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Purpose of review

This review discusses the current developments on epigenetic inhibition as treatment for atherosclerosis.

Recent findings

The first phase III clinical trial targeting epigenetics in cardiovascular disease (CVD), BETonMACE, using
the bromodomain inhibitor apabetalone (RVX-208) showed no significant effect on major adverse
cardiovascular events (MACE) in patients with type II diabetes, low HDL-c and a recent acute coronary
artery event compared with its placebo arm.

Summary

Preclinical and clinical studies suggest that targeting epigenetics in atherosclerosis is a promising novel
therapeutic strategy against CVD. Interfering with histone acetylation by targeting histone deacetylates
(HDACs) and bromodomain and extraterminal domain (BET) proteins demonstrated encouraging results in
modulating disease progression in model systems. Although the first phase III clinical trial targeting BET in
CVD showed no effect on MACE, we suggest that there is sufficient potential for future clinical usage based
on the outcomes in specific subgroups and the fact that the study was slightly underpowered. Lastly, we
propose that there is future window for targeting repressive histone modifications in atherosclerosis.
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INTRODUCTION

Cardiovascular disease (CVD) is still the major cause
of death worldwide, with atherosclerosis as the main
underlying disease [1]. It is known that traditional
risk factors, such as elevated levels of LDL contribute
to disease development. Recently, more clinical evi-
dence showed that also nontraditional risk factors
such as inflammation play a crucial role in the
development of human atherosclerosis and contrib-
ute to the risk of CVD. The CANTOS trial demon-
strates that interleukin-1b (IL-1b) blockade by
monoclonal antibodies targeting IL-1b (Canakinu-
mab) lowers recurrent cardiovascular events in
patients who previously had a myocardial infarction
(MI) and high levels of C-reactive protein (CRP)
independent of lipid-lowering strategies [2]. In addi-
tion, the COLCOT trial shows that in patients with a
recent MI, daily treatment with the anti-inflamma-
tory drug colchicine also significantly lowered the
risk of cardiovascular events compared with its pla-
cebo arm [3]. Although the observed effects in these
recent clinical trials are limited and patients suffer
from side effects, they open a window for novel
treatment strategies that modulate the inflamma-
tory response in disease.

Epigenetic pathways control DNA accessibility
and usage and thereby regulate gene expression.
DNA methylation and posttranslational histone
modifications are the most common mechanisms
controlling DNA accessibility. Histone modifications
are regulated by a large number of histone-modifying
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KEY POINTS

� HDAC3 and HDAC9 are promising targets for
atherosclerosis treatment.

� Apabetalone has the potential to reduce inflammation
in vitro and in vivo.

� Although the first phase III clinical trial using
apabetalone to target BET proteins in CVD showed no
effect on MACE, it suggests sufficient potential to
warrant further future studies.
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enzymes that affect either activating or repressive
histone marks. Histone acetylation is in general asso-
ciated with gene transcription, whereas histone
methylation can either be activating or repressive
depending on the type and position of the methyl-
ation. Several preclinical studies show a role for his-
tone modifications and its enzymes in CVD, and
recently, the outcomes of the first phase III clinical
trial (BETonMACE), which used an inhibitor of the
bromodomain and extraterminal (BET) proteins of
histone acetylation in CVD, were published. Here, we
will discuss the recent development on targeting
epigenetics as treatment for atherosclerosis with a
focus on histone deacetylases (HDACs), BETs and
future opportunity for targeting repressive histone
modifications.
TARGETING HISTONE DEACETYLASES AS
ATHEROSCLEROSIS TREATMENT

In general, histone acetylation is associated with
open chromatin and gene transcription. This modi-
fication is mediated by histone acetyltransferases
(HATs) and counteracted by HDACs. HDACs remove
activating acetyl marks resulting in closed chroma-
tin and repressed gene expression. HDACs can be
divided into four families: class I HDACs (HDAC1–3,
8), class II HDACs (HDAC4–7, 9, 10), which are
Zn2þ-dependent enzymes, class III HDACs, which
are the sirtuins (SIRT1–7) and class IV HDAC, which
only comprises HDAC11 [4]. Currently, six HDAC
inhibitors are FDA approved and various HDAC
inhibitors are used in clinical trials for cancer and
neurological disease (Table 1). Up to date, there are
no phase III clinical trials with HDAC inhibitors for
CVD treatment, but preclinical studies do suggest a
future opportunity for targeting specific HDACs in
CVD. Although in vitro HDAC inhibition has anti-
inflammatory properties in immune cells such as
macrophages [5] and T cells [6], the first in vivo mice
study using HDAC inhibitors for atherosclerosis
surprisingly showed that treatment with the pan-
0957-9672 Copyright � 2020 The Author(s). Published by Wolters Kluwe
HDAC inhibitor trichostatin A (TSA) enhanced
atherosclerotic lesion formation in a Ldlr�/� mice
model for atherosclerosis [7]. On the contrary, treat-
ment with the more specific class I HDAC inhibitor
valproate attenuated atherosclerosis development
in a hyperglycaemic ApoE-deficient mouse model
[8], and recently, it was shown that also treatment
with the pan-HDAC inhibitor vorinostat (SAHA)
decreased atherosclerotic lesion size in an ApoE-
deficient mice [9]. Differences in outcomes might
not only be explained by the specificity and selec-
tivity of the compounds, but also by the type of cells
that are affected by the HDAC inhibitors. Cell-type
specific targeting of HDACs, such as targeting mac-
rophages as key immune regulators of atherosclero-
sis, might be a better approach. Needham et al. [10]
developed a method to specifically target HDACs in
monocytes and macrophages by use of an esterase-
sensitive chemical motif (ESM). Carboxylesterase-1
is predominantly expressed in human monocytes
and macrophages and inhibitors with an ESM-motif
will be hydrolyzed specifically in these cells medi-
ating accumulation of the drugs [10]. We were the
first to show that use of a HDACi coupled to an ESM
motif specifically targets monocytes and macro-
phages in a mouse model for atherosclerosis [11].
Although ESM-HDACi reduced the maturation and
pro-inflammatory responses of macrophages,
lesion size was not affected by ESM-HDACi treat-
ment. Yet, lesions treated with the ESM-HDACi
showed a less advanced phenotype compared with
its controls suggesting clinically relevant benefits.
In addition to cell-specific targeting, preclinical
studies suggest a role for targeting specific HDACs
in atherosclerosis. HDAC9 has been linked to
abdominal aortic calcification [12] and risk for
stroke [13]. In addition, both systemic and haema-
topoietic deletion of Hdac9 reduced atherosclerosis
in Ldlr�/�mice [14]. Improved outcome on athero-
sclerosis was recently supported by Asare et al. [15

&

]
who showed that haematopoietic Hdac9 deficiency
in mice results in a more stable plaque phenotype
by reducing macrophage content and increasing
cap thickness. Furthermore, they showed that
treatment with the class IIa HDAC inhibitor
TMP196, with a high affinity for HDAC9, also
reduced atherosclerosis in mice [15

&

]. The authors
propose a mechanism by which HDAC9 directly
deacetylates IKKa and b resulting in its activation
leading to a pro-inflammatory response in macro-
phages and endothelial cells. Apart from HDAC9, we
reason that also HDAC3 might be of interest for
future targeting, as we showed that myeloid Hdac3
deficiency stabilized atherosclerotic lesions in Ldlr�/�

mice via direct regulation of the pro-fibrotic Tgfb1
[16]. We propose that both isoform-specific HDAC
r Health, Inc. www.co-lipidology.com 325



Table 1. Histone deacetylate inhibitors

Class Drug Targets Stage

HDACi Belinostat (PXD101) Class, I, II, IV FDA

Panobinostat (LBH589) Class I, II, IV FDA

Vorinostat (SAHA) Class I, II, IV FDA

Romidepsin (FK228) Class I FDA

Sodium Butyrate Class I, II FDA

Valproic acid/Valproate Class I, II FDA

Tucidinostat/Chidamide (CS055, HBI-8000) Class I, II Phase IV (China)

Givinostat (ITF2357) Class I, II, IV Phase III

Pracinostat (SB939) Class I, II, IV (except HDAC6) Phase III

Entinostat (MS-275) Class I Phase III

Tacedinaline (CI994) Class I Phase III

Nicotinamide (Vitamin B3) Class III Phase III

Abexinostat (PCI-24781) Class I, II, IV Phase II

AR-42 (HDAC-42) Class I, II, IV Phase II

Dacinostat (LAQ824) Class I, II, IV Phase II

Remetinostat (SHP-141) Class I, II, IV Phase II

Quisinostat (JNJ-26481585) Class I, II, IV Phase II

Mocetinostat (MGCD0103) Class I, IV Phase II

Resminostat (RAS2410) HDAC1/3/6 Phase II

Ricolinostat (ACY-1215) HDAC6 Phase II

Trichostatin A (TSA) Class I, II, IV Phase I

Tinostamustine (EDO-S101) Class I, II Phase I

CXD-101 Class I Phase I

Domatinostat (4SC-202) Class I Phase I

R306465 (JNJ-16241199) Class I Phase I

RG2833 (RGFP109) HDAC1/3 Phase I

Pyroxamide HDAC1 Phase I

Scriptaid Class I, II, IV Preclinical

TMP195 Class II Preclinical

TMP269 Class II Preclinical

UF010 Class I Preclinical

RGFP966 HDAC3 Preclinical

LMK-235 HDAC4/5 Preclinical

Droxinostat HDAC6/8 (3) Preclinical

Nexturastat A HDAC6 Preclinical

Tubastatin A HDAC6 Preclinical

Citarinostat (ACY-241) HDAC6 Preclinical

PCI-34051 HDAC8 Preclinical

List of available HDAC inhibitors with their selectivity and clinical stage they are in. Clinical stages are for the treatment of various types of cancer or neurological
disease, not for CVD.

Therapy and clinical trials
and cell-type specific targeting is of great interest for
future therapy and an important next step in target-
ing HDACs in atherosclerosis, as both influence its
outcomes. Targeting HDACs is not only of interest for
atherosclerosis but also other CVDs, as it was recently
shown that HDAC inhibition can improve cardiopul-
monary function in a large animal model (feline) of
diastolic dysfunction [17]. An extensive overview of
326 www.co-lipidology.com
HATs and HDACs in the broader arena of CVD was
recently given by Li et al. [18].
CLINICAL INSIGHTS IN TARGETING BET
PROTEINS IN CARDIOVASCULAR DISEASE
BET proteins can recognize and read acetylated his-
tones and mediate recruitment of RNA polymerase II
Volume 31 � Number 6 � December 2020



Table 2. BRD2/3/4/T inhibitors

Class Drug Targets Stage

BETi Apabetalone (RVX-208) BD2; BRD2/3 phase III for CVD

Molibresib (I-BET762, GSK525762) BRD2/3/4/T Phase II

CPI-0610 BD1; BRD2/4 Phase II

Birabresib (OTX015, MK-8628) BRD2/3/4 Phase IIa

INCB054329 BRD2/3/4/T Phase I/IIa

INCB057643 BRD2/3/4/T Phase Ia

BMS-986158 BRD2/3/4/T Phase I

FT-1101 BRD2/3/4/T Phase I

TEN-010 (JQ2) BRD2/3/4/T Phase I

ABBV-744 BD2; BRD2/3/4 Phase I

PLX51107 BRD2/3/4/T Phase I

AZD5153 BRD4 Phase I

JQ1 BRD2/3/4/T Preclinical

Bromosporine BRD2/4/9, CECR2 Preclinical

Mivebresib (ABBV-075) BRD2/4/T Preclinical

I-BET151 (GSK1210151A) BRD2/3/4 Preclinical

I-BET726 (GSK1324726A) BRD2/3/4 Preclinical

PFI-1 (PF-6405761) BRD2/4 Preclinical

ARV-771 BRD2/3/4 Preclinical

ARV-825 BRD4 Preclinical

CPI-203 BRD4 Preclinical

List of preclinical and clinical BET inhibitors with their selectivity. Clinical stages are for the treatment of various types of cancer or neurological disease; only
apabetalone is used in clinical trials for CVD.
aTerminated.
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to promote transcription. The BET reader proteins
include BRD2–4 and BRDT of which BRD4 is most
dominant in transcriptional regulation. BET proteins
contain two bromodomains BD1 and BD2, which are
suggested to regulate distinct transcriptional out-
comes. A more detailed description on the transcrip-
tional mechanisms of BET regulation in CVD is
greatly reviewed by Borck et al. [19

&

]. Multiple small
molecule BET inhibitors have been developed and
used in clinical trials for cancer and recently also in
CVD (Table 2). JQ-1 was one of the first developed
compounds that can bind acetylated histones and
thereby prevents binding of BETs to histone tails
resulting in transcriptional blockade. JQ-1 is a
broad-spectrum BET inhibitor, as it targets both
BD1 and -2 of all BRDs. Daily treatment with JQ-1
in hypercholesterolemic Ldlr�/� mice reduced aortic
plaque area by 40%, an effect that was independent of
LDL and HDL levels. JQ-1 attenuated endothelial
activation and reduced transmigration of leukocytes
in vitro and ex vivo [20]. The BET inhibitor RVX-208,
also calledapabetalone, is a selectiveBET inhibitor for
the BD-2 domain of mainly BRD2/3, with low affinity
for BRD4 [21]. Apabetalone was originally discovered
as ApoA1-inducing compound [22], which also holds
true for I-BET, a GSK developed compound [23].
0957-9672 Copyright � 2020 The Author(s). Published by Wolters Kluwe
Treatment of atherosclerotic ApoE�/� mice for
12 weeks with apabetalone increased circulating lev-
els of HDL-c and decreased circulating LDL-c [24].
Treatment also resulted in a significant reduction of
aortic lesion formation. Follow-up experiments with
lower dosage and lower diet also reduced atheroscle-
rotic lesion formation without changes in plasma
lipid levels. Moreover, in both set-ups, apabetalone
significantly reduced pro-inflammatory cytokines in
the plasma suggesting that apabetalone can have
both lipid-lowering and anti-inflammatory proper-
ties [24]. The phase I clinical trial showed that apabet-
alone significantly increased ApoA-1 and cholesterol
efflux towards ABCA1 after 1 week of treatment in
healthy volunteers [22]. In the phase IIa ASSERT trial,
patients with stable coronary artery disease (CAD)
were treatedwithapabetaloneorplacebo for12weeks
on top of standard statin therapy [25]. Apabetalone
treatment significantly increased HDL-c and ApoA-1
with a rapid increase from week 8 to 12, suggesting
that longer treatment could even have more pro-
found effects, which was assessed in the phase IIb
trials SUSTAIN and ASSURE [26]. In the phase II
SUSTAIN trial, 176 patients with established athero-
sclerotic CVD and low levels of HDL-c were treated
with apabetalone 100 mg twice daily (b.i.d.) or
r Health, Inc. www.co-lipidology.com 327



Therapy and clinical trials
placebo for 24 weeks. Apart from lipid efficacy, also
safety and tolerability of RVX-208 was measured.
Although the effects were limited, the percentage
changes in HDL-c and ApoA-I were significantly
lower in apabetalone-treated patients. The phase
IIb ASSURE trial measured percentage change of ath-
eroma volume as primary end point after 26 weeks of
treatment with 100 mg b.i.d. apabetalone or placebo
in 323 patients withangiographic CAD and low levels
of HDL-c. No significant difference in primary end
point was observed compared with its placebo con-
trol group, but the primary end point was decreased
compared with baseline levels [27]. The relative risk
of major adverse cardiovascular events (MACE) in
patients with CVD was decreased by 44% and even
57% in diabetic CVD patients. Additional analysis on
attenuated coronary atherosclerotic plaque as mea-
surement of vulnerable plaques was based on the
intravascular ultrasound measures. Attenuated coro-
nary Atherosclerotic plaque was observed in 27
patients treated with apabetalone from the ASSURE
trial, which was significantly lower after treatment
than baseline [28]. Furthermore, apabetalone not
only reduced vascular inflammation in vitro but also
lowered pro-atherogenic proteins in plasma of CVD
patients [29]. Apabetalone also lowers serum alkaline
phosphate (ALP), which itself predicts residual car-
diovascular risk independent of high sensitivity CRP
(hsCRP), that associated with a lower risk of cardio-
vascular events [30]. Although hsCRP was not signif-
icantly different between the apabetalone and
placebo groups in the phase II ASSURE trial, pooled
analysis of the phase II clinical trials (ASSERT, SUS-
TAIN and ASSURE) showed a significant increase in
ApoA-1 and HDL-C and a decrease in hsCRP. MACE
was significantly lower in apabetalone-treated
patients and this effect was even more profound in
diabeticpatients,patientswith low levelsofHDL-Cor
patients with elevated hsCRP [31]. The effects of
apabetalone to reduce atherogenesis in CVD patients
was assessed in the phase III clinical trial BETon-
MACE. In the BETonMACE trial, 2425 patients with
type II diabetes, low HDL-C and a recent acute coro-
nary artery event (within 3 months) were treated with
apabetalone 100 mg b.i.d. or placebo control on top
of high-intensity statin therapy and followed for 26.5
months [32

&&

,33
&

]. The primary outcome of this study
was the first time to MACE, which included cardio-
vascular death, nonfatal MI or stroke. No significant
change in MACE was observed upon apabetalone
treatment (apabetalone-treated 10.3 vs. placebo
12.4%; hazard ratio 0.82; P¼0.11) and a nonsignifi-
cant trend was observed for the MACE sensitivity
analysis (excluding deaths of undetermined cause)
(hazard ratio 0.79; P¼0.06). The negative outcomes
on MACE in this phase III clinical trial might have
328 www.co-lipidology.com
several explanations. First, the study was underpow-
ered to detect smaller differences between groups due
to lower than expected event rates and the fact that
the study population was based on an 80% power to
detect a 30% event reduction, which was not met.
Outcomes might thus be different in a larger cohort.
In line with this, the Kaplan–Meier estimate of time
to first occurrence of the primary efficacy end point
graph shows effects at early stage of the study, with a
peak difference at 24 months. The explanation for
this remains uncertain. Also, BETonMACE was per-
formed in patients with a recent acute coronary
artery event (within 3 months) on high-intensity
statins, while phase II clinical trials were mainly
performed in patients with stable CAD and standard
statin therapy. Lastly, hsCRP levels were not
reduced in the present study and surprisingly only
measured in a small subset of patients (�20%, base-
line levels 2.9 mg/l). Positive outcomes on MACE by
targeting inflammation in both the CANTOS and
COLCOT clinical trials were performed in patients
withelevatedlevelsofhsCRP,whichwasloweredupon
treatment (CANTOS pre: 4.25mg/l, post: 2.10mg/l;
COLCOT pre: 4.27 mg/l, post 1.37mg/l). Additional
subgroupanalysissuggestslargereffectsofapabetalone
on primary outcomes in patients with decreased kid-
ney function (Estimated glomerular filtration rate
(eGFR)<60ml/min/1.73m2) or low levels of LDL-c
(LDL<median). Furthermore, secondary end point
analysis and other prespecified analysis show benefi-
cial effects of apabetalone on patients with congestive
heart failure (hazard ratio 0.59 for first hospitalization
for congestive heart failure and HR 0.49 for first and
recurrent hospitalization). Therefore, we reason that
there is still potential for future clinical trials targeting
BET proteins in CVD in specific subsets of patients.
FUTURE OPPORTUNITY: A POTENTIAL
ROLE FOR TARGETING REPRESSIVE
HISTONE MODIFICATIONS IN
ATHEROSCLEROSIS?

Although most studies focus on targeting histone
acetylation processes in CVD, preclinical evidence
suggests that also targeting repressive histone
modifications might be of future interest. Repressive
histone modifications include H3K9me2/3 and
H3K27me3, which results in closed chromatin and
thus gene repression. H3K27me3 is catalyzed by the
polycombrepressivecomplex2 (PRC2) thatconsist of
multiple proteins of which enhancer of the zeste
homolog 1 or 2 EZH1/2 contains the catalytic SET
domain of the complex. On the contrary, H3K27me3
is removed by the demethylases KDM6A and KDM6B
(JMJD3). We showed that pro-fibrotic pathways were
suppressed in Kdm6b-deleted foam cells, which is an
Volume 31 � Number 6 � December 2020
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important hallmark for atherosclerosis [34]. Surpris-
ingly, we also reported that myeloid Kdm6b defi-
ciency in mice results in advanced atherosclerosis
[35]. This might have been caused by the fact that
KDM6B in macrophages is regulated in response to
various triggers and that deletion or inhibition of
KDM6B is reported to reduce both pro and anti-
inflammatory responses [36,37]. In contrast to
KDM6B, recent studies suggest that targeting the
opposing enzyme, EZH2 of the PRC2 complex, might
be a better approach. It was shown that IFN-g activa-
tion of human macrophages suppresses a set of anti-
inflammatory genes, which was mediated by EZH2
[38]. Moreover, treatment with GSK126, an EZH2-
selective inhibitor, reduced macrophage pro-inflam-
matory responses [39]. In addition, myeloid Ezh2-
deficiency in mice showed improvement in the
chronic inflammatory disorders experimental auto-
immune encephalomyelitis (EAE) and colitis, sug-
gesting a potential role for targeting repressive
histone modification in chronic inflammatory dis-
orders such asCVD[39,40]. Indeed,overexpressionof
Ezh2 in mice was shown to increase atherosclerosis
plaque size by downregulation of Abga1/Abcg1 mak-
ing macrophages foamier [41]. Various inhibitors
against PRC2 (of which most target EZH2) are used
in clinical trials for cancers, but their impact on CVD
remains unknown (Table 3). The selective EZH2
inhibitor Tazemetostat (EPZ6438) is the first PRC2i
that got FDA approval for the use in patients with
epithelioid sarcoma [42] or follicular lymphoma.
Table 3. Polycomb repressive complex 2 inhibitors

Class Drug Targets Stage

PRC2i Tazemetostat (EPZ6438) EZH2 FDA

CPI-1205 EZH2 Phase II

GSK126 (GSK2816126) EZH2 Phase Ia

JQ-EZ-05 EZH1/2 Preclinical

UNC1999 EZH1/2 Preclinical

CPI-360 EZH1 Preclinical

CPI-169 EZH2 Preclinical

EBI-2511 EZH2 Preclinical

EI1 EZH2 Preclinical

EPZ005687 EZH2 Preclinical

EPZ011989 EZH2 Preclinical

GSK343 EZH2 Preclinical

GSK503 EZH2 Preclinical

PF-06726304 EZH2 Preclinical

EED226 EED Preclinical

A-395 EED Preclinical

List of preclinical and clinical PRC2 inhibitors with their selectivity. Clinical
stages are for the treatment of various types of cancer not for CVD.
aTerminated.
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CONCLUSION

Interfering with histone acetylation by targeting
HDACs and BET proteins demonstrated encouraging
results in modulating inflammatory responses and
suggest a promising novel therapeutic strategy
against CVD. Although the first phase III clinical trial
targeting BET in CVD (BETonMACE) showed no
effect on MACE (HR 0.82), we propose that there is
sufficient potential for future clinical practice in tar-
geting BET proteins based on the limitations in the
design of the current clinical trial. Future studies with
apabetalone or other BET inhibitors should be per-
formed in larger cohorts, and possibly target more
specific patient groups such as in patients with estab-
lished CVD and an inflammatory risk profile (high
hsCRP/high ALP). Moreover, apabetalone is a BD2-
selective compound with higher affinity for BRD2/3
over BRD4 and outcomes of future clinical trials with
other BET inhibitors targeting both BD1 and BD2, for
example might have different outcomes. Bioavail-
ability and dosing of such drugs remain points of
attention. As a next step in targeting HDACs as
treatment for atherosclerosis, we propose that both
isoform-specific cell-type specific targeting of HDACs
is of great interest for future therapy. Lastly, we think
that there is an upcoming opportunity for targeting
repressive histone modifications in atherosclerotic
disease, which should be exploited in the future.
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