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ARTICLE INFO ABSTRACT

Atticle history: Background: The increased prevalence of cardiovascular disease (CVD) indicates a demand for novel therapeutic
Received 14 January 2019 approaches. Proteome analysis of vascular tissues from animal models and humans with CVD could lead to the
Received in revised form 11 February 2019 identification of novel druggable targets.
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- ! Methods: LC-MS/MS analysis of thoracic aortas from three mouse models of non-diabetic and diabetic
Available online 28 February 2019

(streptozotocin (STZ)-induced) atherosclerosis followed by bioinformatics/pathway analysis was performed.
Selected findings were confirmed by proteomics analysis of human vessels from patients with CVD as well as

gﬁg‘rfs'cular disease in vitro studies (migration, proliferation, angiogenesis assays) using endothelial (HUVEC) cells.

Atherosclerosis Findings: Comparative tissue proteomics of low density lipoprotein receptor deficient (Ldlr—/—) and diabetic
Diabetes Ldlr—/— (Ldlr—/—STZ) with wild type (WT) animals led to the identification of 284 differentially expressed pro-
Proteomics teins in both models. Among them, 177 proteins were also differentially expressed in diabetic apolipoprotein E
KDM5 deficient (ApoE—/—STZ) mice, suggesting expression changes associated with atherosclerosis independent of
H3K4 the model used. These proteins recapitulated the hallmarks of atherosclerosis. Comparison of these findings

with differentially expressed proteins in human vessels with CVD enabled shortlisting of six commonly dysreg-
ulated proteins. Among them, lysine-specific demethylase 5D (KDM5D) exhibited pronounced overexpression
accompanied by a reduction in the protein levels of its substrate, the trimethylated lysine 4 of histone H3
(H3K4me3), in patients with CVD. Functional interference studies applying a KDM5 inhibitor on HUVEC reduced
cell proliferation, migration and tube-forming ability in vitro.
Interpretation: This high-throughput proteomics strategy identified KDM5 histone demethylases being poten-
tially involved in CVD, possibly by affecting H3K4 methylation.
Fund: [SysVasc, HEALTH-2013 603288], [ERA-CVD PROACT: ANR-17-ECVD-0006, 01KL1805], [FRM,
DEQ20170336759].

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

A number of high-throughput proteomic studies using different
animal models have shed light on several key mechanisms of ath-
erosclerosis. An in depth comparative characterization of athero-
sclerotic animal models on different genetic backgrounds,
promises to improve the validity of findings and lead to the identi-
fication of key molecules involved in cardiovascular disease.

Added value of this study

In this study, we provide a holistic, proteomics-based integrated
approach using several animal models of atherosclerosis, human
samples and in vitro experiments for the characterization of con-
sistent protein changes associated with cardiovascular disease re-
gardless of genetic background or disease aetiology. We report for
the first time, a high-throughput proteomics analysis of the com-
mon proteomic alterations in three different animal models of ath-
erosclerosis from two different genetic backgrounds (LdIr—/— and
ApoE-/-), in the presence or absence of diabetes. The specificity
of these findings was further improved by comparative analysis
with proteomics data of human vascular tissues, which finally
led to identification of proteins and pathways common in both
species. The cross-species comparison provides evidence that
KDM5D is a novel candidate with increased expression in cardio-
vascular disease. This finding was further supported by a concom-
itant decrease on the expression levels of the H3K4me3, a KDM5
substrate previously associated with cardiovascular disease.

Implications of all the available evidence

Our data support the implication of KDM5 demethylases in cardio-
vascular disease, possibly by dysregulating the methylation status
of H3K4. Furthermore, high confidence proteomic datasets are
provided supporting previously identified atherosclerosis-
associated changes in widely employed animal models, for further
use in systems biology approaches and model selection for pre-
clinical studies.
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destabilization and rupture [2]. Given the multifactorial phenotype of
atherosclerosis, novel diagnostic and therapeutic approaches should
be based on the study of multiple molecular features simultaneously
[3]. High-throughput omics strategies including genomics, transcripto-
mics, proteomics, lipidomics and metabolomics have been applied in
atherosclerosis studies [4]. Among these omics approaches, proteomics
produces a stable readout directly linked to cell function and phenotype.
In addition, proteins can be pharmacologically addressed, and may
serve as biomarkers of disease [5]. Previous proteomics or
metabolomics-based efforts to delineate molecular mechanisms of
early atherosclerosis, included among others, proteome and metabo-
lome characterization of atherosclerotic rabbit models with subsequent
investigation of translatability of the findings into human disease using
plasma or urine samples [6,7] as well as studies of comprehensive anal-
ysis of the proteomic architecture of human early atherosclerotic arte-
rial tissues [8]. Nevertheless many mechanisms still remain elusive.
Well established animal models of atherosclerosis have shown to be
important tools for the elucidation of the molecular mechanisms that
govern atherosclerosis [9]. Among those, we and others have shown
that low density lipoprotein receptor deficient (Ldlr—/—) and apolipo-
protein E deficient (ApoE—/—) mice on high cholesterol diet mimic
major characteristics of human dyslipidemia [9] and metabolic changes
[10], supporting their frequent use as preclinical models of atheroscle-
rotic disease. In brief, in a previous study, we employed five different
models of cardiovascular disease (CVD) including the atherosclerotic
Ldlr—/— and ApoE—/— animal models, the klotho-hypomorphic mice
(kI/kl) and the stroke-prone spontaneously hypertensive (SHRSP) rats
with or without salt feeding [10]. Comparison of the blood metabolite
signature of these animals with the 26 metabolite- signature from pa-
tients with CVD (represented as carotid intima media thickness
(cIMT)), identified eleven and ten metabolites in the Ldlr—/— and the
ApoE—/— animals respectively having the same statistical significant
regulation trend with humans [10]. Among the common blood metabo-
lites were several phospholipids and acylcarnitines. The lower coverage
that was observed when comparing the other animal models with the
human metabolite signature further suggested that the Ldlr—/— and
ApoE—/— models better recapitulate the human cIMT signature [10].
Even more, diabetes-accelerated atherosclerosis, characterized cur-
rently by increased prevalence and limited therapeutic options [11]
can be mimicked in ApoE—/— and Ldlr—/— models by artificial induc-
tion of diabetes using streptozotocin (STZ) [12]. As these models (ApoE
—/— and Ldlr—/—) are characterized by different types of lipoproteins,

Table 1
The top 15 (based on fold change) proteins in Ldlr—/—, Ldlr—/—STZ and ApoE—/—STZ mice that were found statistically significant upregulated compared to WT.
Gene Protein Ldlr—/— vs WT Ldlr—/—STZ vs WT ApoE—/—STZ vs WT
Symbol Rank Log,fold Pvalue Rank Log,fold Pvalue Rank Log,fold P
change change change  value
Stk25 Serine/threonine-protein kinase 25 1 9.316 0.011 2 9.28 0.011 1 9.55 0.032
Xrnl 5’-3" exoribonuclease 1 2 9.310 0.0097 1 9.51 0.0097 2 9.46 0.026
Letm1 Mitochondrial proton/calcium exchanger protein 3 8.598 0.0097 3 9.04 0.0097 3 9.00 0.026
Kif26b  Kinesin-like protein KIF26B 4 8.097 0.0097 4 8.12 0.0097 5 7.81 0.026
cfll Cofilin-1 5 8.028 0.0097 5 7.68 0.0097 4 7.95 0.026
Hsd3b4 3 beta-hydroxysteroid dehydrogenase type 4 6 7.542 0011 7 7.08 0011 8 7.07 0.032
Zfyvel  Zinc finger FYVE domain-containing protein 1 7 7.529 0.0097 16 5.85 0.0097 11 6.96 0.026
Tiam1 T-lymphoma invasion and metastasis-inducing protein 1 8 7.30 0.044 46 3.91 0.018 12 6.75 0.026
Zmatl Zinc finger matrin-type protein 1 9 7.28 0.0097 8 7.02 0.0097 7 7.21 0.026
Hectd3  E3 ubiquitin-protein ligase HECTD3 10 6.72 0.0097 6 7.23 0.0097 6 7.23 0.026
Cenpe Centromere-associated protein E 11 6.66 0.0097 71 3.00 0.031 14 6.30 0.026
Hpfl Histone PARylation factor 1 12 6.54 0011 12 6.37 0.0012 24 5.64 0.036
Kdm5d  Lysine-specific demethylase 5D 13 6.47 0.0097 10 6.77 0.0097 9 7.07 0.026
Icel Little elongation complex subunit 1 14 6.47 0.011 11 6.61 0.034 13 6.58 0.032
Fzd6 Frizzled-6 15 6.31 0.0097 23 5.35 0.0097 19 6.03 0.026
Ndufal0 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10, mitochondrial 20 5.69 0.0097 9 6.91 0.0097 40 4.64 0.026
lars2 Isoleucine--tRNA ligase, mitochondrial 19 5.77 0.0097 13 6.29 0.0097 22 5.76 0.026
Afgl1l AFG1-like ATPase 18 5.79 0.0097 14 6.23 0.0097 17 6.09 0.026
Ndrg2 Protein NDRG2 17 6.15 0.0097 15 6.11 0.0097 15 6.24 0.026
Lgals3 Galectin-3 31 5.07 0.0097 17 5.82 0.0097 10 7.02 0.026
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the atherogenic mechanisms should ideally be investigated in both ge-
netic backgrounds [13].

With the aim to identify potential novel targets in CVD, we applied
proteome analyses on vascular tissue of these frequently used mouse
models of atherosclerotic disease in the presence and/or absence of di-
abetes. Potential targets for intervention identified with this approach
were validated in human vascular tissue of patients with CVD and
their impact was further assessed in vitro. Our results reveal dysregula-
tion of histone modifiers in CVD and suggest an involvement of the
KDMS5 histone demethylases in vessel formation, being of potential
therapeutic interest.

2. Materials and methods
2.1. Animals

Wild type (WT) (n = 5), Ldlr—/— (n = 5), Ldlr—/—STZ (n = 5) and
ApoE—/—STZ (n = 3) on C57BL/6 background male mice (Charles
River) were maintained in a pathogen-free environment under stan-
dard laboratory conditions. To induce diabetes, 6 week-old ApoE—/—
and Ldlr—/— mice received daily intraperitoneal injections of STZ
(Sigma-Aldrich) at a dose of 50 mg/kg in sodium citrate buffer
(pH 4.5) for 5 consecutive days. All mice were then fed a 1.25% choles-
terol enriched diet (TD.96335, ssniff Spezialdidten) for 17 weeks with
unrestricted access to water. One week before sacrifice, the mice were
placed in metabolic cages for 18 h to measure diuresis and to collect
urine samples that were stored at —80 °C. For blood analyses, animals
underwent a 6 h fasting period prior to the blood test. Glycemia was
assessed by measuring the blood glucose concentration using a
glucometer. An autoanalyzer was used to measure the total cholesterol
and triglyceride concentrations. At the end of the experiment, mice
were euthanized after mild anesthesia with isoflurane (1.5%) followed
by cervical dislocation. The thoracic aortas were removed, frozen in lig-
uid nitrogen and stored at —80 °C until processed. All animal proce-
dures were in accordance with the guidelines from Directive 2010/63/
EU of the European Parliament on the protection of animals used for sci-
entific purposes. The project was approved by the local (Inserm/UPS
US006 CREFRE) and national ethics committees under the number
02604.02.

2.2. Human vascular tissues

The clinical samples used in this study were collected at the Medical
University of Graz, Austria. Human vascular tissues from peripheral ves-
sels (iliaca communis, iliaca externa, femoralis superficialis) and coro-
nary arteries (left anterior descending artery) were collected from
multiorgan donors without CVD background (controls, n = 20) and pa-
tients with cardiovascular disease including typical cardiovascular risk
factors (cases, n = 30). All patients had manifest vascular disease as
key inclusion criterion (such as peripheral artery disease or coronary ar-
tery disease) and their clinical data are presented in the results section
below. Controls had no evidence of vascular disease. Further details on
assessing CVD are given in Lygirou et al. [14]. More than one vessel
type was available for some participants. Following harvesting, the vas-
cular tissues were snap frozen in liquid nitrogen and stored at —80 °C
until preparation for proteomics analysis. The study complied with the
principles outlined in the Declaration of Helsinki. Sample collection
was approved by the local ethics committee (approval number:
26-355 ex 13/14), and for all individuals there was a signed written in-
formed consent.

2.3. Sample preparation
Approximately 10-20 mg (net weight) of animal or human tissue

specimens, as applicable, were homogenized in lysis buffer containing
0.1 M Tris-HCI pH 7.6 supplemented with 4% SDS and 0.1 M DTE.

Homogenization was performed with the bullet blender homogenizer
(Next Advance) [15]. After tissue homogenization the protein concen-
tration of each sample was determined by the Bradford Assay. Ten mi-
crograms of each protein sample were applied onto SDS-PAGE (5%
stacking, 12% separating). Electrophoresis was stopped when samples
just entered the separating gel. Gels were fixed with 30% methanol,
10% acetic acid for 30 min followed by 3 washes with water (5 min
each) and stained with Coomassie Colloidal Blue overnight. Each band
(one per sample) was excised from the gel and further sliced into
small pieces (1-2 mm). Gel pieces were destained with 40% Acetoni-
trile, 50 mM NH4HCO3 and then reduced with 10 mM DTE in 100 mM
NH4HCO;3 for 20 min at room temperature (RT). After reduction, sam-
ples were alkylated with 54 mM lodoacetamide in 100 mM NH4HCO3
for 20 min at RT in the dark. Samples were then washed with 100 mM
NH4HCO5 for 20 min at RT, followed by another wash with 40% Acetoni-
trile, 50 mM NH4HCO;3 for 20 min at RT and a final wash with ultrapure
water under the same conditions was performed. Gel pieces were dried
in a centrifugal vacuum concentrator and trypsinized overnight in the
dark at RT, by adding 600 ng of trypsin per sample (trypsin stock solu-
tion: 10 ng / wl in 10 mM NH4HCOs, pH 8.5). Peptides were extracted
after incubation with the following buffers: 50 mM NH4HCO3 for
15 min at RT followed by two incubations with 10% formic acid (FA),
acetonitrile (1:1) for 15 min at RT. Peptides were eluted in a final vol-
ume of 600 pl and filtered with 0.22 pm pore size PVDF membrane sy-
ringe filters (Merck Millipore) before dried in a centrifugal vacuum
concentrator. Dried peptides were reconstituted in mobile phase A
buffer (0.1% formic acid, pH 3.5) and processed with LC-MS/MS analysis.

24. LC-MS/MS analysis

LC-MS/MS was performed as previously described [16]. Samples
were injected into a Dionex Ultimate 3000 RSLS nano flow system con-
figured with a Dionex 0.1 x 20 mm 5 pm C18 nano trap column. Mobile
phase was 2% ACN: 0.1% FA with a flow rate of 5 pl/min. The analytical
column was an Acclaim PepMap C18 nano column 75 pum x 50 cm, 2
um 100 A at a flow rate of 300 nl/min. The trap and nano-flow column
were maintained at 35 °C. The samples were eluted with a gradient
starting at 1% B for 5 min rising to 5% B at 10 min then to 25% B at
360 min and 65% B at 480 min. Mobile phase A was 0.1% FA while mobile
phase B was 80% ACN:0.1% FA. The column was washed and re-
equilibrated prior to each sample injection. The eluent was ionized
using a Proxeon nano spray ESI source operating in positive ion mode.
For mass spectrometry analysis, an Orbitrap LTQ Velos (Thermo
Finnigan) was operated in MS/MS mode, scanning from 380 to
2,000 m / z. lonization voltage was 2.6 kV and the capillary temperature
was 275 °C. The resolution of ions in MS1 was 60,000 and 7,500 for
higher-energy collisional dissociation (HCD) MS2. The top 20 multiply
charged ions were selected from each scan for MS/MS analysis using
HCD at 35% collision energy. Dynamic exclusion was enabled with a re-
peat count of 1, exclusion duration of 30 s.

2.5. MS data processing, quantification, illustration and functional
annotation

Raw files were analyzed with Proteome Discoverer 1.4 software
package (Thermo Finnigan), using the SEQUEST search engine and the
UniProt human (Homo sapiens) reviewed database, downloaded on
May 30, 2016, including 20,204 entries (human samples) or the UniProt
mouse (Mus musculus) reviewed database, downloaded on June 26,
2015, including 16,717 entries. The search was performed using carba-
midomethylation of cysteine as static and oxidation of methionine as
dynamic modifications. Two missed cleavage sites, a precursor mass tol-
erance of 10 ppm and fragment mass tolerance of 0.05 Da were allowed.
False discovery rate (FDR) validation was based on q value: target FDR
(strict): 0.01, target FDR (relaxed): 0.05. Quantification was performed
at the peptide level employing a clustering approach as previously
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Fig. 2. Comparative proteomic analysis and functional annotation. (a) Comparative analysis of the proteomic findings led to the identification of 177 differentially expressed proteins that
are common in all disease models (Ldlr—/—, Ldlr—/—STZ, ApoE—/—STZ) when compared to WT controls. (b) The expression changes of these 177 proteins in disease are illustrated in the
heatmap for each group, indicating the similar trend of expression of these proteins in all cases. (c) Ingenuity Pathway Analysis (IPA) mapping of the representative molecular pathways by
the 177 differentially expressed proteins. (d) The common molecular pathways between mouse and human proteomic findings based on IPA.

described [14]. Label free quantification was performed by utilizing the sample prior quantification analysis: normalized peak area = (peptide

precursor area values of each sample as defined by the Proteome Dis- peak area/sum of peptides peak area) x 10°. Protein expression values
coverer 1.4 software package. Samples were analyzed individually were calculated as the sum of all the normalized peptide areas that
(not pooled) and assigned to distinct groups. For a small number of pep- were assigned for a given protein. P value <0.05 was considered statisti-
tide sequences where no peptide precursor area could be retrieved (al- cally significant. Visualization of the proteomics findings in the form of

though the peptides were identified) the missing values were replaced heat map was performed using the Heatmapper web server (http://
by zero. If a peptide was not identified in a particular sample the missing heatmapper.ca/) [17]. The gene names used in the heatmap, in Table 1
values were replaced by zero. For the quantitation-statistical analysis, and Supplementary Tables (wherever indicated) were updated on De-
only the peptides which were present in at least 60% of the samples in cember 2018 based on UniProt database. The function of the proteins
at least one group were further considered. The precursor area values was extracted from UniProt. Functional analysis was performed with
were subjected to the following normalization method within each

Fig. 1. Proteome analysis of the Ldlr—/— background mouse models. (a) Box-and-whiskers plots of main biochemical characteristics (cholesterol and glycemia levels) of the animal
models included in the proteomic analysis. Statistical significance between the diseased (Ldlr—/—, n = 5; Ldlr—/—STZ, n = 5) and control (WT, n = 5) animals was determined using
2-tailed Mann-Whitney U tests (*P < 0-05, **P < 0-01). (b) Principal component analysis of the thoracic aorta proteome was performed in an unsupervised fashion. The log,
transformed values (prior adding one) of the total protein identifications for each animal were used in this analysis. The scatter plot illustrates the first three principal component
scores in a three-dimensional space. Three distinct clusters are inferred indicating the absence of outlying samples. (c) The differential expression analysis results are graphically
represented with volcano plots; (i) Volcano plot of log,(fold change: (Ldlr—/—)/WT) versus -log;o(Mann-Whitney p-value) and (ii) Volcano plot of log;(fold change: (Ldlr—/—STZ)/
WT) versus -log;o(Mann-Whitney p-value). Proteins uniquely expressed per model were filtered out. Red data points indicate 385 differentially expressed proteins when comparing
Ldlr—/— with WT animals and 489 proteins between Ldlr—/—STZ and WT that were detected based on at least two peptides identification, had a fold change of >1-5 (or < 1/1-5) and
a p-value of <0-05. Among these, (d) comparative proteomic analysis identified 284 proteins that were common in both group comparisons. (e) The heatmap illustrates the expression
level changes of the 284 differentially expressed proteins among the WT, Ldlr—/— and Ldlr—/—STZ animals. (f) Correlation of the levels of the 284 differentially expressed proteins was
analyzed using the 2-tailed Pearson correlation coefficient (P < 0-0001) after log, transformation of the values.
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Table 2
Demographic, physical and clinical characteristics of the participants in this study.

Variable Control group (n =

20)

Case group (n = 30)

Demographics

Sex [n (%)] 16 (80%) M, 4 (20%) 14 (46-7%) M, 16
F (53-3%) F

Age [years] 46-6 4+ 185 62-8 + 13

Physical characteristics

Weight [kg] 80-1+ 14-2 75-7 £12-3

Height [m] 1-8+0-1 1-7+0-1

Body mass index [kg/m?] 26-1+3-7 26-2 +3-1

Clinical information

Dyslipoproteinemia [n (%)] 4 (20%) 5(16-7%)
Obesity [n (%)] 3 (15%) 4 (13-3%)
Diabetes [n (%)] 0 (0%) 8(26-7%)
Vascular disease [n (%)] 0 (0%) 30 (100%)
Left ventricular hypertrophy [n 0 (0%) 12 (40%)
(%]
Angina pectoris [n (%)] 0 (0%) 2 (6-7%)
Claudicatio intermittens [n (%)] 0 (0%) 10 (33-3%)
Myocardial infarction [n (%)] 0 (0%) 3(10%)

M: Males, F: Females; Dyslipoproteinemia was characterized by total cholesterol
> 5-2 mmol/l (2200 mg/dl), low-density lipoprotein (LDL) cholesterol > 3-4 mmol/l
(2130 mg/dl), high-density lipoproteins (HDL) cholesterol < 1-0 mmol/l (<40 mg/dl),
and triglycerides > 1-7 mmol/l (2150 mg/dl); Obesity was defined by a body mass
index > 30 kg/m?.

the Ingenuity Pathway Analysis software (QIAGEN Inc.) using the de-
fault settings [18].

2.6. Cell culture and treatment with the inhibitor

Human Umbilical Vein Endothelial Cells (pooled HUVEC) were cul-
tured in Endothelial Growth Medium-2 (EGM-2) (Lonza) and were
used at passages 4-6. When required, HUVEC were starved in Endothe-
lial Basal Medium-2 (EBM-2): EGM-2 (4:1). For the inhibition experi-
ments the KDM5 Histone Demethylases inhibitor, KDM5-C70, ethyl
2-(((2-((2-(dimethylamino)ethyl)(ethyl)amino)-2-oxoethyl)amino)
methyl)isonicotinate (Xcessbio Biosciences) was added at different
concentrations (10 M, and 20 pM) in the growth media (complete me-
dium or starvation medium depending on the experiment). 0.1% DMSO
treated cells were used as controls since DMSO was the solvent of the
inhibitor. The inhibitory activity was examined after 3 days of treatment
through western blot analysis for the trimethylated lysine 4 of histone
H3 (H3K4me3).

2.7. Western blot analysis

30 pg total protein from cell extracts and tissue extracts were ana-
lyzed for H3K4me3 (1/5,000 rabbit monoclonal anti-human Tri-
Methyl-Histone H3 (Lys4) (C42D8), Cell Signaling Technology). Total
histone H3 (1/5,000 rabbit monoclonal anti-human histone H3
(D2B12), Cell Signaling Technology) was used as a loading control.
The films were scanned at a GS-800 imaging densitometer (BioRad) in
transmission mode and the densitometry analysis of the results was
performed using the Quantity One software (BioRad).

2.8. PCR analysis

KDMS5D expression was examined in cDNA samples by performing
Real-time PCR using the SYBR Green master mix (Kapa Biosystems),
and specific primers for KDM5D (forward: 5'-ACAGCTACAGGCCAAA
CC-3’ and reverse: 5'-CAGCCCTTGGACCTTAGAAATA-3’). GAPDH was
used as endogenous control.

2.9. Flow cytometry analysis

To test for potential toxicity of the KDM5-C70 inhibitor, apoptosis
and necrosis were evaluated on untreated or treated for 3 days with
0.1% DMSO, 10 uM or 20 uM KDM5-C70 HUVEC using FITC Annexin V
Apoptosis Detection Kit with 7-amino-actinomycin D (7-AAD)
(BioLegend) according to the manufacturer's instructions. Flow cytom-
etry was performed using the Beckman Coulter Cytomics FC 500 flow
cytometer (Beckman Coulter).

2.10. MTS cell proliferation assay

The effect of the KDM5-C70 inhibitor on the proliferation rate of
HUVEC was assessed using the MTS cell proliferation assay. HUVEC
were initially treated for 3 days with 0.1% DMSO, 10 uM or 20 pM
KDM5-C70. Subsequently, the cells were seeded in 96-well plates at a
density of 1,000 cells per well and subjected to 0.1% DMSO, 10 uM or
20 uM KDM5-C70 for the following 1, 2 and 3 days. To assess any differ-
ences in the proliferation rate, the recommended amount of MTS re-
agent (Promega) was supplemented into each well of the 96-well
plate at the indicated time points. The cells were incubated with the re-
agent for 3 h at 37 °C in a humidified, 5% CO, atmosphere. The absor-
bance was then recorded at 490 nm with a 96-well plate reader
(SPECTROstar Nano, BMG LABTECH). Three independent experiments
were performed with each experiment containing five replicates.

2.11. Transwell migration assay

The impact of the KDM5-C70 inhibitor on the migratory capacity of
HUVEC was assessed using the transwell assay. HUVEC were initially
treated for 3 days with 0.1% DMSO, 10 uM or 20 uM KDM5-C70 and sub-
sequently starved in EBM-2: EGM-2 (4:1) medium for 24 h. Then, 2
x 10 cells from each category were added to the inner compartment
of transwell inserts with 5 um pores (Corning-Costar) in 100 pl starva-
tion medium containing 0.1% DMSO, 10 uM or 20 uM KDM5-C70 respec-
tively. As stimulus, EGM-2 medium supplemented with 18% FBS (20%
EGM-2) was added at the bottom chamber of the transwell plate. Cells
were allowed to migrate for 24 h. Afterwards, the non migrated cells
were removed from the top of the insert with a wet cotton swab
whereas the migrated cells at the bottom were fixed with 4% parafor-
maldehyde and stained with eosin-haematoxylin. Photographs of the
stained cells were taken at 5 different fields (20x) of each insert using
a Leica CTR MIC microscope. The number of the migrated cells was
assessed by using the Image ] software (version 1.51j8). Three indepen-
dent experiments were performed with each experiment containing
two replicates.

2.12. Tube formation assay

The effect of the KDM5-C70 inhibitor on the tube forming ability of
HUVEC was assessed using the matrigel-based tube formation assay.
HUVEC were initially treated for 3 days with 0.1% DMSO, 10 uM or 20
uM KDM5-C70 and subsequently starved for 4 h in EBM-2: EGM-2
(4:1) medium containing 0.1% DMSO, 10 uM or 20 uM KDM5-C70 re-
spectively. Subsequently, the cells from each condition were plated at
a density of 2 x 10% cells/well in 100 pl starvation medium containing
0.1% DMSO, 10 uM or 20 uM KDM5-C70, in 96-well plates coated with
50 pl of growth factor-reduced Matrigel (BD Biosciences). Plates were
incubated for 16 h at 37 °C in a humidified, 5% CO, atmosphere. Photo-
graphs from 5 different fields (5x) per well were taken using a Leica CTR
MIC microscope and were analyzed by using the Angiogenesis Analyzer
plug-in in Image ] software (version 1.51j8). Representative photo-
graphs were also taken at 10x magnification. The angiogenesis was
assessed by measuring the number of the nodes, junctions, segments
as well as the total length (in pixel) which is defined as the sum of
length of segments, isolated elements and branches in the analyzed
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Fig. 3. The expression levels of the six -common with mouse- proteins in human vascular tissues. (a) Bar graph illustrating the fold change difference of the six proteins that were identified
in all mouse and human proteomic datasets, and at statistically significant levels when comparing cases and controls. (b) Violin plots showing the protein abundance of each one of the six
proteins in human vascular tissues from patients with CVD (cases, n = 37) compared to organ donors without CVD background (controls, n = 24) based on LC-MS/MS analysis. The male
specific KDM5D protein was detected only in male human vascular tissues (controls, n = 19 and cases, n = 18). The expression levels are expressed as log,(x + 1) values with x
representing the raw data from the LC-MS/MS analysis. Statistical significance was determined using 2-tailed Mann-Whitney U tests (*P < 0-05, **P < 0-01, ***P<0-001).
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area. Three independent experiments were performed with each exper-
iment containing two replicates.

2.13. Statistical analysis

Statistical significance of the proteomic differences between WT an-
imals and Ldlr—/— or Ldlr—/—STZ, or ApoE—/—STZ animals was deter-
mined using the 2-tailed Mann-Whitney U test on the R statistical
environment (R version 3.5.1). Log, transformation of the mean values
prior to adding constant 1 to data [log,(x + 1) with x representing the
raw data from the LC-MS/MS analysis] was applied in datasets contain-
ing zero values. Pearson correlation coefficient was assessed for data
that passed normality after log, transformation of the mean values. If
normal distribution could not be established, Spearman correlation
coefficient was assessed. Nonparametric regression analysis was per-
formed using the Local Polynomial Regression Fitting (LOESS function
in R statistical package). Statistical significance of differences between
groups was determined using the 2-tailed Mann-Whitney U test. In
case of multiple group analyses, the one-way and two-way ANOVA
tests for randomized block experiments were performed followed by a
Tukey post hoc test. Data are presented as mean + SD (*P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001). All statistical analyses were per-
formed using GraphPad Prism 7 software. Principal component analysis
was performed in SPSS version 25 in an unsupervised fashion. The vol-
cano plots for proteins identified with at least two peptides (excluding
proteins that were unique in one model) were created using the pack-
age EnhancedVolcano (Publication-ready volcano plots with enhanced
colouring and labeling, Version: 1.1.1, Author: Kevin Blighe) on the R
statistical environment (R version 3.5.1). Violin plots showing the
Kernel probability density of the log, transformed data, were created
using R software and ggplot2 package.

3. Results
3.1. Proteomic profiling of animal models with atherosclerosis

To identify proteome alterations associated with atherosclerosis,
LC-MS/MS proteome analysis was performed on thoracic aortas isolated
from the Ldlr—/— atherosclerotic mouse models in the absence of
diabetes (Ldlr—/—, n = 5) or presence of diabetes (Ldlr—/—STZ, n =
5) in comparison to WT (n = 5) mice. In all cases, animals were evalu-
ated for their phenotypical and biochemical characteristics to confirm
presence of atherosclerosis, prior to be included in the study (Supple-
mentary Table 1). As shown in Fig. 1a, atherosclerosis in those animals
was characterized by dyslipidemia; and in the case of the diabetic ani-
mals, as expected, increased glycemia and diuresis were also observed.

To assess the quality of the proteomics data in an unsupervised fash-
ion, Principal Component Analysis (PCA) was performed. As shown in
Fig. 1b, there were no significant outliers and all of the three animal
groups were well separated. The LC-MS/MS analysis resulted in a total
of 2,365 proteins identified based on at least 2 peptides (Supplementary
Table 2). Only proteins fulfilling the following criteria were considered
as differentially expressed: a) were statistically significant different (P
<0.05) and b) had a fold change of at least 1.5 (|fold change| 21.5) in
Ldlr—/— or Ldlr—/—STZ versus WT. This led to the identification of
385 and 489 protein changes in Ldlr—/— and LdIlr—/—STZ, compared
to WT, respectively (Fig. 1c). Of these, 284 proteins were common
(Fig. 1d) and consistently changed (e.g. with same trend of expression)
in disease in both comparisons (Fig. 1e, Supplementary Table 2). A
strong correlation between the abundance of these 284 proteins was
observed (Fig. 1f). This finding further suggests that these changes
may reflect common disease manifestations regardless of the presence
of diabetes.

To exclude protein changes that may be specifically related to the
LdIr—/— background, we subsequently performed proteomic analysis
of thoracic aortas from another atherosclerotic model characterized by

the ApoE—/— background and the presence of diabetes (ApoE—/
—STZ, n = 3). Phenotypic and biochemical characterization prior to
the proteomic analysis confirmed the presence of diabetic atherosclero-
sis in these animals (Supplementary Fig. 1a, Supplementary Table 1).
PCA exploratory analysis of the proteomics findings indicated the sepa-
ration of the experimental groups and the absence of outliers (Supple-
mentary Fig. 1b). Following comparative proteomics analysis, 321
differentially expressed proteins were identified, having a statistical
significant fold change of >1.5 in ApoE—/—STZ versus WT animals
(Supplementary Fig. 1c and 1d, Supplementary Table 3). Comparison
of the 284 differentially expressed proteins of the Ldlr—/— and the
321 proteins of the ApoE—/— analysis revealed an overlap of 177
proteins (Fig. 2a, Supplementary Table 4). These had the same trend
of expression (Fig. 2b) in all animal models in comparison to controls,
suggesting their association with the development of atherosclerosis re-
gardless the specific disease aetiology (e.g. genetic background or pres-
ence of diabetes, as reflected in the employed models).

3.2. Assessment of the biological relevance of the proteomic findings

Analyzing the function (based on UniProt database) of the top 15
most significantly deregulated proteins in each of the three models
(Table 1, Supplementary Table 4), we observed that these proteins
were associated with processes such as the mitochondrial respiratory
chain (e.g. Letm1, Ndufa10, Afg1l), cell migration (e.g. Stk25), adhesion
(e.g. Kif26b), cytoskeleton dynamics (e.g. Cfl1), gene expression (e.g.
Xrn1, Icel), biosynthesis of hormonal steroids (e.g. Hsd3b4) and signal
transduction (e.g. Ndrg2). Moreover, proteins associated with histone
modifications such as Kdm5d and Hpf1, were also included (Table 1,
Supplementary Table 4). Further mapping of all common 177 differen-
tially expressed proteins into molecular pathways (Supplementary
Table 5, representative shown on Fig. 2¢) based on the Ingenuity Path-
way Analysis (IPA) software revealed that these proteins participate in
metabolic processes including Fatty Acid B-oxidation I, Pentose Phos-
phate Pathway, 2-ketoglutarate dehydrogenase complex, tricarboxylic
acid (TCA) cycle, glycolysis, gluconeogenesis and metabolism of amino
acids and derivatives (e.g. Valine and Isoleucine degradation). Addition-
ally, disease-associated changes in pathways related to detoxification of
ROS (Superoxide radicals degradation, NRF2-mediated oxidative stress
response), immune system (Fcy Receptor-mediated phagocytocis in
macrophages and monocytes, fMLP signaling in neutrophils, CD28 sig-
naling in T Helper cells, chemokine and leukocyte extravasation signal-
ing), translation (EIF2 signaling), cytoskeleton remodeling and cell
adhesion (actin cytoskeleton signaling, integrin signaling, remodeling
of epithelial adherens junctions) as well as in Endoplasmic Reticulum
Stress pathway and unfolded protein response were predicted (Supple-
mentary Table 5). These pathways, as well as the enriched Rho and ILK
signaling pathways (Fig. 2c), have been previously described to be in-
volved in the atherosclerotic process [19-28], supporting the biological
relevance of the proteomic findings.

3.3. KDM5D abundance changes in human CVD

To investigate transferability of the animal model findings to human
disease, the list of 177 differentially expressed proteins in the athero-
sclerotic animal models, was compared to protein changes in human
vascular tissues from patients with CVD (cases; n = 37 samples from
30 patients; Table 2) in comparison to vessels from organ donors with
no evidence of CVD (controls, n = 24 samples from 20 subjects;
Table 2), as revealed following application of a similar LC-MS/MS ap-
proach. In this analysis of human vascular tissue, 94 proteins were
found to be differentially expressed. Similar to the animal models, the
proteins represented pathways associated with metabolism (e.g. 2-
ketoglutarate dehydrogenase complex, TCA cycle, glycolysis, and me-
tabolism of amino acids), cytoskeleton remodeling and cell adhesion
(e.g. actin cytoskeleton signaling, integrin signaling, remodeling of
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epithelial adherens junctions) as well as pathways known to be impli-
cated in atherosclerosis including the Rho signaling pathways (RhoA
signaling, signaling by Rho family GTPases, RhoGDI signaling), the ILK
signaling, Ephrin B signaling and the Sirtuin signaling pathway
(Fig. 2d). Following a cross-species comparison of the two protein lists
(177 mouse proteins versus 94 human proteins) based on orthologues,
an overlap of six proteins could be observed (KDM5D, CTSD, IGHM,
HMGCS2, TTN, ZFYVE1), (Fig. 3a). Interestingly, of these, the male spe-
cific demethylase KDM5D was found at significantly increased abun-
dance levels in all atherosclerotic models (Table 1, Fig. 3a), being also
fairly abundant in the human tissues of male subjects with CVD (n =
18 vessels from 14 patients, and n = 19 vessels from 16 controls; Sup-
plementary Table 6), having the most pronounced differences in CVD
in comparison to the other five proteins (Fig. 3b, Supplementary
Table 7). This difference was also observed even when considering
only male samples for the analysis of the expression changes of all six
proteins (Supplementary Fig. 2). Of note, among the tested vascular
samples, 8 originated from patients with diabetes (cases, n = 6) and
when compared to the 19 vascular tissues from non-diabetic healthy in-
dividuals (controls, n = 16) pronounced differences in the KDM5D
levels were also observed, again in agreement to the animal model
data (Supplementary Fig. 3).

To further verify this observation, we next examined whether the in-
creased levels of KDM5D were associated with a reduction of its sub-
strate. As depicted in Fig. 4a, H3K4me3 is the main substrate of

KDMS5D in males as well as of all members of KDM5 family of histone
demethylases in both sexes [29]. Western blot analysis for H3K4me3
of all available human vessel samples (Table 2) indicated a significant
decrease in the levels of the protein in CVD in comparison to controls
(Fig. 4b and 4c). In male patients where KDM5D expression levels
were evaluated (Fig. 3b), Spearman correlation analysis revealed a sta-
tistical significant negative correlation between the expression levels
of KDM5D and the abundance of H3K4me3 (Fig. 4d), further suggesting
that KDM5D overexpression was associated with increased activity.
H3K4me3 also appeared at overall decreased levels at the available
samples from females affected by CVD, indicating increased activity of
further members of the KDM5 family in CVD.

3.4. The impact of KDMS5 inhibition on H3K4me3 levels and on proliferation,
migration and tube-forming ability of HUVEC

An increasing number of studies support an important role of epige-
netic mechanisms including post-translational modifications of his-
tones in the regulation of the endothelial function. More specifically,
the methylation status of H3K4 has been proven essential for endothe-
lial cell sprouting and migration and therefore for angiogenesis [30].
Based on the literature, the KDM5 family is expected to affect a wide va-
riety of molecular processes including proliferation, migration and an-
giogenesis [31]. Since all these are processes involved in the
development of atherosclerosis, we investigated the possible impact of

Fig. 5. The effect of KDM5 inhibition on the endothelial properties of HUVEC. (a) Western blot analysis of H3K4me3 of HUVEC treated with 0-1% DMSO, 10 pM or 20 uM KDM5-C70 for
3 days. Total histone H3 was used as loading control. (b) MTS cell proliferation assay. Bar graph representing the absorbance (OD) at 490 nm of HUVEC at three different time points (day 1,
day 2, day 3). The values represent the means =+ SD from three independent experiments performed in five replicates. Statistical significance was determined using the two-way ANOVA
test ("**P<0-001, ****P<0-0001). (c) The graph illustrates the number of migrated cells towards complete medium with representative images displayed underneath. Magnification: 20x.
The values represent the means + SD from three independent experiments performed in duplicate. Statistical significance was determined using the one-way ANOVA test (**P<0-01).
(d) Graphs illustrate the impact of the inhibitor on the number of nodes, junctions and segments as well as on the total length of segments, isolated elements and branches formed by
HUVEC. The values represent the means + SD from three independent experiments performed in duplicate. Statistical significance was determined using the one-way ANOVA test (*P
<0-05, **P<0-01). (e) KDM5-C70 treatment has a significant effect on the angiogenic properties of HUVEC as illustrated by the representative images of the tube formation assay.

Magnification: 5x and 10x.
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KDMS5 inhibition on these processes using the KDM5-C70 inhibitor, a
KDM5-family inhibitor [32,33], and HUVEC as in vitro model [34].

HUVEC expressing KDM5D (Supplementary Fig. 4) were subjected
to treatment with KDM5-C70 at different concentrations (10 pM, and
20 uM). After 3 days of treatment, abundance of H3K4me3 was signifi-
cantly increased in the cells, as evaluated by western blot analysis, dem-
onstrating efficient inhibition of KDM5 demethylase activity by KDM5-
C70 (Fig. 5a). Absence of non-specific toxic effects was demonstrated by
flow cytometry analysis for apoptotic (Annexin-V) and necrotic (7-
AAD) cells (Supplementary Fig. 5).

The impact on proliferation was assessed by MTS assay. Treatment
with 10 pM and 20 uM of the inhibitor significantly reduced the prolif-
eration rate of HUVEC in comparison to the DMSO treated cells
(Fig. 5b). KDMS5 inhibition also resulted in a statistically significant re-
duction of the migratory capacity of HUVEC, as assessed using the
transwell system (Fig. 5¢). As shown in Fig. 5d, treatment with the in-
hibitor significantly reduced the number of nodes, junctions, and seg-
ments, as well as the total length of segments, isolated elements and
branches formed by HUVEC. Collectively, these results indicate that
KDM5 inhibition attenuated the tube-forming ability of HUVEC
(Fig. 5e).

4. Discussion

With this work, we aimed to characterize protein changes associated
with CVD using high resolution proteome analysis. These changes may
have a potential to serve as biomarkers for disease, or even as possible
therapeutic targets. We used three widely employed disease models
representing different disease aetiologies (Ldlr—/—, Ldlr—/—STZ,
ApoE—/—STZ) thus allowing for the definition of as possible, ‘common’
atherosclerosis-associated proteomic alterations [13]. Of note, a good
overlap was also observed when comparing the common proteins of
the aforementioned three animal models with changes observed in
ApoE—/— versus WT mice (111 common proteins with the same ex-
pression trend at statistical significant levels - Supplementary
Table 8). Male mice were selected for this study since they develop
more pronounced atherosclerosis than the females [35]. It should be
noted that protein changes unique per model are also observed (as
may be seen in Fig. 2a and Supplementary Tables 2 and 3) which even
though not investigated in this study, may merit further investigation.

To the best of our knowledge this is the first study that describes
common proteomic alterations in these three atherosclerotic mouse
models. An in-depth analysis of these protein changes suggests that
they reflect different well-characterized atherosclerosis-associated
mechanisms such as inflammation [19], metabolism [20], oxidative
stress [21], and extracellular matrix remodeling [23]. Further compari-
son of the proteomics findings from the animal models with their
orthologues from the proteomic profiling of human vascular tissues
from patients affected by CVD, revealed a high degree of overlap at the
pathway level, although a small overlap at the individual molecule
level. This has been also observed in studies comparing the overlap of
human genes in coronary artery disease (CAD) identified by genome-
wide association studies (GWAS) with those from atherosclerotic
mouse models [36]. In these studies, although an overlap of only 18.4%
of human CAD genes with mouse orthologs was detected, their rele-
vance at pathways was significantly higher (over than 50% being consis-
tent between the two species) [36]. In our case, the observed relatively
small overlap at the individual molecule level may be additionally at-
tributed to the use of different vessel types (central in mice versus pe-
ripheral and central in humans). Nevertheless and despite this
variability, six common proteins were identified. A more detailed inves-
tigation of the expression of these proteins in a gender-specific manner
is required to exclude with high confidence an impact of gender on our
findings. Of note, among them was cathepsin D (CTSD) whose increased
expression levels have been previously associated with atherosclerosis

[37] and the ketogenic enzyme hydroxymethylglutaryl-CoA synthase,
mitochondrial (HMGCS2) whose upregulation may be implicated in
type 1 diabetes induced cardiac dysfunction [38]. Furthermore, proteins
with a possible role in CVD were also included such as the immunoglob-
ulin heavy chain mu (IGHM) which was significantly increased in B cells
in the artery tertiary lymphoid organs (ATLOs) with the latter associ-
ated with B cell responses in the atherosclerotic aortas [39] and titin
(TTN), a highly abundant protein in striated muscle whose truncated
variants have been associated with several cardiomyopathies [40]. Pro-
teins without a known/previous implication in CVD such as the zinc fin-
ger FYVE domain-containing protein 1 (ZFYVE1) which is a protein
participating to autophagosome formation [41], and KDM5D were also
included with the latter being highlighted as a predominant CVD-
associated change in both species. KDM5D was also found upregulated
(fold change = 50.8 in cases versus controls) yet did not reach statistical
significance in the ApoE—/— mice (in the absence of diabetes) when
comparing with WT mice (data not shown).

KDMS5D (also known as JARID1D or SMCY) is encoded on the Y chro-
mosome and until now it has been implicated in prostate cancer inva-
sion and metastasis [42], spermatogenesis [43], and sex-specific tissue
transplantation rejection [44]. KDM5D acts as a direct epigenetic modu-
lator, and as one of the four members of the KDM5 family of histone
demethylases, specifically demethylates trimethylated and
dimethylated Lys-4 of histone H3 [29]. The elevated expression of
KDMS5D in the human tissues of patients with CVD was accompanied
by a reduction of its substrate (H3K4me3) implying increased activity
of KDM5D.

Alteration in the trimethylated state of H3K4 has been previously re-
lated to the development of heart failure in humans and rat models [45]
and also associated with the physiological function of cardiomyocytes
[46]. Mutations in genes involved in the H3K4me pathway (production,
removal or reading of H3K4me), including KDM5A and KDM5B, have
been implicated in the pathogenesis of congenital heart disease (CHD)
[47]. Given this published evidence with respect to H3K4 and the ob-
served increased KDM5D and concomitant decreased H3K4me3 levels
in human tissues of patients with CVD, we investigated the impact of
the KDM5-C70 inhibitor on HUVEC. This compound targets all four
members of the KDM5 family, is a cell-permeable prodrug with no re-
ported cytotoxicity, and shows selectivity for KDM5 family members
compared to KDM6 and KDM4 [32,33]. Considering that endothelial
cell dysfunction is an important contributor in atherosclerosis [1] we
employed HUVEC. Inhibition of KDM5 activity increased the H3K4me3
levels and significantly attenuated the proliferation rate, the migratory
capacity and the tube-forming ability of the endothelial cells in vitro.
These findings are in line with another study that describes impaired
angiogenic properties of the endothelial cells after inhibition of
KDM5B and gene silencing with shRNA, linked to induced expression
of the antiangiogenic transcription factor HOXA5 [48].

Interpretation of our findings in the context of atherosclerosis sug-
gests that treatment with a KDM5 inhibitor may be beneficial, consider-
ing that the atherosclerotic plaques are characterized by increased
neovascularization that contributes to intraplaque hemorrhage and
plaque progression [49]. In response to hypoxia and to the VEGF gradi-
ent in the atherosclerotic lesion, the endothelial cells of the vasa
vasorum switch from a quiescent phenotype to a highly proliferative
and migratory state to start sprouting and forming the new vessels
[49]. Since KDMS5 inhibition significantly attenuated growth and func-
tion of endothelial cells in vitro, it may have therapeutic potential
in vivo- a working hypothesis warranting further investigation.

Collectively, in this study, by applying a systematic approach that in-
cluded high-throughput proteomics of mouse models and human vas-
cular tissues as well as in vitro assays, a role for KDM5 histone
demethylases in CVD, likely via affecting H3K4 methylation, is sug-
gested. The key findings of this study are summarized in Fig. 6. In addi-
tion to multiple high confidence proteomic changes reflecting common
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molecular manifestations of atherosclerosis, further underlining the va-
lidity of the approach, other yet unknown proteomic changes were
identified, which may be of significant value in further systems biology
approaches and model selection for pre-clinical studies.

Limitations of the study

Our proteomics based approach using mouse and human vascular
tissues with CVD indicates KDM5D as a novel candidate pharmacologi-
cal target associated with CVD progression. However, there are several
shortcomings of this study with regards to the role of KDM5D in the
context of CVD. Given the fact that the cellular composition of the aortas
especially in the areas of the lesions is quite heterogeneous, further ex-
periments and efforts to identify which cells contribute to the elevated
expression of KDM5D appear well justified. Along the same lines, in
this study we focused on the impact of KDM5 inhibition on endothelial
cells, given that endothelial dysfunction is a crucial event in atheroscle-
rosis and impact of H3K4 methylation on endothelial migration and
proliferation has been reported. Nevertheless, studying the impact of
KDMS5 inhibition on other cell types involved in atherosclerotic plaque
formation including smooth muscle cells and inflammatory cells is
well justified, especially given the reported impact of H3K4 methylation
on inflammation [50]. Additionally, characterization of the genes af-
fected upon the KDM5D-mediated alteration of the methylation status
of H3K4 may be valuable to improve our understanding of the mecha-
nism of KDM5 inhibition. In parallel, the impact of inhibition of KDM5
in vivo on CVD preferably in a gender-specific manner is needed. How-
ever this is currently limited due to the lack of well characterized inhib-
itors applicable for in vivo studies. Although limitations of the current
study, these are multiple research avenues to be further explored, for
which the presented study forms a solid starting point.
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