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Abstract

Damage to normal tissue can occur over a long period after cancer radiotherapy. Free
radical by radiation can initiate or accelerate chronic inflammation, which can lead
to atherosclerosis. However, the underlying mechanisms remain unclear. Vascular
smooth muscle cells (VSMCs) proliferate in response to JAK/STAT3 signalling. C-
reactive protein (CRP) can induce VSMCs apoptosis via triggering NADPH oxidase
(NOX). Apoptotic VSMCs promote instability and inflammation of atherosclerotic
lesions. Herein, we identified a VSMCs that switched from proliferation to apopto-
sis through was enhanced by radiation-induced CRP. NOX inhibition using lentiviral
sh-p22ph°X prevented apoptosis upon radiation-induced CRP. CRP overexpression re-
duced the amount of STAT3/Ref-1 complex, decreased JAK/STAT phosphorylation
and formed a new complex of Ref-1/CRP in VSMC. Apoptosis of VSMCs was further
increased by CRP co-overexpressed with Ref-1. Functional inhibition of NOX or p53
also prevented apoptotic activity of the CRP-Ref-1 complex. Immunofluorescence
showed co-localization of CRP, Ref-1 and p53 with a-actin-positive VSMC in human
atherosclerotic plaques. In conclusion, radiation-induced CRP increased the VSMCs
apoptosis through Ref-1, which dissociated the STAT3/Ref-1 complex, interfered with
JAK/STAT3 activity, and interacted with CRP-Ref-1, thus resulting in transcription-
independent cell death via p53. Targeting CRP as a vascular side effect of radiother-

apy could be exploited to improve curability.
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1 | INTRODUCTION

Radiotherapy is prescribed for many malignancies, including over 50% of
solid cancer patients, resulting in high survival rates for patients with early
head and neck cancer or breast cancer.!”® However, radiotherapy can
cause many years later chronic inflammatory diseases affecting the vas-
cular system, including stroke, myocardial infarction, acute artery rupture
and unstable atherosclerotic plaques.** In chronic inflammation, vascular
smooth muscle cells (VSMCs) undergo a phenotypic switch that involves
cell proliferation, migration, death and senescence in blood vessel walls,
which can proceed over several decades.® Furthermore, VSMCs-specific
loss can promote a variety of inflammatory responses in blood vessels,
including increased macrophage recruitment. A phenotypic switch of
VSMCs from proliferation to apoptosis or cell senescence can result in
advanced atherosclerosis or vascular damage, notably through plaque in-
stability, leading to a critical condition called acute coronary syndrome.®
The fibrous cap weakened by VSMCs loss is also a major factor in the
ruptured- or vulnerable plaques formation.”™® Providing a mechanistic
understanding of the molecular mediators able to modify this phenotype
is important to prevent side effects and improve radiotherapy.

Because the marker of inflammation C-reactive protein (CRP) is
sensitive to radiation, serum CRP levels are measured in biodosimetry
following radiation accidents.’ Blood CRP values of 30 rhesus mon-
keys were increased in a dose- and time-dependent manner upon
exposure to 1-8.5 Gy of 60 Co y—rays.10 The level of CRP reflects
the time course and inflammatory severity of radiotherapy and can
predict the outcomes of cancer patients.11 A high level of CRP is also
a strong predictor of atherosclerosis and is closely associated with
plaque instability histologically and clinically.?>** CRP is expressed
in apoptotic artery VSMCs,*> where it contributes to plaque rupture
through the upregulation of NADPH oxidase (NOX).X In a previous
study, we found that CRP can induce apoptosis of VSMC via NOX4
activation.t” However, the pathophysiological mechanisms underly-
ing the involvement of elevated CRP in the development of vulnera-
ble plaques and the loss of VSMC remain unclear.

A ubiquitous human AP-endonuclease/Redox factor-1 (APE/Ref-
1) plays multifunctional roles including repairing damaged DNA via the
base excision repair pathway and regulating as a co-factor different
transcriptional factors in controlling different cellular processes such
as apoptosis, proliferation and differentiation.'®'” Ref-1 was shown to
inhibit excessive ROS production related to NOX and NF-xB activa-
tion.'® Additionally, Ref-1 was found to be implicated in cardiovascular
diseases.?” 2! Ref-1 also contributes to vessel wall changes from the
Go/G1 to S phase in VSMC.22 Ref-1 can bind to the acetylated NH2
terminus of STAT3 for a stable chromatin association, while Ref-1 can
lead to transcriptional elongation of STAT3 via complex formation
of STAT3/Ref-1 in the nucleus.?>?* Proteins such as CRP, Ref-1 and
STAT3 have been reported in many studies to regulate cell death or
proIiferation,15'17'24'25 but their interactions remain unclear.

Vascular smooth muscle cells loss by apoptosis is a critical factor
in driving vulnerable plaque formation by affecting vessel remodel-
ling, inflammation and coagulation.” However, in numerous studies,
VSMC proliferation has also been implicated in atherosclerosis and

restenosis.>?® Blocking VSMC proliferation has been proposed as a
therapeutic strategy by many studies.?%?” Consequently, both the pro-
liferation and apoptosis of VSMCs are associated with atherosclerosis
exacerbation. So far, the molecular mechanisms responsible for vessel
wall damage in the chronic inflammation that follows radiation therapy
have not been elucidated.

The purpose of this study was to determine whether changes in
Ref-1 activity caused by CRP accumulation could regulate the sur-

vival and death of VSMCs during vessel damage.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Human aortic VSMCs (PCS-100-012; American Type Culture
Collection, Manassas, VA, USA) were grown to confluence in me-
dium (PCS-100-030 and PCS-100-042; American Type Culture
Collection). Rat VSMCs (A10; American Type Culture Collection)
were cultured in DMEM medium with 1500 mg/L sodium bicarbo-
nate (Gibco BRL) in a 5% CO,/37°C incubator.

2.2 | Plasmids

Human CRP cDNA (GeneBank accession No. NM_000567) was PCR am-
plified using a pair of specific primers, 5'-TGAATTCAGGCCCTTGTATC-3'
(sense) and 5'-TCCCAGCATAGTTAACGAGC-3' (antisense) and human
Ref-1 (GeneBank accession No. NM_001641) was PCR amplified
by specific primers, 5-AAGCTTGAGTCAGGACCCTT-3' (sense) and
5'-AAGGAATGGTAGTTGAGGGG-3' (antisense), for cloning. The com-
plete nucleotide sequences were cloned into the pcDNA3.1 expression
vector (CRP-pcDNAS3.1) (Invitrogen) and were sub-cloned into the pEF 1a-
Myc, pDsRed1-N1 and pEGFP-N2 vectors (Clontech Laboratories, Inc.).

2.3 | Generation of cell lines with stable
knockdown using a lentiviral shRNA system

pLKO.1-puro-human CYBA (p22P"°*; TRCNO000064581) and U6-
EGFP (SHCO0O05) control lentiviral vectors were transformed primary
embryonic kidney cells (293FT; Invitrogen) then used for packag-
ing lentiviruses (cotransfection of pRSV-Rev, pMDLg/pRRE and
pMD2.G; 3rd generation transfer plasmids, Addgene) including the

sh p22P" |entiviral vector, as described previously.?®

2.4 | Quantification of intracellular ROS

ROS was detected using 5 pM H,DCFDA and 5 uM MitoSOX™ (mito-
chondrial ROS indicator; Molecular Probes, Invitrogen) as previously
described.?” The amount of ROS was analysed by flow cytometry
(CELLQUEST software; BD Biosciences).
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2.5 | Analysis of apoptotic genes mRNA expression
Specific sequences for PCR were amplified using the primers and
number of cycles (94°C for 30 s, 58°C for 40 s and 72°C for 1 min)
listed in Table S1.

2.6 | lonized radiation (IR)

The monolayers on flasks were irradiated with 6MV photons pro-
duced by a medical linear accelerator (Varian Clinac 21EX; Varian).
Luminescence dosimeters (nanoDOT; Landauer) were used to meas-
ure the dose delivered by the Varian linear accelerator. Calibration
of the dosimeters was performed using a MicroStar InLight reader
(Landauer), and the error was <1% compared with the planned values
for the cell lines (VSMCs and A10 cells) at 2, 4 and 8 Gy.*

2.7 | Staining of Annexin V and propidium iodide (PI)
IR-exposed or IR-overexpressed CRP in A10 cells (1 x 10° cells per
four-well cultured plate) were measured using the Annexin V-FITC
apoptosis detection kit (CELLQUEST software; BD Pharmingen)
after 16 or 24 h. Positive staining was screened using a confocal mi-
croscopy system (LSM710 Carl Zeiss GmbH).

2.8 | Caspase-3 activity assay

Caspase-3 activity was measured using a Vybrant® FAM caspase-
3 and caspase-7 assay kit (V35118 of Molecular Probes Invitrogen,
Fisher Scientific). Briefly, IR-exposed VSMCs and cDNA-transfected
A10 cells (CRP or Ref-1) were pretreated with 1 pM diphenylene iodo-
nium (DPI) or 500 pM N-acetyl-I-cysteine (NAC) for 24 h. Caspase-3
activation can be analysed by flow cytometry (CELLQUEST software;
BD Pharmingen) using 488 nm excitation.

2.9 | TUNEL assay
Apoptotic VSMCs were detected by TUNEL staining using the TdT-
FagELTM kit (Oncogene Research Products) for 16 or 48 h and ana-

lysed by confocal microscopy (TCS-SP2 system; Leica Microsystems).

2.10 | Preparation of cytoplasmic and
nuclear extracts

Nuclear extracts were prepared as described previously.! Briefly,
Nuclei were collected by centrifugation at 2,860 g at 4°C for
10 min. The supernatant was considered the cytoplasmic fraction.
Cytoplasmic extracts were subsequently centrifuged at 11,460 g for
20 min at 4°C.

2.11 | Isolation of mitochondria

Mitochondrial fractions were isolated from 2 x 107 VSMCs using the
Mitochondria Isolation Kit (Thermo Scientific Pierce Biotechnology)
according to the manufacturer's instructions.

2.12 | Immunoblotting (IB) assay

Western blot was performed using primary antibodies against the
proteins of interest as previously described.’” The antibodies are
listed in Table S2. The protein amount was quantified by scanning
photo-densitometry and its quantitation software (MULTI-IMAGE &

Bio-Rad Laboratories Inc.).

2.13 | Immunoprecipitation (IP)

The VSMCs were plated on 100 mm dishes and transfected with,
CRP- or REF-pcDNA3.1, pEFla-myc-hCRP or pEFla-myc-hRef-1.
The immunoprecipitants were subjected to Western blotting using
the indicated antibodies.’”

2.14 | Immunofluorescence (IF)

Fluorescence-tagged secondary antibodies were used to reveal
the primary antibody (Table S2). Nuclei were stained with 1 mM
4' 6-diamidino-2-phenylindole (DAPI). Mitochondria were stained
with MitoTracker™ Red CMXRos (M7512; Thermo Fisher Scientific).
Images were collected by confocal microscopy (TCS-SP2; Leica
Microsystems or LSM 710; Carl Zeiss Co., Ltd.).

2.15 | Statistical analysis

The SPSS package was used to perform the statistical analyses. The re-
sults are shown as mean + standard deviation (SD) of three independent
experiments. Means for different groups were compared using un-
paired, two-tailed Student's t-tests (***p < 0.001, **p < 0.01, *p < 0.05).

3 | RESULTS

3.1 | lonizing radiation enhances ROS production,
CRP and Ref-1 expression in VSMCs

In radiotherapy, cellular damage is caused by ionized radiation, gen-
erating a variety of ROS.%%2 In general, ROS generation by radiation
disappears momentarily. However, intracellular ROS can be continu-
ously generated for 48 h and longer by activation of NOXs through
secondary cell signalling due to radical stress in blood vessel cells.®®
IR-exposed VSMCs produced intracellular ROS dose-dependently
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even after 48 h. Mean fluorescence intensity (MFI) of intracellular
ROS in 0 G, 4 Gy and 8 Gy IR-exposed VSMCs was 12.18 + 2.5,
20.20 + 1.2 and 25.88 + 1.7 respectively (Figure 1A,B). Low-dose
cellular exposure to IR (0.1-10 Gy) can induce mitochondrial dys-
function via an accumulation of mitochondrial ROS.%? The 8 Gy-
exposed VSMCs produced significantly more mitochondrial ROS at
48 h. Mitochondrial ROS MFI of 0 Gy- and 8 Gy-exposed VSMCs
were 50.87 + 13.89 and 128.31 + 34.11 respectively, which were
two times higher than the control (Figure 1C,D). CRP is also a bio-
marker of biodosimetry,3* as its accumulation in patients undergoing
radiotherapy can reflect various chronic inflammatory diseases.* In
IR-exposed VSMC, radiation dose-dependently increased the CRP
mRNA level after 24 h (Figure 1E). The expression levels of Ref-1,
which is known to regulate redox homeostasis,?° were further in-
creased by radiation (Figure 1E-G). IR also dose-dependently in-
creased the mRNA levels of NOX4, GADD153 and Bax (Figure 1E).

Phox which is a major subunit of NOXs,*® was

The expression of p22
additionally increased by radiation dose-dependently (Figure 1E-
G). We have previously reported that the accumulation of CRP
enhances apoptotic damage of VSMCs via ROS production of
NOX4.Y Phosphorylated STAT3, which increases VSMCs prolifera-
tion, was reduced by IR, while CRP and Ref-1 levels were increased
(Figure 1F-G). These results together suggest that IR can disrupt the
homeostatic redox system by simultaneously increasing the produc-
tion of ROS, together with the expression of CRP, Ref-1 and apop-

totic genes.

3.2 | lonizing radiation enhances apoptosis of
VSMCs through ROS production by NOX

Measuring ROS production from NOXs is particularly relevant to
understanding the roles of ROS in the physiology and pathophysiol-
ogy of VSMCs.%” IR increased the apoptosis of human VSMCs dose-
dependently after 48 h (gate % values of Annexin V and Pl at 0-8 Gy:
control, 17.47 + 8.85; 2 Gy, 27.21 + 11.12; 4 Gy, 48.44 + 3.04; 8 Gy,
61.82 + 9.53) (Figure 2A-C). To determine whether ROS production
through IR-induced NOX enhanced VSMC apoptosis, apoptosis was
measured under the same conditions after pretreatment with DPI
or NAC. The apoptosis of VSMCs was found to be reduced by about
50% upon NOX-specific inhibition of DPI (4 Gy-exposed cells vs. DPI
pretreated 4 Gy-exposed cells: 48.44 + 3.04 vs. 25.59 + 7.077; 8 Gy-
exposed cells vs. DPI pretreated 8 Gy-exposed cells: 61.82 + 9.53
vs. 29.99 + 9.03). Apoptosis was further attenuated following

pretreatment with NAC, a ROS scavenger, in human VSMCs (4 Gy-
exposed cells vs. NAC pretreated 4 Gy-exposed cells: decreasing
32%; 8 Gy-exposed cells vs. NAC pretreated 8 Gy-exposed cells:
decreasing 41%) (Figure 2A-C). IR exposure also increased caspase-
3 activity more than three times (CON vs. 8 Gy: 120% + 20% vs.
320% + 40%). However, the IR-induced caspase-3 activity de-
creased by 47.1% following 1 pM DPI pretreatment and by 77%
following 500 pM NAC pretreatment compared with the control
group (Figure 2D). These results suggest that apoptosis can lead to
an inhibition of caspase-3 activity through the depletion of ROS. In
VSMCs from atherosclerosis patient samples, p22"h°x is an essential
component of isotypes of NOXs.%® It has been shown that p22°Ph
deficiency can inhibit activation of NOXs.}283¢3% To confirm this
finding, a stable p22°"*-knockdown VSMC (p22P"°* KD) was con-
structed (Figure S1). Confocal images showed that the IR-induced
DNA damage in VSMCs was also markedly reduced in p22P"* KD
(Figure 2E). These results overall suggest that IR induces apoptosis
by increasing ROS production of NOX in VSMCs.

3.3 | lonized radiation increases VSMCs apoptosis
through CRP-mediated ROS production

Our previous study revealed that CRP, as a ligand of the Fcy re-
ceptor IIA (FcyRIIA), can induce VSMCs apoptosis via ROS pro-
duction by NOX4." To assess the effect of CRP accumulation,
human CRP was overexpressed in A10 cells (tCRP) (Figure S2).
At 24-hours’ post-transfection, the cells were analysed to detect
apoptosis (Figure S3). Confocal microscopy showed that tCRP
critically induced apoptosis and nucleic DNA damage in A10 cells
(Figure 3A). The tCRP-A10 cells showed increased production of
intracellular ROS (705.4% + 66.2% compared to 100% + 15.1%
for control tMOCK-A10 cells) (Figure 3B). The mean value of spe-
cific mitochondrial ROS was also shifted from 9.14 (tMock) to 16.4
(tCRP) in A10 cells (Figure 3C). To confirm that CRP protein leads
to ROS production, mRNA levels of redox-related genes were de-
tected in human VSMCs treated with human recombinant CRP
(hrCRP). hrCRP enhanced the mRNA levels of NOX2, NOX4, Ref-1
and p53 compared with the control (Figure 3D). In addition, 8 Gy IR
exposure significantly increased the expression levels of CRP and
Ref-1, as well as decreased phosphorylation of STAT3, which was
attenuated by CRP knockdown using siRNA CRP (Figure 3E,F). IR
can increase CRP expression. De novo CRP may trigger apoptosis of
VSMC through ROS generation.

FIGURE 1 IR enhances ROS production and CRP expression in VSMCs. Intracellular ROS production and gene expression were analysed
by exposing human aortic VSMCs to ionizing radiation. (A, B) Intracellular ROS of hVSMCs was analysed by flow cytometry with 5 uM
H,DCFDA for 15 min and exciting at 488 nM (FL1: green). (C, D) Mitochondrial ROS of hVSMCs was analysed by flow cytometry with 5 pM
mitoSOX™ and exited at 510 nm (FL2: red). (B, D) The results show the mean + SD value of specific cell-associated fluorescence intensity.
The level of ROS production was analysed with t-tests (**p < 0.01; *p < 0.05). (E) CRP, Ref-1, p22°"°, NOX4, GADD153, Bcl2, Bax and
GAPDH mRNA levels were analysed by RT-PCR. (F) hVMSCs were pretreated with/without DPI (1 uM) before IR exposure. The expression
of CRP, Ref-1, p22”h°x, STAT3 and phosphorylated STAT3 in IR-exposed VSMCs was analysed by IB at 48 h. (G) Fold-changes are presented
in the bar graph. Data are representative of three independent experiments and were analysed using unpaired t-tests (**p < 0.01; *p < 0.05)
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FIGURE 2 IR enhances apoptosis of VSMCs by ROS production through NOXs. (A) Apoptosis and cell death were analysed by flow

cytometry using Annexin V and Pl staining in IR-exposed hVSMCs. (B, C) The mean value of the specific cell-associated fluorescence with
unpaired t-tests (* p < 0.05). (D) Apoptosis was measured with Vybrant® FAM caspase-3 assay kits. The cells were treated with DPI (1 uM) or
NAC (0.5 mM) before IR exposure. The mean + SD value of excitation at 488 nM with unpaired t-tests (** p < 0.01). (E) The representative
images of DNA damage were analysed with TUNEL assays. Magnification, 200x. Confocal microscopic images are shown with the black
colour marking the damaged DNA in the nucleus in IR-exposed hVMSCs and p22P"°* KD cells. The results of three independent experiments

are shown

3.4 | Overexpressed CRP protein disrupts STAT3/
Ref-1 complex and alters its expression levels in
cytoplasmic and nuclear fractions

Ref-1 can bind to STAT3 and act as its transcriptional co-factor in
the nucleus.?%?%324 To investigate possible changes in the formation
of Ref-1 related protein complexes, IP was performed using a spe-
cific Ref-1 antibody. When overexpressed CRP was bound to Ref-1,
STAT3 detached from Ref-1 (Figure 4A). To confirm phosphoryla-
tion of JAK and STAT3 was involved in their activation, IP was next

performed using a phosphorylated tyrosine antibody. Only overex-
pressed Ref-1 (tRef-1) increased the phosphorylated tyrosine levels
of JAK and STAT3 compared with tCRP and tRef-1 co-transfected
VSMCs (Figure 4A). The overexpressed CRP was only found in
the cytoplasm (Figure 4B). However, the tRef-1 alone was overex-
pressed in the nucleic compartment following STAT3 phosphoryla-
tion. In contrast, when CRP and Ref-1 were co-overexpressed, the
levels of Ref-1 and phosphorylated STAT3 were markedly reduced
in the nucleus (Figure 4B). To determine the subcellular localization
of CRP and Ref-1 in VSMCs, red fluorescent protein (RFP)-tagged
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FIGURE 3 CRP-induced ROS production increases apoptosis. (A) 1 x 10° rat VSMCs (A10) were transfected with pcDNA3.1 (tMOCK)
or pcDNA3.1-human CRP cDNA (tCRP) expression vector for 24 h. CRP overexpressing cells were obtained using Annexin V-FITC (green
in Panel a) and propidium iodide (PI) (red in Panel b) with an apoptosis detection kit. Panel c shows the overlapping images of (a) and (b).
Magnification, 100x. Scale bar, 100 um. The A10 cells were analysed with TUNEL assays. Magnification, 200x. Confocal microscopic
images are using a black colour to mark the damaged DNA in the nucleus (Panel d). (B) Intracellular ROS of tMock or tCRP-A10 cells were
analysed by flow cytometry using 5 uM H,DCFDA and excitation at 488 nM (FL1: green). (C) Mitochondrial ROS of the cells were analysed
by flow cytometry with 5 uM mitoSOX™ and excitation at 510 nm (FL2: red). (D) Human VSMCs were cultured with recombinant human
CRP (25 pg/24 h) and Ref-1, NOX2, NOX4, p53, MDM2 and GADPH mRNA expression levels were analysed by RT-PCR. (E) hVSMCs were
pre-transfected with non-specific sSiRNA or CRP siRNA (400 pmole/48 h) before 8 Gy IR exposure of the cells. CRP, Ref-1, STAT3 and
phosphorylated STAT3 protein levels were detected with IB. Data are representative of three independent experiments. (F) Quantification

was carried out using Quantity One software and unpaired t-tests (**p < 0.01; *p < 0.05)

CRP and green fluorescent protein (GFP)-tagged Ref-1 were co-
overexpressed and live VSMCs were observed by confocal micros-
copy. CRP and Ref-1 were co-localized in cytoplasm (Figure 4C).
These proteins were detected at different levels perpendicular to
the optical axis (the Z-axis) from serial sequential sections. They
were also sequentially merged on the depth of the extra-nucleus
region in VSMCs (Figure 4D). Overexpressed CRP and Ref-1 were
co-localized with mitochondria or closely adjacent to mitochondria
in VSMCs (Figure 4E, Figure S4). These findings suggest that IR-
induced Ref-1/CRP complex formation in the cytosol might inhibit
STATS3 activity and its translocation to the nucleus promotes STAT3
dissociation from Ref-1.

3.5 | Complex of CRP and Ref-1 leads to
mitochondrial dysfunction

To confirm CRP binding with Ref-1, lysates of Myc-tagged CRP-
overexpressed A10 cells were immunoprecipitated with specific
anti-Ref-1 and anti-Myc antibodies. As shown in Figure 5A, over-
expressed myc-tagged CRP protein successfully bound to Ref-1
(Figure S5). IR-induced CRP protein reduced STAT3 binding levels by
binding to Ref-1, but no difference was observed with a non-specific
IgG antibody (Figure 5B). CRP-induced apoptosis of VSMCs depends
on ROS production by NOX4.'” To evaluate whether CRP-induced
mitochondrial dysfunction, tCRP- or tRef-1-A10 cells were analysed
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FIGURE 4 Overexpressed CRP interferes with JAK/STAT3 activity via CRP/Ref-1 complex formation in VSMCs. A10 were transfected
with tMOCK, tCRP, pcDNA3.1-human Ref-1 cDNA (tRef-1), pDsRedN1-hCRP cDNA or pEGFPN1-hRef-1 cDNA for 48 h. (A) Total level of
CRP and Ref-1 protein was detected by IB. Total lysates of the A10 cells were cross-linked and immunoprecipitated by goat-anti ref-1 or
rabbit-anti p-Tyrosine antibodies. Ref-1 or phosphorylated Tyrosine antibody-linked proteins were analysed by IB using mouse anti-CRP, anti-
JAK and anti-STAT3 antibodies. (B) Nuclear and cytoplasm extracts were analysed by IB for the specific protein levels, as indicated (CRP, Ref-
1, STAT3-p, STAT3, tubulin: cytosol marker and elLé: nucleus marker). The relative band intensities are indicated below each representative
IB picture. (C) Localization of CRP and Ref-1 in A10 cells was analysed by IF. Magnification, 630x. The nucleus was stained with NucBlue™

in living cells (panel a: the nucleus is blue). Expression pattern of Ref-1 and CRP was shown using confocal microscopic images (panels b and
d: CRP is TIRTC red; panels c and d: Ref-1 is FITC green). (D) Magnification, 630x. Serial images of confocal microscopy were collected at
different levels perpendicular to the optical axis (the Z-stack axis) within a specimen (Panel e: nucleus is blue, panel f: CRP is TRITC red, panel
g: Ref-1is FITC green, panel h: the merged images of e, g and f). (E) A10 cells were transfected with tMOCK or tCRP for 48 h. Localization of
mitochondria and overexpressed CRP protein in A10 cells was analysed through IF using MitoTracker, rabbit-anti-CRP antibody and FITC-
conjugated secondary anti-rabbit antibody. Nuclei were stained with DAPI. Magnification, 630x. CRP expression pattern and localization of
mitochondria are shown using confocal microscopic images (panels a and e: the nucleus is blue, panels b and f: CRP is green at 488 nm, panel

c and g: mitochondria is red at 578 nm)

for cytochrome C. As shown in Figure 5C, cytochrome C was criti-
cally released to the cytosol in tCRP-A10 cells. The activation of
caspase-3 by co-overexpression of CRP and Ref-1 was increased
about five-fold compared with control or overexpressed Ref-1 alone
(Figure 5D). The increased caspase-3 activity was attenuated by in-
hibiting ROS production using 1 pM DPI or 500 uM NAC. DPI sig-
nificantly blocked caspase-3 activity by acting simultaneously on
CRP and Ref-1 (Figure 5D). These results suggest that CRP and Ref-1
complex formation in VSMCs might increase apoptosis via signifi-
cant mitochondrial dysfunction by ROS.

3.6 | The CRP/Ref-1 complex changes cause
VSMCs death via cytoplasmic p53

As shown in Figure 6A-C, tCRP in VSMCs increased the expres-
sion levels of apoptotic genes, including p53, bax, bak and cleaved
caspase-3, whereas tRef-1 alone increased Bcl2. This suggests that
CRP might change the phenotype of VSMCs. Ref-1 protein is asso-
ciated with p53.184° To examine this possibility, IP was performed
using myc-tagged CRP-overexpressed VSMCs. The myc-tagged
tCRP induced-p53 formed a complex with Ref-1/CRP proteins in
VSMCs (Figure 6B). As shown in Figure 4B,C, co-overexpressed
CRP and Ref-1 in VSMCs were markedly increased in the cytoplasm.
Mono-ubiquitination of p53 causes it to transmigrate from the nu-
cleus to the cytoplasmic compartment.** As shown in Figure 6B,
mono-ubiquitinated p53 was mainly detected in the lane with tCRP-
VSMC. The tRef-1 alone could not induce mono-ubiquitination of
p53. tCRP induced p53 expression and co-localized with p53 in the
mitochondria or cytoplasm (Figure S6). When p53 migration was
blocked using pifithrin pu (PFT p), an inhibitor of cytoplasmic accumu-
lation of p53,*2 the expression levels of Bax and Bak were attenu-
ated compared with those in tCRP-VSMCs (Figure 6C). In addition,
confocal images showed that CRP-induced cell death was blocked by
inhibiting cytoplasmic p53 using PFT p or p53 siRNA (Figure 6D,E).
These results suggest that the complex formation of CRP and Ref-1
in VSMCs might increase apoptosis via the accumulation and asso-
ciation with cytoplasmic p53.

3.7 | CRP, Ref-1 and p53 proteins are co-localized
in VSMCs of human coronary plaques

Human atherosclerotic plaques contain abundant VSMCs and mac-
rophages.*® The image of immunofluorescence clearly showed that
Ref-1 and p53 were expressed in a-smooth muscle actin (a-SMA) (+)
VSMCs in human atherosclerotic lesions (Figure 7A). The same area
of a-SMA (+) staining also generally co-localized with CRP (+), Ref-1
(+) and p53 (+) areas (Figure 7B,C).

4 | DISCUSSION

Radiation-induced CRP initiates and maintains chronic inflamma-
tion that causes late radiation complications. The serum CRP level is
usually measured from undetectable to 1.0 mg/L in healthy humans.
CRP can be de novo synthesized in VSMCs or macrophages within
atherosclerotic lesions in inflammatory responses.44 Blaschke et al.'
reported that CRP can induce apoptosis of human coronary VSMCs
by mediating caspase activity. In addition, we have previously re-
ported that CRP can trigger NOX4 activation and consequently
induce apoptosis of human aortic VSMCs.'” Radiotherapy-induced
CRP can increase the risk of skin toxicity and cardiac morbidity, and
ischaemic heart diseases.* In this context, the present study con-
firmed that IR-exposed VSMCs produced ROS dose-dependently
even 48 h later. In artificial conditions, overexpressed CRP in VSMCs
dramatically increased their intracellular ROS production.

To examine how VSMCs survival could be modulated by de
novo synthesis of CRP, hrCRP was used to treat VSMCs. This
treatment enhanced the expression levels of the NOX2, NOX4,
Ref-1 and p53 genes. NOX1, NOX2 and NOX4 are the three main
NOXs known to produce ROS, which plays key roles as secondary
messengers, in human vasculature and endothelial cells.3”*¢ When
NOXs produce excessive ROS, they can result in cardiovascular
symptoms such as atherosclerosis and instability of atheroma-
tous plaques through cell phenotype modulation.*” This back-
ground of increased apoptotic VSMCs through IR-induced CRP
can be explained by our results showing that scavenging ROS by
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FIGURE 5 CRP leads to dissociation of the STAT3/Ref-1 complex and mitochondrial dysfunction in VSMCs. (A, C, D) A10 cells were
transfected with pEF1la-myc vector (myc-tMOCK), tMOCK, pEF1a-myc-hCRP cDNA (myc-tCRP), tCRP or tRef-1 for 48 h. Total level of
CRP and Ref-1 protein was detected by IB. Total lysates of the A10 cells were cross-linked and immunoprecipitated by goat-anti ref-1 or
rabbit-anti myc antibodies. Ref-1 antibody-linked or myc-peptide tagged proteins were analysed by IB using mouse anti-CRP, anti-Myc and
anti-Ref-1 antibodies. (B) CRP, Ref-1 and STAT3 protein levels were detected with IB in total lysates of 8 Gy IR-exposed hVSMCs. Total

cell extracts were immunoprecipitated by I1gG or goat-anti ref-1 antibodies. IgG or Ref-1 antibody-linked proteins were analysed by IB
using mouse anti-CRP, anti-Ref-1 and anti-STAT3 antibodies. (C) Fractions of the cytoplasm and mitochondria were isolated from tCRP- or
tRef-1-A10 cells. Each fraction is shown by the specific antibodies (COXIV: mitochondrial marker, a tubulin: cytosolic marker). Released
cytochrome C protein was detected from fractions of cytoplasm and mitochondria using IB. (D) tCRP or tRef-1 induced caspase-3 activity
was measured by using Vybrant® FAM caspase-3 assay kits on IR-exposed A10 cells. The cells were treated with DPI (1 uM) or NAC (0.5 mM)
before IR exposure. The mean + SD value of excitation at 488 nm with unpaired t-tests (**p < 0.01; * p < 0.05)

NAC in IR-exposed VSMCs reduced the expression of apoptosis
genes. CRP in the region of directional coronary atherosclerosis
(DCA) can induce ROS production from p22P"®*-based NOX.'748
Furthermore, NOX1, NOX2 and NOX4 proteins strictly require
the p22°"°* subunit for their enzyme activity.?®3¢ We generated
p22P"°% knockdown of VSMCs (p22P"*-KD) by lentivirus to inhibit
NOX activity, which was able to inhibit the induction of p22P"°*
expression by CRP (Figure S7). We also suppressed NOX activity
using DPI. Both approaches consistently demonstrated profound
inhibition of radiation-induced apoptosis by attenuating caspase-3

activity and DNA damage. These results confirmed that radiation-
induced CRP could increase ROS production by NOX, thus leading
to apoptosis of VSMCs.

In the early phase of atherosclerosis, VSMCs affects some as-
pects of plaque progression by unclear mechanisms.®*> Ref-1 is
highly expressed in atherosclerotic lesion and regulated the redox
system in an in vivo model of hyper-homocysteinemia-accelerated
atherosclerosis.*’ Previous reports suggested that an increased
Ref-1 level may induce VSMC proliferation as a co-transcriptional
factor in the STAT3/Ref-1 complex.?* Sustained expression of
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FIGURE 6 CRP associated-Ref-1 induces apoptosis through p53 binding in the cytoplasm of VSMCs. (A, B) A10 cells were transfected
with pEF1a-myc vector (myc-tMOCK), tMOCK, pEF1a-myc-hCRP cDNA (myc-tCRP), tCRP or tRef-1 for 48 h. (A) Apoptosis-related proteins
including p53, Bak, Bax, Bcl2 and cleaved caspase-3 protein levels were detected in total lysates of tMOCK-, tCRP- or tRef-1-A10 cells. (B)
Total levels of CRP and Ref-1 protein were detected by IB. Total lysates of the A10 cells were cross-linked and immunoprecipitated by rabbit-
anti myc, goat-anti ref-1 or rabbit-anti p53 antibodies. CRP, myc, Ref-1 and p53 protein levels were detected among the myc-tagged proteins.
Ref-1 antibody-linked proteins were analysed by IB using p53 antibody. p53 antibody-linked proteins were analysed by IB using anti-mono-
ubiquitin antibody. (C, D) tMOCK:- or tCRP-A10 cells were treated with PFT p (5 uM) or transfected with p53 siRNA for 48 h. (C) mRNA levels
of CRP and apoptotic genes were analysed by RT-PCR. (D) Magnification, 100x. Confocal images of cell death (infiltrated Pl dye and stained
damaged nuclei: red colour). (E) The mean + SD value of excitation at 585 nm with unpaired t-tests (** p < 0.01)

Ref-1 and CRP accumulation in the cytosol may inhibit STAT3/ VSMCs is a cause of plaque instability and inflammation in the vas-
Ref-1 interactions and increase the inflammatory response of CRP, cular system,® explaining why VSMCs might crucially proceed to
thus accelerating atherosclerosis after radiotherapy. Apoptosis of apoptosis.
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FIGURE 7 Ref-1, CRP and p53 proteins co-localized in VSMCs of human coronary plague. Human atheromatous plaques were obtained
by directional coronary atherectomy (DCA) and were cyto-static sectioned. (A-C) Tissues were analysed with triple IF using anti-aSMA («
smooth muscle actin)-TRITC, p53-TRITC, Ref-1-FITC and CRP-cy5 antibodies. Nuclei were stained with DAPI. (A) Magnification, 400x. (B)

Magpnification, 100x. (C) Magnification, 630x

Ref-1 as a co-factor can directly bind to and modulate transcrip-
tion factors including AP-1, HIF1«, NF-xB and p53.50 Ref-1 regulates
cell growth, apoptosis, the intracellular redox state and mitochon-
drial function.®® In the current study, Ref-1 expression was increased
following IR-induced ROS production. We also found that de novo-
synthesized CRP or IR-induced CRP was associated with Ref-1.
Previously, Ref-1 was shown to regulate the transcription of STAT3
through STAT3 interactions with Ref-1.2° We found that Ref-1 could
bind to STAT3 and induce the activation of JAK/STAT3. However,
co-overexpression of Ref-1 and CRP changed the Ref-1 effect from
cell survival to apoptosis. The CRP/Ref-1 complex might provide an
important clue about the inflammatory response and VSMCs during
the development of atherosclerosis, suggesting a new viewpoint on

multifunctional Ref-1 processing in cardiovascular disorders. JAK/
STAT3 signalling is a potential axis of signal transductions that can
regulate the proliferation of VSMCs.? Based on the dissociation of
STAT3 from Ref-1 that we observed under 8 Gy exposure of VSMCs,
IR-induced CRP and Ref-1 complex formation could be linked to the
transcriptional repression of STAT3. The activity of STAT3 opposes
CRP-induced apoptosis, at least within VSMCs. The overexpression
of Ref-1 alone upregulated JAK and STATS3 activities, whereas co-
expression of Ref-1 and CRP dramatically down-regulated the phos-
phorylation of JAK and STAT3. When Ref-1 was co-overexpressed
with CRP, patterns of Ref-1 and STAT3 localization in intracellu-
lar regions were changed. STAT3 was dissociated from Ref-1 and
phosphorylated STAT3 proteins were decreased in the nuclei after
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overexpressing CRP. Furthermore, in the Ref-1 capacity of manag-
ing ROS production and promoting cell survival, newly accumulated
CRP might trigger the switch of the activity of Ref-1 from prolif-
eration to apoptosis. Formation of the STAT3/Ref-1 complex and
increased phosphorylation of JAK and STAT3 in the nucleus may
indicate their involvement in gene targeting and transcription, driv-
ing the proliferation of VSMCs. The increase in cytoplasmic CRP
under an inflammatory state could also induce a switch to apop-
totic cell death via formation of the CRP/Ref-1 complex. With the
co-overexpression of CRP and Ref-1 proteins, we indeed observed
apoptosis. While the overexpressed Ref-1 showed signs of cell pro-
liferation such as increased DNA synthesis in S phase (Figure S8)
and anti-apoptotic Bcl2 expression, the co-overexpressed CRP and
Ref-1 may lead to apoptosis of VSMCs, notably by increasing Bax
expression, caspase-3 activation and releasing cytochrome c. As a
result, cell death was found to be induced by newly synthesized CRP
alone. In addition to the unilateral effect of CRP, CRP-induced apop-
tosis seems to be mediated by regulating endogenous Ref-1 activity.

p53 is as a transcription factor and increased in cells after ex-
posure to radiation.’®> A mouse model of overexpressed p53 in
advanced atherosclerotic plaques also demonstrated that p53 can
lead to the death of smooth muscle cells and induce atherosclerotic
plaque destabilization.’*> In the current study, in vitro tCRP or
hrCRP critically increased p53 expression in VSMCs. Ref-1 is asso-
ciated with p53 and it regulates pro-apoptotic p53 both in vivo and
in vitro.° In this study, when CRP and Ref-1 were co-overexpressed
in VSMCs showed that increased p53 was associated with the CRP-
Ref-1 complex. Mitochondrial damage and dysfunction can accel-
erate atherosclerosis and rupture of plaques by enhancing VSMCs
apoptosis.>® Here, we showed that overexpressed CRP of VSMCs
dramatically enhanced p53 expression and the proportion of mono-
ubiquitinated p53 under the same conditions. Mono-ubiquitination
of p53 triggers its export from the nucleus.** Nuclear exported p53
can accumulate in the cytoplasm before transcription-independent
p53 apoptosis via mitochondrial dysfunction, cytochrome c release
and procaspase-3 activation.*>*?> When mono-ubiquitinated p53
was associated with the CRP/Ref-1 complex in VSMCs, we found
that the expression levels of apoptotic genes, including Bax, Bak,
cleaved caspase-3 and cytosolic cytochrome C were increased.
Exporting p53 from the nucleus might play a pro-apoptotic role.
However, pretreatment with PFT p or p53 siRNA, an inhibitor of
mitochondrial p53 accumulation and function,*? inhibited apoptotic
genes expression by tCRP. Thus, we observed that during the switch
from VSMC survival to cell death, formation of the CRP-Ref-1 com-
plex in the cytoplasm in the presence of cytoplasmic p53 resulted in
apoptosis via a transcription-independent pathway. During athero-
sclerotic plaque development, involving Ref-1 and ROS production
via accumulation of CRP, p53 might induce apoptosis in VSMC cells,
thus causing unstable plaques.

CRP is synthesized by VSMCs or macrophages within severe ath-
erosclerotic plaque lesions.”” CRP is frequently detected in human
unstable or ruptured plaques. It is particularly prominent in VSMCs
as a major factor involved in thinning of the fibrotic cap.***® In DCA,

the same tissue used for staining in reference number 17 for our
studies, the overlapping area of CRP and Ref-1 staining was spread
on a-actin-positive VSMCs. CRP and Ref-1 proteins were found to
be co-localized and generally existed in the cytoplasm rather than
in the nucleus. The observation of co-localization of CRP and Ref-1
in human DCA thus supports our hypothesis. It is unclear what role
CRP plays in the transition between VSMC proliferation and death
during atherosclerosis. Our study showed that changes in Ref-1/
STAT3 activity induced by CRP accumulation were closely related to
the induction of atherosclerotic plaque instability. We can propose
that the CRP/Ref-1 complex is one of the causative factors in switch-
ing the VSMCs phenotype, which determines the development of
unstable plaques. In other words, our findings suggest that the ex-
pression and accumulation of CRP could tune Ref-1 activity, lead-
ing to the death of VSMC with consequences on unstable plaque
formation. The molecular mechanisms involved in the early-to-late
chronic inflammatory stages of atherosclerosis remain elusive.
Furthermore, the signalling mechanisms of vascular damage caused
by radiotherapy are even more ambiguous. For therapeutic applica-
tions, molecular mechanisms related to other phenotypes such as
migration, invasion and silencing of blood or vascular cells should
be further elucidated. Based on the overall results of the current
study, it is expected that studying the transformation of the VSMC
phenotype that induces vascular damage through CRP inhibition and
modulation of Ref-1 activity will help to improve radiation therapy

and prevent its side effects.
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