&%3,%; UNIVERSITA
S wcrf Ty Ei}él DEGLI STUDI
”l Aer 1O %@ﬁj‘%ﬁ% DI TORINO

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

Up-regulation of PCSK6 by lipid oxidation products: A possible role in atherosclerosis

This is a pre print version of the following article:

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/1766940 since 2021-07-02T12:46:01Z

Published version:
DOI:10.1016/j.biochi.2020.12.012
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

07 January 2023



Biochimie
Up-regulation of PCSK®6 by lipid oxidation products: a possible role in atherosclerosis
--Manuscript Draft--

Manuscript Number: BIOCHI-D-20-01027R1
Article Type: Research Paper
Section/Category: Regular issue
Keywords: oxysterols,
4-hydroxy-2-nonenal,
PCSKa®,
MMP-9,
inflammation,

atherosclerosis

Corresponding Author: Gabriella Leonarduzzi
University of Turin
Orbassano, ITALY

First Author: Gabriella Testa
Order of Authors: Gabriella Testa
Erica Staurenghi
Serena Giannelli
Barbara Sottero
Simona Gargiulo
Giuseppe Poli
Paola Gamba
Gabriella Leonarduzzi
Manuscript Region of Origin: ITALY

Abstract: Atherosclerosis is a degenerative disease characterized by lesions that develop in the
wall of large- and medium-sized arteries due to the accumulation of low-density
lipoproteins (LDLs) in the intima. A growing bulk of evidence suggests that cholesterol
oxidation products, known as oxysterols, and the aldehyde 4-hydroxy-2-nonenal
(HNE), the major pro-atherogenic components of oxidized LDLs, significantly
contribute to atherosclerotic plaque progression and destabilization, with eventual
plaque rupture. The involvement of certain members of the protein convertase
subtilisin/kexin proteases (PCSKs) in atherosclerosis has been recently hypothesized.
Among them, PCSK6 has been associated with plaque instability, mainly thanks to its
ability to stimulate the activity of matrix metalloproteinases (MMPs) involved in
extracellular matrix remodeling and to enhance inflammation. In U937 promonocytic
cells and in human umbilical vein endothelial cells, an oxysterol mixture and HNE were
able to up-regulate the level and activity of PCSK®, resulting in MMP-9 activation as
demonstrated by PCSK® silencing. Inflammation, enhanced by these lipid oxidation
products, plays a key role in the up-regulation of PCSK6 activity as demonstrated by
cell pretreatment with NS-398, with epigallocatechin gallate or with acetylsalicylic acid,
all with anti-inflammatory effects.

For the first time, we demonstrated that both oxysterols and HNE, which substantially
accumulate in the atherosclerotic plaque, up-regulate the activity of PCSK6. Of note,
we also suggest a potential association between PCSK6 activity and MMP-9 activation,
pointing out that PCSK6 could contribute to atherosclerotic plaque development.
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Prof. Claude Forest

Editor of Biochimie

Turin, December 11, 2020

Dear Prof. Claude Forest,

we are submitting to Biochimie the revised manuscript “Up-regulation of PCSK6 by lipid
oxidation products: a possible role in atherosclerosis” (Testa et al.), Ref No BIOCHI-D-20-01027.
We have answered to all questions raised by the Reviewers and Editor. With the hope to have
made our manuscript acceptable by Biochimie for publication.

Looking forward to hearing from you.

Best regards,
Gabriella Leonarduzzi



Answer to Reviewers

We thank the reviewers for their suggestions. We have reviewed the paper based on their requests
and comments.

Reviewer 1

Introduction:

- The suggested papers (Ref 24, 25) have been added in the introduction and a new sentence has been
written (Line 48-52).

Materials and Methods

- In the paragraph 2.1 we have justified the composition and the concentration of the oxysterol mixture
used for the experiments. In the reference 31 a table reports the GC/MS analysis of oxysterols
quantified in human atherosclerotic plaques (Line 9-17).

- At the beginning of the paragraph 2.5 the code number of the PCSK6 siRNA and of a non-targeting
SiRNA have been added. siRNAs sequences are not revealed by the manufacturer because of
proprietary interests.

Discussion

- The paper suggested by the Reviewer has been added (Line 11, Ref 44).

- A new comment about the effects of PCSK6 on U937 cells treated with the oxysterol mixture and
its possible role in cell death has been added in the Discussion section (end of pag 15 of the revised
paper).

This part cannot be more deeply discussed because few data are present in literature about the
association of PCSK6 with atherosclerosis, although its involvement in this process is emerging.
Because PCSKG6 is mainly involved in the cell migration and ECM degradation, we focused our
attention on the role of PCSK6 on MMP-9 activity. Preliminary results have been obtained in our
laboratory about the mechanism through which oxysterols might stimulate PCSK6 activity by
inducing intracellular ROS production and the possible involvement of PCSK6 on cell death.
Concerning the last point, PCSK6 does not seem responsible for the apoptotic cell death. However,
further investigation is necessary.

- A comment about the potential role of the single oxysterols on PCSK6 expression has been added
at the end of the Discussion section and the paper suggested by the Reviewer has been added (Ref
63).

Reviewer 2.

The Figures 3, 4, 6, and 7 have been modified as suggested by the Reviewer 2. The Figure 5 has been
modified as well as its legend; the end of the paragraph 3.4 of the Results section has also been
modified according to the new figure.

Editor
As suggested by the Editor, we have added the Author contributions and the statement that the
authors have approved the final article
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Abstract
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ABSTRACT

Atherosclerosis is a degenerative disease characterized by lesions that develop in the wall of large-
and medium-sized arteries due to the accumulation of low-density lipoproteins (LDLs) in the intima.
A growing bulk of evidence suggests that cholesterol oxidation products, known as oxysterols, and
the aldehyde 4-hydroxy-2-nonenal (HNE), the major pro-atherogenic components of oxidized LDLSs,
significantly contribute to atherosclerotic plaque progression and destabilization, with eventual
plaque rupture. The involvement of certain members of the protein convertase subtilisin/kexin
proteases (PCSKs) in atherosclerosis has been recently hypothesized. Among them, PCSKG6 has been
associated with plaque instability, mainly thanks to its ability to stimulate the activity of matrix
metalloproteinases (MMPs) involved in extracellular matrix remodeling and to enhance
inflammation. In U937 promonocytic cells and in human umbilical vein endothelial cells, an oxysterol
mixture and HNE were able to up-regulate the level and activity of PCSKS6, resulting in MMP-9
activation as demonstrated by PCSK®6 silencing. Inflammation, enhanced by these lipid oxidation
products, plays a key role in the up-regulation of PCSKG6 activity as demonstrated by cell pretreatment
with NS-398, with epigallocatechin gallate or with acetylsalicylic acid, all with anti-inflammatory
effects.

For the first time, we demonstrated that both oxysterols and HNE, which substantially accumulate in
the atherosclerotic plaque, up-regulate the activity of PCSK6. Of note, we also suggest a potential
association between PCSK6 activity and MMP-9 activation, pointing out that PCSK6 could

contribute to atherosclerotic plague development.
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Highlights:
An oxysterol mixture and HNE stimulate PCSK6 expression and activity.
PCSK®6 up-regulation induces MMP-9 activation promoting plagque progression.

Inflammation induced by oxysterols and HNE promotes PCSK6 up-regulation.
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ABSTRACT

Atherosclerosis is a degenerative disease characterized by lesions that develop in the wall of large-
and medium-sized arteries due to the accumulation of low-density lipoproteins (LDLS) in the
intima. A growing bulk of evidence suggests that cholesterol oxidation products, known as
oxysterols, and the aldehyde 4-hydroxy-2-nonenal (HNE), the major pro-atherogenic components
of oxidized LDLs, significantly contribute to atherosclerotic plaque progression and
destabilization, with eventual plaque rupture. The involvement of certain members of the protein
convertase subtilisin/kexin proteases (PCSKs) in atherosclerosis has been recently hypothesized.
Among them, PCSK6 has been associated with plaque instability, mainly thanks to its ability to
stimulate the activity of matrix metalloproteinases (MMPs) involved in extracellular matrix
remodeling and to enhance inflammation. In U937 promonocytic cells and in human umbilical
vein endothelial cells, an oxysterol mixture and HNE were able to up-regulate the level and activity
of PCSKG6, resulting in MMP-9 activation as demonstrated by PCSKG6 silencing. Inflammation,
enhanced by these lipid oxidation products, plays a key role in the up-regulation of PCSKG6 activity
as demonstrated by cell pretreatment with NS-398, with epigallocatechin gallate or with
acetylsalicylic acid, all with anti-inflammatory effects.

For the first time, we demonstrated that both oxysterols and HNE, which substantially accumulate
in the atherosclerotic plaque, up-regulate the activity of PCSK6. Of note, we also suggest a
potential association between PCSKG6 activity and MMP-9 activation, pointing out that PCSK6

could contribute to atherosclerotic plague development.

Keywords: oxysterols, 4-hydroxy-2-nonenal, PCSK6, MMP-9, inflammation, atherosclerosis

Abbreviations: AP, activator protein 1; ASA, acetylsalicylic acid; COX-2, cyclooxygenase-2;
ECs, endothelial cells; ECM, extracellular matrix; EGCG, epigallocatechin gallate; HDLsS, high
density lipoproteins; HNE, 4-hydroxy-2-nonenal; HUVECs, human umbilical vein ECs; IL,
interleukin; LDLs, low density lipoproteins; MAPKS, mitogen-activated protein kinases; MMPs,
matrix metalloproteinases; mPGES-1, membrane-bound prostaglandin E synthase-1; NF-«kB,
nuclear factor-kB; oxLDLs, oxidized LDLs; PCSKs, protein convertase subtilisin/kexin proteases;
PDGF, platelet-derived growth factor subunit B; PGE>, prostaglandin E2; ROS, reactive oxygen
species; SMCs, smooth muscle cells; TGF-B1, transforming growth factor-p1; TLR-4, Toll-like

receptor-4; TNF-a, tumor necrosis factor-o,; VSMCs, vascular SMCs.
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1. Introduction

Atherosclerosis is a multifactorial and degenerative disease affecting large- and medium-
sized arteries, characterized by lesions that develop and progress in the arterial wall due to low
density lipoprotein (LDL) accumulation in the arterial intima. Although increased plasma lipids
are central to the development of atherosclerosis, this disease is now mainly thought to be the
consequence of a complex inflammatory process, involving immune responses as well as oxidative
stress, with subsequent activation of all arterial wall cells [1,2]. The intercellular cross-talk that
occurs among vascular smooth muscle cells (VSMCs), macrophages, endothelial cells (ECs), and
leukocytes leads to a fibroproliferative response. During this response, the extracellular matrix
(ECM) plays a key role in plaque formation and progression, providing the structural integrity of
the plaque itself, as well as contributing to cell migration and proliferation. Alterations in local
inflammation may also induce an increased ECM modulation in the shoulder region of the fibrous
cap, resulting in plaque destabilization with subsequent risk of rupture [3-5].

Recently, the involvement of certain members of the pro-protein convertase
subtilisin/kexin proteases (PCSKSs) in atherosclerosis was demonstrated [6,7]. PCSKSs are enzymes
that cleave and convert their immature target proteins into a biologically active form [8].
Consequently, by controlling the activity of pro-atherosclerotic factors, including
metalloproteinases (MMPs) and cytokines, these enzymes may play a central role in the
atherosclerotic plague formation [9]. Members of PCSKs have been identified in human vascular
lesions and animal models of atherosclerosis [10], while their inhibition reduces vascular
remodeling and lessens progression of atherosclerosis in animal models, by regulating
inflammation, including cell proliferation and migration, as well as lipid metabolism [11]. Among
them, the involvement of the pro-protein convertase PCSK6 (also known as PACE4) in cancer
progression [12-14] and rheumatoid arthritis development [15,16] is well documented but,
recently, it has also been associated with atherosclerotic plaque progression and instability, thanks
to its ability to stimulate the activity of MMPs responsible for ECM remodeling.

Up-regulation of PCSK6 was demonstrated in patients with symptomatic carotid plaques
compared to asymptomatic ones, where it plays a key role in inflammation and ECM remodeling
causing plaque instability and rupture [17]. PCSK6 was found localized in VSMCs and in the
ECM within the fibrous cap region and the co-localization of PCSK6 and MMP-9 was observed
in the fibrous cap and near the necrotic core of carotid plaques. Moreover, it was demonstrated
that PCSK6 mRNA positively correlates with markers of macrophages (e.g. CD36 and CD40
receptors) and with inflammatory molecules, in particular growth factors and cytokines. A

significant up-regulation of PCSK6 in VSMCs was indeed induced by nuclear factor-kB (NF-kB),
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tumor necrosis factor-o. (TNF-a), and transforming growth factor-f1 (TGF-B1) [17]. Recently, it
was also demonstrated that PCSKG6 is a key factor in vascular remodeling through regulation of
SMC migration and intimal invasion by modulation of MMP-14 activation, particularly upon
platelet-derived growth factor subunit B (PDGFB) stimulation [18]. Because of its potential role
in atherosclerosis, PCSK6 can be considered as a new marker of plaque development and
instability.

One of the major risk factors of atherosclerosis is hypercholesterolemia, which promotes
the intramural accumulation of oxidized LDLs (oxLDLs) in susceptible areas of the arterial
vasculature, promoting EC dysfunction and, in turn, a chronic inflammatory state [2,19]. It has
been shown that a lipid extract of human atherosclerotic plaques induces oxidative stress in mouse
macrophages, and decreases the ability of high density lipoproteins (HDLS) to trigger cholesterol
efflux from macrophages [20]. Moreover, a lipid extract from human carotid plaques has been
shown to increase the expression of pro-inflammatory mediators in human promonocytic THP-1
cells and macrophage-like cells. Of note, the fraction rich in cholesterol oxidation products, named
oxysterols, was a major contributor to this effect [21]. Unlike cholesterol, oxysterols, which
consistently accumulate in the atherosclerotic plaque, critically contribute to cell dysfunction and
death by amplifying oxidative stress and inflammation. The cytotoxicity of oxysterols is due to
their capacity to diffuse through membranes where they affect receptor and enzymatic function
damaging membranes, and altering pathways and overall cell function. Noteworthy, by this way
they can contribute to the development of chronic and age-related diseases such as atherosclerosis
[22-25]. Among the several reactive molecules deriving from LDL oxidation, indeed, oxysterols
as well as 4-hydroxy-2-nonenal (HNE), one of the more reactive end products of polyunsaturated
fatty acid peroxidation, play a pivotal role in all the various steps of atheroma formation, from the
initial lesion to the plaque instability [22,23,26,27].

In previous studies performed in human promonocytic U937 cells, we demonstrated that
these lipid oxidation products contribute to plaque instability by up-regulating MMP-9 through
various interconnected signaling pathways. Moreover, these molecules also enhanced the release
of certain cytokines, thereby augmenting the inflammatory response. Of note, the induced
inflammatory cytokines were found to act on MMP-9 production, thus sustaining the release of
this matrix-degrading enzyme and contributing to plaque vulnerability [28-30].

Based on these previous findings, we investigated whether an oxysterol mixture, of a
composition similar to that found in human carotid plaques [31], or the aldehyde HNE may
modulate, in U937 cells and in human umbilical vein endothelial cells (HUVECS), the levels and

the activity of the pro-protein convertase PCSK6. The compounds increased both levels and
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activity of PCSKS6, resulting in a significant activation of MMP-9, as demonstrated by transfecting
cells with a PCSK6 small interfering RNA (siRNA). Inflammation, enhanced by oxysterols and
HNE, also played a key role in the up-regulation of PCSK®6 activity; this has been demonstrated
by cell pretreatment with NS-398, a selective inhibitor of cyclooxygenase-2 (COX-2), or with
epigallocatechin gallate (EGCG), a polyphenol with anti-inflammatory effects, as well as with
acetylsalicylic acid (ASA), which has anti-inflammatory, anti-pyretic, and anti-thrombotic effects.

For the first time, the data show that the investigated lipid oxidation derivatives, which
substantially accumulate in the atherosclerotic plaque, may up-regulate the activity of PCSK6
suggesting, of note, a potential link between PCSK®6 activity and MMP-9 activation pointing out
that PCSK6 might contribute to ECM remodeling and plaque development.

2. Materials and Methods

2.1. Cell culture and treatments

The human promonocytic cell line U937 and HUVECSs were respectively cultured in RPMI
1640 and DMEM medium, both supplemented with 10% fetal bovine serum (Euroclone, Milan,
Italy), 100 U/ml penicillin, 100 pg/ml streptomycin, and 2 mM glutamine (Sigma-Aldrich, Milan,
Italy), at 37°C with 5% CO: in humidified atmosphere. For U937 and HUVEC cell co-culture, a
mixture of RPMI and DMEM (1:1, v/v) was used.

The cells were dispensed at 1x10%/ml and made quiescent through overnight incubation in
serum-free medium. They were then placed in RPMI 1640 or DMEM or in RPMI/DMEM medium
with 2% fetal bovine serum and treated with 20 uM oxysterol mixture of a composition similar to
that found in human carotid plaques by gas chromatography/mass spectrometry (GC/MS) analysis
[31] thus mimicking the challenge of vascular cells by cholesterol oxidized products accumulating
within the central core of atheroma. The composition of the oxysterol mixture is: 7a-
hydroxycholesterol (4%), 7B-hydroxycholesterol (10%), Sa,6a-epoxycholesterol (8%), 5B,6B-
epoxycholesterol  (22%), cholestan-3p,5a,6p-triol  (6%), 7-ketocholesterol (21%), 25-
hydroxycholesterol (1%), and 27-hydroxycholesterol (28%) (Avanti Polar Lipids, Alabaster, AL,
USA). The percentage of each individual oxysterol was approximately calculated on the basis of
the ratio oxysterol ng/tissue mg. Other cells were placed in serum-free medium (RPMI 1640,
DMEM or RPMI/DMEM) and then treated with 5 uM HNE (Alexis, Euroclone).

Concerning the cell co-culture, after the treatments the medium containing the U937 cells

was centrifuged to collect them; HUVECSs were detached and collected.
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In certain experiments, cells were pretreated for 1 h with 25 uM NS-398, a specific inhibitor
of COX-2 or with 10 uM EGCG, a polyphenol with antioxidant and anti-inflammatory properties
(Sigma-Aldrich); other cells were co-treated with ASA (0.5-5 mM), an anti-inflammatory drug
(Sigma-Aldrich); all cells were then incubated with the oxysterol mixture (20 uM) or with HNE
(5 uM).

Final concentrations and incubation times for all experiments are given in the Result section or in

the figure legends.

2.2. RNA extraction, cDNA preparation, and real-time RT-PCR

Total RNA was extracted from cells using TRIzol reagent (Euroclone), following the
manufacturer's instructions. RNA was dissolved in RNase-free water fortified with RNase
inhibitors (RNase SUPERase-In; Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). The
amount and purity (Azeo/A2go ratio) of the extracted RNA were assessed spectrophotometrically.
The samples were stored at -80°C until the analysis.

cDNA was synthesized by reverse transcription from 2 pg RNA with a commercial kit and
random primers (High-Capacity cDNA reverse transcription kit; Applied Biosystems, Thermo
Fisher Scientific), following the manufacturer's instructions. Singleplex real-time RT-PCR was
performed on 40 ng of cDNA using TagMan gene expression assay kit prepared for human PCSK6
and B-actin and TagMan Fast Universal PCR master mix, and then analyzed by a 7500 Fast real-
time PCR system (Applied Biosystems, Thermo Fisher Scientific). The oligonucleotide sequences
are not revealed by the manufacturer because of proprietary interests. The cycling parameters were
as follows: 20 s at 95°C for AmpErase UNG activation, 3 s at 95°C for AmpliTag Gold DNA
polymerase activation, and 40 cycles of 3 s each at 95°C (melting) and 30 s at 60°C
(annealing/extension). The fractional cycle number at which fluorescence passes the threshold in
the amplification plot of fluorescence signal versus cycle number was determined for each gene
considered. The results were then normalized to the expression of $-actin, as housekeeping gene.

Relative quantification of target gene expression was achieved with a mathematical method

proposed by Livak and Schmittgen [32].

2.3. Analysis of PCSKG6 protein levels by Western blotting

After treatments, cells were lysed in ice-cold buffer (1 ml PBS fortified with 10 pl Triton
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X-100, 10 ul SDS 10%, and protease inhibitors) and centrifuged at 14000 rpm for 15 min. Total
protein content was spectrophotometrically measured by Bradford’s method [33].

Total proteins, 70 ug, were immunoprecipitated with anti-PCSK6 polyclonal primary
antibody (Santa Cruz Biotechnology, Dallas, TX, USA) in RIPA-buffer (20 mM TRIS, 150 mM
NaCl, 5 mM EDTA, 1% Triton X-100) added with protease inhibitors and incubated overnight at
4°C. Then, 15 ul of protein A-Sepharose resin were added and the samples were incubated for 2 h
at 4°C and centrifuged at 2500 rpm for 5 min.

The samples were boiled for 5 min in Laemmli buffer and separated in 8% denaturing
SDS/polyacrylamide gels followed by transfer to nitrocellulose membranes. Filters were blocked
with 5% nonfat dried milk in Tris-buffered saline (TBS) 1X-0.05% Tween 20 for 1 h at room
temperature and incubated overnight at 4°C with a primary antibody against PCSK6 (1:500),
diluted in 5% nonfat dried milk followed by a specific anti-goat horseradish peroxidase (HRP)-
conjugated secondary antibody (1:2000) for 2 h at room temperature (Santa Cruz Biotechnology,
Dallas, TX, USA). Proteins were detected using the Clarity Western ECL substrate (Bio-Rad
Laboratoires, Segrate, Milan, Italy) following the manufacturer's protocol.

The bands were quantified by densitometric analysis using the Image Lab software (Bio-
Rad Laboratories). The results are expressed in relative units, as percentage versus untreated cells,
considered as control.

2.4. Enzymatic activity evaluation of PCSK6 by spectrofluorimetry

To measure PCSK6 enzymatic activity, 40 ug of total proteins were added with 150 pl of
substrate buffer (Tris-HCI 50 mM, pH 7.5 and 10 mM CaCl») and incubated for 30 min at 37°C
with 80 uM of the Boc-RVRR-AMC substrate (Enzo Life Sciences, Farmingdale, NY, USA). The
reaction was stopped with 5 mM EDTA. PCSK6 activity was evaluated as the release of
fluorescent 7-amino-4-methylcoumarin (AMC), using a spectrofluorimeter (Aex 360 Nm, Aem 460
nm) (Kontron SFM 25, USA). Data are expressed as percentage versus untreated cells, considered

as control.

2.5. Small interfering RNA (SiRNA) transfection

PCSKG6 siRNA was used for transient gene knockdown study (Silencer Select Pre-designed siRNA
s9990, Ambion, Thermo Fisher Scientific). A non-targeting SiRNA was used as a negative control
(Silencer Select Negative Control #1 siRNA, Ambion). Both siRNAs sequences are not revealed

7
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by the manufacturer because of proprietary interests. Transfection of PCSK6 siRNA was
performed following the manufacturer's instructions.

Briefly, 50 nM of siRNA was mixed with 25 ul of transfection reagent solution (and left at room
temperature for 10 min in RPMI medium with 1% fetal bovine serum without antibiotics. After 24
h of reverse transfection, the cells (4 x 10%/500 ul) were incubated with 20 uM oxysterol mixture
or 5 uM HNE for 24 h; for gene expression analysis, total RNA was isolated from the cells and
used for quantitative RT-PCR as described above. The transfection efficiency, validated by

quantitative RT-PCR, was approximately 70-80% (Supplementary Fig. 1).

2.6. Gel zymography

MMP-9 activity was measured by zymography assay on cell protein extracts. After
treatment, cells were lysed in a lysis buffer (20 mM Hepes, pH 7.9, 350 mM NaCl, 1 mM MgCls,
0.5mM EDTA, 0.1 mM EGTA, 20% glycerol, and 1% Igepal CA-630) and 50 pg of proteins were
separated by 8% SDS-PAGE containing gelatin (0.8 mg/ml) under non-reducing conditions. The
gels were washed with a washing buffer (50 mM Tris and 2.5% Triton X-100, pH 7.5), for 1 h to
remove SDS and then incubated at 37°C overnight in an incubation buffer (40 mM Tris, 200 mM
NaCl, 10 mM CaCl,, and 0.02% NaN3z, pH 7.5). Gelatinolytic activity was detected as unstained
bands on a blue background after staining with 0.05% Coomassie Blue R250 and destaining with
5% methanol and 7% acetic acid solution. The bands were quantified by densitometric analysis

using Image Lab software (Bio-Rad Laboratories).
2.7. Statistical analysis

All values are expressed as means * standard deviation (SD). Data were analyzed
statistically using one-way ANOVA with Bonferroni's post-hoc test for multiple comparisons.
Differences at p<0.05 were considered statistically significant. Calculations were performed by
GraphPad InStat3 software package (GraphPad Software, San Diego, CA, USA).

RESULTS

3.1. The oxysterol mixture and HNE induce PCSK®6 expression and synthesis in both U937 cells
and HUVECs
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To investigate whether lipid oxidation products are involved in the up-regulation of
PCSKG®, a serine protease, U937 cells and HUVECSs were incubated with the oxysterol mixture or
HNE, which consistently accumulate in atherosclerotic plaques.

Human promonocytic U937 cells were incubated up to 8 h, either with an oxysterol mixture
of composition similar to that found in advanced atherosclerotic plaques or with HNE, at the non-
cytotoxic concentrations. The oxysterol mixture was used at 20 uM, a concentration mimicking
the amount found in atherosclerotic plaques [31], while the aldehyde HNE was used at a
concentration of 5 uM, which is below that found in inflamed and diseased tissues [34].

The effects of the oxysterols and HNE on PCSKG6 expression and synthesis were analyzed
by real-time RT-PCR and Western blotting, respectively. Both lipid oxidation derivatives
significantly induced PCSK6 gene expression: in oxysterol-treated cells the induction of the pro-
protein convertase was markedly increased, about 30-fold, after 6 h cell treatment (Fig. 1A); in
cells treated with HNE, the induction of the pro-protein convertase was less marked compared
with the oxysterol-treated cells, about 6-fold with a progressive reduction (Fig. 1C).

Regarding PCSKG6 protein levels, the oxysterol mixture significantly induced its synthesis
after 18 h cell treatment as shown in Figure 1B, followed by a reduction of PCSK6 protein levels
but still above the control. In HNE-treated cells, a progressive increase of PCSK6 protein levels
up to 48 h was observed, with a significant increase after 24 and 48 h cell treatment compared to
untreated cells considered as control (Fig. 1D).

During atherosclerosis development and progression, the cross-talk among all types of
vascular cells plays a crucial role. In particular, ECs play an important role in the initial phase of
plaque formation [35]. In order to understand whether the pro-protein convertase PCSK6 might be
induced by the oxidation lipid products in HUVECSs, both expression and synthesis of the enzyme
was investigated also in these cells. HUVECs were incubated with 20 pM oxysterol mixture or 5
UM HNE up to 48 h. In this set of experiments, both trend and increment of PCSK6 mRNA levels,
quantified by real-time RT-PCR, were slightly different from that obtained in U937 cells. PCSK6
expression was induced by oxysterols and reached a maximum by 6 h treatment (about 5-fold
increase), after which it reduced, although it was still significantly up-regulated (about 2-fold after
8 h cell treatment) (Fig. 2A). In HUVECs treated with HNE, a significant PCSK6 overexpression
was observed after 2 and 6 h cell treatment, although the increase was about 2-fold (Fig. 2C).

With regard to PCSKG6 protein levels, analyzed by Western blotting, the oxysterol mixture
markedly induced the synthesis of PCSK6 from 18 up to 24 h cell treatment, slightly decreasing
after 48 h but remaining significantly higher compared to untreated cells (control) (Fig. 2B). HNE
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cell treatment was able to induce PCSKG6 protein levels in a significant and time-dependent manner
from 18 up to 48 h cell incubation (Fig. 2D).

3.2. Induction of PCSKG6 activity by the oxysterol mixture and HNE in human promonocytic U937
cells and HUVECs.

Once demonstrated that oxysterols and HNE increase PCSK6 expression and synthesis, we

investigated their effect on its enzymatic activity.
PCSKG® activity was quantified through a spectrofluorimetric method in U937 cells and HUVECs
incubated with the oxysterol mixture (20 uM) or with HNE (5 uM) up to 48 h. In U937 cells, the
activity of PCSK®6 significantly increased after 18 h cell treatment with oxysterols, then it was
reduced until control levels were reached (48 h) (Fig. 3A). In HNE-treated cells, PCSK®6 activity
raised in a time-dependent manner with a maximum at 48 h (approximately 2-fold) (Fig. 3B).

In HUVECsS, the enzymatic activity of PCSKG6 increased in a time-dependent manner after
oxysterol mixture cell treatment, and the increase was significant after 24 and 48 h compared to
control cells (Fig. 3C). In HNE-treated cells, a significant increase of PCSK6 activity after 18 and
24 h cell incubation was observed, with a slight decrease after 48 h (Fig. 3D).

3.3. Modulation of PCSK6 activity in U937 cell and HUVEC co-culture incubated with the

oxysterol mixture or HNE

Since in vivo there is a constant cross-talk among all vascular cells, especially between
monocytes and ECs, we then investigated whether co-culturing U937 cells and HUVECs might
further modulate PCSK®6 activity. Co-cultured cells were treated with the oxysterol mixture (20
puM) or HNE (5 uM) up to 48 h, and then analyzed separately. Oxysterol or HNE treatments up-
regulated PCSKG6 activity in both cells (Fig. 4A-D) with a trend similar to that observed in cells
treated individually (Fig. 3A-D) but the enzyme activity induced by the oxysterol mixture was

more statistically significant compared to untreated cells considered as control (Fig. 4A and C).

3.4. Induction of MMP-9 activity by the oxysterol mixture and HNE through PSCK6 activation in
U937 cells.

The role of PCSKG6 in atherosclerosis is still not fully elucidated, while its role in

carcinogenesis is well documented. In particular, it has been shown that PCSK6 induces the
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activity of MMP-9 to promote the mobility and the invasiveness of cancer cells [36].

Given the importance of MMP-9 in atherosclerosis, particularly for the instability and rupture of
plaques due to its involvement in fibrous cap matrix degradation [7,37,38], we investigated
whether PCSK6 up-regulation induced by oxysterols and HNE might promote MMP-9 activity in
U937 cells, since it is mainly produced by macrophages.

The activity of MMP-9, a gelatinase B, was analyzed by gelatin zymography. The results
show a significant increase of MMP-9 activity in cells treated either with the oxysterol mixture
(20 uM) or with HNE (5 pM).

Oxysterols promoted a significant and progressive increase of MMP-9 activity in a time-
dependant manner up to 48 h, confirming our previous results [28]. To investigate a potential
association between PCSK6 up-regulation and MMP-9 over-activation, U937 cells were incubated
with oxysterols, after the down-regulation of PCSK6 gene by a specific sSiRNA. The enzymatic
activity of MMP-9 was then analyzed by gelatin zymography. Using PCSK6 siRNA, MMP-9
activity induced by oxysterols was significantly blocked after 24 h cell incubation compared to
untreated cells (control) (Fig. 5A).

In HNE-treated cells, MMP-9 activity markedly increased (about 2-fold) after 18 and 24 h
cell treatment with a slight reduction at 48 h, although it was still significantly higher compared to
untreated cells considered as control. After the down-regulation of PCSK6 gene, the enzymatic
activity of MMP-9 was also significantly blocked after 24 h cell incubation with HNE compared
to untreated cells (control) (Fig. 5B)

This data suggests a possible link between PCSKG6 activity and MMP-9 activation,

underlining their involvement in atherosclerotic plaque development.

3.5. Inhibition of inflammation reduces PCSK6 activity in both U937 and HUVECSs.

Nowadays, it is clear that inflammation plays a key role in atherosclerotic plaque
progression and instability [1,2,4]. It is also well known that the levels of COX-2, a key
inflammatory mediator, are increased in atherosclerotic lesions [39]. In this connection, we
recently demonstrated that the oxysterol 27-hydroxycholesterol and the aldehyde HNE are able to
increase expression and synthesis of COX-2 as well as the levels of some pro-inflammatory
cytokines in U937 cells [30]. Further, it has been shown that PCSK6 mRNA levels are increased
in SMCs stimulated with pro-inflammatory cytokines [18]. On this basis, we hypothesized that
inflammation could be the driving force for PCSKG6 activation within the atherosclerotic plaque.

U937 cells and HUVECs were pre-treated (1 h) with 25 uM NS-398, a selective inhibitor
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of COX-2, or with 10 uM EGCG, a polyphenol with antioxidant and anti-inflammatory effects,
and then incubated with 20 uM oxysterol mixture or 5 uM HNE for 24 h. We also investigated the
effect of ASA on PCSKG6 activity in the same cells, since ASA acts as an inhibitor of both
cyclooxygenases enzymes (COX-1 and COX-2), resulting in the inhibition of prostaglandin
biosynthesis. U937 cells were co-treated with different concentration of ASA (0.5 mM, 1 mM, or
5 mM) and with the oxysterol mixture (20 uM) or HNE (5 puM) for 24 h.

PCSKG® activity induced by the lipid oxidation products was inhibited by both NS-398 and
EGCG cell pre-treatment in U937 cells (Fig. 6A,B) and in HUVECs (Fig. 6C,D). A marked and
significant concentration-dependent inhibition of PCSK6 activity was observed in U937 cells co-
treated with ASA and oxysterols (Fig. 7A) or HNE (Fig. 7B), in particular at 5 mM ASA
concentration, compared to untreated cells (control).

4. Discussion

It is well known that hypercholesterolemia is an important requisite for the initiation and
progression of the atherosclerotic lesion. Indeed, the initial event is the accumulation of oxLDLs
in the sub-intima space due to endothelial dysfunction and they play a key role in the pathogenesis
of atherosclerosis since their up-take by activated macrophages promotes oxidative stress and
chronic inflammation state, leading to the progression and instability of the atherosclerotic plaque
[2,5,19,40]. During these processes, the intercellular cross-talk that occurs among the various
arterial wall cells leads to a fibroproliferative response [1,2,19].

Several compounds deriving from oxidation of the LDL lipid fraction are responsible for
LDL pro-atherogenic effects and, among them, there is no longer any doubt that oxysterols, present
at high concentrations in atherosclerotic plaques, play a pivotal role in all the various steps of
atheroma development [23,26,41-44]. Another important molecule, deriving from peroxidation of
polyunsaturated fatty acids, is HNE, one of the more reactive aldehydes that contributes to
atherosclerotic plaque progression [23,27,45]. HNE is also present at high concentrations in
plasma of patients affected by acute myocardial infarction [46].

ECM deposition plays a key role in plaque formation, providing the structural integrity of
the plaque itself, as well as contributing to cell migration and proliferation. Therefore, the gradual
loss of SMCs leads to a lesser synthesis of collagen and the imbalance in the MMPs/TIMPs (tissue
inhibitor of metalloproteinases) activity ratio to an uncontrolled ECM degradation and thus to the
thinning of the fibrous cap [3,5,37,38]. MMPs have been found at high concentrations within

atherosclerotic unstable plaques and in the plasma of patients affected by acute coronary
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syndromes [47,48]. It has also been demonstrated that MMP-9 is the most abundant gelatinase
released by activated macrophages, and that the production of pro-inflammatory cytokines, such
as interleukin-8 (IL-8) and TNF-a, can further stimulate its synthesis [29,49]. In this connection,
in previous studies we have demonstrated that various oxysterols and the aldehyde HNE contribute
to plague instability by up-regulating MMP-9. In human promonocytic U937 cells, an oxysterol
mixture, of composition similar to that found in advanced atherosclerotic plaques, was shown to
up-regulate MMP-9 without affecting its inhibitors TIMP-1 and TIMP-2 [28]. In addition, it has
been shown that, among the oxysterols of the mixture, 27-hydroxycholesterol markedly induces
MMP-9 expression in U937 cells, through the Toll-like receptor 4 (TLR4)/NF-«xB pathway. It also
enhanced the release of IL-8, IL-1p and TNF-a., thereby augmenting the inflammatory response.
Of note, these inflammatory cytokines have also been found to act on MMP-9 production, thus
sustaining the release of this matrix-degrading enzyme and contributing to plaque vulnerability
[29]. Further, in the same cell type, we also demonstrated that the most abundant circulating
oxysterol 27-hydroxycholesterol and the aldehyde HNE promote the up-regulation of both the
inducible enzymes COX-2 and membrane-bound prostaglandin E synthase-1 (mPGES-1), leading
to increased production of prostaglandin E> (PGE2). As a result of COX-2/mPGES-1 up-
regulation, the production of certain pro-inflammatory cytokines and of MMP-9 by activated
macrophages was also observed; the enhancement of cytokines and MMP-9 is presumably due to
the induction of PGE2 synthesis which might thus be a mechanism of plaque instability [30]. HNE
has also been demonstrated to up-regulate MMP-9 levels in murine macrophages [50].

Because patients with coronary atherosclerosis show relatively unpredictable events that
could strike without warning, there is a great effort in discovering new biomarkers in order to
identify patients at high risk of developing atherosclerosis.

Besides the plasma levels of inflammatory molecules, such as cytokines and MMPs, certain
members of PCSK family could be suggested as new promising biomarkers of atherosclerosis [7].
For example, PCSK3 (furin) and PCSK5 have been suggested to regulate inflammation in
atherosclerosis. Specifically, in VSMCs and macrophages, PCSK3 and PCSKS5 have been shown
to activate integrins and/or MMPs, suggesting a role for these enzymes in cell proliferation and
migration during atherogenesis [51,52]; PCSK expression has also been shown to increase during
macrophage differentiation [10]. In addition, PCSK3, PCSK5, and PCSKG6 cleave and inactivate
both endothelial and lipoprotein lipases, which play a critical role in the metabolism of HDLs,
very low density lipoproteins, and chylomicrons [53]. Thanks to microarray and quantitative real-
time PCR analyses, it has been observed that PCSK3 is the most dysregulated PCSK in advanced
human atherosclerotic plaques, and that its up-regulation is localized in the plaque lymphocytes
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and macrophages [9]. Although very little is known on the role of PCSK6 in atherosclerosis
development, it was reported that higher serum PCSKG6 levels may be a marker for higher
cardiovascular risk in patients without a chronic kidney disease [54]. Moreover, polymorphisms
in the PCSK6 gene have also been associated with hypertension and cardiovascular risk [55],
whereas single nucleotide polymorphisms in PCSK5 have been found to correlate with HDL levels
[56]. In human carotid lesions, up-regulation of PCSKG6, but also of PCSK7, was also
demonstrated, whereas no significant change in expression levels was observed for PCSK2 and
PCSK9; PCSKJ is, indeed, involved in the modulation of cholesterol homeostasis rather than
plaque vulnerability [17]. PCSK6 has been previously linked to increased cancer cell mobility and
invasiveness by enhancing the activity of various ECM-associated pro-proteins, such as MMP-9
[36] but, recently, PCSK®6 has also been associated with plaque instability thanks to its ability to
stimulate the activity of MMPs involved in ECM remodeling. Perisic and colleagues investigated
the expression of various members of the PCSK family: RNA samples extracted from 127 human
symptomatic carotid plaques were analyzed using microarray technology. Among various genes
involved in the pathogenesis of atherosclerosis, a significant down-regulation of PCSK3 and
PCSK5 was found, whereas PCSK6 and PCSK7 were up-regulated in carotid plaques in
comparison with control iliac arteries: an increase of about 19-fold of PCSK6 mRNA was observed
in plaques in comparison with controls, and an increase of about 8-fold in symptomatic carotid
plaques compared to asymptomatic ones. In the same study, by high-throughput
immunohistochemistry, it has been shown that PCSK®6 is highly expressed in SMCs and ECM
within the fibrous cap region. Moreover, a positive correlation between PCSK6 expression and
genes associated with inflammation, apoptosis, and matrix degradation was demonstrated. Of note,
it has also been shown that PCSK6 and MMP-9 co-localize in the fibrous cap, adjacent to the
necrotic core [17]. Very recently, it was also demonstrated that PCSKG6 is a key factor in vascular
remodeling. PCSK6 was located to fibrous caps and expressed by proliferating SMCs with positive
correlation to PDGFB and MMP-2/MMP-14. In particular, it was demonstrated that PCSK®,
through the regulation of SMC migration in the intima by MMP-14 activation, plays a key role in
vascular remodeling [18]. All data highly sustain the association between high PSCK®6 levels and
unstable atherosclerotic plaques.

On this basis, we hypothesized that this pro-protein convertase might be involved in plaque
progression, given that PCSK6 can modulate MMP-9 expression and its release by inflammatory
cells. On this basis, we carried out in vitro experiments to assess whether oxysterols and HNE
might up-regulate PCSK6 expression and enzymatic activity leading to MMP-9 activation.

Considering that during atherosclerosis development the cross-talk between vascular and
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inflammatory cells is fundamental, we performed our experiments using two types of cells
involved in the atherosclerotic plaque formation: U937 cells and HUVECs.

In U937 cells, a significant increase of PCSK6 expression and synthesis was found after
cell treatment with the oxysterol mixture (20 uM) or with HNE (5 uM) (Fig. 1). A similar trend of
PCSKG6 expression and protein levels was observed in HUVECs incubated with oxysterols or HNE
(Fig. 2). Following the increase in PCSKG6 levels, the enzymatic activity of PCSK6 was also
investigated in the same cells treated either with the oxysterol mixture or with HNE. The activity
of the pro-protein convertase was significantly increased in all set of experiments (Fig. 3). Since
plaque development is influenced by vascular cell interactions, we then investigated whether a co-
culture of U937 cells and HUVECs might further modulate PCSKG6 activity. Both oxysterol and
HNE treatments induced a similar trend of PCSK®6 activity in the cells (Fig. 4), but the enzyme
activity induced by the oxysterol mixture was more statistically significant. However, further
investigations are needed to better understand how these cells can act on each other and if
molecules released in the medium can eventually be responsible for the effect.

Given the crucial role of MMP-9 in atherosclerosis and in particular in plaque progression
and instability [7,37,38], we also analyzed the effect of the oxysterol mixture and HNE on its
activity in U937 cells, since MMP-9 is mainly produced by macrophages. Our data show a
significant increase in MMP-9 activity, following U937 cell incubation with these oxidized lipids
(Fig. 5).

Several studies reported an association between PCSK6 and MMPs’ activity in various
cancer cell models [12], and a co-localization between PCSK6 and MMP-9 in the fibrous cap of
carotid plaques [17]; thus, we investigated whether the up-regulation of PCSK6 expression,
induced by oxysterols and HNE, might promote MMP-9 activity. PCSKG6 silencing in U937 cells
significantly inhibited the increased MMP-9 activity induced by oxysterols or HNE (Fig. 5).
Although the involved pathways need further investigation, data clearly suggest a potential link
between PCSKG6 activity and MMP-9 activation that might contribute to plaque progression and
instability in according with the finding that PCSK6 and MMP-9 co-localize in the fibrous cap of
human symptomatic carotid plaques [17] and that PCSKG6 is highly expressed not only by
macrophages but also by proliferating SMCs [17,18]. Although vascular and inflammatory cell
death might contribute to plaque instability and rupture, preliminary data (not shown) suggest that
PCSKG6 is not involved in this event. In this connection, PCSK6 was demonstrated to exert an anti-
apoptotic effect in prostate cancer cells; in particular, PCSK6 siRNA-induced apoptosis of prostate
cancer cells, with consequent antitumoral effect, is mediated through the ER stress and

mitochondrial signaling pathways [57].
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It is also now clear that inflammation is the driving force of atherosclerosis [1,2]. In this
connection, it has been shown that PCSK6 exacerbates inflammation by regulating the expression
or secretion of various cytokines [15,16] and, in turn, PCSK®6 gene is increased in SMCs stimulated
with pro-inflammatory cytokines [17].

With the aim of investigating in our in vitro experimental models whether the up-regulation
of PCSK6 might depend on inflammation, cells were incubated with some anti-inflammatory
compounds: NS-398 or ASA, both inhibitors of cyclooxygenases [58], or EGCG, a polyphenol
with well-known antioxidant and anti-inflammatory properties [59,60]. Of note, ASA has anti-
inflammatory and anti-pyretic properties; moreover, it has anti-thrombotic property thanks to its
ability to inhibit platelet aggregation preventing thrombus formation [61,62]. Using these anti-
inflammatory molecules, the enzymatic activity of PCSK6 induced by the used lipid oxidation
products was clearly prevented, in particular after cell incubation with ASA, pointing out that
inflammation plays a key role in stimulating the activity of the pro-protein convertase PCSK6 (Fig
6,7).

In this study, we investigated the role of an oxysterol mixture on the activity of PCSK6
instead of analyzing the contribution of each of the cholesterol oxidized compounds, since various
oxysterols accumulate in the atheroma. However, we cannot exclude that some of them could
contribute more to stimulate the activity of PCSK6 and consequently to the release of MMP-9 by
vascular cells. In a previous work we have indeed shown that, among the oxysterols of the mixture,
27-hydroxycholesterol and the 7a-hydroxycholesterol as well as 25-hydroxycholesterol were the
more effective oxysterols on MMP-9 expression [28]. In contrast to the well documented cytotoxic
effect of the oxysterols 7-ketocholesterol and 7p-hydroxycholesterol [63], their action on MMP-9

up-regulation was not significantly increased [28].

5. Conclusion

The results obtained underline that both oxysterols and HNE, which significantly
accumulate in the atheroma, are able to induce PCSK®6 levels and its enzymatic activity, and that
up-regulation of PCSK6 might depend on inflammation. In addition, PCSK6 might contribute to
the fibrous cap degradation through activation of MMP-9, a key enzyme in matrix remodeling and
plaque destabilization. Although further investigations are needed, the involvement of PCSKG6 in
atherosclerosis could represent the discovery of a novel protein differentially regulated in
atherosclerotic plaques and a candidate target for future drug development to prevent

atherosclerotic plaque progression and instability.
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Figure legends

Fig. 1. Up-regulation of PCSKG6 levels by the oxysterol mixture and HNE in U937 cells. U937
cells were incubated with 20 uM oxysterol mixture or with 5 uM HNE up to 8 or 48 h. (A, C)
PCSK6 expression levels were quantified by real-time RT-PCR. Data, normalized to
corresponding B-actin levels, are means + SD of three experiments, expressed as fold induction vs
control. ***p<0.001, **p<0.01, and *p<0.05 vs control. (B, D) PCSK6 protein levels were
analyzed by Western blotting after protein immunoprecipitation. One blot representative of three
experiments is shown. The histograms represent the mean values = SD of three experiments;
PCSKG6 levels are expressed as a percentage of the control value. ***p<0.001 and **p<0.01 vs

control.

Fig. 2. Up-regulation of PCSKG6 levels by oxysterol mixture and HNE in HUVECs. HUVECs were
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incubated with 20 UM oxysterol mixture or with 5 uM HNE up to 8 or 48 h. (A, C) PCSK6
expression levels were quantified by real-time RT-PCR. Data, normalized to corresponding -
actin levels, are means + SD of three experiments, expressed as fold induction vs control.
***n<0.001, **p<0.01, and *p<0.05 vs control. (B, D) PCSK®6 protein levels were analyzed by
Western blotting after protein immunoprecipitation. One blot representative of three experiments
is shown. The histograms represent the mean values = SD of three experiments; PCSKG6 levels are

expressed as a percentage of the control value. ***p<0.001 and **p<0.01 vs control.

Fig. 3. PCSKG activity induced by oxysterol mixture and HNE in U937 cells and HUVECs. The
enzymatic activity of PCSK6 was analyzed in U937 cells (A, B) and HUVECs (C, D) after
incubation with 20 uM oxysterol mixture or with 5 UM HNE up to 48 h, following cell incubation
with the fluorogenic substrate Boc-RVRR-AMC and measurement of AMC release by
spectrofluorimetry (see Methods). The histograms represent mean values £ SD of three
experiments. PCSK6 activity is expressed as a percentage of the control value. ***p<0.001,
**p<0.01, and *p<0.05 vs control.

Fig. 4. PCSKG6 activity in co-culture of U937 cells and HUVECs. U937 cells and HUVECs were
co-cultured and incubated up to 48 h with 20 pM oxysterol mixture or with 5 uM HNE. After
separation of the two cell types, PCSK6 enzymatic activity was measured by spectrofluorimetry
in U937 cells (A, B) and HUVECs (C, D). The histograms represent mean values = SD of three
experiments. PCSKG6 activity is expressed as a percentage of the control value. ***p<0.001 and
**p<0.01 vs control.

Fig. 5. Down-regulation of PCSK6 gene prevents MMP-9 activity induced by oxysterols and HNE.
MMP-9 gelatinolytic activity was measured by gelatin zymography after incubation of U937 cells
with 20 uM oxysterol mixture (A) or with 5 uM HNE (B). Untreated cells are taken as control.
(A) Cells were incubated up to 48 h; one zymogram of three experiments is shown. The histograms
represent mean values + SD of three experiments. ***p<0.001, **p<0.01, and *p<0.05 vs control.
After 24 h of reverse transfection with PCSK6 siRNA, U937 cells were incubated with 20 uM
oxysterol mixture. The histograms represent mean values = SD of three experiments. ***p<0.001
vs control; ###p<0.001 vs cells treated with oxysterol mixture. (B) Cells were incubated up to 48
h; one zymogram of three experiments is shown. The histograms represent mean values + SD of
three experiments. ***p<0.001 and **p<0.01 vs control. After 24 h of reverse transfection with

PCSKG6 siRNA, U937 cells were incubated with 5 uM HNE. The histograms represent mean values
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* SD of three experiments. *p<0.05 vs control; ##p<0.01 vs cells treated with HNE.

Fig. 6. Modulation of PCSK6 enzymatic activity induced by oxysterols and HNE in U937 cells
and HUVECs. Enzymatic activity of PCSK6 was evaluated by spectrofluorimetry in U937 cells
(A,B) and HUVECs (C,D) incubated for 24 h with 20 uM oxysterol mixture or with 5 uM HNE;
some cells were pre-incubated with 25 pM NS-398, a selective inhibitor of COX-2, or with 10 uM
EGCG. The histograms represent mean values + SD of three experiments. **p<0.01, *p<0.05 vs

control (untreated cells); ##p<0.01, #p<0.05 vs cells treated with oxysterol mixture or HNE.

Fig. 7. Modulation of PCSK6 enzymatic activity by acetylsalicylic acid. Enzymatic activity of
PCSK®6 was evaluated by spectrofluorimetry in U937 cells (A) and HUVECs (B) co-treated for 24
h with acetylsalicylic acid (ASA), at a final concentration of 0.5 mM, 1 mM, or 5 mM, and with
oxysterol mixture (20 puM) or with HNE (5 puM). The histograms represent mean values + SD of
three experiments. **p<0.01 vs control (untreated cells); ##p<0.01 vs cells treated with oxysterol

mixture or HNE.

Supplementary Fig. 1. Validation of PCSKG silencing efficiency. U937 cells (A) and HUVECs
cells (B) were transfected for 24 h with PCSK6 or scrambled siRNA. Transient PCSK6 gene
knockdown was evaluated by real-time RT-PCR. Data, normalized to corresponding B-actin
levels, are means £ SD of three different experiments, expressed as fold induction vs control.

**p<0.01 vs control.

Graphical Abstract: A hypothetical scheme of the effects of an oxysterol mixture or HNE on

PCSK®6 up-regulation, triggering plaque instability.
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