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Aims Nuclear receptors and their cofactors regulate key pathophysiological processes in atherosclerosis development.
The transcriptional activity of these nuclear receptors is controlled by the nuclear receptor corepressors (NCOR),
scaffolding proteins that form the basis of large corepressor complexes. Studies with primary macrophages demon-
strated that the deletion of Ncor1 increases the expression of atherosclerotic molecules. However, the role of nu-
clear receptor corepressors in atherogenesis is unknown.

Methods We generated myeloid cell-specific Ncor? knockout mice and crossbred them with low-density lipoprotein receptor

and results (Ldlr) knockouts to study the role of macrophage NCOR1 in atherosclerosis. We demonstrate that myeloid cell-
specific deletion of nuclear receptor corepressor 1 (NCOR1) aggravates atherosclerosis development in mice.
Macrophage Ncor1-deficiency leads to increased foam cell formation, enhanced expression of pro-inflammatory
cytokines, and atherosclerotic lesions characterized by larger necrotic cores and thinner fibrous caps. The immuno-
metabolic effects of NCOR1 are mediated via suppression of peroxisome proliferator-activated receptor gamma
(PPARY) target genes in mouse and human macrophages, which lead to an enhanced expression of the CD36 scav-
enger receptor and subsequent increase in oxidized low-density lipoprotein uptake in the absence of NCORH1.
Interestingly, in human atherosclerotic plaques, the expression of NCORT is reduced whereas the PPARY signature
is increased, and this signature is more pronounced in ruptured compared with non-ruptured carotid plaques.

Conclusions Our findings show that macrophage NCOR1 blocks the pro-atherogenic functions of PPARY in atherosclerosis and
suggest that stabilizing the NCOR1-PPARY binding could be a promising strategy to block the pro-atherogenic
functions of plaque macrophages and lesion progression in atherosclerotic patients.
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Atherosclerosis ® Immunometabolic disease e Mechanism of disease e Nuclear receptor

corepressor ¢ Ncor1

Translational perspective

atherosclerosis and cardiovascular disease.

The development of atherosclerosis is triggered by inflammatory and metabolic cues, whose downstream pathways are connected in immu-
nometabolic networks that are regulated by key transcriptional coregulators, such as nuclear receptor corepressor 1 (NCOR1). This study
demonstrates that macrophage NCOR1 represses pro-atherogenic functions of proliferator-activated receptor gamma (PPARY).
Consistently, the deletion of macrophage Ncor1 aggravates atherosclerosis in mice. Moreover, analyses of human carotid plaque specimens
suggest that the NCOR1-driven PPARY suppression is also protective in human plaque development and vulnerability. Therefore, the defined
function of macrophage NCORT1 in atherosclerosis may open new therapeutic strategies to prevent the development and progression of the

Introduction

Atherosclerosis develops in the context of dyslipidaemia and chronic
inflammation and affects conduit and medium-size muscular arteries
of several or‘gans.1 During disease development, monocytes bind to
activated endothelial cells, transmigrate into the sub-intimal space,
and differentiate into macrophages‘2 Plaque macrophages interact
with other immune cells, accumulate excessive amounts of choles-
terol derived from oxidized low-density lipoprotein (oxLDL) par-
ticles and become foam cells, thereby promoting plaque formation."

Nuclear receptor corepressor 1 (NCOR1) serves as scaffolding
protein that forms the basis for a large corepressor complex that
acts via suppression of different nuclear receptors, such as liver X
receptors (LXRs), peroxisome proliferator-activated receptors
(PPARs), and thyroid hormone receptors (THRs).> Although germ-
line Ncor1 knockout mice are embryonically lethal, they served to es-
tablish crucial roles for NCOR1 in erythropoiesis, T-cell, and central
nervous system development.* Recent studies using truncated ver-
sions or tissue-specific deletions of NCOR1 demonstrated that this
transcriptional corepressor impacts on muscle mass and mitochon-
drial function, improves insulin sensitivity in adipose tissue, and regu-
lates intestinal cholesterol absorption.>~

Methods

Animal studies and ethics

We crossbred floxed Ncor! mice (Ncor1"™?8 with mice expressing Cre
recombinase driven by the lysozyme M promoter (Lyz2™"€®')1% t5 ob-
tain myeloid cell-specific Ncor! knockouts (Ncor™=”" knockouts and
Neor 1™+ control mice). These mice were then further crossbred to
low-density lipoprotein receptor knockout mice (Ldlr™"*)"" to bring them
into an atherosclerosis-prone background, i.e. L-Ncor1™®" knockouts
and [-Ncor 1™+ control mice. All animal procedures were approved
by the Swiss authorities (Canton of Zurich, animal protocol ZH061/16)
and performed in accordance with our institutional guidelines.

Human ethics
Patients with asymptomatic or symptomatic carotid occlusive disease
were referred to the Clinic for Cardiovascular Surgery of the University

Hospital of Zurich (Zurich, Switzerland) for carotid endarterectomy as
previously described.’® Written informed consent was obtained from
all patients, plague specimens were anonymized, and the baseline charac-
teristics of the patients were described by Miiller et al.'® Plaques were
classified as non-ruptured or ruptured according to published
guidelines.’*™

Statistics
Statistical analysis was performed with GraphPad Prism (version 6). Data
are expressed as scatter plots of individual values with the mean or box
plots with the full range of variation (from min. to max.), the inter-quartile
range and the median. Analysis of en face atherosclerotic plaque content
was carried out with unpaired, non-parametric Mann—Whitney U t-tests.
Comparison of differences between two groups of other experiments
was assessed using unpaired two-tailed (multiple) Student’s t-tests.
Multiple group comparisons were assessed by two-way analysis of vari-
ance (ANOVA) and Bonferroni’s post hoc t-tests. Adjusted P-values were
calculated by multiplying raw P-values by g, where g indicates the number
of comparisons.

The complete ethics sections and methods are specified in the
Supplementary material online.

Results

Myeloid cell-specific deletion of

Ncor1 aggravates atherosclerosis
development

Since previous studies demonstrated that macrophage NCORT1 is
required for the PPARy or LXR-mediated transrepression of pro-
15717 e speculated that NCOR1 exerts a
protective function during atherosclerosis development. To first ver-

inflammatory molecules,

ify if NCOR1 plays a role in human atherosclerosis, we compared
transcriptomic data from human carotid plaques obtained from
patients undergoing carotid endarterectomy.'® NCOR1, as well as its
strong binding partner histone deacetylase 3 (HDACS3), showed sev-
eral strong correlations with various transcripts that are known to af-
fect atherosclerosis development (Figure 1A and Supplementary
material online, Figure 1), suggesting that it might regulate plaque de-
velopment. For example, the NCORT expression correlates with
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Figure | Myeloid cell-specific deletion of Ncor! promotes atherosclerosis development and the formation of lesions with advanced signs of plaque
vulnerability. (A) Correlation network of transcripts that affect atherosclerosis development in human carotid plagues. Spearman’s correlation, Rho
>0.6, P < 1e-10 (raw data, GSE21545). (B) Representative staining for NCOR1 (green), CD68 (red), and DAPI (blue) in cross-sections of aortic sinus
plaques from L-Ncor 1™+ and [-Ncor 1" mice. |, lumen; p, plaque; v, vascular smooth muscle cells. Scale bar, 200 um. (C) Quantification of ath-
erosclerotic plaques in thoraco-abdominal aortae of male and female L-Ncor ™+ and L-Ncor "¢ mice. n = 11 male L-Neor?*+"*; n =10 male L-
Neor1™e"; n=13 female L-Ncor1"**'"; n=11 female L-Ncor?™<". (D) Representative images of Qil-red O stained thoraco-abdominal aortae of
male L-Ncor ™+ and [-Ncor 1" mice. Scale bar, 5 mm. (E, F) Quantification of atherosclerotic lesion area through the aortic sinus and ascending
aorta from L-Ncor?™ ™" and [-Ncor1™*" mice: (E) mean lesion area = SEM, and (F) volume of the aortic sinus lesions represented in box plots
(min. to max. values and median). n = 6 L-Ncor 1"+, n = 5 [-Ncor "¢ mice. (G, H) Quantification of the necrotic core size (G) and the protective
fibrous cap (H) in cross-sections of aortic sinus plaques from L-Ncor =™+ (n=11) and L-Ncor 1"~ (n = 10) mice. (I) Representative images display-
ing the necrotic core and fibrous cap. Scale bar, 100 um. (J, K) Cholesterol (J) and triglyceride (K) content in lipoprotein subfractions. HDL, high-dens-
ity lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein. n=1 pooled sample from six mice per genotype. Data are
represented in scatter plots with means. Displayed P-value relative to L-Ncor "+, as determined by Student’s t-test.

transcripts regulating lipid metabolism, such as FDT1, INSIG2, and
IDI1, and apoptotic regulators, such as BAG3, PTPN13, and FAS
(Supplementary material online, Figure ST).

In order to evaluate the contribution of macrophage NCOR1 in
atherosclerosis, we generated myeloid cell-specific Ncor? knockout
mice®” on an atherosclerosis-prone Ldir" background (described

1Mye-/- 1Mye+/+), and

here as L[-Ncor and control mice as [-Ncor
exposed them to a high-cholesterol diet for 12 weeks. The efficient
myeloid deletion of NCOR1 was clearly detectable in plaque macro-
phages and isolated peritoneal macrophages from L-Ncor 1™

at RNA and protein level (Figure 1B and Supplementary material on-

mice

line, Figure S2 and S3). Prior to exposure to high-cholesterol diet,
cholesterol and triglycerides plasma levels were not altered between

male (Supplementary material online, Figure S4A), but slightly higher

in female L-Ncor1™e” MeErt mice
(Supplementary material online, Figure S4B). Pre-diet haematological

analysis revealed no change in the total number of major blood cell

compared with  L-Ncor

populations, but a higher percentage of neutrophils and a reduced
number of lymphocytes among leucocytes in L-Ncor 1" compared
with L-Ncor ™" mice (Supplementary material online, Table S1).
Since neutrophils can affect the development of the disease,'” we
measured neutrophil NETosis to assess their activation and function.
No difference was observed in NETosis between L-Ncor ™"~ and L-

Ncor1Mye+/+

neutrophils (Supplementary material online, Figure S5).
The body weight was comparable before, during, and after the diet in

both genders (Supplementary material online, Figure S6A-C).
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Figure 2 Macrophage NCOR1 promotes the expression of the scavenger receptor CD36. (A) The expression of genes regulating cholesterol and
lipoprotein transport in the aortic arch of L-Ncor1™**/* and L-Ncor ™~ mice. n = 6 mice per genotype. (B) The expression of Cd36 in untreated or
overnight oxLDL-treated thioglycolate-elicited peritoneal macrophages. n=6L-Ncor?™*™*; n=9 [-Ncor?™=". (C). Immunoblots of CD36,
NCOR1, and GAPDH on macrophage lysates from [-Ncor1™**"+ and [-Ncor1™®” mice. (D) ChlP-seq data displaying binding sites of NCOR1,
PPARY, H3K4m?2, and H4K5ac in peritoneal macrophages of wild-type mice (raw data, GSE21314, GSE27033, GSE50944). (E) ChlIP-seq data display-
ing H4K5ac binding and GRO sequencing in Ncor 1"**/* and Neor1"™*/- macrophages (raw data, GSE27033, GSE50944). (F) Heatmap displaying nor-
malized GRO-seq counts in the transcribed genetic area of the indicated scavenger receptors. Log, scale as z-scores (raw data, GSE50944). Data are

represented in box plots (min. to max. values and median). (Adjusted, P x g) P-values relative to L-Ncor

1M+t (or described in image), as determined

by (multiple) Student’s t-tests or two-way ANOVA and Bonferroni’s post hoc t-tests.

Importantly, both male and female L-Ncor1™”-

mice developed
more atherosclerotic lesions in thoraco-abdominal aortae than con-
trol L-Neor 1"+ mice (Figure 1C, D). Moreover, lesions at the aortic

sinus of L-Ncor1Ve--

mice were larger, contained more lipids, and dis-
played increased CDé8 staining (Figure 1E, F and Supplementary ma-
terial online, Figure S7A-E). In addition, atherosclerotic lesions of L-
Neor 1™~ mice displayed advanced signs of plaque vulnerability
compared with L-Neor ™"+ mice, characterized by larger necrotic
cores and thinner fibrous caps (Figure 1G-l). Lipoprotein fractioning
after the diet revealed slightly increased cholesterol levels in very

low-density lipoprotein fractions of L-Ncor 1"’

mice, while trigly-
cerides were not changed (Figure 1), K). Furthermore, the numbers of
major blood cell populations were comparable in both genotypes
(Supplementary material online, Figure S8A—H), but L-Ncor 1"V~

had increased plasma levels of various inflammatory cytokines

mice

compared with L-Ncor1™e*/+

Figure S9).

mice (Supplementary material online,

Increased expression of CD36 in aortae

of myeloid cell-specific Ncor1 knockouts

We next analysed the expression of atherosclerosis-associated tran-
scripts, including genes involved in cholesterol transport, inflamma-
tion, and lipogenesis, in the aortic arch of L-Ncor1™*"" compared

with L-Neor ™+ mice. Surprisingly, only the expression of Cd36

1Mye—/— 1Mye+/+

was robustly increased in L-Ncor compared with L-Ncor
mice, while the expression of most other genes of interest was not
altered (Figure 2A and Supplementary material online, Figure S10).
CD36 (also known as fatty acid translocase) is an important scaven-

ger receptor that mediates the uptake of oxLDL particles into
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Figure 3 Myeloid cell-specific deletion of Ncor! promotes CD36-mediate:

d uptake of oxLDL. (A) Quantification of oxLDL uptake in peritoneal

macrophages of L-Ncor1™**/* and [-Ncor1"*~/~ mice upon 4 h Dil-oxLDL stimulation. n > 4 per genotype. (B) Evaluation of lipid droplet content in
L-Ncor1™e+* and [-Ncor1™*" peritoneal macrophages as determined by Oil-red O staining and quantification upon 8 h Dil-oxLDL stimulation.
n> 10 microscopic fields per genotype. (C) Representative images displaying the lipid droplets. Scale bar, 20 pm. (D) Assessment of oxLDL uptake in
peritoneal macrophages that were treated with SSO for 30 min prior to stimulation with Dil-oxLDL for 4 h. n =2 untreated, n =4 SSO-treated per
genotype. (E) Analysis of HDL-driven cholesterol efflux from L-Ncor1"¥*+/* and [-Ncor1"*"" peritoneal macrophages. n= 3 untreated, n=8 HDL-

stimulated per genotype. Data are represented in box plots (min. to max. valu

1Mye+/+
,

es and median). (Adjusted, P x g) P-values relative to L-Ncor as

determined by (multiple) Student’s t-tests or two-way ANOVA and Bonferroni’s post hoc t-tests.

macrophages and thereby promotes atherosclerosis develop-
ment.*°2 The increase of CD36 expression could be secondary to
an enhanced accumulation of CD361 macrophages and/or a higher
expression of Cd36 in individual plaque macrophages. Flow cytome-
try analyses of atherosclerotic aortae revealed that the content of
CD45" immune cells is comparable in the two genotypes
(Supplementary material online, Figure S11A, B), and that about 50%
of these cells are CD36" macrophages (Supplementary material on-
line, Figure S11C, D), suggesting that the accumulation of monocyte-
derived macrophages in aortic lesions is comparable in the two geno-
types. Moreover, no major differences were observed in the content
of other myeloid cell populations, including monocytes, neutrophils,
and eosinophils (Supplementary material online, Figure S11C).

Macrophage NCOR1 directly regulates
the PPARY-driven expression of CD36

To verify if the increased expression of Cd36 is indeed cell-
autonomous, we analysed its expression in aortae of young mice
under a normal chow diet (which do not have any atherosclerotic
lesions) and in thioglycolate-elicited peritoneal macrophages. The ex-
pression of Cd36 and inflammatory endothelial cell markers was not
altered in aortae of young mice (Supplementary material online,
Figure S12). In contrast, Cd36 expression was enhanced in L-
Neor ™~ compared with L-Ncor!™*+"* peritoneal macrophages
under basal conditions (Figure 2B, C), and further increased upon
stimulation with oxLDL (Figure 2B). These data indicate that Cd36 is

specifically up-regulated in macrophages and not in other vascular
cells.

We next analysed NCOR1, H3K4me2, H4K5ac, and global run-on
(GRO) ChIP-seq data from Neor 1™’ and Neor ™™ peritoneal
macrophages from available datasets.>**** Our analysis identified
NCORT1 recruitment to different sites of the Cd36 promoter region
(Figure 2D). These sites also displayed enhanced signals for H3K4
dimethylation and H4K5 acetylation, as well as PPARy binding to one
NCOR1-enriched sites (Figure 2D), suggesting that the promoter is in
an active status. Interestingly, increased de novo transcription rates

were observed at the Cd36 gene of Ncor!™*’ compared with
Ncor1™**/* peritoneal macrophages (Figure 2E, F), showing that

macrophage NCORT1 directly affects the expression of Cd36.

CD36 promotes oxLDL accumulation in
Ncor1-deficient macrophages

To assess a functional contribution of CD36 to the phenotype of the
L-Neor™="" mice, we isolated peritoneal macrophages and exposed
them to oxLDL ex vivo. Notably, macrophages from L[-Ncor1"*"
mice accumulated more oxLDL than L-Ncor1™e+/+ macrophages
(Figure 3A). To measure lipid droplet formation, we stimulated peri-
toneal macrophages with oxLDL and performed Oil-red O staining.
Consistent with the increased uptake of oxLDL, we do observe
increased lipid droplet formation in L-Ncor1 Mye-/- compared with L-
Ncor1™e+/+ peritoneal macrophages (Figure 3B, C). The accumula-
tion of cholesterol in macrophages is dependent on the uptake,
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Figure 4 The deleterious effects of macrophage Ncor1 deficiency are mediated via de-repression of PPARy. (A) Relative expression of Ncor1,
Cd36, Fabp4, Fasn, and Scd2 in peritoneal macrophages of L-Ncor 1"/ and L-Ncor1""*"- mice undergoing stimulation with different nuclear receptor
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dian). (Adjusted, P x g) P-values relative to L-Ncor1"e*/*

hoc t-tests. For all P-values that are not displayed the value is P> 0.999.

esterification, and storage in lipid droplets, as well as by their hydroly-
sis and efflux. Interestingly, the increased uptake of oxLDL could be
blocked by treating macrophages with the CD36 inhibitor sulfo-N-
succinimidyl oleate (SSO)*® (Figure 3D). Moreover, we did not ob-
serve any difference in macrophage cholesterol efflux (Figure 3E), sug-
gesting that the increased foam cell formation is a consequence of a
specifically increased CD36-mediated oxLDL uptake.

PPARY is a nuclear receptor that regulates the expression of Cd36,
foam cell formation, and interacts with NCOR1 172628 As noted be-
fore, we observed an overlapping ChIP-seq peak for PPARy and
NCORT1 at the Cd36 promoter region (Figure 2D). Two further nu-
clear receptors that interact with NCOR1 and play important roles
in macrophages are LXRs and TRP.>~ We, therefore, used agonists
to activate PPARy, LXR, or TR, and assessed the downstream
effects on Cd36 expression and other targets in peritoneal macro-
phages. The expression of Cd36 was clearly induced upon PPARY ac-
tivation and further augmented in L-Ncor?™’" compared with
L-Neor ™=+ macrophages, while LXR and TR activators had no
effects (Figure 4A). Another PPARY target gene, fatty acid binding pro-
tein 4 (Fabp4, also known as aP2), displayed a trend to be increased in
L-Neor 1™ macrophages as well, suggesting that NCOR1 deficiency
leads to a de-repression of PPARY target genes (Figure 4A). On the
other hand, the LXR target genes fatty acid synthase (Fasn) and
stearoyl-Coenzyme A desaturase 2 (Scd2) were not changed upon LXR
activation between the two genotypes (Figure 4A), proposing that the
deletion of NCOR1 in macrophage primarily affects the function of
PPARy.

, as determined by (multiple) Student’s t-tests or two-way ANOVA and Bonferroni’s post

De-repression of PPARY target genes in

the absence of NCOR1

Noteworthy, PPARy does not only induce the expression of CD36
but also the function of PPARY itself is stimulated by oxidized metab-
olites of linoleic acid derived from oxLDL par'ticles,27 which are
chronic pro-atherogenic triggers. Interestingly, the content of oxLDL
particles in aortic sinus lesions was higher in L-Ncor 1™ compared
with L-Ncor M+ mice (Figure 4B, C). We, therefore, wondered if
the stimulation of PPARy would resemble a pro-atherogenic inflam-

matory response in L-Ncor !¢

macrophages. Indeed, the expres-
sion of direct PPARY target genes and pro-inflammatory mediators
was increased upon PPARY stimulation in L-Neor 1Met- compared
with L-Neor "Y'+ macrophages (Figure 4D). These findings confirm
that NCORT1 is not only required for the PPARy-mediated repres-
sion of nuclear factor kappa B (NF- kB) and activated protein-1 (AP-
1) and their pro-inflammatory target genes'’
ect PPARy target genes. Consequently, the deletion of NCOR1 in

macrophages leads to a low-grade inflammatory phenotype upon

but it also represses dir-

PPARY stimulation, which resembles the environment within an ath-
erosclerotic plaque.

Besides inducing the expression of CD36 and promoting foam cell
formation, PPARY does also exert anti-atherosclerotic functions,
such as alternative macrophage—polarization.29 Consistently, stimula-
tion of peritoneal macrophages with rosiglitazone increased the
mRNA expression of alternative macrophage-polarization markers

as well as Arginase-1 activity in L-Ncor™®” compared with
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Figure 5 Effects of myeloid cell-specific deletion of Ncor! on macrophage polarization and mitochondrial respiration. (A) mRNA expression of al-
ternative macrophage-polarization markers in L-Ncor ™™+ and [-Ncor1"*"" peritoneal macrophages with or without rosiglitazone (ROS) treat-
ment. (B) Arginase-1 activity in L-Ncor™*™* and [-Ncor1™="" peritoneal macrophages. (C) Oxygen consumption rate (OCR) in peritoneal
macrophages that were seeded in Seahorse XF-24 cell culture microplates. Upon overnight incubation, the cells were sequentially treated with oligo-
mycin, FCCP, and antimycin A plus rotenone. (D) Quantification of basal and maximal OCR. (E) Analysis of NCOR1 and CD36 expression in PMA-dif-
ferentiated THP-1 macrophages that were treated with scrambled or NCOR1-siRNA. n = 6 per genotype. (F) The expression of various inflammatory
and direct PPARY target genes in PMA-differentiated THP-1 macrophages. n= 6 per genotype. (G) Uptake of oxLDL in PMA-differentiated THP-1

macrophages that were treated with scrambled or NCOR1-siRNA, and

SSO 30min before stimulation with Dil-oxLDL for 4h. n=9 per genotype.

Data are represented in box plots (min. to max. values and median). (Adjusted, P x g) P-values relative to L-Ncor1™**/*, as determined by (multiple)

Student’s t-tests or two-way ANOVA and Bonferroni post hoc t-tests.

L-Ncor 1™+ macrophages (Figure 5A, B). Nevertheless, the pro-
atherosclerotic effects of the CD36-mediated oxLDL uptake seem
to overweight these potentially beneficial effects.

To evaluate if the increased expression of CD36 in L-Ncor 1"/
mice leads to an overload of lipids that could affect the mitochondrial
function, we measured the oxygen consumption rate using a mito-
chondrial stress test in [-Ncor ™+ and L-Ncor1™*"" peritoneal
macrophages. Mitochondrial stress studies revealed no significant dif-
ferences in oxygen consumption rate as well as basal or maximal res-
piration (Figure 5C, D), which is consistent with a previous study using
Cd36-deficient mice.>° Moreover, we did not observe any difference
in mitochondrial superoxide production between Ncor1™*** and

L-Ncor1™=" peritoneal macrophages (Supplementary material on-
line, Figure S13).

CD36-mediated oxLDL uptake in human

macrophages upon NCOR1 silencing

To evaluate if the NCOR1-CD36 axis could play a role in human ath-
erosclerosis, we first analysed the impact of NCOR1 silencing in mac-
rophages derived from the human monocytoid THP-1 cell line.
Consistent with the mouse data, silencing of NCOR? in PMA-
differentiated THP-1 cells increased the expression of CD36, other
PPARy-target genes and inflammatory cytokines (Figure 5E, F), and

610z Jaqualdes g uo Jesn usbuiuois) Jo Ausiaaiun Aq 01002S5S/2992Ys/Mueayina/c60 1 01 /I0p/10B1Sqe-ajoiie-aoueApe/fieayina/wod dno-olwapeoe//:sdny wolj papeojumoq


https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz667#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz667#supplementary-data
https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehz667#supplementary-data

S. Oppi et al.

>

Term % PValue  Bonfemroni Benjamini
OCT1 77 1.1E-07 2.0E-05 2.8E-06
AREBB 72 5.6E-05 9.8E-03 2.2E-04
EVI1 70 1.4E-05 2.4E-03 9.2E-05
GATA1 69 2.0E-05 3.5E-03 1.0E-04
PPARG6O 2.7E-04 4.7E-02 8.6E-04
PAX4 67 2.3E-05 4.1E-03 1.1E-04

Relative expression

Mammary  Athero PBMC Plague

B Mammary

NCOR1 F

=X

® Mon-ruptured 8 Ruptured I

& @
W &
£ 3
O B g
o« € p=0.015

CAT, p=0.005 T
r APOE, p=0,001 E

APOA1, p=0.011 <

[ B LRF1, p=0.098 Q

RBP7 _. 5
PDX1 o
o

=

PGK1, p=0.074
PKM, p=0.070

ASS1 ‘_ . ’

REN 0 50 100 150

CYP27A1 HOLORT
MUCT oxLDL

APOE G J

SAT1 MNor-uptured Ruptured CD36

PFKFB3 9-HODE

f{ng__’LNET - e - . NCOR1 13-HODE

ADCYE
PKM

HMOX 1
SLCO9AT

-
CDKN1A
SGK1
€D36
- o= . (high exp)

—— — — — — GAPDH

CD36/GAPDH

CD36

HDAC3
(low exp)

NCOR1

\ »[ Cd36
m ‘—v PPARy targsts
L . Deletion of NCOR1:
T oxLDL uptake

1 Atherosclerosis
t Plague vulnerability
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this effect could be partially reverted by inhibiting PPARY with a spe-
cific antagonist (Supplementary material online, Figure S74).
Consequently, PMA-differentiated THP-1 cells took up more oxLDL,
and this effect was blocked by inhibiting the function of CD36 using
SSO (Figure 5G). Taken together, these data demonstrate that
NCORT1 also blocks the PPARy-mediated expression of CD36 and
the subsequent CD36-mediated uptake of oxLDL in human
macrophages.

Reduced expression of NCOR1 and
enhanced PPARY signature in human
plaques

We used Coexpedia (www.coexpedia.org) as a resource to explore
publicly available array-based transcriptomics data in context with
biomedical processes.®" Gene set analysis identified the ‘cellular lipid

metabolic process’ (GO:0044255, P=3.56e-6) as the second most
relevant biological process for human NCOR1. We next analysed
the expression of NCORT and PPARY target genes in different human
cohort studies. Comparison of the gene signature in non-
atherosclerotic mammary arteries vs. atherosclerotic aortic roots
from the Stockholm Atherosclerosis Gene Expression (STAGE)®
study revealed a lower expression of NCOR? and an increased ex-
pression of most PPARY target genes in atherosclerotic vs. normal
vessels (Figure 6A, B). A similar observation was done when we ana-
lysed the data from peripheral blood mononuclear cells (PBMCs) and
carotid plaques from the Biobank of Karolinska Endarterectomy
(BiKE) study'® (Figure 6C and Supplementary material online, Figure
§15), suggesting that a diminished expression of NCORT and an
increased PPARY signature is a general characteristic of atheroscler-
otic vessels.
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Take home figure Genetic deletion or silencing of macrophage Ncor1 leads to increased foam cell formation, enhanced expression of inflam-
matory cytokines, and the development of atherosclerotic lesions. The immunometabolic effects of NCOR1 are mediated via suppression of PPARy
target genes in mouse and human macrophages, which lead to an enhanced expression of the CD36 scavenger receptor and subsequent increase in

oxLDL uptake in the absence of NCOR1.

Ruptured plaques are characterized by
low NCOR1 vs. high CD36 expression

In a smaller scale-study, laser micro-dissected macrophages
from ruptured and non-ruptured carotid plaques were ana-
lysed.33 Interestingly, the expression of all significantly changed
PPARy target genes was robustly increased in macrophages
from ruptured plaques (Figure 6D), and according to Lee et
al®® PPARy signalling was the most up-regulated pathway in
ruptured compared with non-ruptured carotid plaques. We
next made a rank of the top 500 NCORT-coexpressed tran-
scripts for two NCORT probes from this dataset. These top
NCOR1-coexpressed transcripts were then analysed for tran-
scription factor-binding sites, and 69% of all correlates contain
binding sites for PPARy (Figure 6E and Supplementary material
online, Figure S16). These data support the notion that
NCOR1 also affects plaque development and stability in

humans, which is in line with the increased signs of plaque vul-
nerability observed in the L-Ncor1™*" mice (Figure 1G-I).

Since these human data were obtained from transcriptomic stud-
ies, we performed additional experiments to confirm our findings at
the protein level. We first analysed PPARY targets in internal con-
trols, fatty streak regions and necrotic cores of plaques using un-
biased tandem-mass spectrometry.>* Five out of six detected PPARy
targets displayed a trend or significant increase in plaques compared
with control regions (Figure 6F). Moreover, transcriptomic analyses
revealed that PPARY signalling is enriched in atherosclerotic arteries
from the STAGE and laser micro-dissected macrophage datasets
(Supplementary material online, Table $2-S4). Finally, in a targeted
western blot, we detected less NCOR1 and more CD36 in ruptured
compare to non-ruptured carotid plaques (Figure 6G-I and
Supplementary material online, Figure S17). Consistently, a reverse
causal reasoning computational approach study predicted that the
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function of NCORT1 is reduced in both human and mouse advanced
atherosclerotic plaques.35 Taken together our data demonstrate that
macrophage NCOR1 exerts its protective effects in atherosclerosis
primarily via suppression of the vicious oxLDL-PPARy—CD36 cycle
(Figure 6J and take home figure).

Discussion

Our data demonstrate that NCOR1 mediates the repression of dir-
ect PPARY target genes as well as the PPARy-mediated repression of
NF-kB and AP-1 and their pro-inflammatory target genes. In fact, our
data suggest that NCOR1 is required for the nuclear receptor-
mediated transrepression of inflammatory molecules.'®'” The re-
pression of direct PPARy genes in macrophages, especially of CD36,
is even more pronounced. A similar observation was made in adipo-
cytes, where the deletion of Ncor? led to an enhanced activity of
PPARY and thus to an improved insulin sensitivity in high-fat diet fed
mice.” Interestingly, the same group showed that also adipose-tissue
macrophages improve insulin sensitivity in high-fat diet fed mice due
to an enhanced synthesis of omega 3 fatty acids.”

Our study displays some scientific limitations. First, our causality
work comes mainly from experiments in animal models and cell lines,
while studying human specimens in most cases provide only associa-
tive evidence. Second, not all PPARYy target genes were altered in
NCOR1-deficient macrophages due to the fact that many of these
targets are highly expressed and regulated in a tissue-specific manner.
For example, FABP4 is highly expressed and regulated in adipose tis-
sue; in contrast, it is only modestly expressed in macrophages, but its
mRNA expression can be induced upon PPARY activation.*® Future
studies have to be carried out to analyse whether the beneficial
effects of NCOR1 are mainly mediated via inhibition of direct PPARy
target genes, such as CD36, or via the PPARy-mediated repression of
pro-inflammatory transcription factors, such as NF-kB. Although we
performed a series of experiments to show the causal role of CD36
to the increased accumulation of oxLDL ex vivo, the causal role of
CD36 to the observed phenotype in vivo remains to be verified. The
same holds true for other PPARy-driven mechanisms, such as the al-
ternative macrophages polarization, which does not seem to play a
major (protective) role in our disease model, but could be very rele-
vant in other conditions, such as in diet-induced obesity.”

Although PPARY exerts beneficial insulin sensitizing functions in
the adipose tissue, the role of macrophage PPARY in cardiovascular
disease has been discussed controversially.37 Although experimental
studies demonstrated that the activation of macrophage PPARy
exerts protective functions in atherosclerosis, others reported that
PPARY has pro-inflammatory functions and promotes atherogen-
esis. >’ Noteworthy, the pharmacological agonists have PPARy-inde-
pendent effects or beneficial PPARy-dependent functions in other
organs, such as insulin sensitization in adipose tissue, 3837 Importantly,
clinical trials using the PPARY agonist rosiglitazone to treat type 2 dia-
betic patients were not successful due to an increased incidence of
myocardial infarction, heart failure, and cardiovascular mortality.*
Another trial using the PPARy agonist pioglitazone was positive,*’
possibly due to additional off target effects mediated via PPARa acti-
vation.*”** Therefore, our data provide a possible explanation of the
inconsistent and mainly disappointing results of clinical trials using

PPARY agonists by focusing selectively on macrophages, a primary
player in plaque formation. Finally, our data suggest that stabilizing
the NCOR1-PPARY binding could be a promising strategy to un-
couple beneficial from detrimental PPARy-mediated effects and
thereby block the pro-atherogenic functions of plaque macrophages,
e.g. by suppressing the vicious oxLDL-PPARy—-CD36 cycle.

The defined function of macrophage NCOR1 in atherosclerosis
may open new therapeutic strategies to prevent the development
and progression of the atherosclerosis and cardiovascular disease.
Indeed, it could offer an attractive way of fine-tuning the function of
PPARY in macrophages and thus preventing macrophage foam cell
formation within arterial lesions, the development of atherosclerosis,
and the rupture of vulnerable plaques.

Supplementary material
Supplementary material is available at European Heart Journal online.
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