhance our knowledge of the etiology of 

vascular disease, and potentially pave a way to develop a new therapeutic agent for 

preventing vascular disease. 

Accumulating evidence indicates that Cbx3/HP1γ is an important regulator of several 

biological processes, including pluripotent stem cell fate decision
24, 46

, neural 

differentiation
26

/maturation
47

, embryonic development, primordial germ cell formation
48

, 

spermatogenesis
49

, adipogenesis
50

, cell mitosis
51

 or meiosis
52

, DNA damage response 

pathway
23, 53, 54

, cellular senescence
28

, and reprogramming
27

. Cbx3 dysregulation has also 

been implicated in various human diseases such as cancer
55-58

, dyskeratosis congenita
25

 and 

facioscapulohumeral dystrophy
59

. In relation to VSMCs, our previous work
29

 has identified 

Cbx3 as a critical regulator of VSMC differentiation and embryonic vascular system 

development both in vitro and in vivo. Moving forwards, we have now provided new 

evidence to show that Cbx3 also plays an important role in VSMC pathology. Data from 

Cbx3 over-expression and knockdown assays show that VSMC proliferation and migration, 

as well as VSMC apoptosis and collagen synthesis, which are the critical cellular events in 

vascular neointimal lesion formation, are controlled by Cbx3. Moreover, by manipulating the 

expression level of Cbx3 in the injured vessels, we found locally enforced expression of 

Cbx3 in the injured carotid arteries significantly reduces VSMC proliferation, and inhibits 

neointima formation at 28 days post-injury (Figure 5D and 5E), suggesting that Cbx3 is a 

potential therapeutic target in post-angioplasty restenosis. Surprisingly, we found that at an 

early time point (10 days post-injury), when VSMC migration is the more predominant event 

than VSMC proliferation, the inhibitory effect of locally enforced expression of Cbx3 on 

neointima formation after injury is much less apparent than that at later stage (28 days post-

injury) (Figure 5F and 5G).  Following vascular injury, VSMCs from the arterial tunica 

media are activated and migrate to the intima, where they massively proliferate, and 

eventually lead to neointimal thickening and restenosis. Therefore, our data indicates that the 

combined inhibitory effects of Cbx3 on VSMC migration and proliferation contribute to the 

decreased neointima SMC hyperplasia after injury at later stage.  

One of the novel findings in our current study is that Notch3 has been identified as the 

functional downstream target of Cbx3 in VSMC pathology. We have shown that Notch3 is 

selectively regulated by Cbx3 in VSMCs through a transcriptional repression mechanism, 

which is consistent with the well-established function of Cbx3 as a transcriptional repressor 

in gene regulation. It was initially reported that Cbx3/HP1γ, a nonhistone chromosomal 

protein, plays a dose-dependent role in gene silencing through binding to methylated H3K9
19, 

20
. Such an interaction is further facilitated by nucleosome compaction

60
. Apart from 

recognizing and binding to methylated H3K9, Cbx3 plays a decisive but important role in 
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gene regulation through interaction with distinct binding partners. Multiple mechanisms have 

been suggested as the underlying molecular mechanisms through which Cbx3 regulates gene 

expression. For instance, it has been reported that Cbx3 regulates its target gene expression 

through modulation of RNA processing
61

 or alternative splicing
62, 63

. Cbx3 has also been 

identified as an epigenetic regulator of human embryonic ϵ-globin gene expression
64

. 

Conversely, a transcriptional activation role has also been attributed to Cbx3. Studies have 

shown that acute HSP70 gene transcription is regulated by the physical interactions between 

the histone variant H3.3 and HP1γ at HSP70 gene promoter
65

. HP1γ also participates in NF-

кB-dependent gene regulation in activated macrophages through interaction with IκB kinase-

α
66

. Our own data also demonstrates that Cbx3 regulates VSMC specific gene expression 

through a transcriptional activation mechanism during VSMC differentiation from stem 

cells
29

. In our current study, we have shown that Notch3 is a transcriptional target of Cbx3 in 

the context of VSMCs. Both Notch3 RNA and protein expression levels were significantly 

down-regulated by Cbx3 over-expression, but dramatically up-regulated when the 

endogenous Cbx3 expression was blocked in VSMCs. Cbx3 also significantly inhibits 

Notch3 promoter activity, inferring that Cbx3 regulates Notch3 at transcriptional level. CHIP 

assays revealed that Cbx3 directly binds to the promoter region of the Notch3 gene, which is 

consistent with previous findings. Choi
21

, et al reported that HP1γ controls the suppression 

and recovery of breast cancer type 1 susceptibility protein (BRCA1)-mediated gene 

transcription through direct binding to the BRCA1 target gene promoters. 

In our current study, we showed that Notch3 promotes VSMC proliferation and migration, 

and repression of Notch3 is required for Cbx3-mediated regulation/inhibition of VSMC 

proliferation and migration. We have also provided evidence to show that Notch3 is 

negatively regulated by Cbx3 during arterial remodeling in response to injury, inferring a role 

for Cbx3-Notch3 axis in vascular diseases, which is consistent with previously reported roles 

of Notch3 in VSMC pathology, development and cardiovascular diseases. Notch3 is 

predominantly expressed in adult arterial SMCs, and  mutations within its gene causes 

cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoecephelopathy 

(CADASIL), an inherited early stroke syndrome leading to dementia due to systemic vascular 

degeneration
67

. Accumulated evidence reveals that Notch3 plays a critical role in controlling 

VSMC behaviour and phenotype such as survival
68

, apoptosis
69

, proliferation
70

, migration
71

, 

trans-differentiation
72

 or osteogenic differentiation
73

, and is a key determinant of vascular 

development
74-76

, pericyte coverage
77

 or mural cell investment
78

 during 

angiogenesis/arteriogenesis, and maintaining blood vessel integrity
79, 80

. Notch3 has also been 

implicated in various cardiovascular diseases such as CADASIL
81, 82

, heart failure
83

, cardiac 

fibrosis after myocardial infarction
84

, arterial injury/remodeling
85

 and pulmonary arterial 

hypertension
86

. Despite the huge scope of Notch3 involvement in many cardiovascular 

diseases, its significance and functional relevance in injury-induced neointima SMC 

hyperplasia was refuted by a genetic study, in which the authors reported that genetic deletion 

of Notch3 does not affect neointima formation in response to vascular injury
87

. Conversely, 

we have now provided supporting evidence to suggest that Notch3 activation in response to 

injury does contribute to neointima SMC hyperplasia since we observed a significant 

decrease in neointima size and a reduced neointima/media ratio in injured arteries treated 

with Notch3 shRNA lentivirus (Figure 5H-J). This disparity may be attributable to the fact 

that some compensatory mechanisms are activated in mice following global Notch3 gene 

deletion.  

Taken together, we have documented an important role for Cbx3 in VSMC pathology and 

injury-induced adverse arterial remodeling, and identified Notch3 as the functional 

downstream target gene that is responsible for Cbx3-mediated VSMC function and neointima 

formation. However, it is worth mentioning that endothelial dysfunction, poor endothelial 
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coverage, as well as monocyte/macrophage and lymphocyte infiltration into the injured 

arterial wall are also key contributors to vascular disease. Therefore, the potential effects of 

Cbx3 on endothelial coverage (re-endothelialization), as well as monocyte/macrophages and 

lymphocyte function, and their contribution to vascular remodeling warrant further 

investigation, but unfortunately fell beyond the remit of our current study. Nevertheless, the 

findings presented in our study significantly enhance our knowledge of signaling pathways 

that govern VSMC proliferation and migration both in vitro and in vivo, and provide us with 

a novel therapeutic target within the Cbx3/Notch3 signaling pathway that has the potential for 

treating vascular disease. 

  



Article #: CVX236 (Accepted MS)  

13 

 

Acknowledgments 
This work was supported by British Heart Foundation (FS/09/044/28007, PG/11/40/28891, 

PG/13/45/30326, PG/15/11/31279, PG/15/86/31723 and PG/16/1/31892 to QX). This work 

forms part of the research portfolio for the National Institute for Health Research Biomedical 

Research Centre at Barts.    

 

Conflict-of-interest disclosure: 

None 

  



Article #: CVX236 (Accepted MS)  

14 

 

References: 

1. Inoue T and Node K. Molecular basis of restenosis and novel issues of drug-eluting 

stents. Circ J. 2009;73:615-21. 

2. Hamon M, Bauters C, McFadden EP, Wernert N, Lablanche JM, Dupuis B and 

Bertrand ME. Restenosis after coronary angioplasty. Eur Heart J. 1995;16 Suppl I:33-48. 

3. Preisack MB and Karsch KR. The paradigm of restenosis following percutaneous 

transluminal coronary angioplasty. Eur Heart J. 1993;14 Suppl I:187-92. 

4. Liu MW, Roubin GS and King SB, 3rd. Restenosis after coronary angioplasty. 

Potential biologic determinants and role of intimal hyperplasia. Circulation. 1989;79:1374-87. 

5. Uglow EB, Slater S, Sala-Newby GB, Aguilera-Garcia CM, Angelini GD, Newby AC 

and George SJ. Dismantling of cadherin-mediated cell-cell contacts modulates smooth 

muscle cell proliferation. Circ Res. 2003;92:1314-21. 

6. Sabatini PJ, Zhang M, Silverman-Gavrila R, Bendeck MP and Langille BL. 

Homotypic and endothelial cell adhesions via N-cadherin determine polarity and regulate 

migration of vascular smooth muscle cells. Circ Res. 2008;103:405-12. 

7. Bedel A, Negre-Salvayre A, Heeneman S, Grazide MH, Thiers JC, Salvayre R and 

Maupas-Schwalm F. E-cadherin/beta-catenin/T-cell factor pathway is involved in smooth 

muscle cell proliferation elicited by oxidized low-density lipoprotein. Circ Res. 

2008;103:694-701. 

8. Xiao Q, Zhang F, Grassia G, Hu Y, Zhang Z, Xing Q, Yin X, Maddaluno M, Drung B, 

Schmidt B, Maffia P, Ialenti A, Mayr M, Xu Q and Ye S. Matrix metalloproteinase-8 

promotes vascular smooth muscle cell proliferation and neointima formation. Arterioscler 

Thromb Vasc Biol. 2014;34:90-8. 

9. Chen Q, Yang F, Guo M, Wen G, Zhang C, Luong le A, Zhu J, Xiao Q and Zhang L. 

miRNA-34a reduces neointima formation through inhibiting smooth muscle cell proliferation 

and migration. J Mol Cell Cardiol. 2015;89:75-86. 

10. Afzal TA, Luong LA, Chen D, Zhang C, Yang F, Chen Q, An W, Wilkes E, Yashiro 

K, Cutillas PR, Zhang L and Xiao Q. NCK Associated Protein 1 Modulated by miRNA-214 

Determines Vascular Smooth Muscle Cell Migration, Proliferation, and Neointima 

Hyperplasia. J Am Heart Assoc. 2016;5. DOI: 10.1161/JAHA.116.004629 

11. Quasnichka H, Slater SC, Beeching CA, Boehm M, Sala-Newby GB and George SJ. 

Regulation of smooth muscle cell proliferation by beta-catenin/T-cell factor signaling 

involves modulation of cyclin D1 and p21 expression. Circ Res. 2006;99:1329-37. 

12. Riascos-Bernal DF, Chinnasamy P, Gross JN, Almonte V, Egana-Gorrono L, Parikh 

D, Jayakumar S, Guo L and Sibinga NE. Inhibition of Smooth Muscle beta-Catenin Hinders 

Neointima Formation After Vascular Injury. Arterioscler Thromb Vasc Biol. 2017; 37:879-

888. 

13. Hoshi S, Goto M, Koyama N, Nomoto K and Tanaka H. Regulation of vascular 

smooth muscle cell proliferation by nuclear factor-kappaB and its inhibitor, I-kappaB. J Biol 

Chem. 2000;275:883-9. 

14. De Martin R, Hoeth M, Hofer-Warbinek R and Schmid JA. The transcription factor 

NF-kappa B and the regulation of vascular cell function. Arterioscler Thromb Vasc Biol. 

2000;20:E83-8. 

15. Raines EW, Garton KJ and Ferri N. Beyond the endothelium: NF-kappaB regulation 

of smooth muscle function. Circ Res. 2004;94:706-8. 

16. Fouillade C, Monet-Lepretre M, Baron-Menguy C and Joutel A. Notch signalling in 

smooth muscle cells during development and disease. Cardiovasc Res. 2012;95:138-46. 

17. Morrow D, Guha S, Sweeney C, Birney Y, Walshe T, O'Brien C, Walls D, Redmond 

EM and Cahill PA. Notch and vascular smooth muscle cell phenotype. Circ Res. 

2008;103:1370-82. 



Article #: CVX236 (Accepted MS)  

15 

 

18. Baeten JT and Lilly B. Notch Signaling in Vascular Smooth Muscle Cells. Adv 

Pharmacol. 2017;78:351-382. 

19. Lachner M, O'Carroll D, Rea S, Mechtler K and Jenuwein T. Methylation of histone 

H3 lysine 9 creates a binding site for HP1 proteins. Nature. 2001;410:116-20. 

20. Vakoc CR, Mandat SA, Olenchock BA and Blobel GA. Histone H3 lysine 9 

methylation and HP1gamma are associated with transcription elongation through mammalian 

chromatin. Mol Cell. 2005;19:381-91. 

21. Choi JD, Park MA and Lee JS. Suppression and recovery of BRCA1-mediated 

transcription by HP1gamma via modulation of promoter occupancy. Nucleic Acids Res. 

2012;40:11321-38. 

22. Wang Y, Ma L, Nie M, Ju J, Liu M, Deng Y, Yao B, Gui T, Li X, Guo C, Ma C, Tan 

R and Zhao Q. Heterochromatin Protein 1gamma Is a Novel Epigenetic Repressor of Human 

Embryonic -Globin Gene Expression. J Biol Chem. 2017;292:4811-4817. 

23. Akaike Y, Kuwano Y, Nishida K, Kurokawa K, Kajita K, Kano S, Masuda K and 

Rokutan K. Homeodomain-interacting protein kinase 2 regulates DNA damage response 

through interacting with heterochromatin protein 1gamma. Oncogene. 2015;34:3463-73. 

24. Morikawa K, Ikeda N, Hisatome I and Shirayoshi Y. Heterochromatin protein 

1gamma overexpression in P19 embryonal carcinoma cells elicits spontaneous differentiation 

into the three germ layers. Biochem Biophys Res Commun. 2013;431:225-31. 

25. Canudas S, Houghtaling BR, Bhanot M, Sasa G, Savage SA, Bertuch AA and Smith S. 

A role for heterochromatin protein 1gamma at human telomeres. Genes Dev. 2011;25:1807-

19. 

26. Huang C, Su T, Xue Y, Cheng C, Lay FD, McKee RA, Li M, Vashisht A, 

Wohlschlegel J, Novitch BG, Plath K, Kurdistani SK and Carey M. Cbx3 maintains lineage 

specificity during neural differentiation. Genes Dev. 2017;31:241-246. 

27. Sridharan R, Gonzales-Cope M, Chronis C, Bonora G, McKee R, Huang C, Patel S, 

Lopez D, Mishra N, Pellegrini M, Carey M, Garcia BA and Plath K. Proteomic and genomic 

approaches reveal critical functions of H3K9 methylation and heterochromatin protein-

1gamma in reprogramming to pluripotency. Nature Cell Biol. 2013;15:872-82. 

28. Jin B, Wang Y, Wu CL, Liu KY, Chen H and Mao ZB. PIM-1 modulates cellular 

senescence and links IL-6 signaling to heterochromatin formation. Aging Cell. 2014;13:879-

89. 

29. Xiao Q, Wang G, Yin X, Luo Z, Margariti A, Zeng L, Mayr M, Ye S and Xu Q. 

Chromobox protein homolog 3 is essential for stem cell differentiation to smooth muscles in 

vitro and in embryonic arteriogenesis. Arterioscler Thromb Vasc Biol. 2011;31:1842-52. 

30. Lindner V, Fingerle J and Reidy MA. Mouse model of arterial injury. Circ Res. 

1993;73:792-6. 

31. Xiao Q, Zeng L, Zhang Z, Margariti A, Ali ZA, Channon KM, Xu Q and Hu Y. Sca-

1+ progenitors derived from embryonic stem cells differentiate into endothelial cells capable 

of vascular repair after arterial injury. Arterioscler Thromb Vasc Biol. 2006;26:2244-51. 

32. Zeng L, Xiao Q, Margariti A, Zhang Z, Zampetaki A, Patel S, Capogrossi MC, Hu Y 

and Xu Q. HDAC3 is crucial in shear- and VEGF-induced stem cell differentiation toward 

endothelial cells. J Cell Biol. 2006;174:1059-69. 

33. Lucerna M, Zernecke A, de Nooijer R, de Jager SC, Bot I, van der Lans C, Kholova I, 

Liehn EA, van Berkel TJ, Yla-Herttuala S, Weber C and Biessen EA. Vascular endothelial 

growth factor-A induces plaque expansion in ApoE knock-out mice by promoting de novo 

leukocyte recruitment. Blood. 2007;109:122-9. 

34. de Nooijer R, Verkleij CJ, von der Thusen JH, Jukema JW, van der Wall EE, van 

Berkel TJ, Baker AH and Biessen EA. Lesional overexpression of matrix metalloproteinase-9 



Article #: CVX236 (Accepted MS)  

16 

 

promotes intraplaque hemorrhage in advanced lesions but not at earlier stages of 

atherogenesis. Arterioscler Thromb Vasc Biol. 2006;26:340-6. 

35. Zhang H, Zhang J, Shen D, Zhang L, He F, Dang Y and Li L. Lentiviral-mediated 

RNA interference of lipoprotein-associated phospholipase A2 ameliorates inflammation and 

atherosclerosis in apolipoprotein E-deficient mice. Int J Mol Med. 2013;31:651-9. 

36. Zadelaar AS, von der Thusen JH, Boesten LS, Hoeben RC, Kockx MM, Versnel MA, 

van Berkel TJ, Havekes LM, Biessen EA and van Vlijmen BJ. Increased vulnerability of pre-

existing atherosclerosis in ApoE-deficient mice following adenovirus-mediated Fas ligand 

gene transfer. Atherosclerosis. 2005;183:244-50. 

37. von der Thusen JH, Fekkes ML, Passier R, van Zonneveld AJ, Mainfroid V, van 

Berkel TJ and Biessen EA. Adenoviral transfer of endothelial nitric oxide synthase attenuates 

lesion formation in a novel murine model of postangioplasty restenosis. Arterioscler Thromb 

Vasc Biol. 2004;24:357-62. 

38. von der Thusen JH, van Vlijmen BJ, Hoeben RC, Kockx MM, Havekes LM, van 

Berkel TJ and Biessen EA. Induction of atherosclerotic plaque rupture in apolipoprotein E-/- 

mice after adenovirus-mediated transfer of p53. Circulation. 2002;105:2064-70. 

39. de Nooijer R, von der Thusen JH, Verkleij CJ, Kuiper J, Jukema JW, van der Wall EE, 

van Berkel JC and Biessen EA. Overexpression of IL-18 decreases intimal collagen content 

and promotes a vulnerable plaque phenotype in apolipoprotein-E-deficient mice. Arterioscler 

Thromb Vasc Biol. 2004;24:2313-9. 

40. Liang CC, Park AY and Guan JL. In vitro scratch assay: a convenient and inexpensive 

method for analysis of cell migration in vitro. Nat Protoc. 2007;2:329-33. 

41. Zhang L, Chen Q, An W, Yang F, Maguire EM, Chen D, Zhang C, Wen G, Yang M, 

Dai B, Luong LA, Zhu J, Xu Q and Xiao Q. Novel Pathological Role of hnRNPA1 

(Heterogeneous Nuclear Ribonucleoprotein A1) in Vascular Smooth Muscle Cell Function 

and Neointima Hyperplasia. Arterioscler Thromb Vasc Biol. 2017;37:2182-2194. 

42. Saxena MT, Schroeter EH, Mumm JS and Kopan R. Murine notch homologs (N1-4) 

undergo presenilin-dependent proteolysis. J Biol Chem. 2001;276:40268-73. 

43. Veeman MT, Slusarski DC, Kaykas A, Louie SH and Moon RT. Zebrafish prickle, a 

modulator of noncanonical Wnt/Fz signaling, regulates gastrulation movements. Curr Biol. 

2003;13:680-5. 

44. Ong CT, Cheng HT, Chang LW, Ohtsuka T, Kageyama R, Stormo GD and Kopan R. 

Target selectivity of vertebrate notch proteins. Collaboration between discrete domains and 

CSL-binding site architecture determines activation probability. J Biol Chem. 

2006;281:5106-19. 

45. Grassia G, Maddaluno M, Musilli C, De Stefano D, Carnuccio R, Di Lauro MV, 

Parratt CA, Kennedy S, Di Meglio P, Ianaro A, Maffia P, Parenti A and Ialenti A. The 

I{kappa}B kinase inhibitor nuclear factor-{kappa}B essential modulator-binding domain 

peptide for inhibition of injury-induced neointimal formation. Arterioscler Thromb Vasc Biol. 

2010;30:2458-66. 

46. Caillier M, Thenot S, Tribollet V, Birot AM, Samarut J and Mey A. Role of the 

epigenetic regulator HP1gamma in the control of embryonic stem cell properties. PloS one. 

2010;5:e15507. 

47. Oshiro H, Hirabayashi Y, Furuta Y, Okabe S and Gotoh Y. Up-regulation of 

HP1gamma expression during neuronal maturation promotes axonal and dendritic 

development in mouse embryonic neocortex. Genes Cells. 2015;20:108-20. 

48. Abe K, Naruse C, Kato T, Nishiuchi T, Saitou M and Asano M. Loss of 

heterochromatin protein 1 gamma reduces the number of primordial germ cells via impaired 

cell cycle progression in mice. Biol Reprod. 2011;85:1013-24. 



Article #: CVX236 (Accepted MS)  

17 

 

49. Brown JP, Bullwinkel J, Baron-Luhr B, Billur M, Schneider P, Winking H and Singh 

PB. HP1gamma function is required for male germ cell survival and spermatogenesis. 

Epigenetics Chromatin. 2010;3:9. 

50. Takanashi M, Oikawa K, Fujita K, Kudo M, Kinoshita M and Kuroda M. 

Heterochromatin protein 1gamma epigenetically regulates cell differentiation and exhibits 

potential as a therapeutic target for various types of cancers. Am. J. Pathol. 2009;174:309-16. 

51. Leonard PH, Grzenda A, Mathison A, Morbeck DE, Fredrickson JR, de Assuncao TM, 

Christensen T, Salisbury J, Calvo E, Iovanna J, Coddington CC, Urrutia R and Lomberk G. 

The Aurora A-HP1gamma pathway regulates gene expression and mitosis in cells from the 

sperm lineage. BMC Dev Biol. 2015;15:23. 

52. Takada Y, Naruse C, Costa Y, Shirakawa T, Tachibana M, Sharif J, Kezuka-Shiotani 

F, Kakiuchi D, Masumoto H, Shinkai Y, Ohbo K, Peters AH, Turner JM, Asano M and 

Koseki H. HP1gamma links histone methylation marks to meiotic synapsis in mice. 

Development. 2011;138:4207-17. 

53. Kim H, Choi JD, Kim BG, Kang HC and Lee JS. Interactome Analysis Reveals that 

Heterochromatin Protein 1gamma (HP1gamma) Is Associated with the DNA Damage 

Response Pathway. Cancer Res Treat. 2016;48:322-33. 

54. Wu W, Nishikawa H, Fukuda T, Vittal V, Asano M, Miyoshi Y, Klevit RE and Ohta 

T. Interaction of BARD1 and HP1 Is Required for BRCA1 Retention at Sites of DNA 

Damage. Cancer Res. 2015;75:1311-21. 

55. Zhou J, Bi H, Zhan P, Chang C, Xu C, Huang X, Yu L, Yao X and Yan J. 

Overexpression of HP1gamma is associated with poor prognosis in non-small cell lung 

cancer cell through promoting cell survival. Tumour Biol. 2014;35:9777-85. 

56. Fan Y, Li H, Liang X and Xiang Z. CBX3 promotes colon cancer cell proliferation by 

CDK6 kinase-independent function during cell cycle. Oncotarget. 2017;8:19934-19946. 

57. Sun M, Ha N, Pham DH, Frederick M, Sharma B, Naruse C, Asano M, Pipkin ME, 

George RE and Thai TH. Cbx3/HP1gamma deficiency confers enhanced tumor-killing 

capacity on CD8+ T cells. Sci. Rep. 2017;7:42888. 

58. Liu M, Huang F, Zhang D, Ju J, Wu XB, Wang Y, Wang Y, Wu Y, Nie M, Li Z, Ma 

C, Chen X, Zhou JY, Tan R, Yang BL, Zen K, Zhang CY, Chen YG and Zhao Q. 

Heterochromatin protein HP1gamma promotes colorectal cancer progression and is regulated 

by miR-30a. Cancer Res. 2015;75:4593-604. 

59. Zeng W, de Greef JC, Chen YY, Chien R, Kong X, Gregson HC, Winokur ST, Pyle A, 

Robertson KD, Schmiesing JA, Kimonis VE, Balog J, Frants RR, Ball AR, Jr., Lock LF, 

Donovan PJ, van der Maarel SM and Yokomori K. Specific loss of histone H3 lysine 9 

trimethylation and HP1gamma/cohesin binding at D4Z4 repeats is associated with 

facioscapulohumeral dystrophy (FSHD). PLoS Genet. 2009;5:e1000559. 

60. Mishima Y, Jayasinghe CD, Lu K, Otani J, Shirakawa M, Kawakami T, Kimura H, 

Hojo H, Carlton P, Tajima S and Suetake I. Nucleosome compaction facilitates HP1gamma 

binding to methylated H3K9. Nucleic Acids Res. 2015;43:10200-12. 

61. Smallwood A, Hon GC, Jin F, Henry RE, Espinosa JM and Ren B. CBX3 regulates 

efficient RNA processing genome-wide. Genome Res. 2012;22:1426-36. 

62. Saint-Andre V, Batsche E, Rachez C and Muchardt C. Histone H3 lysine 9 

trimethylation and HP1gamma favor inclusion of alternative exons. Nat. Struct. Mol. Biol. 

2011;18:337-44. 

63. Ameyar-Zazoua M, Rachez C, Souidi M, Robin P, Fritsch L, Young R, Morozova N, 

Fenouil R, Descostes N, Andrau JC, Mathieu J, Hamiche A, Ait-Si-Ali S, Muchardt C, 

Batsche E and Harel-Bellan A. Argonaute proteins couple chromatin silencing to alternative 

splicing. Nat. Struct. Mol. Biol. 2012;19:998-1004. 



Article #: CVX236 (Accepted MS)  

18 

 

64. Wang Y, Wang Y, Ma L, Nie M, Ju J, Liu M, Deng Y, Yao B, Gui T, Li X, Guo C, 

Ma C, Tan R and Zhao Q. Heterochromatin Protein 1gamma Is a Novel Epigenetic Repressor 

of Human Embryonic -Globin Gene Expression. J Biol Chem. 2017;292:4811-4817. 

65. Kim H, Heo K, Choi J, Kim K and An W. Histone variant H3.3 stimulates HSP70 

transcription through cooperation with HP1gamma. Nucleic Acids Res. 2011;39:8329-41. 

66. Thorne JL, Ouboussad L and Lefevre PF. Heterochromatin protein 1 gamma and 

IkappaB kinase alpha interdependence during tumour necrosis factor gene transcription 

elongation in activated macrophages. Nucleic Acids Res. 2012;40:7676-89. 

67. Wang T, Baron M and Trump D. An overview of Notch3 function in vascular smooth 

muscle cells. Prog Biophys Mol Biol. 2008;96:499-509. 

68. Baeten JT and Lilly B. Differential Regulation of NOTCH2 and NOTCH3 Contribute 

to Their Unique Functions in Vascular Smooth Muscle Cells. J Biol Chem. 2015;290:16226-

37. 

69. Wang T, Holt CM, Xu C, Ridley C, R POJ, Baron M and Trump D. Notch3 activation 

modulates cell growth behaviour and cross-talk to Wnt/TCF signalling pathway. Cell Signal. 

2007;19:2458-67. 

70. Song Y, Zhang Y, Jiang H, Zhu Y, Liu L, Feng W, Yang L, Wang Y and Li M. 

Activation of Notch3 promotes pulmonary arterial smooth muscle cells proliferation via 

Hes1/p27Kip1 signaling pathway. FEBS Open Bio. 2015;5:656-60. 

71. Wu JR, Yeh JL, Liou SF, Dai ZK, Wu BN and Hsu JH. Gamma-secretase Inhibitor 

Prevents Proliferation and Migration of Ductus Arteriosus Smooth Muscle Cells through the 

Notch3-HES1/2/5 Pathway. Int J Biol Sci. 2016;12:1063-73. 

72. Keuylian Z, de Baaij JH, Gueguen M, Glorian M, Rouxel C, Merlet E, Lipskaia L, 

Blaise R, Mateo V and Limon I. The Notch pathway attenuates interleukin 1beta (IL1beta)-

mediated induction of adenylyl cyclase 8 (AC8) expression during vascular smooth muscle 

cell (VSMC) trans-differentiation. J Biol Chem. 2012;287:24978-89. 

73. Liu Y, Wang T, Yan J, Jiagbogu N, Heideman DA, Canfield AE and Alexander MY. 

HGF/c-Met signalling promotes Notch3 activation and human vascular smooth muscle cell 

osteogenic differentiation in vitro. Atherosclerosis. 2011;219:440-7. 

74. Granata A, Bernard WG, Zhao N, McCafferty J, Lilly B and Sinha S. Temporal and 

embryonic lineage-dependent regulation of human vascular SMC development by NOTCH3. 

Stem Cells Dev. 2015;24:846-56. 

75. Baeten JT, Jackson AR, McHugh KM and Lilly B. Loss of Notch2 and Notch3 in 

vascular smooth muscle causes patent ductus arteriosus. Genesis. 2015;53:738-48. 

76. Wang Q, Zhao N, Kennard S and Lilly B. Notch2 and Notch3 function together to 

regulate vascular smooth muscle development. PLoS One. 2012;7:e37365. 

77. Kofler NM, Cuervo H, Uh MK, Murtomaki A and Kitajewski J. Combined deficiency 

of Notch1 and Notch3 causes pericyte dysfunction, models CADASIL, and results in 

arteriovenous malformations. Sci Rep. 2015;5:16449. 

78. Liu H, Zhang W, Kennard S, Caldwell RB and Lilly B. Notch3 is critical for proper 

angiogenesis and mural cell investment. Circ Res. 2010;107:860-70. 

79. Domenga V, Fardoux P, Lacombe P, Monet M, Maciazek J, Krebs LT, Klonjkowski 

B, Berrou E, Mericskay M, Li Z, Tournier-Lasserve E, Gridley T and Joutel A. Notch3 is 

required for arterial identity and maturation of vascular smooth muscle cells. Genes Dev. 

2004;18:2730-5. 

80. Henshall TL, Keller A, He L, Johansson BR, Wallgard E, Raschperger E, Mae MA, 

Jin S, Betsholtz C and Lendahl U. Notch3 is necessary for blood vessel integrity in the central 

nervous system. Arterioscler Thromb Vasc Biol. 2015;35:409-20. 

81. Joutel A, Corpechot C, Ducros A, Vahedi K, Chabriat H, Mouton P, Alamowitch S, 

Domenga V, Cecillion M, Marechal E, Maciazek J, Vayssiere C, Cruaud C, Cabanis EA, 



Article #: CVX236 (Accepted MS)  

19 

 

Ruchoux MM, Weissenbach J, Bach JF, Bousser MG and Tournier-Lasserve E. Notch3 

mutations in CADASIL, a hereditary adult-onset condition causing stroke and dementia. 

Nature. 1996;383:707-10. 

82. Ruchoux MM, Domenga V, Brulin P, Maciazek J, Limol S, Tournier-Lasserve E and 

Joutel A. Transgenic mice expressing mutant Notch3 develop vascular alterations 

characteristic of cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy. Am J Pathol. 2003;162:329-42. 

83. Ragot H, Monfort A, Baudet M, Azibani F, Fazal L, Merval R, Polidano E, Cohen-

Solal A, Delcayre C, Vodovar N, Chatziantoniou C and Samuel JL. Loss of Notch3 Signaling 

in Vascular Smooth Muscle Cells Promotes Severe Heart Failure Upon Hypertension. 

Hypertension. 2016;68:392-400. 

84. Zhang M, Pan X, Zou Q, Xia Y, Chen J, Hao Q, Wang H and Sun D. Notch3 

Ameliorates Cardiac Fibrosis After Myocardial Infarction by Inhibiting the TGF-

beta1/Smad3 Pathway. Cardiovasc Toxicol. 2016;16:316-24. 

85. Wang W, Campos AH, Prince CZ, Mou Y and Pollman MJ. Coordinate Notch3-

hairy-related transcription factor pathway regulation in response to arterial injury. Mediator 

role of platelet-derived growth factor and ERK. J Biol Chem. 2002;277:23165-71. 

86. Li X, Zhang X, Leathers R, Makino A, Huang C, Parsa P, Macias J, Yuan JX, 

Jamieson SW and Thistlethwaite PA. Notch3 signaling promotes the development of 

pulmonary arterial hypertension. Nat Med. 2009;15:1289-97. 

87. Li Y, Takeshita K, Liu PY, Satoh M, Oyama N, Mukai Y, Chin MT, Krebs L, 

Kotlikoff MI, Radtke F, Gridley T and Liao JK. Smooth muscle Notch1 mediates neointimal 

formation after vascular injury. Circulation. 2009;119:2686-92. 

 

  



Article #: CVX236 (Accepted MS)  

20 

 

Figure Legends 

 
Figure 1. VSMC proliferation and migration are controlled by Cbx3. 

(A) qRT-PCR confirmed Cbx3 over-expression in VSMCs. (B) Left Panel: Protein 

expression of Cbx3 in VSMCs transfected with control or Cbx3 over-expression plasmid. 

The expression of α-tubulin was used as an internal control. Right Panel: The quantitative 

results of four independent experiments. (C) Cbx3 over-expression inhibited VSMC 

proliferation. Cultured VSMCs transfected with control (pCMV) or Cbx3 over-expression 

(pCMV-Cbx3) plasmids were subjected to serum starvation for 24~48 hours. After then, cells 

were treated with 20% serum and 10ng/ml PDGF-BB for further 48 hours, followed by BrdU 

assays. (D) qRT-PCR analyses confirmed that endogenous Cbx3 was inhibited in VSMCs by 

Cbx3 shRNA. (E) Left Panel: Protein expression of Cbx3 in VSMCs infected with non-target 

or Cbx3 shRNA lentivirus. The expression of α-tubulin was used as an internal control. Right 

Panel: The quantitative results of four independent experiments. (F) Knockdown of Cbx3 

promoted VSMC proliferation. VSMCs were infected with control (non-target shRNA) or 

Cbx3 shRNA lentivirus, and subjected to similar treatments and assays as described in (C). 

(G-H) VSMC migration was inhibited by Cbx3 over-expression (G), but increased by Cbx3 

knockdown (H). Cultured VSMCs transfected with pCMV-Cbx3 or infected with Cbx3 

shRNA lentivirus, or respective control vectors (pCMV or non-target shRNA) were subjected 

to serum starvation for 48 hours. After which, cells were subjected to trans-well migration 

analyses in the presence of PDGF-BB or serum stimulation as indicated. Note: in the trans-
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well migration experiments, only a few cells migrated through the insert without any 

chemoattractant.  The data presented here are mean±S.E.M. of four (n=4 in A, B, D, E, G and 

H; Mann-Whitney U Test) or six (n=6 in C and F; two-way ANOVA with a Bonferroni post-

hoc test) independent experiments. *P<0.05 (versus pCMV or non-target shRNA), #P<0.05 

(PDGF/serum versus control). 

 

 
Figure 2. Cbx3 down-regulates Notch3 through a transcriptional repression mechanism. 

(A-D) Notch3 expression was down-regulated by Cbx3 over-expression (A and B), but up-

regulated by Cbx3 knockdown (C and D). The data presented here are representatives or 

mean±S.E.M. of five (A and C, *P<0.05 (versus pCMV or non-target shRNA), t-test) or four 

(B and D, *P<0.05 (versus pCMV or non-target shRNA), Mann-Whitney U Test) 
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independent experiments. (E) Notch3 promoter activity is inhibited by Cbx3 over-expression. 

Notch3 promoter reporter vector (pGL3-Notch3-Luc) was co-transfected with control 

(pCMV) or Cbx3 over-expression (pCMV-Cbx3) plasmid into VSMCs. Transfected cells 

were subjected to serum starvation for 24 hours, followed by incubation with DMEM 

supplemented with 20% serum for another 24 hours. Cells were harvested and cell lysate was 

subjected to Dual-luciferase activity assay with a standard protocol. Data presented here are 

mean±S.E.M. of five independent experiments (n=5). *P<0.05 (versus pCMV, t-test).  (F) 

Cbx3 directly binds to Notch3 gene promoter. CHIP assays were conducted in VSMCs 

transfected with pCMV or pCMV-HA-Cbx3 using antibody against HA (Cbx3). Data 

presented here are mean±S.E.M. of four independent experiments (n=4). *P<0.05 (versus 

pCMV, Mann-Whitney U Test).  

 

 
Figure 3. Notch3 activation recapitulates the effects of Cbx3 knockdown on VSMC 

proliferation and migration. 
(A) qRT-PCR analyses confirmed Notch3 upregulation in VSMCs transfected with NICD3 

over-expression plasmid (NICD3 or pCMV-3xFlag-NICD3). *P<0.05 (versus pCMV5, n=4, 

Mann-Whitney U Test). (B) Left Panel: Protein expression of Notch3 and Cbx3 in VSMCs 

transfected with control or NICD3 plasmid. The expression of α-tubulin was used as an 

internal control. Right Panel: The quantitative results of four independent experiments (n=4). 

*P<0.05 (versus pCMV5, Mann-Whitney U Test). (C and D) Notch3 promotes VSMC 

proliferation. Cultured VSMCs transfected with control (pCMV5) or Notch3 over-expression 

(NICD3) plasmids were subjected to serum starvation for 24~48 hours. After which, cells 

were treated with 20% serum and 10ng/ml PDGF-BB for further 48 hours, followed by cell 

counting (C) and BrdU assays (D) , respectively. (E) Notch3 increases VSMC migration. 

Cultured VSMCs transfected with control (pCMV5) or Notch3 over-expression (NICD3) 

plasmids were subjected to serum starvation for 24~48 hours, and followed by trans-well 

migration. Data presented here are mean±S.E.M. of nine (C) or five (D and E) independent 

experiments. *P<0.05 (versus pCMV5), #P<0.05 (PDGF/serum versus control), two-way 
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ANOVA with a Bonferroni post-hoc test and t-test were used for statistical analysis in C & D, 

and E, respectively.  

 

 
Figure 4. Notch3 gene re-activation abolishes the inhibitory effects of Cbx3 over-

expression on VSMC proliferation and migration. 
(A) Cbx3 and Notch3 gene expression levels in VSMCs transfected with Cbx3 or NICD3 

over-expression plasmids. (B-C) The inhibitory effects of Cbx3 over-expression on VSMC 

growth and migration were abolished by re-activation of Notch3 gene. VSMCs were co-

transfected with pCbx3 (Cbx3 over-expression), NICD3 (Notch3 over-expression), and/or 

respective control (pCMV5) as indicated. Transfected cells were serum-starved for 24 hours 

and subjected to BrdU incorporation (B) and trans-well migration (C) assays, respectively. 

The data presented here are mean±S.E.M. of five (n=5, A and B) or eight (n=8, C) 

independent experiments. *P<0.05 (Cbx3 or Notch3 over-expression versus control); 

#P<0.05 (NICD3 versus pCMV5 in the presence of pCbx3, 4
th

 versus 2
nd

 column); ǂ P<0.05 

(PDGF/serum versus control); two-way ANOVA with a Bonferroni post-hoc test.  
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Figure 5. Neointima formation after injury was inhibited by enforced expression of 

Cbx3 or inhibition of Notch3 in injured arteries.   
(A) Cbx3 gene expression is decreased in the injured vessels. Total RNAs were harvested 

from uninjured (used as sham surgery) and post-injury femoral arteries at the indicated times, 

and subjected to qRT-PCR analyses. Data presented here are mean±S.E.M. of four 

independent experiments (carotid arteries from 3~5 mice were pooled for each experiment, 

n=4 experiments). *P<0.05 (versus injured arteries; Kruskal–Wallis one-way ANOVA with a 

post hoc test of Dunn's test). (B) Gene expression levels in uninjured and injured arteries 

treated with control (Lenti-GFP) or Cbx3 (Lenti-Cbx3) lentivirus. After injury, 20µl of 

DMEM containing 1.0~2.0 x 10
6
 lentiviral particles (Lenti-Cbx3 or Lenti-GFP) was directly 

infused into the lumen of the injured carotid arteries, followed by a 30-minute incubation for 

local VSMC infection. At seven days post-injury/treatment, total RNAs were harvested from 
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the injured segments of carotid arteries and subjected to qRT-PCR analyses. Data presented 

here are mean±S.E.M. of five independent experiments (carotid arteries from 3~5 mice were 

pooled for each experiment, n=5 experiments). *P<0.05 (two-way ANOVA with a 

Bonferroni post-hoc test).  (C) Protein expression level in arteries subjected to same treatment 

as described in (B). Top panel: representative blots. Bottom panel: the quantitative results of 

five independent experiments (n=5). *P<0.05 (two-way ANOVA with a Bonferroni post-hoc 

test). (D-E) Local Cbx3 gene transfer inhibited neointima formation in wire-injured carotid 

arteries. At 28 days post-injury, injured segments of carotid arteries were harvested. Paraffin 

sections from both groups (n=10 mice per group) were prepared and subjected to H&E 

staining analyses. Representative images (D) and morphological characteristics (E) including 

neointimal area, neointimal/media (N/M) ratio, and media area of the injured arteries were 

presented here. *P<0.05 (Lenti-Cbx3 versus Lenti-GFP, t-test). (F-G) Potential impact of 

local infusion of Lenti-Cbx3 on neointima formation at an early stage. Mice were 

randomly received similar treatment as described in (D-E). At 10 days post-injury/treatment, 

injured segments of carotid arteries were harvested. Paraffin sections from both groups (n=8 

mice per group) were prepared and subjected to similar analyses as shown in (D-E). t-test was 

applied in the statistical analysis. (H) Gene expression levels in injured arteries infected with 

control (non-target) or Cbx3 shRNA lentivirus as described in (B). Data presented here are 

mean±S.E.M. of five independent experiments (n=5). *P<0.05 (two-way ANOVA with a 

Bonferroni post-hoc test). (I and J) Local inhibition of Notch3 reduced neointima formation. 

At 28 days post-injury and shRNA lentivirus infection, injured segments of carotid arteries 

were harvested and subjected to H&E staining analyses. Representative images (G) and 

morphological characteristics (H) of the injured arteries from 10 mice (per group, n=10) were 

presented here. *P<0.05 (Notch3 shRNA versus non-target, t-test). 
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Figure 6. Cbx3 and Notch3 expression in diseased human arteries and its neighbouring                    

segments with less apparent disease. Eight pairs of femoral arterial specimens (arterial 

fragments with atherosclerotic lesions (diseased artery) and their respective neighbouring 

segments with less apparent disease (neighbouring segments)) from patients with peripheral 

arterial diseases that underwent leg amputation were collected and subjected to qRT-PCR 

analyses. (A) Gene expression profiles in diseased arteries and its neighbouring segments 

with less apparent disease. Mann-Whitney U Test was applied for statistical analysis. (B) 

Pearson's correlation coefficient analyses of the gene expression levels of Cbx3 and Notch3 

in human femoral arterial specimens. N=8 from each group.  

 

 


