ChemR23 induces smooth muscle cell phenotypic switching to stimulate vascular calcification
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Abstract

Rationale: Medial artery calcification is a common feature in chronic kidney disease (CKD) and
diabetes mellitus. The de-differentiation of vascular smooth muscle cells (VSMC), an increased
extracellular matrix production, downregulation calcification inhibitors, and phenotypic transition of
VSMC:s into osteoblast-like cells contribute to medial calcification. The G-protein coupled receptor
ChemR23 is upregulated during bone development, and plays a role in osteoblastic differentiation of
stem cells. ChemR23 is highly expressed in VSMCs, however its role in VSMC biology and vascular
calcification is unknown.

Objective: The aim of the present study was to establish the role of ChemR23 in VSMCs fate and
vascular calcification.

Methods and Results: In the present study, VSMC ChemR23 protein expression was identified in
uremic arteries in which a multivariate analysis revealed that ChemR23 mRNA levels were
independently associated with collagen type 1 (Coll A1) gene expression. In support of a causality for
this association, genetic deletion of ChemR23 in mice prevented VSMC de-differentiation,
maintaining a contractile phenotype characterized by low Coll A1 production, high expression of
Calponin (CNN1) and alpha smooth muscle actin (ACTA2), and low proliferation. Moreover,
ChemR23 deficient mice exhibited increased anti-calcifying signaling and a reduction in osteogenic
differentiation characterized by higher osteoprotegerin (OPG) levels and lower Runt-related
transcription factor 2 (RUNX2) expression, respectively, thus preventing phosphate induced vascular
calcification both in vitro and in vivo. Finally we show that stimulation of ChemR23 with its ligand,
RVE1, partially reduces calcification without altering the VSMC phenotype.

Conclusions: Taken together, this data demonstrate a novel role of ChemR23 in VSMC phenotype
switching, which favors osteoblastic differentiation and vascular calcification.



Introduction

Medial artery calcification is a pathophysiological process characterized by the deposition of calcium
and phosphate, principally in the form of hydroxyapatite, surrounding vascular smooth muscle cells
(VSMCs) and within the elastic laminae layers of arteries. Originally, cardiovascular calcification was
considered as a passive degenerative process associated with age, but it is now recognized as an active
process involving pro-inflammatory cues, and phenotypical changes of cells. Medial calcification is
highly prevalent in disorders characterized with premature vascular ageing, such as chronic kidney
disease (CKD), and diabetes mellitus, and contributes to increased cardiovascular morbidity and
mortality.'

Under physiological conditions VSMCs are responsible of maintaining a variable
contractile tone of the arteries. To achieve this, they express a wide variety of contractile proteins such
as alpha smooth muscle actin (ACTA?2), and Calponin (CNN1). In response to injury VSMCs undergo
phenotypical switching and de-differentiation characterized by a modified proliferation, contractility
and increased extracellular matrix production.” Under hyperphosphatemia and hypercalcemia, typically
present in the uremic milieu, the physicochemical deposition of hydroxyapatite crystals in the arteries
is prevented by calcification inhibitors, such as matrix-gla protein (MGP), fetuin-A, and osteoprotegerin
(OPQ) present in the circulation and locally produced by VSMCs. However, the downregulation of these
inhibitors, the direct effects of phosphate and calcium, and the upregulation of pro-calcifying pathways
such as the Runt-related transcription factor 2 (RUNX2) and bone morphogenic protein 2 (BMP-2), lead
to the phenotypical transformation of VSMCs into osteoblast-like cells and cell death, necessary for
medial calcification.® Nonetheless, the molecular pathways leading to this phenotypic switch are not
fully understood.

ChemR23 is a G-protein coupled receptor, which is upregulated during bone
development. Moreover, studies in mesenchymal stem cells have implicated a role for ChemR23
signaling in in osteoblast differentiation.” 8 However, apart from being highly expressed in VSMCs,’
the role of ChemR23 in VSMC osteogenic differentiation has remained hitherto unexplored.
Nevertheless, some indications for a role of ChemR23 in vascular calcifications have emerged from
studies of the two known ChemR23 ligands, i.e. the omega-3-derived lipid mediator, resolvin E1 (RvE1)
10.11 and the adipokine chemerin. Indeed, the RvE1 precursor eicosapentaenoic acid (EPA) prevents
vascular calcification in different animal models although the mechanism involved remains to be
established ' 3. In contrast, circulating chemerin has been associated with diabetes mellitus,
cardiovascular disease, obesity and CKD.'* Nevertheless, in incident dialysis patients, elevated
chemerin is associated with a survival advantage, despite associations with increased inflammation and
dyslipidemia.'

Based on the above, the aim of the present study was to establish the role of ChemR23 in
VSMCs fate and vascular calcification.



Material and Methods

Patient population and TagMan low density array

Adult patients undergoing living donor kidney transplantation (RTx) at the Dept. of Transplantation
Surgery at the Karolinska University Hospital were invited to participate in the study. All participants
provided written informed consent and the Regional Ethical Review Board in Stockholm approved the
study. Basic patient characteristics are outlined in Table 1. The most common causes of CKD were
chronic glomerulonephritis (n=27), polycystic kidney disease (n=10), interstitial nephritis (n=3) and
other (or unknown) causes (n=21). The median systolic and diastolic blood pressures were 142 (IQR
129-152) and 86 (IQR 74-93) mmHg, respectively. The most commonly used medications were
erythropoietin-stimulating agents (84%), non-calcium-based phosphate binders (75%), calcium-based
phosphate binders (4%) and loop-diuretics (62%). Commonly used anti-hypertensive treatments were
B-blocking agents (52%) and ACE-i/ARBs (72%); 30% of the patients were on statins. One patient was
on warfarin. In this group of younger patients only five had clinical signs of cerebrovascular,
cardiovascular, and/or peripheral vascular disease (grouped as CVD). Three had clinical signs of
ischemic heart disease and two had peripheral ischemic atherosclerotic vascular disease.

Isolation of RNA from epigastric artery and subsequent cDNA preparation were executed as described
before.® Gene expression was analyzed using a TagMan Low Density Array on a QuantStudioTM 7 Flex
Real-Time PCR system (LifeTechnologies, Carlsbad, CA, USA) according to standard protocol.
Amplification profiles for each sample and target were normalized against endogenous control genes
(mitochondrially encoded 16S RNA, MT-RNR2; TATA box binding protein, TBP; and glyceraldehyde-
3-phosphate dehydrogenase, GAPDH). Ct above 35, bad passive reference signal, noise spikes and high
noise were removed from further analyses. The data were analyzed using ExpressionSuite®Software
v1.0.4 (Applied Biosystems, Life Technologies, Carlsbad, CA, USA).

SMC isolation and culture

Mouse aortic VSMCs were isolated from 8-12 week old male mice according to previously published
protocols'®!7. In brief, aortic arches from 3 mice were isolated, fat and adventitia removed, and digested
in a sterile mixture of 1lmg/mL collagenase type II (Worthington) and 0.3mg/mL elastase (Sigma,
E0127) in DMEM with 10% FBS for 90 minutes at 37°C and 5% CO». Cell suspension was spun down,
resuspended in cell culture medium (DMEM, 10% fetal calf serum, 100 units/ml penicillin, 100 pg/ml
streptomycin, ImM sodium pyruvate, 10 mM HEPES and 2 mM L-glutamine) and plated. Cells were
passaged using trypsin when they reached 80% confluency.

Cell stimulation

All experiments were performed in between passage 3 and 5 with an initial cell density of 10,000
cells/cm? and cultured in cell culture medium with 5% FBS. In vitro calcification was induced by
culturing VSMCs for 9 days in cell culture media supplemented with 2.6mM inorganic phosphate
(Sigma), prepared as described previously.'* Cells were stimulated with 20 ng/mL of recombinant mouse
BMP-2 (R&D) for 30 minutes washed with ice-cold PBS and protein was immediately extracted. Cells
were stimulated with 100nM RvE1 (Cayman) or vehicle (0.01% ethanol).

Experimental animals

ChemR23 deficient mice on a C57BL/6 background were purchased from Deltagen. In-house bred
C57BL/6 were used as wild-type controls. Fat-1 transgenic mice, which encode the n-3 fatty acid
desaturase, thus producing n-3 fatty acids from n-6 type'®, were bred as previously described!. Specific
primers for ChemR23, and Fatl were used to genotype the experimental animals (Supplementary Table
1). All animal experiments were conducted in accordance with guidelines from the Directive
2010/63/EU of the European Parliament on the protection of animals used for scientific purposes and
were approved by the Ethical Committee of Northern Stockholm.
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Mice were fed a cholesterol-free standard chow diet (R70, Lantméinnen). At 20 weeks of
age, mice were fed an omega-6 rich diet (10% v/w) for 2 weeks, before first cholecalciferol injection
(prepared as described bellow), diet was continued until euthanasia.

Vascular calcification was induced by injecting mice subcutaneously with 500 IU/g a day
of Vitamin D3 (cholecalciferol) for three days and euthanized seven days after last injection. A stock
solution of 132,000 IU/mL was prepared by dissolving 66 mg cholecalciferol in 200 pL of ethanol + 1.4
mL cremophor +18.4 mL H20 (with 750 mg dextrose), all from Sigma. Stock solution was prepared
fresh the first day of injections and stored in the dark at 4 °C.

Animals were euthanized by CO; asphyxiation. Blood was collected by cardiac puncture
into Heparin-coated tubes and vascular perfusion was performed with 10 ml sterile RNase-free
phosphate-buffered saline (PBS). Blood counts were analyzed using an automated hematology analyzer
(Scil Vet abc hemocounter).

Aortic root sectioning and calcification quantification

Aortic roots were embedded in OCT and serially sectioned from the proximal 1 mm of the aortic root
on a cryostat. Alizarin Red stained sections were used to evaluate total calcification, which was
determined by measuring 5 sections collected at every 100 pm over the 200-600 pm segment of the
aortic root. For each section, images were captured with a Nanozoomer slide scanner (Hamamatsu),
analyzed, and the surface areas of the calcification(s) and of the entire vessel were measured with the
NDP.view?2 software (Hamamatsu).

Calcium quantification

Total calcium was determined by the chromogenic complex formed between calcium ions and o-
cresolphthalein. In brief, right carotid was isolated, dried, incubated in 0.6M HCI overnight at 37 °C,
and dilutions of the supernatant measured according to manufacturer’s protocol (Sigma).

Bone mineral density measurement

Femurs were isolated, cleaned from muscle and connective tissue, placed in 4% formaldehyde for 48h
and stored in 70% ethanol. Bone mineral density was measured ex vivo using dual-energy x-ray
absorptiometry densitometry (Lunar PIXImus, GE healthcare).

Plasma and supernatant measurements

Plasma phosphate and pyrophosphate were measured according to manufacturer’s protocol (Abcam).
Plasma OPG concentration was measured by ELISA (R&D). Cell supernatants were assayed with the
same kits after centrifugation at 400g for Smin.

Alizarin red staining

2% alizarin red was diluted in dH>O, filtered, and pH adjusted to 4.1-4.3 with either 10% ammonium
hydroxide or HCI. For histochemistry, formaldehyde fixed slides were hydrated, incubated for 2
minutes in 2% Alizarin Red, dehydrated in acetone, followed by acetone-xylene (1/1 v/v) solution, and
cleared in xylene. Slides were mounted with a synthetic mounting medium (PERTEX, Histolab).
Alizarin red staining extraction and quantification of in vitro cultured cells was performed according to
previously published protocol using an acetic acid based extraction method. °

Cell proliferation
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Measurement of cellular proliferation was determined by estimating *H-Thymidine incorporation into
DNA. Quiescent VSMC were cultured for 72h. 1 uCi of *H-Thymidine (Amersham) was added 12h
before the end of the experiment. Cells were harvested on glass fiber filters and *H-Thymidine activity
(counts per minute) was measured in a liquid scintillation counter (Wallac, 1450 Microbeta Plus).

RNA extraction and quality assessment

Total RNA from tissue and cells in culture was isolated using the RNeasy Lipid Tissue Mini kit
(Qiagen). RNA concentrations were quantitated spectrophotometrically at 260 nm (Thermo Scientific),
and quality was evaluated on a 2100 Bioanalyzer (Agilent) using RNA 6000 NANO chips to assess the
RNA integrity number.

TaqMan Real-Time PCR

Reverse-transcription was performed using High Capacity RNA-to-cDNA Kit (Applied Biosystems).
Quantitative real-time PCR reaction was developed on a 7900HT Fast Real-Time PCR system (Life
Technologies) using Tagman Assay-on-Demand from Life Technologies (Supplementary Table 2). The
relative mRNA expression of the target genes was quantified by the 24T or 22T method using TATA
binding protein (TBP) as endogenous control.

Immunoblotting

Protein extracts were prepared by lysing the cells with RIPA buffer (Sigma) containing a protease and
phosphatase inhibitor cocktail (Roche). Protein concentrations were determined using DC-Protein Assay
(BioRad) following manufacturer’s protocol. 15 pg of the protein extracts were diluted (1:1) in Laemmli
sample buffer (BioRad) containing 2.5% B-mercaptoethanol (Sigma) (immunoblots against CollAl
were J-mercaptoethanol free). Diluted samples were incubated 5 min at 95° C, loaded on a MiniProtean
TGX 4-12% gel (BioRad), and finally transferred to a PVDF membrane (BioRad). The membranes were
blocked using non-fat dry milk and incubated with primary antibodies against CollAl (Merck), p-
SMAD 1/5/8 (Cell signaling) and the loading control vinculin (Abcam) overnight at 4 “C. Membranes
were then washed and incubated in fluorescently labelled antibodies (Li-cor) for 1 hour at room
temperature, and signal was detected using Odyssey CLx imagin system (Li-cor).

Immunofluorescence

Cells were seeded in crystal chamber slides (Falcon). After stimulation, cells were washed twice in PBS
and fixed in 4% formaldehyde. The staining was performed according to the antibody manufacturer’s
protocol. In brief, cells were washed three times in wash buffer (TBS + 0.1% tween). Cells were then
permeabilized with ice-cold methanol and washed. Blocking was performed in 5% normal horse serum
diluted in wash buffer. Primary antibody was incubated over-night at 4 °C. Secondary antibody was
incubated for 1 hour at room temperature.

Statistical analyses

Results are expressed as mean + S.D. or median with 95% CI. Statistical significance of differences for
normally-distributed data was assessed with Student ¢ test when comparing two groups, and with one-
way or two-way ANOVA as appropriate followed by recommended post hoc tests, for multiple
comparisons. Statistical significance was assigned at p<0.05. Statistical analysis were performed using
GraphPad Prism 7 (GraphPad Software Inc, CA, USA).






Results
Collagen is related with ChemR23 expression in human and murine smooth muscle cells

The baseline characteristic of the CKD patient cohort are shown in Table 1. Stratification according to
treatment groups revealed that hemodialysis (HD) patients exhibited significantly higher levels of
hsCRP, whereas other clinical parameters did not significantly differ between patients with or without
either peritoneal dialysis (PD) or HD (Table 1). Immunofluorescence stainings revealed ChemR23
expression in the media layer of the arterial wall, co-localizing with the smooth muscle cell marker
ACTAZ2 (Fig 1A). The mRNA levels of ChemR23 were subsequently examined together with a panel
of different smooth muscle associated proteins with importance for VSMC differentiation and
calcification mRNA. Multivariate analysis for the association of ChemR23 mRNA with these other
mRNA levels after adjusting for age, sex and diabetes (Table 2) revealed collagen type 1 (CollAl) as
an independent predictor of ChemR23 mRNA. The strong association between ChemR23 mRNA and
Coll1A1 mRNA levels is depicted in (Fig 1B). Expression analysis of Coll Al in VSMCs derived from
either wild-type (WT) or ChemR23 knock-out (KO) mice revealed significantly lower mRNA and
protein levels in KO compared with WT VSMCs (Fig 1C).

ChemR23 deletion alters the smooth muscle cell phenotype

Since our finding in human arteries and murine VSMCs suggested that ChemR23 expression was
associated with a sythetic VSMC phenotype, we subsequently performed comparative analysis between
WT and KO murine aortic VSMCs. Whereas WT cells exhibited decreased mRNA levels and CNN1
and ACTA2, after 9 days in culture, knock-out (KO) cells retained the expression levels of these VSMC
phenotypic markers. As a result, KO cells expressed significantly higher levels of CNN1 and ACTA2
(Fig 2A). KO cells proliferated significantly compared WT cells (Fig 2B). The mRNA levels encoding
proteins relevant for calcification are shown in Fig 2D. Whereas BMP2 mRNA levels increased to a
similar degree in both wild-type and KO VSMC:s after nine days in culture, RUNX2 expression remained
unchanged. OPG expression increased significantly overtime only in only KO VSMCs, resulting in
significantly higher OPG mRNA levels in KO than in WT VSMCs at nine days in culture (Fig 2D).

ChemR23 deficient VSMCs exhibit reduced calcification and osteogenic signaling

Given the differential expression levels of pro- and anti-calcifying factors in cells derived from WT and
ChemR23 KO mice, we next evaluated the differential VSMC calcifying phenotype between WT and
KO cells cultured in a high phosphate media. Calcification was significantly higher in WT as compared
with KO cells (Fig 3A). No significant differences in pyrophosphate levels were observed between the
genotypes (WT: 2.5 £ 0.16 vs KO: 2.9 £0.15, p=0.08). RUNX2 expression was significantly lower in
KO cells (Fig 3B). Although BMP-2 mRNA levels were not significantly different between WT and KO
cells (Fig 3B), the response to BMP2 stimulation in terms of SMAD 1/5/8 phosphorylation was
significantly lower in KO compared with WT cells (Fig 3C). Finally, in line with results obtained during
culture in normal media, KO cells exhibited higher mRNA levels of OPG under high phosphate
conditions. Concomitantly, higher OPG protein levels were observed in the supernatants of KO VSMCs
(Figure 3D).

The ChemR23 ligand RvE1 decreases calcification and osteogenic signaling without altering
VSMC phenotype.

Nine days of culture in high phosphate media containing RvE1 (100 nM) significantly reduced
calcification in WT, but not in KO VSMCs as compared with vehicle treated cells (Fig 4A). Gene
expression analysis revealed a significant difference in the fold changes between WT and KO cells in
BMP2 mRNA levels. Moreover RvEI significantly reduced BMP2 mRNA levels in WT cells 95% CI
[0.4028, 0.909], while showing no significant effect in KO cells 95% Cls [-0.211, 2.935] (Fig 4B). No
significant alterations of RUNX2 and OPG mRNA were observed in either wild-type or KO (Fig 4B).



Likewise, CNN1, ACTA2 and CollA1 mRNA levels remained unchanged upon RvEI treatment both
in WT and KO cells (Fig 4C).

ChemR23 deletion, but not Fatl transgene, protects from VitD3 induced vascular calcification in
vivo:

Based in the in vitro results presented above ChemR23 KO cells showed reduced calcification, and the
omega-3-derived lipid mediator RvE1 inhibited calcification in WT cells, vascular calcification was
induced in vivo by means of Vitamin D3 injections into WT, ChemR23 KO, and Fat-1 transgenic mice.
As shown in Fig 5A, ChemR23 KO mice exhibited significantly reduced calcification in the aortic root
compared with WT mice, whereas the calcification observed in Fat-1 transgenic mice was not
significantly different from controls (Fig 4A-B). In line with these results, analysis of the Ca** content
in the right carotid revealed significantly lower levels in KO compared with WT mice (Figure 5C).
Plasma phosphate levels were significantly higher in KO than in WT mice (Figure 5D), bone mineral
density was significantly lower in KO mice compared with WT mice (Figure SE). Plasma OPG was
significantly higher in KO mice compared with WT mice (Figure 5F). Gene expression analyses
performed in thoracic aortas revealed a significant increase in OPG mRNA in KO mice and a significant
decrease in RUNX2 mRNA in KO mice when compared with WT mice (Figure 5G). At the same time,
the VSMC markers CNN1 and ACTA2 were significantly increased in KO mice, and CollAl gene
expression was significantly lower in KO mice compared with WT mice (Figure SH).



Discussion

Three major observations in the present study support a novel role for ChemR23 in VSMC biology and
vascular calcification. First, we detected arterial VSMC ChemR23 expression and identified Col1Al as
an independent predictor of arterial ChemR23 mRNA levels in CKD patients. Second, genetic deletion
of ChemR23 in mice reduced CollAl and inherently protected VSMCs against a phenotypic de-
differentiation and osteoblastic transformation, which translated into reduced vascular calcification both
in vitro and in vivo. Third, the calcification susceptibility in ChemR23-expressing VSMCs was reversed
by the ChemR23 agonist RVE1, without alteration of the VSMC phenotype. Taken together, these results
suggest that ChemR23 contributes to a calcifying VSMC phenotype.

Through the exploration of arterial gene expression patterns in patients with CKD, our
multivariate analysis identified ChemR23 as an independent predictor of increased Coll Al expression,
hence raising the notion that ChemR23 expression may be associated with VSMC de-differentiation into
a synthetic phenotype. Such phenotypic transition, with loss of contractile capacity and the acquisition
of less differentiated features with high synthetic and proliferative activity?® is observed in several
vascular pathological conditions®, and also occur spontaneously in vitro in primary VSMCs cultures. In
support of a causal link between ChemR23 expression and increased CollAl, ChemR23 deficient
murine VSMCs expressed less Coll Al, indicating a less synthetic phenotype and a resilience to this
time-in-culture de-differentiation observed in wild-type VSMCs. Consequently, ChemR23 deficient
VSMC:s retained contractile markers and exhibited a reduced proliferation compared with wild-type
VSMCs. Although not previously assessed in VSMC, the latter observation corroborates results in
mesenchymal stem cells, in which ChemR23 knock-down by RNA interference directly impairs the
G2/M phase of the cell cycle through a loss of cyclins A2 and B22!.

In addition to acquiring a synthetic and proliferative phenotype, increased BMP-2 release
is also part of the de-differentiation process in SMC primary cultures >, which was confirmed in the
present study. Intriguingly, ChemR23 KO cells were resistant to BMP-2-induced phosphorylation of
SMAD 1/5/8, which is the activator of its pro-calcifying signaling®:?*. In line with this finding, we show
that ChemR23 KO VSMCs exhibited less calcification compared with WT cells when cultured under
pro-calcifying conditions. This was accompanied by less osteogenic differentiation, as measured by
phosphate-induced expression of RUNX2, which is the signature transcription factor of an osteoblastic
and pro-calcifying VSMC phenotype®*?’.

In a pro-calcifying milieu, VSMCs actively produce anti-calcifying mediators that protect
from osteogenic differentiation and vascular calcification®. One such example is OPG** %°, which was
highly increased in KO as compared with WT VSMCs. Since the latter difference was observed both
under normal and pro-calcifying conditions, these results suggest an inherent repression of osteoblastic
differentiation in ChemR23 deficient cells, which translates into protection from phosphate-induced
calcification. The reduced osteogenic differentiation by OPG in VSMCs may be associated with
decreased Notchl signaling®, and in support of a ChemR23/OPG/Notch1 signaling axis, mesenchymal
stem cells derived from KO mice exhibit decreased collagen levels and reduced mineralization
compared with WT only after Notch abrogation by y-secretase inhibitors®. These observations suggest
that deletion of the ChemR23 receptor induces a sensitivity to Notchl inhibition which prevents
osteoblastic transformation of mesenchymal cells and thus maintaining a contractile VSMC phenotype.
In contrast, bone-marrow-derived stem cells exhibit an increased osteoblastic transcriptional signature
and increased in vitro mineralization after ChemR23 knock-down?!, which would be consistent with
Notchl preventing dedifferentiation of hematopoietic stem cells®.

There are several agonists for the ChemR23 receptor, which potentially could transduce
biological effects in VSMCs. For example, RvE1 reduces human PDGF-induced VSMC proliferation’,
but its effects on VSMC calcification have not previously been explored. Indeed, the reduction in
calcification and BMP-2 levels in response to RvE1 in WT, but not in KO cells, support that RvE1
reduced calcification by means of ChemR23. In contrast, characteristic markers of a contractile and/or
osteoblast phenotype were not altered by this agonist in either WT or KO VSMCs, indicating that the
acquired VSMC phenotype cannot be reversed by RvVEL. Although RvE1 has been previously reported
to prevent the downregulation of OPG induced by pro-inflammatory conditions in osteoblasts** RvE1
did not alter OPG mRNA levels in VSMCs in the present study. Interestingly, the ligand-induced
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reduction of VSMC calcification and BMP-2 levels, without altering the VSMC phenotype or OPG
levels, argue in favor of differential mechanisms as compared with the inherent VSMC phenotypic
changes associated with reduced calcification in ChemR23-deficient cells. In fact, a dual role for
ChemR23 in VSMC calcification emerges, in which the absence of ChemR23 confer a phenotypic
protection against calcification whereas the calcification susceptibility exhibited by ChemR23-
expressing SMCs can be rescued by receptor agonists through alternative pathways.

Vitamin Ds treatment in mice induces vascular calcification under conditions that closely
resemble the calcifying conditions used in the in vitro studies, e.g. high phosphate without inflammatory
stimuli. Indeed, KO mice exhibited significantly less vitamin Ds-induced vascular calcification in the
aortic root and carotid artery as compared with WT animals, despite more pronounced
hyperphosphatemia. These observations were accompanied by a lower bone mineral density in KO mice,
consistent with the role of ChemR23 in bone development and osteoclastogenesis, potentially making
KO mice more susceptible to high dose vitamin Ds-induced bone resorption**-3*. Importantly, the aortic
transcriptional profile in KO mice was consistent with a preserved contractile, non-synthetic and non-
osteoblastic SMC phenotype. In addition, KO mice exhibited increased aortic and circulating levels of
OPG, further reinforcing the importance of this vascular calcification inhibitor in the protection
conferred by ChemR23 deficiency in the present study. The causal involvement of both RUNX2 and
OPG as a driver and inhibitor, respectively, of vitamin Ds.induced vascular calcification has been
demonstrated in previous in vivo studies®® 3% 7. Moreover, similar to our in vitro findings, we found a
reduced Coll A1 expression in KO mice, which may contribute to a further inhibition of calcium deposits
in the vascular wall %,

To assess the role of agonist-induced ChemR23 signaling, we also assessed vitamin Ds-induced
vascular calcification in Fatl transgenic mice, which have been reported to have an increased formation
of the ChemR23 ligand RvE1*°. However, the latter mice did not exhibit any significant change in
vascular calcification compared with non-transgenic mice. Although previous reports on Omega-3 fatty
acids have indicated reduced calcification'> '3, there are several reasons for the lack of beneficial effects
of the Fatl transgene in VSMC calcification. First, RvE1 did not alter VSMC phenotype in vitro, and
the lack of effect of the Fat-1 transgene underlines the importance of the VSMC phenotypic preservation
in ChemR23-deficient SMCs. Second, in vitro, RvE1 reduced BMP2, which is a vitamin D receptor
activator-induced gene which expression levels appeared irreversible in vitro in the present study. Third,
it should be acknowledged that although the RvE1 precursor EPA was increased, RvEl was not
measured in this study and it cannot be excluded that the lack of inflammatory stimuli in the model used
may not stimulate RvE1 formation from EPA.

In summary, the present study identifies ChemR23 as an independent predictor of vascular
CollA1l in human vessels and provides evidence that ChemR23 deletion in mice confers protection
against VSMC dedifferentiation and vascular calcification both in vitro and in vivo, characterized by
reduced osteogenic differentiation and increased anti-calcification signaling. Furthermore, the
ChemR23 agonist RvE1 could partly reverse the in vitro calcification without altering VSMC
phenotype. In conclusion, ChemR23 is a regulator of VSMC phenotype switching, which favors
osteoblastic differentiation and therefore vascular calcification.
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ALL CKD 5 PD HD P

(N=60) (N=22) (N=21) (N=17)

AGE (YEARS) 45 (40-47) 42 (37-47) 45 (38-51) 46 (37-51) 0.687
SEX (FEMALE) 18 (30%) 7 (32%) 6 (29%) 5 (29%) NS
DM 2 (3.3%) 1 (4.5%) 1 (4.7%) 1(5.9%) NS
CVD 5 (8.3%) 0 (0%) 3 (14%) 2 (12%) NS
CREATININE (uMOL/L) 789 (754-889) 751 (660-836) 829 (772-1077) 793 (689-892) 0.296
HSCRP (G/L) 1.0 (1.1-4.5) 1.0 (0.9-3.5) 0.7(0.6-1.2)  2.2(0.03-11.7) 0.013
ALBUMIN (G/L) 36 (35-37) 37 (34-38) 35 (34-37) 38 (35-39) 0.158
CALCIUM (uMOL/L) 2.3(2.2-2.3) 2.2(2.1-2.3) 2.3 (2.2-2.4) 2.3 (2.2-2.4) 0.186
PHOSPHATE (uMOL/L) 1.8 (1.6-1.9) 1.9 (1.6-2.0) 1.7 (1.5-2.0) 1.8 (1.4-1.9) 0.476
BMI (KG/M2) 23.7(23.2-25.0)  22.8(22.3-24.8) 243 (22.8-25.6)  23.6(22.3-27.1) 0.809
MAP (MMHG) 105 (96-108) 109 (103-113) 102 (87-111) 103 (82-114) 0.272
% MEDIA 1.8 (2.2-6.8) 1.6 (1.2-7.3) 2.4 (0-11.4) 1.5 (0-7.3) 0.669
CALCIFICATION

CMKLR1 MRNA 1.5 (1.5- 1.9) 1.7 (1.3-2.1) 1.8 (1.3-2.2) 1.2 (1.2-2.1) 0.808
COL1A1 MRNA 2.4 (2.2-2.9) 2.4 (1.9-2.8) 2.3(1.9-3.2) 2.1(1.9-3.8) 0.941

Table 1: Patients characteristics and stratification into treatment groups. Continuous data presented as
median (95% CI). Comparisons between groups with ANOVA on ranks.
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VARIATE ESTIMATE STD ERROR T RATIO P

INTERCEPT -1,644436 0,897982 -1,83 0,0837
COL1A1 0,2708344 0,114202 2,37 0,0291
ELASTIN 0,013812 0,024365 0,57 0,5778
ACTA2 0,078929 0,217892 0,36 0,7214
SP7 0,0389962 0,085508 0,46 0,6538
BMP2 0,0333473 0,026243 1,27 0,2200
BMP4 0,2597146 0,237762 1,09 0,2891
ENPP1 0,1275762 0,407219 0,31 0,7577
OSTEOCALCIN 0,1434931 0,139459 1,03 0,3171
AGE 0,024885 0,012379 2,01 0,0596
SEX [F] -0,092807 0,146701 -0,63 0,5349
DIABETES [0] 0,1062533 0,196923 0,54 0,5961

Table 2: Multivariate analysis for the association of ChemR23 mRNA levels with a panel of smooth
muscle cell mRNA, adjusted for age, sex and diabetes.
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Figure 1: Collagen is related with ChemR23 expression in human and murine smooth muscle cells
(A) Representative immunofluorescence staining of ChemR23 in the media layer of human epigastric
arteries (n=4). Higher magnification image of smooth muscle cells expressing ChemR23. (B) Positive
association between ChemR23 and CollAl mRNA in human arteries (n=60 patients; regression
coefficient r=0.538, p<0.0001). (C) Mouse VSMC Coll1 A1 mRNA and protein expression after 24h in
culture. Data represented as media + S.D. of 3 to 5 independent experiments. * = p<0.05; ** = p<0.01.
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Figure 2: ChemR23 deletion alters aortic smooth muscle cell phenotype in vitro. (A) mRNA
expression of contractile genes after 24h and 9 days in culture. (B) Aortic smooth muscle cell
proliferation after 72h measured by *H-thymidine incorporation (expressed in counts per minute). (C)
mRNA expression of genes relevant for calcification. Data represented as media + S.D. of 3 to 8
independent experiments. * = p<0.05; ** = p<0.01
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Figure 3: ChemR23 deficient VSMCs exhibit reduced calcification and osteogenic signaling. (A)
Quantification of phosphate induced calcification after 9 days and representative images of alizarin red
stained mouse aortic smooth muscle cells. (B) mRNA expression of genes involved in calcification
promotion in VSMCs after 9 days in culture under calcifying conditions. (C) Immunoblotting and
immunofluorescence against phosphorylated SMAD 1/5/8 after 30 minute stimulation with BMP-2 (D)
mRNA expression and supernatant secreted osteoprotegerin levels. Data represented as media + S.D. of
3 to 9 independent experiments. * = p<0.05; ** = p<0.01
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Figure 4: The ChemR23 ligand RvE1 decreases calcification and osteogenic signaling without
altering VSMC phenotype. (A) Quantification of phosphate induced calcification after 9 days and
representative images of alizarin red stained cells treated with vehicle (Ethanol) or RvE1. (B) Effect of
RvE1 compared to vehicle control, after 9 days in calcifying media, in the mRNA expression of genes
related with calcification (C) and smooth muscle cell phenotype. Data represented as media + S.D. of 3
to 9 independent experiments. * = p<0.05; ** = p<0.01
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Figure 5: ChemR23 deletion, but not Fatl transgene, protects from VitD3 induced vascular
calcification in vivo. (A-B) Quantification of aortic root calcification as a percentage of the alizarin red
positive area within the total vessel area, and representative images of alizarin red stained aortic roots.
(C) Total Ca 2 content in the right carotid artery. (D) Plasma phosphate levels. (E) Bone mineral density
of the right femur. (F) Plasma osteoprotegerin levels. (G) Aortic mRNA expression of genes involved
in calcification promotion and inhibition. (H) Aortic mRNA expression of smooth muscle cell markers.
WT n=5, KO n=7, Fatl n=4. * = p<0.05; ** = p<0.01
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Gene ID Sequence

ChemR23 TACAGCTTGGTGTGCTTCCTCGGTC
ChemR23 TGATCTTGCACATGGCCTTCCCGAA
ChemR23 GGGTGGGATTAGATAAATGCCTGCTCT
Fat-1 CTGCACCACGCCTTCACCAACC

Fat-1 ACACAGCAGCAGATTCCAGAGATT

Supplementary table 1: Genotyping primers used in experiments.

Gene Assay ID
CNN1  Mm00487032 ml
Acta2 MmO00725412 sl
CollAl MmO00801666 gl
BMP2  Mm01340178 ml
Runx2 ~ MmO00501584 ml
OPG Mm00435454 ml
COL1A1 Hs00164004 ml
ELN Hs00355783_ml
ACTA2 Hs00426835 gl
SP7 Hs01866874 sl
BMP2  Hs00154192 ml
BMP4  Hs00370078_ml
ENPP1  Hs01054040 ml
BGLAP Hs01587814 gl

Supplementary table 2: TagMan assays used in the experiments.
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