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® Heparanase mRNA levels correlate with osteolytic genes in atherosclerotic lesions.

® Heparanase is expressed by osteoclast-like cells surrounding calcified regions.

® Heparanase promotes calcification of human vascular smooth muscle cells in vitro.

® Our findings suggest a bimodal context-dependent role for heparanase in calcification.

ARTICLE INFO ABSTRACT

Keywords: Background and aims: Calcification is a hallmark of advanced atherosclerosis and an active process akin to bone
Atherosclerosis remodeling. Heparanase (HPSE) is an endo-B-glucuronidase, which cleaves glycosaminoglycan chains of he-
Calcification paran sulfate proteoglycans. The role of HPSE is controversial in osteogenesis and bone remodeling while it is
Heparanase unexplored in vascular calcification. Previously, we reported upregulation of HPSE in human carotid en-
Bone remodeling darterectomies from symptomatic patients and showed correlation of HPSE expression with markers of in-
Heparan sulfate proteoglycans flammation and increased thrombogenicity. The present aim i investi; HPSE expression in relation
genicity. e present a s to estigate expressio: elation to
genes associated with osteogenesis and osteolysis and the effect of elevated HPSE expression on calcification and
osteolysis in vitro.
Methods: Transcriptomic and immunohistochemical analyses were performed using the Biobank of Karolinska
Endarterectomies (BiKE). In vitro calcification and osteolysis were analysed in human carotid smooth muscle
cells overexpressing HPSE and bone marrow-derived osteoclasts from HPSE-transgenic mice respectively.
Results: HPSE expression correlated primarily with genes coupled to osteoclast differentiation and function in
human carotid atheromas. HPSE was expressed in osteoclast-like cells in atherosclerotic lesions, and HPSE-
transgenic bone marrow-derived osteoclasts displayed a higher osteolytic activity compared to wild-type cells.
Contrarily, human carotid SMCs with an elevated HPSE expression demonstrated markedly increased miner-
alization upon osteogenic differentiation.
Conclusions: We suggest that HPSE may have dual functions in vascular calcification, depending on the stage of
the disease and presence of inflammatory cells. While HPSE plausibly enhances mineralization and osteogenic
differentiation of vascular smooth muscle cells, it is associated with inflammation-induced osteoclast differ-
entiation and activity in advanced atherosclerotic plaques.
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1. Introduction

Ischemic stroke as a consequence of carotid atherosclerotic plaque
instability and rupture is an important cause of death and disability
worldwide. Destabilizing processes include neovascularization and in-
filtration of inflammatory cells that release matrix-degrading enzymes,
resulting in fibrous cap thinning. How calcification contributes to
plaque vulnerability is unclear, and micro- and macro intimal calcifi-
cation have been suggested to influence plaque stability differently
[1-4]. While originally believed to be a result of passive precipitation of
calcium phosphate in the vessel wall, vascular calcification is now re-
garded as an active process, which shares features with bone re-
modeling and is mediated by chondrocyte/osteoblast- and osteoclast-
like cells transformed from cells of mesenchymal or myeloid origin
[5-71.

Heparan sulfate proteoglycans (HSPGs) are composed of long, linear
and variably sulfated glycosaminoglycans (GAGs) that are covalently
attached to specific core proteins. Depending on the core protein
identity, HSPGs are located at the cell surface or in the extracellular
matrix (ECM) where they exhibit different functions accordingly
[8-10]. For normal bone development and growth and also stem cell
commitment towards the osteogenic lineage, HSPGs are vital co-re-
ceptors for relevant growth factors such as FGF-2, BMPs and Wnt
[11-14]. Heparanase (HPSE) is an endo-[3-glucuronidase, which cleaves
glycosaminoglycan chains of HSPGs [15]. As HSPGs are important
structural entities of the ECM and also sequester a wide range of protein
ligands, their degradation by HPSE results in disrupted matrix integrity
but may also lead to release of the stored growth factors. HPSE is re-
cognized for its pro-metastatic properties and increased expression le-
vels correlate with a poor outcome in a variety of malignancies [16,17].
In contrast to the well-characterized functions of HPSE in neoplasia, the
understanding of its role in the progression and destabilization of
atherosclerotic plaques is still limited [18]. We have previously re-
ported on the upregulation of HPSE in human carotid endarterectomies
from symptomatic patients and its high levels of correlation with
markers of inflammation and increased thrombogenicity [19]. The role
of HPSE in vascular calcification is however not known and the few
existing reports about HPSE and calcification in general, are conflicting.
In a study by Kram et al. [20] transgenic mice overexpressing human
HPSE (hpa-tg) [21] displayed increased trabecular bone mass and also
increased rates of bone formation. A pro-osteogenic function of HPSE
was corroborated in vitro, where exogenously added HPSE induced os-
teogenic differentiation of cultured MC3T3 E1 osteoblastic cells. In
another study by Manton et al. long-term treatment of human me-
senchymal stem cells with heparan sulfate (HS)- and chondroitin sulfate
(CS)-degrading enzymes increased osteogenic differentiation, which
was ascribed to altered BMP and Wnt activity secondary to disrupted
cell surface proteoglycan expression [22]. On the contrary, in multiple
myeloma increased HPSE expression levels in tumor cells has been as-
sociated with rapid progression of the disease and also with accelerated
osteolysis via upregulation of RANKL and stimulation of osteoclasto-
genesis [23]. Additionally, in the same context, HPSE has been de-
monstrated to inhibit osteoblastogenesis and bone formation, im-
plicating a significant role for this protein in pathologic bone
remodelling [24].

In view of the importance of HSPGs for bone development and the
previously reported contradicting roles of HPSE in bone remodelling,
the present study aimed to investigate the function(s) of HPSE in vas-
cular calcification. We utilized the BiKE biobank of human carotid
atherosclerotic endarterectomy samples in order to expound HPSE ex-
pression in relation to genes tightly associated with osteogenesis and
osteolysis. Furthermore, we investigated the effect of HPSE expression
on calcification and osteolysis in vitro.
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2. Materials and methods
2.1. Gene expression analysis on human carotid tissue

Human carotid endarterectomy samples from 127 patients under-
going surgery for asymptomatic or symptomatic carotid stenosis were
part of the Biobank of Karolinska Endarterectomies (BiKE). Symptoms
include minor stroke, transient ischemic attack (TIA) and amaurosis
fugax. All samples were collected with consent from patients, organ
donors or organ donors’ guardians. The regional Ethics Board of
Northern Stockholm approved the study. RNA extracted from en-
darterectomy specimens was analysed by Affymetrix HG-U133 plus 2.0
Genechip arrays. Robust multi-array average (RMA) normalization was
performed and processed gene expression data was returned in a log,-
scale. The microarray dataset is available from Gene Expression
Omnibus (GSE21545). Regarding multiple probe sets existing for the
gene RUNX2, re-alignment of these was performed using the
GeneRegionScan package (version 1.26.0) from the R/Bioconductor
repository [25]. Briefly, the specific nucleotide sequences of each
RUNX2 probe set were extracted and re-aligned to both the mRNA and
DNA sequence of the latest human genome build (hg38). This allowed
determining both the genome-wide uniqueness of each probe and the
precise matching location in the RUNX2 gene.

2.2. Immunohistochemistry

All immunohistochemistry reagents were from Biocare Medical
(Concord, CA). Isotype rabbit and mouse IgG were used as negative
controls. In brief, 5um sections from zink-formaldehyde fixed and
paraffin embedded tissue were de-paraffinized in Tissue Clear and re-
hydrated in a 99-96-70% ethanol series. For antigen retrieval, slides
were subjected to high-pressure boiling in DIVA buffer. After blocking
with Background Sniper solution, primary antibodies diluted in Da
Vinci Green solution were applied to the sections and incubated at room
temperature for 1h. The primary antibodies were; rabbit polyclonal
antibody against HPSE (LifeSpan Biosciences Inc., Seattle, WA) and
mouse monoclonal antibodies against TRAP (clone 9C5, LifeSpan
Biosciences Inc.), osteocalcin (clone 190125, R&D systems, Abingdon,
UK), aSMA (clone M0851, DAKO, Glostrup, Denmark), CD163 (clone
10D6, Abcam, Cambridge, UK) and CD68 (clone 514H12, Novocastra,
Newcastle upon Tyne, UK). A probe-polymer system containing alkaline
phosphatase was applied to the sections, with subsequent detection
using Vulcan Fast Red. The sections were counterstained with
Hematoxylin QS (Vector Laboratories, Peterborough, UK). For visuali-
zation of precipitated calcium, consecutive sections were stained with
Alizarin Red (AZR) from Sigma-Aldrich (St Louis, MO).

2.3. Osteoclast activity assay

Bone marrow was isolated as described previously [26]. Bone
marrow cells were counted and plated in a-MEM (Thermofisher Sci-
entific) supplemented with 10 U/ml penicillin/streptomycin, 10% FBS
and 30 ng/ml of murine M-CSF (Peprotech EC Ltd, London, UK) at a
density of 2-3 x 10° cells/ml. After 24h the non-adherent cell fraction
was recovered and used for further differentiation towards osteoclasts.
For immunofluorescence cells were plated in an IBIDI” chamber (IBIDI,
Martinsried, Germany). For quantification of osteolytic activity,
80 000 cells/well were seeded on a synthetic bone surface (Corning
Osteo Assay Surface”) provided in 96-well format (Corning). In both
instances, the surfaces were pre-coated with human vitronectin (20 ug/
ml, Peprotech). After three days, murine RANKL (100 ng/ml, Pepro-
tech) was added for another three days until multi-nucleated cells had
formed. Cells in the IBIDI chambers were washed with PBS and fixed in
4% paraformaldehyde and thereafter stained with phalloidin (DyLight™
554 Phalloidin, Life Technologies) and counterstained with DAPI. For
quantitative assessment of resorption pits, the Corning OsteoAssay
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surface wells were first stained with DAPI and photographed for doc-
umentation of cell density. The wells were subsequently incubated with
10% bleach for 20 min and thereafter thoroughly rinsed with deionized
water. After drying, resorption pits where the underlying plastic ma-
terial was clearly visible, were identified with phase-contrast micro-
scopy, photographed and counted.

2.4. Lentivirus-mediated overexpression of HPSE

Human smooth muscle cells isolated from the carotid artery
(HCtASMCs) were purchased from Cell Applications Inc. (San Diego,
CA). The cells were maintained in complete smooth muscle cell growth
medium (Cell Applications Inc.) and used for transduction and osteo-
genic differentiation at passages 5-10. Human embryonic kidney cells
293T (ATCC, Manassas, VA) were cultured in DMEM containing
Glutamax and supplemented with 10% fetal bovine serum and 10U/ml
penicillin/streptomycin (Thermofisher Scientific, Waltham, MA, USA).
The pLenti6/V5-DEST (Invitrogen, Carlsbad, CA) vector containing full-
length cDNA of the HPSE1 gene and a blasticidin-resistance selection
marker was utilized as transfer plasmid (hpa) for the generation of
lentiviral particles. The identical plasmid lacking HPSEI1 cDNA (empty
vector, ev) served as a negative control in addition to no transduction
(wild-type, wt). Lentiviral particles were harvested from culture su-
pernatants of 293T cells co-transfected with transfer plasmid and the
pantropic Virasafe Lentiviral Packaging System (Cell Biolabs Inc., San
Diego, CA). HCtASMCs were incubated overnight with the filtered 293T
culture supernatants and successfully transduced cells were selected
with 2 pg/ml blasticidin (Life Technologies, Carlsbad, CA) for further
expansion and functional assays. The initial transduction efficiency was
approximately 50% for both the hpa and ev transfer plasmids, which
became evident after 2 days of blasticidin treatment, when half of the
cells died in both cell cultures. This indicates that HPSE-overexpressing
and control cells were infected with comparable numbers of virus
particles. The three resulting subgroups of HCtASMCs are hereafter
referred to as “hpa”, “ev” and “wt” HCtASMCs, respectively.

2.5. Western blot

Cultured HCtASMCs were harvested and lysed in RIPA buffer
(Sigma Aldrich) containing protease inhibitor cocktail (cOmplete ultra
tablets mini, EDTA-free, easy pack, Roche Applied Science, Mannheim,
Germany) and protein concentrations were determined using the BCA
protein assay kit (ThermoFischer Scientific). For wt and ev HCtASMCs,
60 ug of protein were used and for hpa HCtASMCs, 6 ug were used.
Samples were separated by SDS-PAGE and subsequently blotted onto
PVDF membranes. After blocking and staining with rabbit-anti-human
HPSE antibody (LifeSpan Biosciences Inc.) and thereafter HRP-con-
jugated goat-anti-rabbit antibody, the membrane was incubated in ECL
Advance (GE Healthcare) and exposed to film. Subsequently the
membrane was stripped using Millipore Re-blot solution and thereafter
re-probed with a mouse-anti-human a-tubulin antibody (#3873, Cell
Signaling, Leiden, The Netherlands).

2.6. Flow cytometry

Cell suspensions of hpa, ev and wt HCtASMCs were washed and
incubated for 30 min at 4 °C with a 1:100 dilution of mouse monoclonal
anti-human heparan sulfate antibody (clone F58-10E4, Amsbio,
Abingdon, UK) in PBS containing 3% FBS. After 3 washes in PBS (3%
FBS), cells were incubated with Alexa Fluor488-conjugated goat-anti-
mouse IgM (5 pg/ml)(Thermo Fischer Scientific), washed and analysed
on a FACSCalibur (BD Biosciences). Cells stained with secondary anti-
body alone served as negative control.
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2.7. Quantitative real-time RT-PCR

RNA was extracted from cells lysed in Qiazol, using the miRNeasy
mini kit (Qiagen, Hilden, Germany). Five hundred ng of RNA were
reversely transcribed into cDNA using the High Capacity RNA-to-cDNA
kit (Applied Biosystems, Foster City, CA) and 1 pl of the reaction was
subsequently used for real-time PCR. The probes for HPSE
(Hs00935036_m1), SPP1 (osteopontin) (Hs00959010_.m1), RUNX2
(Hs00231692_ m1) and RPLPO (Hs99999902_m1, house-keeping gene)
were purchased from Applied Biosystems.

2.8. Osteogenic differentiation

HCtASMCs were seeded in 48-well plates at a density of
30 000 cells/well or in 12-well plates at a density of 100 000 cells/well
and cultured in SMC growth medium until 80% confluency. For scan-
ning electron microscopy (SEM), the cells were seeded on coverslips in
the 12-well plate format. The growth medium was replaced with human
StemMACS OsteoDiff Media (Miltenyi Biotec, Germany) supplemented
with Mycozap Antibiotics, (Lonza, Switzerland) and the cells were
cultured for 4 or 21 days, with or without supplemented unfractionated
heparin (10pg/ml or 2.12 IU/ml, Hepalink Pharmaceuticals, Shenzhen,
China). This concentration was used based on pilot assays where higher
levels negatively affected the viability, primarily of hpa HCtASMCs
(data not shown). The differentiation medium was changed twice per
week. At the end of each incubation period alkaline phosphatase ac-
tivity was assessed by using the SigmaFAST BCIP/NBT (Sigma-Aldrich)
substrate according to the manufacturers' instructions. Cells stained
blue were counted manually in a blinded fashion on 5 images taken at
10x magnification from each condition and normalized against total
numbers of cell nuclei in corresponding phase contrast images.
Mineralization was visualized and photographed in parallel wells after
incubation with Alizarin Red solution (Millipore) for 40 min and sub-
sequent rinses with distilled water to remove unbound stain. For SEM
cells were fixed by immersion in 2,5% glutaraldehyde in 0.1M PB (pH
7.4). The specimens were briefly rinsed in distilled water and placed in
70% ethanol for 10 min, 95% ethanol for 10 min, absolute ethanol for
15 min at room temperature and in pure acetone for 10 min. Specimens
were then dried using a critical point dryer (Balzer, CPD 010,
Lichtenstein) using carbon dioxide. After drying, specimens were
mounted on an aluminium stub and coated with Platinum (Bal-Tec SCD
005, Lichtenstein).

2.9. Microscopy

Histological sections were photographed using (Nikon OPTIPHOT-2
microscope equipped with digital camera and NIS-Elements software)
together with the NIS elements software. Cells undergoing osteogenic
or osteoclastic differentiation were captured using an IX81 microscope
(Olympus) and the XC10 camera (Olympus Soft Imaging Solutions) and
subsequent automated or manual counting of cells/nuclei was fa-
cilitated by using the CellSens or ImageJ software, respectively. For
SEM, the specimens were analysed in an Ultra 55 field emission scan-
ning electron microscope (Zeiss, Oberkochen, Germany) at 3 kV.

2.10. Statistics

Comparisons between groups of tissue samples in BiKE as well as
comparisons between cell culture treatments were performed using a
one-way analysis of variance (ANOVA) with Bonferroni post hoc testing
(for group numbers = 3) or the Mann-Whitney U test (for group num-
bers = 2). Correlations between expression levels of HPSE and genes of
interest were done using Spearman correlation with Bonferroni cor-
rection for multiple comparisons. Prism software (Graphpad, San Diego,
CA) was used for all statistical analyses and p < 0.05 was considered
to indicate statistical significance.
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Table 1
HPSE gene expression levels correlate with markers of bone resorption in
human carotid atherosclerotic lesions.

Spearman correlation analysis with Bonferroni correction was performed on
microarray data from human carotid endarterectomies to identify correlations
between mRNA levels of HPSE and genes mainly associated with osteogenesis
and osteolysis, respectively. Runx2 (I) represents the 3’ probe set 232231 at,
targeting the 5'UTR and Runx2 (II) is representative of the remaining probe
sets.

Gene Protein Spearman r p-value
RUNX2 Runx2 (D) -0.20 n.s.
RUNX2 Runx2 (II) 0.58 < 0.001
BGLAP Osteocalcin -0.12 n.s.
BMP2 BMP2 -0.07 n.s.
TNFSF11 RANKL 0.13 n.s.
TNFRSF11B OPG -0.23 n.s.
SOX9 Sox9 0.08 n.s.
MSX2 Msx2 —-0.08 n.s.
SPARC SPARC -0.28 < 0.05
ALPL ALP -0.14 n.s.
IBSP Bone sialoprotein 0.29 < 0.05
MGP Matrix Gla Protein -0.44 < 0.01
SPP1 Osteopontin 0.58 < 0.01
ACP5 TRAP 0.73 < 0.01
TNFRSF11A RANK 0.52 < 0.01
OSCAR OSCAR 0.76 < 0.01

P < 0.05 was considered to indicate statistical significance.
3. Results

3.1. HPSE mRNA levels correlate with expression of genes associated with
osteoclast differentiation and function in human carotid atherosclerotic
lesions

To investigate whether HPSE is primarily associated with formation
or degradation of calcified structures within atherosclerotic tissue,
HPSE] expression levels were correlated to expression of pro-calcific or
osteolytic genes (Table 1). Apart from a weak positive correlation with
bone sialoprotein (IBSP), no correlations could be found between and
pro-osteogenic genes, such as BGLAP, SOX9, MSX2 and SPARC. As for
RUNX2, which is recognized as a key regulator of osteoblast differ-
entiation and inducer of calcification [27], there was a negative or
absent correlation with HPSE1, except for one out of the 6 RUNX2
probe sets on the microarray, targeting the 5’UTR of the gene and which
demonstrated a strong positive correlation (r = 0.58) (Supplementary
Fig. 1). HPSE1 mRNA levels showed strong, positive correlation with
mediators of osteoclast differentiation/activity and/or inhibitors of
mineralization, such as TRAP, RANK and OSCAR. However, as a con-
trasting result to the clear trends observed, the correlation between
Matrix Gla protein (MGP) and HPSEI was significantly negative
(Table 1).

3.2. Expression of calcification-associated genes in carotid atherosclerotic
lesions from symptomatic vs asymptomatic patients

In our previous study, an increase in HPSE expression was asso-
ciated with an unstable plaque phenotype [19]. In order to determine
whether this was the case also for genes showing a strong positive
correlation with HPSE in the current study, we compared the mRNA
expression levels of genes included in the correlation assay, in symp-
tomatic vs asymptomatic patients. The osteoclast-associated genes en-
coding TRAP and OSCAR were significantly upregulated in unstable
lesions (Table 2). This also corroborates the findings of another of our
previous studies, aiming at identifying the dominant signaling path-
ways and gene networks in BiKE, and where the gene ontology process
“positive regulation of bone resorption” was enriched in symptomatic
vs asymptomatic patients [4].

130

Atherosclerosis 283 (2019) 127-136

Table 2
Increased expression of osteoclast-associated genes in carotid plaques from
symptomatic patients.

mRNA expression levels of twelve genes implicated in bone formation or bone
resorption were compared in carotid lesions from asymptomatic vs. sympto-
matic patients, using Mann-Whitney U Test. Values (log,) are shown as
mean * SEM.

Gene Alias Asymptomatic Symptomatic p-value
(n=40) (n=85)
BGLAP Osteocalcin 5.304 + 0.068 5.237 + 0.044 ns.
RUNX2 RUNX2 3.214 = 0.041 3.207 £ 0.024 n.s.
BMP2 BMP2 5.234 + 0.095 5.396 + 0.071 n.s.
TNFSF11 RANKL 3.104 + 0.055 3.248 + 0.047 n.s.
SPP1 Osteopontin 13.09 = 0.138 13.42 = 0.040 n.s.
ACP5 TRAP 9.804 + 0.201 10.31 = 0.099 < 0.001
TNFRSF11A RANK 5.043 + 0.091 5.096 + 0.058 n.s.
SO0X9 SOX9 5.371 + 0.081 5.443 + 0.058 n.s.
MSX2 MSX2 4.249 + 0.050 4.203 £ 0.029 ns
IBSP Bone Sialoprotein  6.812 *+ 0.137 7.162 = 0.105 n.s.
TNFRSF11B  Osteoprotegerin 9.390 + 0.085 9.229 + 0.074 n.s
OSCAR OSCAR 5.831 + 0.146 6.255 + 0.086 < 0.01

3.3. HPSE co-localizes with TRAP in multi-nucleated cells of monocytic
origin but not with osteocalcin-rich calcified regions in human carotid
atherosclerotic lesions

In order to determine if the correlations between HPSE and different
osteo-associated factors observed at the gene expression level could be
corroborated in situ by overlapping protein expression patterns, im-
muno-histochemical stainings were performed on consecutive sections
of human carotid atherosclerotic lesions. TRAP-positive multi-nu-
cleated cells were identified adjacent to heavily calcified regions
however, they were more abundant in dystrophically calcified regions
that were also densely infiltrated with inflammatory cells (Fig. 1A, C
and B). HPSE staining was abundant in TRAP-positive osteoclast-like
cells (Fig. 1D) generally residing in plaque regions with inflammatory
infiltrates. Both CD68- and CD163-positive macrophages were present
in these regions, although large, TRAP-positive cells containing a large
number of nuclei, tended to be CD68-positive while staining negative
for CD163 (Fig. 1E-F). In sub-intimal SMC-rich regions, where the os-
teoblast marker osteocalcin could be observed within areas of miner-
alization, HPSE staining was weak or absent (Fig. 2).

3.4. Increased osteolytic activity by osteoclasts derived from murine bone
marrow overexpressing HPSE

As HPSE mRNA levels showed strong positive correlations with
those of osteoclast markers in the BiKE database and was also expressed
by this cell type in histological sections of carotid atherosclerotic le-
sions, we investigated the effect of increased HPSE expression levels on
the osteolytic activity of osteoclasts. We used hpa-tg mice, as bone
marrow from these animals has previously been demonstrated to de-
grade HS to an increased extent compared to wt cells [20]. Osteoclasts
differentiated from the myeloid fraction from hpa-tg displayed a
varying but altogether significantly increased number of resorption pits
(mean = 98 *+ 120) in comparison to osteoclasts from wt mice
(mean = 10.7 * 5.5) (Fig. 3A). The absolute pit numbers where
higher, and as the number of monocytic cells adhering to the bone
matrix after incubation with M-CSF was consistently smaller for hpa-tg
cells, the difference increased further when normalizing pit numbers to
the total numbers of adhering cells. Although osteoclasts from both wt
and hpa-tg mice tended to vary with regard to size and morphology
(Fig. 3B-C), there was no apparent difference in relation to the size of
the pits generated (Fig. 3D-E).
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Fig. 1. HPSE is expressed by osteoclast-like cells in
human carotid atherosclerosis.

TRAP-positive multinucleated cells stained with red
chromogen (A), (C) were frequently distributed in
regions of inflammatory infiltrates and dystrophi-
cally calcified tissue. Calcification was visualized by
Alizarin Red staining of an adjacent section (B).
HPSE (red chromogen) was expressed by multi-nu-
cleated osteoclast-like cells, some of which appeared
to be actively resorbing calcified structures (golden
color) within the plaque (D). Large, multinucleated
osteoclast-like cells in the human carotid plaques
were generally positive for macrophage marker
CD68 (E, red chromogen) and negative for macro-
phage marker CD163 (F, red chromogen) as shown in
consecutive sections containing the same cells. Size
bars correspond to 500 pum in (A) and (B), to 10 ym in
(C) and (D) and to 100 um in (E) and (F).

3.5. Increased osteogenesis in human carotid SMCs overexpressing HPSE SMCs are the most extensively investigated with regard to their phe-
notypic plasticity and ability to acquire chondrogenic and osteogenic

Although a variety of cell types have been suggested to induce or properties in vitro as well as in vivo [6,30,31]. To assess the effect of
mediate the calcification process in blood vessels [28,29], vascular increased HPSE expression on osteogenic differentiation of human

500 ypm

X

Fig. 2. HPSE expression is absent in calcified regions of carotid atherosclerotic lesions.

me— ¥
Eam

o

Consecutive histological sections of a representative plaque were stained with Alizarin Red (A-B) or antibodies against HPSE (C), osteocalcin (D) and smooth muscle
a-actin (E). The close-up image from the plaque sub-region, indicated by the box in A, shows the same area on consecutive sections, in B-E. Positive staining is shown

as dark orange (A-B) or red (C-E). Size bars represent 50 pm in (B-E).
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Fig. 3. Increased osteolytic activity in osteoclasts from hpa-tg mice.
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Non-adherent fractions of bone marrow from wt and hpa-tg mice respectively were plated and differentiated with M-CSF and RANKL on vitronectin-coated artificial
bone surfaces for 3 + 3 days. Osteoclasts derived from wt and hpa-tg bone marrow were stained with DyLight™ 554 Phalloidin (red) and DAPI (blue) (A-B).
Representative resorption pits formed by wt and hpa-tg osteoclasts after incubation on artificial bone surfaces (C-D). Resorption pits were counted and normalized
against numbers of DAPI-stained cell nuclei in (control) wells with cells incubated with M-CSF, without addition of RANKL (E). Each cell type was assessed in
triplicate (n = 4) for each condition and experiments were repeated twice. *p < 0.05. Size bars represent 100 pm in (B) and (C), and 30 um in (D) and (E).
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Fig. 4. Increased HPSE expression enhances osteo-
genic differentiation of human carotid SMCs in vitro.
HPSE overexpression in HCtASMCs was assessed
after  transduction  with lentiviral vectors
(wt = wildtype, ev = empty vector, hpa = vector
encoding full-length human HPSE1 cDNA). (A) HPSE
transgene expression at the protein level, shown with
western blot. For wt and ev HCtASMCs, 60 ug of
protein were used and for hpa HCtASMCs, 6 g were
used (B) FACS histograms depicting cell surface he-
paran sulfate (HS) expression after staining with
anti-HS antibody 10E4. (C) Morphology of wt, ev and
hpa HCtSMCs. (D-E) Gene expression levels of
RUNX2 and SPP1 (osteopontin) were analysed at 4
days and 21 days of incubation with osteogenic dif-
ferentiation medium; white bars = wt, grey
bars = ev, black bars = hpa. Each cell type was
plated in duplicate for each condition and experi-
ments were repeated twice. Normalized numbers of
wt (white bars), ev (grey bars) and hpa (black bars)
HCtASMCs positive for alkaline phosphatase activity
are shown at 4 days (F) and 21 days (G) of osteogenic
differentiation with or without the addition of he-
parin. Each cell type was assessed in triplicate
(n = 3) for each condition and experiments were
repeated 3 times. **p < 0.001, ***p < 0.0001.
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carotid SMCs, we used commercially available HCtASMCs that we
transduced with lentiviral vectors containing the human HPSEI gene.
The increased HPSE expression (Fig. 4A) was reflected in decreased
amounts of HS and/or alterations in HS structures expressed on the cell
surface of HPSE-overexpressing cells (hpa), in comparison with ev or wt
cells, as shown by decreased staining with anti-HS antibodies (Fig. 4B).
The morphology of hpa HCtASMCs also appeared slightly altered in
comparison with ev and wt HCtASMCs, with an increased cell surface
area (Fig. 4C). To find out whether increased expression of HPSE in-
fluences transcription of genes associated with osteogenesis, RNA was
isolated from wt-, ev- and hpa HCtASMCs undergoing osteogenic dif-
ferentiation for 4 and 21 days, respectively. We focused on RUNX2 and
also SPP1, which encodes osteopontin, previously demonstrated to play
dual roles during bone formation and turnover [32-34]. The mRNA
levels of RUNX2 increased in all cell types during the 21d culture
period, however there was no significant difference between hpa in
comparison to ev HCtASMCs (Fig. 4D). For SPP1, the appearance of the
graph suggests a downregulation of gene expression at day 4 and then
an increase at the later time point, however statistical significance was
not reached, and only a trend (p = 0.0571) towards increased SPP1
levels in hpa vs ev HCtASMCs could be seen at day 21 (Fig. 4E).

For further assessment of osteogenic differentiation in the cell cul-
tures, presence of alkaline phosphatase (ALP) was quantified as num-
bers of cells expressing the active enzyme. Hpa HCtASMCs demon-
strated an increased number of ALP" cells (mean = 5.9 + 0.42) in
comparison to ev HCtASMCs (mean = 2.31 *+ 0.55), already at 4 days
of incubation (Fig. 4F). Presence of heparin, with the intention to in-
hibit HPSE-mediated effects observed in hpa HCtASMCs, had no impact
on the number of ALP™ cells (mean = 4.88 = 0.67) at this time point.
At 21 days, hpa HCtASMCs (mean = 122 * 6.5) demonstrated a sig-
nificant increase in ALP* cells in comparison to ev HCtASMCs
(mean = 63.8 = 8.9) and wt HCtASMCs (mean = 53.1 + 12.6).
(Fig. 4G). Unexpectedly, the presence of heparin for 21 days caused a
further significant increase in relative numbers of ALP™ cells in all
groups in comparison to non-treated counterparts but the numbers of
ALP™ heparin-treated hpa HCtASMCs (mean = 200 + 5.8) were also
increased in comparison to heparin-treated ev HCtASMCs
(mean = 98.3 * 6.2). An additional observation was that the overall
cell count of hpa HCtASMCs was generally lower, possibly due to the
larger size of these cells but possibly also due to reduced viability.

3.6. Increased mineralization of cultured human carotid SMCs expressing
high levels of HPSE

Exposure of HCtASMCs to osteogenic medium induced mineraliza-
tion as visualized at 21 days of differentiation, by Alizarin Red staining
(Fig. 5). Although calcium-containing precipitates were identified in
the cultures of wt or ev HCtASMCs, the staining was substantially in-
creased for hpa HCtASMCs. Furthermore, whereas in the control cell
cultures the precipitates appeared as clearly defined, extracellular no-
dules (Fig. 5D-E), the hpa HCtASMCs displayed a diffuse, widespread
staining pattern of AZR with precipitates appearing intracellularly as
well as extracellularly (Fig. 5F). The markedly increased mineralization
was consistently observed in the hpa HCtASMCs, however, the extent of
AZR staining varied slightly between repeated experiments and corre-
lated strongly with reduced cell viability, seen as loss of cells among the
hpa HCtASMCs. Scanning electron microscopy of wt or ev HCtASMCs
revealed occasional nodules, assumed to correspond with the AZR-
stained precipitates in parallel culture wells (Fig. 5G-H). In contrast the
hpa HCtASMCs demonstrated widespread fibro-calcific structures along
cell membranes, in addition to the extracellular precipitates (Fig. 5I). As
shown by high magnification, the structures showed little resemblance
with crystals previously described in calcifiying SMCs [35], and had
rather a globular appearance (Fig. 5J-L).
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4. Discussion

In the present study, we investigated the expression and function of
HPSE in vascular calcification associated with atherosclerosis. Gene
expression data extracted from the BiKE biobank of human carotid
endarterectomies showed that HPSE expression levels primarily corre-
lated with genes associated with differentiation and activity of osteo-
clasts rather than with osteogenesis. In addition, HPSE protein coloca-
lized with multinucleated, TRAP-positive osteoclast-like cells in carotid
plaques. In order to assess the effects of increased HPSE expression on
calcification and osteolysis in simplified in vitro systems without po-
tential confounding effects mediated by other cell types present in the
plaque, we analysed the ability of smooth muscle cells and macro-
phages/osteoclasts to form and degrade bone respectively. An asso-
ciation between HPSE and osteolysis was corroborated in vitro, as an
increased osteolytic activity was observed in mouse bone marrow-de-
rived osteoclasts overexpressing human HPSE, in comparison to those
from wild-type mice. In contrast, HPSE-overexpressing human carotid
SMCs in culture demonstrated an elevated number of alkaline phos-
phatase-expressing cells and also increased mineralization after osteo-
genic differentiation.

A possible explanation for the somewhat contradictory findings
observed in the clinical atherosclerotic tissue samples in comparison to
the in vitro osteogenic differentiation of vascular SMCs and also the
observations in the hpa-tg mouse, is the absence of inflammatory in-
filtrates in the two latter. Although bone marrow-derived osteoclasts
from hpa-tg mice displayed an increased osteolytic activity compared to
that of wt counterparts, the previously reported increased bone density
in these animals [20] suggests that the function of HPSE in this setting
is coupled to augmented osteogenesis rather than to osteolysis. In the
atherosclerotic plaque on the other hand, HPSE is strongly associated
with inflammatory cells as we have previously shown [19], and plaque-
infiltrating macrophages are likely the origin of multinucleated osteo-
clast-like cells in this tissue. Based on our qualitative evaluation of
immunohistochemical stainings, large, TRAP-positive osteoclast-like
cells containing high numbers of nuclei, generally tended to express
CD68 while being devoid of CD163. For smaller-sized cells with fewer
nuclei, this dichotomy was less evident. Previous studies demonstrated
the expression of CD68 by osteoclast-like cells associated with calcified
atherosclerotic vessels, while CD163 was not investigated [36-38]. The
question whether osteoclast-like cells are predominantly formed by
CD68-positive macrophages and/or whether this has implications for
the functional properties of large osteoclast-like cells in atherosclerosis,
remains to be fully clarified.

Heparin can act as an inhibitor of HPSE activity by competing with
its endogenous substrate, HS [39]. However, depending on the con-
centration and context it may theoretically also enhance HS-dependent
functions [40-42]. The heparin concentration used in the present study
was chosen based on initial pilot studies, where higher levels had a
clear negative impact on cell viability, above all in the HPSE-over-
expressing cells. Our intention was to utilize heparin to inhibit HPSE, in
order to reverse potential effects of the enzyme on calcification. Ob-
viously, the added heparin was insufficient as a HPSE inhibitor; on the
contrary, it may have functioned as a co-receptor for BMPs and pro-
moted their activity, a similar function previously demonstrated in FGF
activity [43]. The indistinguishable effect of heparin on all three sub-
groups of HCtASMCs also supports a stimulating effect of heparin in
osteogenic differentiation, which is more pronounced when HPSE levels
are elevated.

It is debated whether calcification contributes to plaque instability
or instead exerts a stabilizing function on the affected blood vessel.
Osteolysis mediated by osteoclasts derived from inflammatory macro-
phages represents one possible mechanism for plaque destabilization by
degradation of stabilizing homogenous calcified structures within the
vessel wall. In the present study, we demonstrate an up-regulation of
osteoclast-related markers (TRAP and OSCAR) in carotid plaques from
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Fig. 5. Increased mineralization of human carotid SMCs overexpressing HPSE.
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Brightfield images showing Alizarin Red staining of wt, ev and hpa HCtASMCs exposed to osteogenic differentiation medium for 21 days. Images (A-C) show
representative overview images of the cultured cells (size bars represent 200 pum) and (D-F) show representative close-up images of calcified structures (size bars
represent 20 um). Each cell type was assessed in triplicate (n = 3) for each condition and experiments were repeated 3 times. Representative scanning electron
microscopy (SEM) images show glutaraldehyde-fixed wt, ev and hpa HCtASMCs after 21 days of exposure to osteogenic differentiation medium. Arrows indicate
sparsely occurring calcified nodules in the cultures of wt and ev cells. Size bars in images (G-I) represent 30 pm and bars in images (J-L) represent 100 nm. Each cell
type was plated in triplicate (n = 3) for each condition and experiments were repeated twice.

symptomatic patients, which could indicate a link between osteolysis
and plaque instability. Moreover, if increased osteolytic activity of os-
teoclasts, due to high expression levels of HPSE, can be extrapolated to
atherosclerotic plaque tissue, this may suggest an indirect role for HPSE
in plaque destabilization.

In conjunction with increased mineralization of hpa HCtASMCs, a
reduced cell number was evident, indicating a negative effect of cal-
cium precipitation on the viability of these cells. This particular feature
of the Hpa HCtASMCs in comparison to control cells was also observed
after exposure to high concentrations of inorganic phosphate (un-
published data). An earlier study by Ewence et al described vascular
smooth muscle cell death as a consequence of induced calcium crystal
formation and, in particular, crystals of reduced size [35]. In the pre-
sent study, the observations from AZR staining after osteogenic differ-
entiation of HCtASMC were that, in contrast to the wt and ev cells
where the mineralization appeared to take place extracellularly, the
hpa cells additionally displayed tiny AZR-positive structures inside the
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cells. One possible explanation for the increased mineralization of
HPSE-overexpressing SMCs when exposed to osteogenic medium and
high inorganic phosphate levels, could be that HS glycosaminoglycans
of normal length regulate calcium precipitation in general, which is
supported by a recent study by Borland et al., where Syndecan-4 was
demonstrated to enhance an inhibitory effect of FGF-2 on mineral de-
position induced by organic phosphate in bovine VSMCs [44], but also
that they prevent formation of small-sized intracellular calcium crys-
tals, potentially by providing a scaffold on which extracellular calcium
precipitation can take place. Hence, another plausible effect of in-
flammation-induced expression and activity of HPSE in atherosclerotic
lesions could be smooth muscle cell death due to formation of small-
sized calcium crystals, which in turn would be a consequence of re-
duced HS chain length. Although speculative, this suggests another
potential mechanism for HPSE contribution to atherosclerotic plaque
instability. In the histological sections of carotid atherosclerotic lesions,
AZR staining in subintimal regions coincided to a large extent with
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absence of SMCs, suggesting an association between mineralization and
cell death, which is also a previously described phenomenon [45,46].
However, the fact that HPSE staining was weak or absent in these
structures and the surrounding cells naturally raises the question to
which extent HPSE levels would contribute in vivo to increased SMC
calcification and death by the above-suggested mechanism.

To our knowledge, this is the first exploration of HPSE in the context
of vascular calcification. We combined information from a large bio-
bank representing human atherosclerotic disease, with that obtained
from in vitro studies, in which simplified cell systems with altered HPSE
expression levels were utilized. For a balanced interpretation of the
obtained data, several limitations of the study should be taken into
consideration. The BiKE biobank is restricted to human endarterectomy
specimens and transcriptomic data from advanced, end-stage athero-
sclerosis (AHA class V-VI), which excludes analyses of HPSE in early
disease progression. Additionally, the protocol used for mRNA isolation
from BiKE samples does not account for plaque heterogeneity and the
corresponding specimen parts used for validation by IHC may contain
regions displaying different plaque features. Furthermore, the HPSE
levels expressed by the lentivirus-transduced HCtASMCs can be re-
garded as supra-physiological, with one potential effect being HSPGs
with dramatically reduced GAG chain length. It is therefore uncertain to
which extent the in vitro experiments reflect the processes taking place
in the clinical setting where these alterations are presumably more
modest in comparison. Lastly, although the commercially available
osteogeneic differentiation medium produced a significant and re-
producible calcification of HCtASMCs, care should be taken when
comparing effects and potential mechanisms with those mediated by
clearly defined inducers, such as inorganic or organic phosphate of
known concentrations.

In summary, we suggest that the functions of HPSE in vascular
calcification may be different depending on the context of the en-
vironment. Whereas HPSE plausibly contributes to mineralization and
osteogenic differentiation of SMCs and other mesenchymal cells in the
absence of inflammation, in the advanced atherosclerotic plaque HPSE
may primarily be associated with osteolysis mediated by macrophage-
derived osteoclasts.
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