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Abstract

Objective —Vascular calcification is a critical pathology associated with increased
cardiovascular event risk, but there are no FDA-approved anti-calcific therapies. We hypothesized
and validated that an unbiased screening approach would identify novel mediators of human
vascular calcification.

Approach and Results —We performed an unbiased quantitative proteomics and pathway
network analysis that identified increased carnitine O-octanoyltransferase (CROT) in calcifying
primary human coronary artery smooth muscle cells (SMCs). Additionally, human carotid artery
atherosclerotic plaques contained increased immunoreactive CROT near calcified regions. CROT
siRNA reduced fibrocalcific response in calcifying SMCs. In agreement, histidine 327 to alanine
point mutation inactivated human CROT fatty acid metabolism enzymatic activity and suppressed
SMC calcification. CROT siRNA suppressed type 1 collagen secretion, and restored mitochondrial
proteome alterations and suppressed mitochondrial fragmentation in calcifying SMCs. Lipidomics
analysis of SMCs incubated with CROT siRNA revealed increased eicosapentaenoic acid, a
vascular calcification inhibitor. CRISPR/Cas9-mediated Crot deficiency in low-density lipoprotein
receptor-deficient mice reduced aortic and carotid artery calcification without altering bone
density, or liver and plasma cholesterol and triglyceride concentrations.
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Conclusions —CROT is a novel contributing factor in vascular calcification via promoting
fatty acid metabolism and mitochondrial dysfunction, as such CROT inhibition has strong
potential as an anti-fibrocalcific therapy.
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Introduction

Cardiovascular disease is the leading cause of death worldwide, with vascular calcification
increasing cardiovascular event risk.1:2 We and others have demonstrated cardiovascular
calcification is an actively regulated process involving osteogenic differentiated vascular
smooth muscle cells (SMCs) releasing calcifying extracellular vesicles that form
microcalcifications in collagen extracellular matrix.3~" Microcalcifications in thin
atherosclerotic plaque cap may contribute to plaque destabilization and rupture8, leading to
myocardial infarction and stroke.

The molecular mechanisms underlying osteogenic differentiation of SMCs are unclear.
Calcifying SMCs have increased mitochondrial fragmentation, promoted by a mitochondrial
and peroxisomal fission protein, dynamin-related protein 1.5 Peroxisomes and mitochondria
are cellular organelles in which fatty acid metabolism occurs in eukaryotes. Whether fatty
acid metabolism plays a critical mechanistic role in cardiovascular calcification has not been
definitively demonstrated beyond exogenous administration of w3-polyunsaturated fatty
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acids in model systems. w3-Polyunsaturated fatty acids, eicosapentaenoic acid (EPA) and
docosahexaenoic acid are anti-inflammatory agonists that suppress vascular calcification
when incubated with cultured vascular cells or are administered to non-atherosclerotic
rodent models of vascular calcification.®-12 Whether endogenously produced w3-
polyunsaturated fatty acids suppress vascular calcification and the mechanistic role of w3-
polyunsaturated fatty acids in atherosclerotic calcification is unclear. While somewhat
controversial and requiring validation in large cohort human studies, w3-Polyunsaturated
fatty acids have been inversely associated with coronary artery calcification in a small
patient cohort.13 Increased w3-polyunsaturated fatty acids associated with reduced coronary
artery calcification in a study comparing Japanese to Caucasian men.14 Additionally, fatty
acid desaturase activity and docosahexaenoic acid are decreased in calcified human aortic
valve tissues.1® Together, these studies implicate a role of fatty acid metabolism in
cardiovascular calcification.

Changes in vascular SMC phenotype are linked to alterations in mitochondrial metabolism.
16 B-oxidation is a metabolic process through which fatty acids are broken down starting in
peroxisomes and then in mitochondria to generate acetyl-CoA, which functions in the citric
acid cycle and electron transport train. Mammalian peroxisomes do not fully pB-oxidize
medium-chain fatty acid intermediates, medium- and long-chain acyl-CoA molecules, that
require further metabolism in mitochondria. Carnitine O-octanoyltransferase (CROT), is
enzyme involved in transport of medium- and long-chain acyl-CoA out of peroxisomes.16
CROT trans-esterifies medium- and long-chain fatty acyl chains and belongs to a carnitine
acyltransferase family that catalyze a reversible reaction of L-carnitine + acyl-CoA < acyl-
L-carnitine + CoASH.1718 |n HepG2 human liver cells, overexpression and gene silencing
of CROT decreases and increases long-chain fatty acids, respectively.1® Whether CROT is
mechanistically involved in vascular calcification is unknown, but its role in fatty acid
metabolism strongly supports this possibility. To discover novel inducers of vascular
calcification with therapeutic anti-calcification drug potential, we performed an unbiased
proteomics and pathway network analysis that identified CROT as a novel contributing
factor in human SMCs calcification. A finding we validated in a mouse model of
atherosclerotic calcification.

Materials and Methods

Additional detailed materials and methods are included in the Supplemental Materials.

Cell culture and osteogenic induction

Human coronary artery SMCs (PromoCell, Cat#: C-12511) were cultured in SMC growth
medium 2 (PromoCell, Cat#: C-22062) for subculture. To induce osteogenic transduction,
cells were cultured in osteogenic medium (OM; Dulbecco’s modified Eagle medium with
4.5 g/L glucose (DMEM) (Thermo Fisher Scientific, Cat#: 10569010), 10% fetal bovine
serum (FBS), 10 mM B-glycerophosphate disodium salt pentahydrate, 100 uM L-ascorbic
acid 2-phosphate sesquimagnesium salt hydrate, 10 nM dexamethasone or control normal
medium (NM; DMEM, 10% FBS).
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CROT siRNA

siRNA incubation was performed using ON-TARGETplus siRNA for CROT (Horizon
Discovery, CROT: J-009230-08) or ON-TARGETplus Non-targeting Control Pool
scrambled siRNA (Horizon Discovery, Cat#: D-001810-10-20) with DharmaFECT 1
transfection reagent (Horizon Discovery, Cat#: T-2001-03). Final concentration of sSiRNA
was adjusted to 20 nM and transfected siRNA was performed according to the
manufacturer’s protocol. Human vascular SMCs were seeded at day -5 (5 days before media
exchange to OM) with 0.8x10° cells/mL in smooth muscle cell growth medium 2 in 6-well
plates for proteomic experiments or 24-well plates for real-time PCR, TNAP activity assay,
and Alizarin red staining. Smooth muscle cell growth medium 2 was replaced with NM and
the first transfection of sSiRNA was performed the following day (day —4). During the next
medium exchange at day —2, siRNA incubation was also performed. Day 0 indicates when
media was exchange from NM to OM (or continued with NM for controls). After day 0,
media exchange and transfection of siRNA were performed every 3-4 days.

CROT enzymatic activity assay

H327A-CROT-FLAG expression plasmid vector was made using CROT (NM_021151)
Human Tagged ORF Clone (OriGene, RC207888) and site mutagenesis. HEK293 cells were
transfected with CROT-FLAG or H327A-CROT-FLAG plasmid vector using
Lipofectamine™ 3000 Transfection Reagent (Thermo Fisher Scientific Inc., Cat#:
L.3000015) according to manufacturer’s protocol. 2 days after the transfection, cells were
harvested using Pierce™ IP Lysis Buffer (Thermo Fisher Scientific Inc., Cat#: 87788).
CROT-FLAG and H327A-CROT-FLAG proteins were purified using ANTI-FLAG® M2
Affinity Gel (Sigma-Aldrich, Inc., Cat#: A2220) according to manufacturer’s protocol.
Enzymaticactivity of CROT and H327A-CROT was measured using 0.1, 0.2 and 0.5 ug
recombinant CROT-FLAG or H327A-CROT-FLAG incubated with 500 pM Octanoyl
coenzyme A lithium salt hydrate (Sigma-Aldrich, Inc., Cat#: 06877), 2 mM L-Carnitine
hydrochloride (Sigma-Aldrich, Inc., Cat#: C0283) and 125 pM Aldrithiol ™'-4 (Sigma-
Aldrich, Inc., Cat#: 143057) in 0.2 mL of 25 mM potassium phosphate buffer (pH 7.4).
Absorbance was measured at 324 nm on a 96-well plate reader.

Crot™~LdIr”~ mice
Crot’~ mice were produced by deleting Crotexon 3 that includes a start codon in Crotin
C57BL/6J mice with a CRISPR-Cas9 method (The Jackson Laboratory). Sequences of
SgRNA targeting intron 2 and 3 of Crotare listed in Supplemental Major Resources Table.
After three generations of backcrossing, crossbreeding of Cror/~ mice with Lalr’~ mice
(The Jackson Laboratory, Cat#: 002207) was performed. Genotype was decided through
genome DNA PCR using the listed primers (see Supplemental Major Resources Table) and
LongAmp® Taq PCR Kit (New England Biolabs., Cat#: E5200S) according to
manufacturer’s protocol.

In vivo vascular calcification imaging

10-week-old male Cro*'* Lalr'= or Cror'~Lalr’~ mice were fed high-fat and high
cholesterol diet (Research Diets, Inc., Cat#: D12108CO) for 15 weeks to induce
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cardiovascular calcification. 100 pL OsteoSense680EX fluorescent imaging agent
(PerkinElmer Inc., Cat#: NEV10020EX) was administered intravenously via tail vein into
mice 24 hours before dissection. /n vivo NIRF signals were obtained by assessing
OsteoSense680EX signal in carotid arteries imaged using a fluorescent microscopy
(Olympus Corporation) and mice under anesthesia. After euthanizing mice, cardiovascular
tissues were perfused with saline and dissected. NIRF signals were obtained by assessing
OsteoSense680EX in cardiovascular tissues imaged ex vivo using a KODAK Image Station
4000MM (Eastman Kodak Company) and analyzed using KODAK Molecular Imaging
Software. All animal experiments were approved by and performed in compliance with Beth
Israel Deaconess Medical Center’s Institutional Animal Care and Use Committee
(protocol#: 010-2016). Male mice were used in this initial study characterizing CROT
inhibition due to sex differences in male and female fatty acid and lipid metabolism?0 that
could impact data interpretation.

Mass spectrometry data

All mass spectrometry and resulting search data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository?! with the dataset identifier
PXD022575.

Statistical analysis

Analysis of variance (ANOVA) with Dunn’s, Dunnett’s, or Tukey’s multiple comparison
testing and Student’s ~tests were performed using Prism 8 (GraphPad, La Jolla, CA). The
normality and variance were not tested to determine whether the applied parametric tests
were appropriate.

Results

Unbiased proteomics and pathway network analysis revealed CROT as a novel vascular
calcification contributing factor

To identify novel contributing factors in vascular calcification, we first performed tandem
mass tagging proteomics using primary human coronary artery SMCs cultured in control
normal medium (NM) or calcification-inducing osteogenic medium (OM) (Figure 1A). The
proteomics data were combined, and we identified a total of 3,638 common proteins among
our experimental conditions, timepoints and donors (Figure 1B). We next focused on
proteins that were increased in OM compared to NM, from which 198 proteins were
detected (Figure 1B). Enrichment in pathways from KEGG, BioCarta and Reactome was
used to analyze the 198 proteins increased in OM. Significant pathways from this analysis
included pathways related to metabolism, tricarboxylic acid (TCA) cycle, respiratory
electron transport, and peroxisomal function (Figure 1C and Supplemental file I). We next
made a pathway network using all significant pathways (/<0.05) obtained through pathway
enrichment analysis of the 198 increased proteins, from which we identified 10 pathways
that had the highest betweenness centrality, an indicator that these may be intermediary
pathways potentially crucial to the communication between all significantly enriched
pathways due to their “bottleneck” status in the network (Figure 1D). Top ranked pathways
included ones related to peroxisome and lipid metabolism (Figure 1C and 1D). CROT was a
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key protein commonly identified in most of these top betweenness centrality pathways
including: metabolism (-log(P)=11.2, Reactome), peroxisome (-log(P)=5.55, KEGG),
peroxisomal protein import (-log(P)=5.29, Reactome), peroxisomal lipid metabolism (-
log(P)=3.62, Reactome), metabolism of lipids (-log(P)=3.18, Reactome) and fatty acid
metabolism (-log(P)=2.43, Reactome) (Figure 1C and Supplemental file I). Furthermore,
CROT protein levels increased when SMC media was switched from NM to OM
(Supplemental figure I1A). These data suggested CROT is induced in calcifying SMCs and is
associated with several pathways likely contributing to SMC osteogenic differentiation.
Therefore, we focused our study on assessing a novel role of CROT in vascular calcification.

To validate our SMC findings, we next performed ex vivo CROT immunohistochemistry in
calcified human atherosclerotic plaques (n=3). In agreement with our /n vitro data,
immunoreactive CROT was increased around calcified regions of human arteries compared
to non-calcified regions (Figure 1E). Significant colocalization of CROT and a-smooth
muscle cell actin (aSMA) was observed by immunofluorescence in calcified human artery
tissues (Figure 1F). These data validated increased CROT in calcifying human artery tissue
SMC.

CROT inhibition reduced SMC calcification

To evaluate effects of CROT inhibition on vascular calcification, we performed two separate
but complimentary assays, gene silencing and point mutation mediated CROT enzyme
inactivity. We first inhibited CROT by siRNA in human SMCs. CROT siRNA efficiency was
verified by label-free CROT targeted mass spectrometry using actin related protein 2 as an
internal control for an unchanged protein following CROT siRNA incubation. CROT
peptides (VLNDINQAK, amino acids 426-434; FQSGIGEK, 108-115) were increased in
OM incubated with scrambled siRNA, and CROT protein levels were decreased in OM with
CROT siRNA (Figure 2A and 2B, Supplemental figure 1-B-D). We further validated these
proteomics results showing reduced CROT following CROT siRNA incubation by
quantitative real-time PCR (Figure 2C). Tissue-nonspecific alkaline phosphatase (TNAP)
activity, a key regulator of OM-induced SMC calcification3, was suppressed by CROT
SiRNA in OM (Figure 2D). Using a cell proliferation assay, we observed that SMC
hyperproliferation induced by osteogenic medium was suppressed by CROT siRNA
(Supplemental figure 11-A). Additionally, solute carrier family 20 member 1 (SLC20AL1) that
involved in a mineralization process?2, was suppressed by CROT siRNA in OM
(Supplemental figure 11-B). We next assessed a fibrocalcific response in SMCs treated with
CROT siRNA by two different methods, Alizarin red staining and OsteoSense680 near-
infrared fluorescence.23 Alizarin red staining was decreased with CROT siRNA incubation
in OM (Figure 2E). In agreement, confocal microscopy analysis of SMCs stained with
OsteoSense680 and collagen CNA probe showed reduced fibrocalcific response when
incubated in OM with CROT siRNA (Figure 2F). We validated reduced collagen secretion in
SMCs treated with OM and CROT siRNA using a pro-collagen 1A1 ELISA (Figure 2F and
Supplemental figure 11-C).

We next evaluated effects of enzymatically inactivated CROT on SMC calcification. Human
CROT catalytic active site has not been reported; therefore, we referred to information on
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mouse CROT structure.24 Based on sequence similarity between human and mouse CROT,
we hypothesized that histidine 327 was part of a catalytic active site in human CROT. We
generated human CROT in which histidine 327 was replaced with alanine (H327A-CROT)
and assessed CROT fatty acid metabolism enzyme activity. H327A-CROT did not show
CROT catalytic activity compared to unmodified CROT (Figure 2G). To evaluate effects of
H327A-CROT on calcification, we overexpressed H327A-CROT in SMCs using an
adenoviral vector. Alizarin red staining demonstrated reduced calcification in H327A-CROT
overexpressing cells compared to unmodified CROT overexpressing SMCs (Figure 2H).
These data demonstrate CROT is a novel fibrocalcific response contributing factor in human
SMCs.

Proteomics network analysis revealed CROT silencing suppressed calcification by
correcting mitochondrial dysfunction

To identify a mechanism through which CROT inhibition suppressed calcification in SMCs,
we first performed a multiplexed high-dimensional clustering analysis using our custom
made XINA software2>26 on the proteomics datasets of CROT siRNA suppressed SMC
proteins. For each donor, protein levels in OM with scrambled siRNA and CROT siRNA
were normalized to protein levels in NM with scrambled siRNA throughout the culture time
course, converting three proteomics datasets into two (per donor) that were subsequently
combined into a single dataset and analyzed by XINA. Using a time-dependent assessment
from 3 to 21 days in culture, we identified 8 clusters through k-means clustering that best
describe the time-dependent variation in both scrambled and CROT siRNA NM-normalized
OM conditions (Figure 3A and 3B). Cluster #1 and #2 contained stable protein level patterns
throughout the entire culture time course, so we defined those clusters as normal pattern
clusters. We then defined clusters #3-8 as peak clusters (cluster #3 peak at day 3, cluster #4
peak at day 7, cluster #5 peak at day 14, clusters #6—8 peak at day 21). Next, we identified a
total of 38 proteins that existed in peak clusters under OM with scrambled siRNA and in
normal pattern clusters under OM with CROT siRNA (Figure 3B). The protein level pattern
of these 38 proteins was altered by OM and restored by CROT siRNA, so we defined these
proteins as restoration proteins. We also assessed early timepoints data sets (Ohr, 6hr, 12hr,
and 24hr), but no proteins were shared amongst the three donors. To reveal pathways that
were restored by CROT siRNA, we performed enrichment analysis using restoration
proteins. Enrichment analysis demonstrated most restored proteins were related to the citric
acid cycle (88.14%) (Figure 3C and Supplemental table 1), and that composition was similar
to that of a mitochondrial protein set (Figure 3C). To clarify a relation among restoration
proteins, mitochondrial proteins, and calcification related proteins2’, we next performed
pathway enrichment analysis using this protein data set. A significant association of
restoration proteins with mitochondrial and calcification proteins/pathways was observed
(Figure 3D, Supplemental materials, and Supplemental table 1). We previously reported
mitochondrial fragmentation increases TNAP activity and fibrocalcific response in vascular
SMCs.5 Therefore, to validate if CROT silencing corrected calcification via restoring
mitochondrial function as suggested by our proteomics analysis, we assessed SMC
mitochondria under osteogenic conditions. To do this we used live cell confocal microscopy
MitoTracker Red imaging that stains for mitochondrial membrane potential, a general
marker of mitochondrial function. In addition, a mitochondrial membrane potential assay
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using tetramethylrhodamine ethyl ester (TMRE) reagent was performed. In agreement with
our proteomics findings, CROT siRNA corrected mitochondrial dysfunction in OM, as
mitochondria fragmentation and reduction of membrane potential were improved by CROT
siRNA in calcifying human SMCs (Figure 3E and Supplemental figure I1-E).

CROT silencing increased human SMC EPA

As CROT catalyzes transfer of fatty acyl groups between CoA and carnitine, a fatty acid
metabolic process, and mitochondria are key regulators of fatty acid metabolism via -
oxidation of fatty acids that contributes to mitochondrial dysfunction, we next assessed fatty
acids in human SMCs. CROT silencing increased free fatty acids in in human SMCs (Figure
4A), a finding that is consistent with a role of CROT in fatty acid metabolism. Lipidomics
analysis by gas chromatography-mass spectrometry demonstrated CROT siRNA increased
select fatty acids including a vascular calcification inhibitor®, EPA (Figure 4B—C,
Supplemental figure 111 and 1V, Supplemental file 111). Taken together these data support a
novel mechanism through which CROT inhibition reduced fatty acid metabolism, increasing
EPA, and correcting mitochondrial dysfunction that in turn suppressed SMC TNAP activity
and fibrocalcific response in OM.

Crot deficiency reduced cardiovascular calcification in atherosclerotic mice

To evaluate effects of CROT inhibition on cardiovascular calcification /n vivo, we made Crot
deficient (Cror’~) mice by removing Crotexon 3 with a CRISPR-Cas9 method (Figure 5A,
Supplemental figure V-A). Exon 3 includes a Crot start codon, thereby its deletion should
prevent Crottranslation. Indeed, Cror’~ mice did not have Crot protein, validated by
Western blot analysis (Figure 3A). Gross anatomy, body weight, plasma total cholesterol and
triglyceride levels were not altered by Crot deficiency (Supplemental figure V-B and -C). We
next assessed effects of Crot deficiency in low-density lipoprotein receptor (LdIr)-deficient
(Ldlr) mice on a high-fat, high-cholesterol diet, a condition that induces vascular
calcification.3 We made Cror/~Ldlr'~ double deficient mice by crossing Cror’~ mice with
Ldlr"~ mice. No significant alterations were observed in body appearance, body weight,
liver weight, plasma aspartate aminotransferase, alanine aminotransferase, glucose, or
plasma and liver tissue cholesterol and triglyceride concentrations in Crof’~Ld/r'~ mice
compared to Croft’* Ldlr'~ mice (Figure 5B-D and Supplemental figure V-D). Vascular
calcification was evaluated following 15 weeks high-fat, high-cholesterol diet feeding. /n
vivo live imaging of OsteoSense680 demonstrated that accumulation of hydroxyapatite on
the bifurcation of carotid artery was attenuated in Cror”~Lalr"~ mice compared to Crot
*I* [ dfr = mice (Figure 5E). Furthermore, OsteoSense680 near-infrared fluorescence in
aortas of Cror!~Ldlr'~ mice was significantly lower than that of Cror’* Ladlr’~ mice
(Figure 5F). Using near-infrared fluorescence imaging, we also observed a decrease of
OsteoSense680 signal in carotid arteries of Crof’~Ldlr'~ mice, ex vivo (Figure 5E,
Supplemental figure VI-A-B). Histological analysis of aortic arch assessed by von Kossa
staining corroborated our imaging results and demonstrated that plaque area and
calcification were significantly reduced in Cror’~Ldlr'= mice (Figure 5G, Supplemental
figure VI1I). A significant reduction was still observed when calcification area was
normalized by plaque area (Supplemental figure VII-B), indicating that the decrease of
calcification in Cror’~Ldlr'~ mice is not merely a result of plaque area reduction. In
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addition, macrophage accumulation was reduced in Cror’~Ldlr'~ mice (Supplemental
figure V1II), demonstrating CROT inhibition reduced inflammation-associated pathways in
Cror~ LdIr'~ mice. To assess impact of Crot deficiency on bone density, we performed
micro-CT scanning of femur bones from Crof’* Ldlr'~ and Cror’~Ldlr'~ mice on a high-
fat, high-cholesterol diet for 15 weeks. Micro-CT analysis of femurs revealed similar bone
structure and mass at cortical shaft and cancellous regions of distal femurs (Figure 6A,
Supplemental table 11). Crotdeficiency did not alter femur cortical and trabecular bone
volume (Figure 6B), bone thickness (Figure 6C), bone tissue density (Figure 6D), or specific
bone surface (Figure 6E). These data demonstrate CROT is a novel inducer of vascular
calcification /n vivo, and that CROT inhibition suppressed vascular calcification without
altering bone density in atherosclerotic mice.

We present a working model for the mechanistic role of CROT in vascular calcification
(Supplemental Figure 1X). CROT metabolizes select fatty acids in peroxisomes, allowing
medium chain fatty acids to traffic from peroxisomes to mitochondria where they are further
metabolized by B-oxidation. Increased CROT activity likely increased fatty acid trafficking
to mitochondria inducing mitochondrial dysfunction and fragmentation. Additionally,
increased CROT activity may reduce EPA by increasing select fatty acid metabolism.
Dysfunctional mitochondria promote TNAP activity® which induced vascular calcification.
CROT inhibition, reduced select fatty acid metabolism, that attenuated mitochondria
dysfunction and increased EPA in SMCs, leading to reduced TNAP activity and vascular
calcification.

Discussion

Our study has several novel findings, including: (1) identifying increased CROT in calcified
human vascular cells and atherosclerotic plaques; (2) CROT inhibition attenuated
calcification in human SMCs and atherosclerotic mice; (3) CROT inhibition mechanistically
suppressed a fibrocalcific response via altering fatty acid metabolism and correcting
mitochondria dysfunction. Thus, we identify CROT as a novel vascular calcification
contributing factor and support anti-fibrocalcific therapeutic potential of CROT inhibition.

Vascular SMC phenotype changes are generally observed with progression of
atherosclerosis, hypertension, and neointimal formation.2’-30 Mitochondrial dysfunction-
mediated cardiovascular cell phenotype changes associate with atherosclerotic vascular
calcification and valvular calcification, and are opposite to mitochondrial morphology
changes observed in calcifying bone osteoblasts.?31 Our present study demonstrated several
pathways associated with mitochondrial and peroxisomal metabolism were altered in
calcifying SMCs. Importantly, CROT was observed in most highly-ranked pathways that had
high betweenness centrality, a means of assessing interconnectivity between pathways that
distinguished calcifying SMCs from control cells. Future studies using an unbiased
proteomics and network pathway screening method presented here may identify additional
regulators of ectopic calcification in other tissues, including heart valves. Calcification of
heart valve tissue is a major risk factor for heart failure with an estimated 102,700 deaths
and 1.6 million global cases of calcific aortic valve disease in 2017.32 Whether CROT is
involved in calcific aortic valve disease is unknown; although, decreased w3-polyunsaturated

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Okui et al. Page 10

fatty acid was associated with valvular calcificationl®, further supporting need for additional
studies in this area.

Mouse CROT crystal structure, including complexed with a substrate, octanoyl-carnitine is
reported.24 However, there are currently no reported human CROT structural studies that
may assist in development of CROT small molecule inhibitors as potential anti-fibrocalcific
drugs. High interspecies homology of CROT amino acid sequence exists that allowed us to
determine histidine 327 as a key amino acid regulating human CROT enzyme activity.33
While beyond the scope of our present study, our amino acid catalytic site data provides a
crucial initial step in identifying novel specific inhibitors of human CROT. Importantly, we
did not observe any negative pathology such as fatty liver or other noticeable metabolic
defects in Crot-deficient mice. As CROT is a member of a carnitine acyltransferase family of
proteins, identifying specific CROT inhibitors will be an important step to avoiding
unwanted effects of nonspecific inhibition within this protein family that may result in
undesired metabolic complications. MicroRNA miR-33, located within sterol regulator
element binding protein, reduces CROT.3# Interpretation of miR-33 studies in relation to
CROT and cardiovascular disease is extremely difficult given numerous targets of miR-33
exist, including key genes involved in lipid metabolism and insulin signaling pathways.
Little is known about genetic CROT variants in human disease. Of potential related interest,
CROT-rs2214930 gene variant showed no significant differences in serum total cholesterol,
triglycerides, body mass, and blood pressure in a small study of control and coronary artery
disease patients.3® Sex differences in lipid and lipoprotein metabolisms can occur due
hormonal effects and genes on the X-chromosome, and these may contribute to sex
differences in cardiovascular disease risk in humans.20 In our initial study characterizing
CROT inhibition in an atherosclerosis mouse model, we only used male mice to eliminate
issues with sex differences impacting data interpretation. Although based on our in vitro
calcification models using cells from males and females, whether CROT inhibition also
suppresses vascular calcification in female animal models could be examined in future
studies.

We found that total fatty acid levels increased in human SMCs incubated with CROT
SiRNA, a finding that is consistent with a known role of CROT in fatty acid metabolism.1?
With lipidomics analysis, we identified this fatty acid increase was selective, notably with an
increased w3-polyunsaturated fatty acid, EPA following CROT siRNA incubation. EPA
administration inhibits calcification in vitro® and in warfarin-induced rat vascular
calcification! and spontaneous vascular calcification in klotho mutant mice.12 EPA may
prevent p-catenin-induced SMC osteogenic differentiation through peroxisome proliferator-
activated receptors.38 Our present study provides additional novel mechanistic findings
supporting selectively altered fatty acid composition induced by CROT-deficiency that may
function along with corrected mitochondrial dysfunction. Mitochondria are critical
regulators of fatty acid p-oxidation, a process that may contribute to SMC phenotypic
switching; although, this remains to be demonstrated. RvVE1 a metabolite of EPA meditates
benefits of EPA in human vasculature3’; RVE1 reduced human SMC calcification in OM.
We previously demonstrated that correcting mitochondrial dysfunction suppresses TNAP
activity and cardiovascular cell calcification.> CROT inhibition reduced TNAP activity and
SMC calcification. While not excluding a role of fatty acid metabolites in this action, our
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data supports a critical mechanism through which CROT inhibition works to suppress SMC
calcification is through mitochondrial-associated pathways. This is likely a key mechanistic
step given that mitochondria are critical regulators of fatty acid p-oxidation, a process that
may contribute to SMC phenotypic switching; although, this remains to be demonstrated.
EPA also induces an anti-inflammatory response,38 as does suppressed mitochondrial
fission,39 and macrophages contribute to vascular calcification.*? We found that CROT
inhibition suppressed macrophage accumulation in atherosclerotic plaque, supporting a
novel role of CROT in macrophage inflammation pathways.

In conclusion, our study identified CROT as a novel contributing factor in vascular
calcification that could be inhibited /n vivo to reduce vascular calcification without
impacting bone mineralization, body mass, or plasma and liver tissue cholesterol and
triglyceride concentrations. Thus, we established CROT inhibition as an attractive candidate
in a search for anti-fibrocalcific response therapies, a major unmet medical need.
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Highlights

. Unbiased proteomics and pathway network analysis identified CROT as a
novel contributing factor in calcification that is increased in calcifying human
vascular cells and tissues.

. CROT siRNA and CROT histidine 327 to alanine point mutation-induced
enzymatic inhibition reduced fibrocalcific response /n vitroand CROT
deficiency suppressed vascular calcification in atherosclerotic mice.

. Mechanistically CROT inhibition likely functioned via altering fatty acid
metabolism, increasing eicosapentaenoic acid concentrations, and correcting
mitochondrial dysfunction in calcifying human smooth muscle cells.
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Figure 1.

Human SMC CROT increased in osteogenic differentiation and in calcified human carotid
artery regions. (A) Cartoon outline calcifying human vascular SMCs proteomic analysis.
Proteomics data of each timepoint were combined for this analysis. (B) Cartoon outlining
identification of human vascular SMCs proteins increased in OM. (C) Top ranked OM
enriched pathways using KEGG, BioCarta and Reactome databases. Pathways including
CROT were highlighted (turquoise color). (D) Pathway network using all pathways (A<0.05)
obtained through pathway enrichment analysis of proteins increased in OM. Top 10
pathways for high betweenness centrality marked with ranked number. Pathways including
CROT were highlighted (orange). (E) Representative image of immunohistochemistry for
CROT in calcified human carotid artery was shown (CROT, red-brown color, calcification,
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purple color, scale bar, 2 mm). Black arrow indicates macro calcification region. CROT
positive area enlarged (inset). Quantified CROT positive area in non-calcified or calcified
regions shown in right panel (n=3 donors, error bars are mean+SD, analyzed by Student’s £
test). (F) Representative image of CROT and aSMA immunofluorescence in calcified
human carotid artery (CROT, green color, aSMA, red color, nucleus, blue color, scale bar,
20 um). Representative enlarged image of CROT*/aSMA™* cells (inset). Correlation analysis
of CROT with aSMA channel (right panel); n=3 donors.
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Figure 2.

CROT inhibition reduced human vascular SMCs calcification. (A) Human vascular SMCs
CROT targeted mass spectrometry (MS) incubated for three days in NM or OM with
scrambled siRNA(SISCR) or CROT siRNA (siCROT). Two CROT peptides (VLNDINQAK
and FQSGIGEK) and one negative control ACTR2 peptide (DLmVGDEASELR) used for
the calculation of peak area ratio shown. Quantified y- and b-ion fragments color-labeled.
Supplemental figure IB contains additional details. (B) Representative CROT targeted MS
peak area ratio of CROT at day 0, 0.25, 0.5, 1, 3, and 7. (C) Representative CROT mRNA
levels in human vascular SMCs at day 0, 0.5, 1, 3, and 7; 3 technical replicates, error bars
are mean£SE. (D) TNAP activity in human vascular SMCs treated as in (A) for 14 days; n=3
donors, error bars are mean+SD, assessed by ANOVA with Tukey’s multiple comparison
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test, ***P<0.001. (E) Alizarin red stain and quantification for human vascular SMCs treated
as in (A) for 21 days; n=3 donors, error bars are mean+SD, analyzed by ANOVA with
Dunnett’s test (vs NM +siSCR), ***P<0.001, ns: not significant. (F) Representative collagen
and calcification stained using CNA probe (green color) and OsteoSense680 (red color) For
human vascular SMCs treated as in (A) for 21 days. (G) Enzymatic activity of unmodified
CROT (CROT) and H327A point mutated CROT (H327A); n=2 replicates and 3
concentrations assessed. Mean values of CoA (UM) at each time point indicated by
connected lines. (H) Alizarin red stain and quantification for human vascular SMCs
transduced with LacZ, unmodified CROT, H327A CROT cultured for 14 days; n=5 donors,
graphed as box-and-whiskers plots, analyzed by ANOVA with Tukey’s multiple comparison
test, */<0.05, ns: not significant.
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Figure 3.
Human vascular SMCs CROT inhibition corrected an OM-disturbed mitochondrial proteome

and mitochondrial fragmentation. (A) Cartoon illustrating proteomics analysis of human
vascular SMCs treated with NM or OM and incubated with scrambled siRNA (siSCR) or
CROT siRNA (siCROT) and assessed at day 0, 1/4, 1/2, 1, 3, 7, 14, and 21. (B) Proteins
detected through all time points, conditions, and donors normalization by NM +siSCR.
Proteins classified into 8 clusters (cluster #1-#8) through K-means clustering based on time-
dependent expression pattern. Clusters #1-#2 and #3-#8 were defined as normal pattern
clusters and peak clusters, respectively. Proteins peak clusters under OM with siSCR
incubation and in a normal pattern cluster under OM with siCROT incubation are listed.
Proteins that showed a same cluster transition pattern through all 3 donors also listed

/ Hoechst

siSCR siSCR siCROT

NM oM
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(IDH3B was observed in 2 donors). Listed proteins defined as si CROT restoration proteins.
(C) Gene ontology (GO) and bioprocess (BP) were analyzed analysis using 35 restoration
proteins (blue pie chart) and 35 mitochondrial proteins (green pie chart). Percentage of top
ranked GO terms shown. (D) Functionally grouped network of enriched pathways/GO and
BP terms for mitochondrial proteins (green color), si CROT restoration proteins (blue color)
and calcification-related proteins (red color) shown. GO and BP terms represented as nodes
(KEGG: triangle, Reactome: hexagon, Wiki: octagon). Size of each node indicates
significance of enrichment, and edges reflect degree of connectivity and grouping between
terms. Node color of pathways/GO and BP terms annotation shows proportion of proteins
from each cluster. Proteins shared between pathways/GO and BP terms shown as nodes with
corresponding name. (E) Live cell MitoTracker Red confocal images for human vascular
SMCs treated as in (A) for 14 days (mitochondria, red color, nucleus, blue color). Scale bars
are 10 um. Quantified mitochondrial aspect ratio (right panel); n=3 donors, error bars are
mean£SD, analyzed by ANOVA with Tukey’s multiple comparison test, */<0.05, ns: not
significant.
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Figure 4.
CROT inhibition increased EPA in human vascular SMCs. (A) Total free fatty acid

guantification for human vascular SMCs treated with CROT siRNA; n=3 donors, error bars
are meantSD, analyzed by ANOVA with Dunnett’s test (vs 0 nM si CROT). (B) EPA
concentrations in human vascular SMCs treated with NM + scrambled siRNA (siSCR) OM
+siSCR, or OM+CROT siRNA (si CROT) for 3 days; n=4 donors, graphed as box-and-
whiskers plots, analyzed by ANOVA with Dunn’s multiple comparison test. (C) Lipidomics
heat map of fatty acid concentrations in human vascular SMCs treated as in (B). Each
column represents each experimental condition (NM +siSCR, gray color, OM+siSCR,
magenta color, OM +si CROT, blue color); and donor; n=4 donors/condition). Each row
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represents a different listed fatty acid. Color in heat map reflect concentrations of fatty acids
(high, yellow color, low, green color).
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Figure 5.
Crot deficiency reduced cardiovascular calcification in L/~ mice fed a high fat, high

cholesterol (HFHC) diet. (A) Cartoon showing Crot-deficient mice strategy eliminating
exon3 containing a Crot start codon. Representative anti-Crot liver Western blot shown for
4th generation backcrossed mice. (B) Representative photos of Crof'’* Ldlr!~ (left) and Crot
~I=Ldlr' (right) mice. (C) Body weight for Cror’* Ldlr!~ and Cror'~Ldlr'~ mice from 0
to 15 weeks on HFHC diet; n=18 mice/group, error bars are mean+SD. (D) Liver weight
normalized to body weight (BW) (left panel) and plasma AST activity level (right panel) for
Crot™* Ldlr'= and Crof!~Ldlr’~ mice fed HFHC diet for 15 weeks; n=18 mice/group,
graphed as box-and-whiskers plots, analyzed by Student’s #test, ns: not significant. (E) /n
vivo imaging of OsteoSense680 in carotid artery bifurcation area (bright field: upper,
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OsteoSense680: bottom panel). Crof'* Ldlr!~ and Cror!~ Ldlr'~ mice were fed HFHC diet
for 15 weeks. Carotid artery traced shown with a dotted line in bottom panel. (F) £x vivo
near-infrared fluorescence (NIRF) of OsteoSense680EX in mouse cardiovascular tissue.
Heat map images represent intensity of OsteoSense680EX (high, red color, low, blue color)
in cardiovascular tissue of Crof* Lalr'= and Cror'~Ladlr'~ mice fed HFHC diet for 15
weeks. Quantified Relative intensity of OsteoSense 680EX in whole image and arch region
(right upper and right bottom panel, respectively); n=18 mice/group, graphed box-and-
whiskers plots, analyzed by Student’s #test. (G) Representative von Kossa stain images in
aortic arch region of Crot’* Ldlr’~ and Cror’~Ldlr'~ mice fed HFHC diet for 15 weeks.
Calcified region stained black-brown color (arrow), scale bars represent 2 mm. Plaque area
and calcification area quantification graphed as box-and-whiskers plots, n=18 mice/group,
analyzed by Student’s ~test.
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Figure 6.

Micro-computed tomography (micro-CT) validated similar bone density in Crof'* Ldlr!~
and Crof’~Ldlr’= mice. (A) Representative 3-dimensional images of mice femurs and
cortical and trabecular bone regions from Cror* Ldlr'~ and Cror’~Ldlr’~ mice were fed
HFHC diet for 15 weeks, scale bars represent 1 mm. (B) Percentage of bone volume (BV) in
total volume (TV); 5=mice/group, graphed as box-and-whiskers plots, analyzed by Student’s
ttest, ns indicates not significant. (C) Quantified thickness of cortical and trabecular bone;
n=5 mice/group, graphed as box-and-whiskers plots, analyzed by Student’s #test. (D) Bone
tissue density normalized by bone volume (BV); n=5 mice/group, graphed as box-and-
whiskers plots, analyzed by Student’s #test. (E) Quantified Bone surface (BS) in bone
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volume (BV); n=5 mice/group, graphed as box-and-whiskers plots, analyzed by Student’s #
test.
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