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in the development of histone
deacylase SIRT2 inhibitors
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and Lingling Yang *a

Sirtuin 2 (SIRT2) is an important and special member of the atypical histone deacetylase Sirtuin (SIRT) family.

Due to its extensive catalytic effects, SIRT2 can regulate autophagy, myelination, immunity, inflammation

and other physiological processes. Recent evidence revealed that dysregulation of human SIRT2 activity

is associated with the pathogenesis and prognosis of cancers, Parkinson's disease and other disorders;

thus SIRT2 is a promising target for potential therapeutic intervention. This review presents a systematic

summary of nine chemotypes of small-molecule SIRT2 inhibitors, particularly including the discovery and

structural optimization strategies, which will be useful for future efforts to develop new inhibitors

targeting SIRT2 and associated target proteins.
1. Introduction

The human genome encodes seven different sirtuin isotypes,
namely SIRT1-7, which belong to the atypical histone deacety-
lase family.1 The major function of SIRTs is to cleave off acetyl
groups and other acyl groups from the 3-amino group of lysines
in histones or other substrate proteins in the presence of the
cofactor NAD+.2–5 SIRT1–7 have different subcellular localiza-
tions and functions.3 SIRT2 is the only SIRT member that is
mainly distributed in the cytoplasm but shuttled to the nucleus
during mitosis.6 Several studies revealed that SIRT2 catalyzes
the deacetylation modication of histones H3K18, H3K56,
H4K16, etc., so that histones tightly bind to negatively charged
DNA, resulting in dense curling of chromatin and ultimately
suppression of gene transcription and expression.7,8 In addi-
tion, a multitude of non-histone substrates of SIRT2, such as a-
tubulin, P300, FOXO1/3a, HIF-1a, eIF5A, CDH1, NF-kB, and
PKM2, have been identied in recent years.3,8–11 Recent crystal-
lographic analyses revealed that the active site of SIRT2 has
a large hydrophobic pocket that can accommodate long-chain
fatty acyl groups, thereby catalyzing the removal of long-chain
fatty acyl groups.12

By interacting with various substrates, SIRT2 has been
implicated in a wide range of cellular processes such as cell
cycle regulation, autophagy, myelination, neurodegeneration,
glucose metabolism, and inammatory response.8,10,13,14 Recent
literatures revealed the important roles of SIRT2 in the patho-
genesis, development and prognosis of various diseases.3,15 For
example, Chen et al. found that SIRT2 is highly expressed in
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hepatocellular carcinoma (HCC) cell lines and human HCC
tissues, which contributes to cell motility and invasiveness of
HCC cells.16 The upregulation of SIRT2 in primary HCC tumors
is signicantly associated with more advanced tumor stages,
and shorter overall survival time. Jing et al. reported that SIRT2
can block the degradation of the oncoprotein c-Myc, and the
potent and specic SIRT2 inhibitor TM can effectively promote
the ubiquitination and degradation of c-Myc, showing broad
inhibitory effects against a variety of human cancers in vitro and
in vivo.17 Xu et al. found for the rst time that SIRT2 expression
in relapsed acute myeloid leukemia (AML) patients is higher
than that of newly diagnosed patients, and SIRT2 is involved in
multidrug resistant AML mainly via ERK1/2 signaling
pathway.18 Hoffmann et al. found that selective SIRT2 inhibitors
AEM1 and AEM2 can increase the expression of cell cycle-
related gene CDKN1A and pro-apoptotic genes PUMA and
NOXA by up-regulating the acetylation level of p53, thereby
resulting in increased sensitivity of non-small cell lung cancer
cells A549 and H1299 to the chemotherapy agent etoposide.19 In
addition, Outeiro et al. found that inhibition of SIRT2 in the
Parkinson's cell model not only reversed the a-synuclein-
mediated toxicity, but also protected dopaminergic nerves
from necrosis in vitro and in the Drosophila Parkinson's model,
thereby relieving Parkinson's symptoms.15,20 These studies
clearly show that SIRT2 is a potential drug target for associated
diseases.

The catalytic core of SIRT2 contains two main domains:
a larger domain that is a Rossmann fold NAD+ binding pocket,
consisting of 6 b-strands (b1-3 and b7-9) and 6 a-helixes (a1, a7,
a8, and a10-a12), and a small domain that contains a structural
zinc ion (Fig. 1A). These two domains are connected by four
crossovers that form a large groove. There is a specic pocket in
the active site, lined with a number of hydrophobic residues,
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (A) The structure of SIRT2 protein. (B) Observed differences
between the loops around the acyl-lysine substrate.

Fig. 2 (A) Chemical structures of SirReals-based SIRT2 inhibitors and
their inhibitory activity data on SIRTs obtained by fluorescence-based
methods.29–31 (B and C) Crystallographic analyses revealed the binding
features of SirReal2 and 8 with SIRT2.
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intersects the groove, indicating it may be a class-specic
binding site to recognize its specic substrates. The large
groove contains the NAD+ binding site and the residues that are
conserved among sirtuins (Fig. 1A). Evidences showed that
mutation of this site will result in the loss of deacetylation of
catalytic activity, indicating this groove is the catalytic core. In
addition, there are 19 residues in the N-terminal extension of
SIRT2 from an amphipathic a-helix that has no contacts with
the protein, suggesting the N-terminal extension is not essential
for SIRT2 catalytic activity, while this amphipathic helixes may
have an important contribution to protein–protein interactions
in transcriptional regulation.21 In addition, by comparison of
SIRT1, SIRT2 and SIRT3, we observed substantial differences
between the loops that can form different hydrophobic binding
sites. Uniquely, SIRT2 has a long hydrophobic pocket which is
able to accommodate long-chain fatty acyl groups as revealed by
crystallographic analyses,22 and also represent specic struc-
tural characteristics for inhibitor development.
This journal is © The Royal Society of Chemistry 2020
2. Inhibitor development

As the roles of SIRT2 in different diseases have been gradually
revealed, SIRT2 inhibitors are considered as potential effective
molecules for the treatment of related diseases.23 Currently
RSC Adv., 2020, 10, 37382–37390 | 37383
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Fig. 3 (A) Chemical structures of nicotinamide-based SIRT2 inhibitors
and their inhibitory activity data on SIRTs determined by Fluor de Lys
assays.34 (B) Crystallographic analyses revealed the binding features of
13 with SIRT2.

Fig. 4 Chemical structures of hydroxynaphthaldehyde-based SIRT2
inhibitors and their inhibitory activity data on SIRTs by fluorescence-
based or SIRT-Glo assays.38–40
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reported SIRT2 inhibitors can be divided into two categories:
peptide substrate-modied24–26 and small-molecule inhibitors.
Considering the possible poor drug-like properties of peptide
inhibitors, such as undesirable physicochemical properties and
metabolic instability, this review mainly focused on structurally
different small-molecule SIRT2 inhibitors, with the aim to
provide substantial information for the development of specic
small molecules targeting SIRT2.
Fig. 5 Chemical structures of 3-benzenesulfonylaminobenzamide-
based SIRT2 inhibitors and their inhibitory activity data on SIRTs by
Flour-de-Lys fluorescent assays.45,46
2.1 SirReal2 and its analogues

In 2015, Rumpf et al. discovered a class of SIRT2 allosteric
inhibitors, represented by SirReal2 (1, Fig. 2A).27 These inhibi-
tors show high potency and selectivity to SIRT2 due to their
ability of inducing active-site rearrangement of SIRT2. The
SIRT2:SirReal2 structure (4RMG) reported by this group is the
rst complex structure of SIRT2 protein with a selective small-
molecule inhibitor, revealing that SirReal2 binds to the
37384 | RSC Adv., 2020, 10, 37382–37390
induced hydrophobic pocket and mainly make hydrophobic
interactions with a set of hydrophobic residues (Fig. 2B). This
crystal structure provided important basis and insights into the
high selectivity of SirReal2, and suggested that the deep
hydrophobic pocket is unique for the design of selective SIRT2
inhibitors. Subsequently, guided by the interaction features
obtained from SIRT2:SirReal complex, the same group designed
and synthesized compounds 2 and 3, which showed better
potency, water solubility, and cellular efficacy; they also devel-
oped a SIRT2-selective affinity probe (4, Fig. 2A), providing an
important chemical tool for further exploration of SIRT2
biology.28 Further, they developed an effective proteolytic tar-
geting chimera (PROTAC) inhibitor 5 by rationally linking the
thalidomide ligand with SirReal inhibitors, providing another
tool for expanded pharmacological researches by chemically
induced SIRT2-knockout.29

Recently we used SirReal2 as a lead compound to develop
new SIRT2 inhibitors with the aid of lead optimization program,
LEADOPT.30,31 By replacing the thiazole ring in SirReal2 with
benzene ring, a set of N-(3-(phenoxymethyl)phenyl)acetamide
This journal is © The Royal Society of Chemistry 2020
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derivatives were developed as selective SIRT2 inhibitors, as, for
example compound 6. Systematic structure–activity relation-
ship (SAR) studies of SIRT2 inhibitors with 2-((4,6-dime-
thylpyrimidin-2-yl)thio)-N-phenylacetamide core scaffold led to
the discovery of more potent inhibitors such as 7 and 8.30,31

Crystal structure revealed the specic hydrophobic binding
features of 8 to SIRT2 (Fig. 2C), which likely mimics the binding
of long-chain acyl-lysine substrates.27 Biological experiments
have shown that compound 7 has obvious inhibitory effects on
breast cancer cell MCF-7 and can increase the acetylation level
of a-tubulin in a dose-dependent manner. Moreover, compound
8 is a potent SIRT2 inhibitor and can effectively inhibit the
growth, invasion and migration of non-small cell lung cancer
(NSCLC) cells, providing more references and options for the
research of SIRT2 targeted cancer treatment.30
Fig. 6 Chemical structures of indole-based SIRT2 inhibitors and their
inhibitory activity data on SIRTs by isotope labelling,49 Sirt-Glo™ assay
kit50 or fluorescence-based assays.51
2.2 Nicotinamide and its analogs

Nicotinamide (9, Fig. 3), as a product of sirtuins-catalyzed
deacetylation reaction, is a weak and non-selective natural
inhibitor of sirtuins, mainly inhibiting the deacetylation
course.32 Due to its weak SIRT2 inhibitory activity, Cui et al.
conducted a systematic SAR study on nicotinamides through
a fragment-based approach, i.e. the naphthylamide sulfonic
acid scaffold of SIRTs inhibitor suramin and nicotinamide
scaffold, leading to the discovery of aromatic formamide
naphthalene–nicotinamide derivatives. Among them,
compound 10 (Fig. 3) exhibits potent SIRT2 inhibition with IC50

values of 48.3 nM, and remarkable selectivity for SIRT2 over
highly homologous SIRT1 and SIRT3.33 The in vitro cell-based
assays showed that compound 10 can increase the acetylation
level of a-tubulin in both concentration- and time-dependent
manners. Kinetic studies have shown that compound 10 acts
as an acetyl-lysine substrate competitive inhibitor, rather than
an NAD+ competitive inhibitor. Derived from the 5-
aminonaphthalen-1-yloxy nicotinamide core scaffold, a series of
new 5-((3-amidobenzyl)oxy)-nicotinamide SIRT2 inhibitors were
reported by the same group, e.g. 11 and 12 (Fig. 3). Compound
11may be competitive against both substrate and NAD+; 11 and
12 can signicantly reverse the cytotoxicity induced by a-synu-
clein aggregation in SH-SY5Y cells, which laid the foundation
for the research of SIRT2 inhibitors for potential therapy against
Parkinson's disease.35

In 2012, Suzuki et al. characterized a series of 2-anilino-
benzamide analogues containing nicotinamide-like benzamide
as SIRT2 inhibitors and conducted relatively SAR studies which
led to compounds 13 and 14 as potent SIRT2 inhibitors
(Fig. 3A). Compared with the previously reported selective SIRT2
inhibitor AGK2, 13 and 14 showed better inhibitory activity on
SIRT2, and had higher selectivity for SIRT2 over SIRT1 and
SIRT3. The crystal structure of SIRT2:13 (PDB code 5Y5N)34

revealed that 13 binds to form hydrophobic contacts with the
induced hydrophobic binding site, and the nicotinamide
moiety is positioned to make water-bridging hydrogen-bonds
with Phe96, Gln167, Asp95, and His187 (Fig. 3B), which
further highlighted the importance of hydrophobic binding site
to SIRT2 selective inhibition. Based on the previous SAR studies
This journal is © The Royal Society of Chemistry 2020
of anilinobenzamide derivatives, the same group designed and
synthesized a compound library of 114 meta- and para-
substituted 2-anilinobenzamides as potential SIRT inhibitors
via click chemistry, and subsequent screening identied two
SIRT2-selective inhibitors 16 and 17 (Fig. 3A), which show
similar inhibition but better selectivity than AGK2.36 In 2017,
Based on the SIRT2:13 complex structure, Suzuki’ group carried
out structural modications to the amide moiety of 2-anilino-
benzamide scaffold, leading to the identication of a novel
SIRT2 inhibitor 15 which occupies both the substrate-binding
site (i.e., the “selectivity pocket”) and the NAD+-binding site
(Fig. 3B).34 Moreover, 15 exhibited apparent anti-proliferative
activity in MDA-MB-231 and MCF-7 breast cancer cell lines.34
2.3 Hydroxynaphthaldehyde derivatives

Sirtinol (18, Fig. 4) is one of the earliest reported SIRT2 inhib-
itors. Although its weak inhibitory activity on SIRT2 and
considerable inhibitory activity on SIRT1, studies have shown
that Sirtinol is effective against tumors in vitro. As exemplied
in the study by Ota et al., Sirtinol induces senescence-like
growth arrest in MCF-7 and H1299 cell lines.37 The structural
optimization of the linker (red mark in Fig. 4) in the Sirtinol
structure led to the discovery of Salermide (19, Fig. 4).38

Compared to Sirtinol, Salermide has similar inhibitory activity
against SIRT2, and higher anti-proliferative activity and
apoptosis induction properties in a panel of cancer cell lines.
Direct replacement of substituted aniline in Sirtinol with 6-
phenyl-2-thiouracil resulted in another SIRT2 inhibitor Cam-
binol (20, Fig. 4), which is the rst reported SIRT2 inhibitor with
antitumor activity in vivo.41 Cambinol induces apoptosis of BCL-
6-expressing Burkitt lymphocytes and exerts antitumor activity
in Burkitt lymphoma xenogras. Ongoing efforts of optimizing
Cambinol by substituting the pyrimidinedione ring with other
heterocycles to improve potency and selectivity resulted in 21
and 22 (ICL-SIRT078, Fig. 4); both compounds showed high
selectivity towards SIRT2.39,40,42 ICL-SIRT078 was found to have
signicant neuroprotective effects in a lactacystin-induced
model of Parkinsonian neuronal cell death in the N27 cell
line. In addition, Rotili et al. synthesized tetracyclic pyr-
imidinedione derivatives obtained by cyclizing the 2-
RSC Adv., 2020, 10, 37382–37390 | 37385
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Fig. 7 (A) Chemical structures of Tenovins and oxadiazoles-based
SIRT2 inhibitors and their inhibitory activity data on SIRTs determined
by coupled enzymatic deacetylation assay.55 (B) Crystallographic
analyses revealed the binding features of 46 with SIRT2.55
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hydroxynaphthalene ring substituent of the core structure in
Cambinol, and further opened a benzene ring to obtain a tricy-
clic pyrimidinedione derivatives. The resulted compounds 23
and 24 (Fig. 4) have improved inhibition against with SIRT2, but
which exhibited potent SIRT1 inhibition.43

2.4 3-Benzenesulfonylaminobenzamide derivatives

AK-7 (25, Fig. 5) is a representative 3-benzenesulfonamido-
phenyl SIRT2 inhibitor. Despite its weak inhibitory activity
against SIRT2 (IC50 ¼ 15.5 mM), researchers found that AK-7 has
signicant neuroprotective effects in the mouse model of
Huntington's disease probably owing to its good brain perme-
ability.44 To improve the potency of SIRT2 inhibitors containing
the neuroprotective sulfobenzoic acid scaffold, Khanfar et al.
designed, synthesized a compound library by changing the
substituents of sulfonamide and benzoyl or inverting the amide
group of benzamide, and screened the inhibition activity to
SIRT2.45 The results showed that many compounds have
improved activity compared with AK-7, of which 26 and 27
(Fig. 5) have the strongest inhibitory activity. AGK2 (28, Fig. 5) is
another typical SIRT2 inhibitor.20 The structurally different
AGK2 and AK-7 have been reported to exhibit good neuro-
protective effects in neurodegenerative disease models. In 2007,
Outeiro et al. reported that AGK2 can rescue a-synuclein toxicity
and modied inclusion morphology in a cellular model of
Parkinson's disease and protected against dopaminergic cell
death both in vitro and in a Drosophila model of Parkinson's
disease.15,20 Therefore, herein AGK2 is classied as the AK-7
class of inhibitors. Although AGK2 has obvious neuro-
protective effect, the a,b-unsaturated carbonyl moiety of AGK2
may be related to possible off-target effects and unwanted
toxicity. In order to improve the inhibitory activity and physi-
cochemical properties of AGK2, our research group replaced the
Michael receptor in AGK2 with different linkers and conducted
preliminary structure–activity relationship study, leading to the
identication of compound 29 (Fig. 5). Compared to AGK2,
compound 29 exhibits 6–7 times higher potency (IC50 of 2.47
mM vs. 17.75 mM, measured under the same test condition).46

Moreover, Sakai et al. designed and synthesized a series of
benzamide derivatives as SIRT2 inhibitors based on computa-
tional docking of AK-7 with SIRT2, as exemplied by compound
30 (Fig. 5), which has improved inhibitory activity and selectivity
for SIRT2.47

2.5 Indole derivatives and their analogues

In 2005, Napper et al. identied a series of indole compounds as
SIRT inhibitors through high-throughput screening, e.g. 31 and
32 (Fig. 6).48 These indole compounds have better inhibition
against SIRT1 than SIRT2; kinetic analyses suggested that they
exert inhibitory activity by preventing SIRT1-catalyzed deacety-
lation. To further explore the potential of the indole scaffold,
Yang et al. designed and synthesized a set of new SIRT inhibi-
tors by replacing the 2,3,4,9-tetrahydro-1H-carbazole core of EX-
527 with 2,3,4,5-tetrahydro-1H-pyrido[4,3-b]indoles, for
example 33 and 34 (Fig. 6).49 Compared to EX-527, 33 and 34
show improved inhibition and selectivity and signicantly
37386 | RSC Adv., 2020, 10, 37382–37390
increase acetylation level of p53 and a-tubulin in HepG2 and
MDA-MB-231 cells. In the same year, Therrien et al. designed
and synthesized a series of 4,5,6,7-tetrahydro-1H-indazole
derivatives by opening the benzene ring in 2,3,4,9-tetrahydro-
1H-carbazole core and replacing the pyrrole with pyrazole.
Among these derivatives, compound 35 (Fig. 6) has the best
inhibitory activity on SIRT2, and moderate inhibitory effect on
SIRT1.50 In 2006, Trapp et al. reported adenosine mimic-
containing indoles as inhibitors of SIRTs, among which 36
(Fig. 6) inhibits SIRT1 and SIRT2 with IC50 values of 3.5 mM and
0.8 mM, respectively.51 Recently, Manjula et al. described a set of
indole derivatives with an additional triazole moiety that can
anchor the ligand in the binding cavity of SIRT1 and SIRT2,
represented by 37 (Fig. 6).52
2.6 Tenovins and their analogues

In 2008, Lain et al. discovered the Sirtuin inhibitor Tenovin-1
(38, Fig. 7) by low-toxicity cell-based phenotypic screening;
Tenovin-1 can activate the tumor suppressor p53 and inhibit
tumor growth.53 Structural modications led to a water-soluble
analogue, Tenovin-6 (39, Fig. 7). Target validation studies
This journal is © The Royal Society of Chemistry 2020
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revealed that Tenovins act through inhibition of deacetylation
reaction catalyzed by SIRT1 and SIRT2. This group further
conducted SAR studies on Tenovins, and synthesized a series of
compounds by replacing A ring with different substituents.
Among these compounds, compound 40 (Fig. 7) has signi-
cantly improved activity and selectivity compared with Tenovin-
1 and Tenovin-6.

In recent years, Michael et al. established 1-(2,2-dimethyl-
dihydrobenzopiperan-4-yl)-3-phenylurea derivatives as new
SIRT1 and SIRT2 inhibitors, such as 41 (Fig. 6).54 Several
compounds have obvious antiproliferative activity on U373,
T98G and Hs683 glioma cells, and compound 41 also shows
signicant anticancer potential in zebrash xenogra model.
The 1-(2,2-dimethyl-dihydrobenzopiperan-4-yl)-3-phenylurea
scaffold can be regarded as the cyclization of substitution in
2-position and the ortho carbonyl substituent of the A ring in
the Tenovins to form a six-membered dimethyl pyran ring,
accompanied by the replacement of thiourea with urea. There-
fore, we assign this series of molecules as Tenovins analogues.

2.7 3,5-Disubstituted-1,2,4-oxadiazole derivatives

In 2008, Huhtiniemi et al. reported a lead compound 42
(Fig. 7A) containing 3,5-disubstituted-1,2,4-oxadiazole scaffold
as a SIRT1 and SIRT2 inhibitor through virtual screening. Based
on this hit compound, different substitutions and replacements
of the benzene rings (A, B ring), and the modication of the
linker between the oxadiazole ring and the B ring were made to
obtain derivatives as SIRT inhibitor candidates. Among these
derivatives, several compounds showed signicantly improved
SIRT1 inhibitory activity, but which did not show enhanced
SIRT2 inhibition.56 Through virtual screening of a compound
library into the peptide binding pocket of SIRT2, 3, 5 and 6,
Steegborn et al. identied several potential ligands as SIRT2
inhibitors, such as 43 (Fig. 7A), which contains the 3,5-
disubstituted-1,2,4-oxadiazole scaffold.57 Using 43 as the lead
compound, a systematic SAR study was conducted, yielding
a series of 3,5-disubstituted-1,2,4-oxadiazole derivatives as
SIRT2 inhibitors with improved potency and selectivity, such as
44 and 45 (Fig. 7A).58 Kinetic studies indicated that the inhibi-
tion mechanism is likely uncompetitive towards both the
peptide substrate and NAD+. The cellular results indicated that
Fig. 8 Chemical structures of benzopyrone-based SIRT2 inhibitors
and their inhibitory activity data on SIRTs by Fluor-de-Lys or fluores-
cence-based assays.59–62

This journal is © The Royal Society of Chemistry 2020
44 and 45 induce apoptosis and show antiproliferative effects
on the tested leukemia cells. Crystallographic studies of 46 in
complex with SIRT2 revealed the binding in an unexplored
selective hydrophobic site surrounded by Leu138, Leu134, and
Ile69 (Fig. 7B), which further conrmed the specic hydro-
phobic site of SIRT2 for selective inhibitor development.
2.8 Benzopyrone derivatives

In 2012, Luthman' group reported the synthesis and evaluation
of benzopyrone derivatives as selective SIRT2 inhibitors, such as
46 (Fig. 8).59 These derivatives were efficiently synthesized by
base-mediated aldol condensation in a one-step process using
microwave irradiation. Further SAR studies of benzopyrone
scaffold focused on the effect of benzopyrone 2-position
substituents on inhibitory activity.60 The activity of resulted
compounds 47 and 48 (Fig. 8) is comparable or slightly lower
than that of the racemic compound 46. Antiproliferative studies
showed that 47 and 48 dose-dependently inhibit the prolifera-
tion of breast cancer MCF-7 cells and lung cancer A549 cells,
and increase the acetylation level of a-tubulin in MCF-7 cells.
Moreover, Luthman' group reported on the use of photoaffinity
labeling (PAL) to identify the binding site of benzopyrone-based
SIRT2 selective inhibitors in 2016.61 The photoactive active
diazine and azide group were introduced at the 6-position of
compound 46, resulting in photoactivatable probes 49 and 50
(Fig. 8). Compound 49 showed better inhibitory activity against
SIRT2, which was used in subsequent PAL experiments to verify
the binding site of benzopyrone derivatives in SIRT2. In this
year, Luthman' group reported the exploration of bioisosteric
replacement of benzopyrone core structure with different bicy-
clic scaffolds, including quinolin-4(1H)-ones, benzothiazine-
1,1-dioxides, benzothiadiazine-1,1-dioxides and saccharins,
resulting in various new derivatives.62 Biochemical assays
showed that benzothiadiazine-1,1-dioxide derivatives have the
strongest inhibitory activity against SIRT2, such as compound
51 (Fig. 8)
Fig. 9 Chemical structures of other SIRT2 inhibitors and their inhibi-
tory activity data on SIRTs.63–68
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2.9 The others

Suramin sodium (52, Fig. 9), a hydrophilic molecule with
a molecular weight of over 1000, was reported by Trapp et al. in
2007 as a dual SIRT1/SIRT2 inhibitor.63 At the same year,
Schuetz et al. identied suramin as a SIRT5 inhibitor and ob-
tained the crystal structure of SIRT5 in complex with suramin,
explaining inhibition mechanism suramin.64 In 2009, Zhang
et al. reported a quaternary ammonium salt compound AC-
93253 (53, Fig. 9) containing benzothiazole as a selective
SIRT2 inhibitor.65 AC-93253 can signicantly increase the
histone acetylation level of a-tubulin, p53, and histone H4 in
the cells, and exhibits selective cytotoxicity towards cancer cells
by inducing apoptosis. In 2013, Disch et al. used Encoded
Library Technology (ELT) to screen a 1.2 million heterocycle
enriched library of DNA encoded small molecules and con-
ducted SAR studies, identifying a set of pyrimidothiophene
derivatives as pan-inhibitors of SIRT1/2/3 with nanomolar
potency, such as 54 (Fig. 9). In 2014, Hoffmann et al. identied
AEM2 (55, Fig. 9) as a moderate and selective SIRT2 inhibitor,
which decreases SIRT2-dependent p53 deacetylation and thus
sensitizes non-small cell lung cancer cell lines towards induc-
tion of apoptosis by the DNA damaging agent etoposide.19 The
triazole derivative MIND4 (56, Fig. 9) was reported as a new
SIRT2 inhibitor by Quinti et al. in 2016, and this inhibitor has
neuroprotective activity in the Huntington's disease model of
Drosophila.66 In 2017, Huang et al. found that compound 57
(Fig. 9) has good inhibitory activity on SIRT2 (IC50(SIRT2) ¼ 1.3
mM) and selectivity (IC50(SIRT1) >300 mM, IC50(SIRT3)> 300 mM)
through docking and SAR analysis.67 Recently, Khalil et al.
designed and synthesized a series of benzothieno[3,2-d]pyrim-
idine derivatives, such as 58 (Fig. 9).68 Most of these compounds
showed good cytotoxicity to breast cancer cell MCF-7 and renal
cancer cell UO-31, and exhibited inhibition and selectivity for
SIRT2. Besides, benzimidazole derivatives have been also re-
ported as SIRT2 inhibitors, such as 59.69–71 These studies
provided structurally diverse inhibitors to probe SIRT2 associ-
ated functions and diseases.
3. Perspectives

As an important member of the SIRT family, SIRT2 is highly
homologous to SIRT1 and SIRT3, containing a smaller Zn2+

binding domain and a relatively larger Rossmann folding
domain, and a catalytic core domain (including the substrate
binding site and NAD+ binding site) formed by the “loop”
connecting these two domains.21 While SIRT2 has a specic,
deep hydrophobic site to accommodate long-chain acyl-lysine
substrates as well as to recognize selective small-molecule
inhibitors. As summarized above, several structurally distinct
selective small-molecule SIRT2 inhibitors have been developed,
which were demonstrated by crystallographic analyses to bind
with the unique hydrophobic site of SIRT2, providing important
clues or inspiration idea for future inhibitor design. Although
no clinically useful SIRT2 inhibitors are available at present, the
potential of selective SIRT2 inhibitors has been validated in vitro
and in vivo, particularly with regard to their effectiveness in
37388 | RSC Adv., 2020, 10, 37382–37390
mediating or balancing related biological responses. The
discovery and optimization strategies for SIRT2 inhibitors
highlighted herein are expected to offer useful information and
guidance to inhibitor development targeting SIRT2 and related
target proteins.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work is supported by the National Natural Science Foun-
dation (No: 81703355), the Ministry of Education (No:
Z2011096), the Science and Technology Department of Sichuan
Province (No: 2019YJ0454), the Education Department of
Sichuan Province (No: 10zc057).
References

1 B. Chen, W. Zang, J. Wang, Y. Huang, Y. He, L. Yan, J. Liu and
W. Zheng, Chem. Soc. Rev., 2015, 44, 5246–5264.

2 E. Michishita, J. Y. Park, J. M. Burneskis, J. C. Barrett and
I. Horikawa, Mol. Biol. Cell, 2005, 16, 4623–4635.

3 R. H. Houtkooper, E. Pirinen and J. Auwerx, Nat. Rev. Mol.
Cell Biol., 2012, 13, 225–238.

4 L. Yang, X. Ma, Y. He, C. Yuan, Q. Chen, G. Li and X. Chen,
Sci. China: Life Sci., 2017, 60, 249–256.

5 L.-L. Yang, H.-L. Wang, Y.-H. Yan, S. Liu, Z.-J. Yu,
M.-Y. Huang, Y. Luo, X. Zheng, Y. Yu and G.-B. Li, Eur. J.
Med. Chem., 2020, 192, 112201.

6 S. C. Dryden, F. A. Nahhas, J. E. Nowak, A. S. Goustin and
M. A. Tainsky, Mol. Cell. Biol., 2003, 23, 3173–3185.

7 A. Vaquero, M. B. Scher, D. H. Lee, A. Sutton, H.-L. Cheng,
F. W. Alt, L. Serrano, R. Sternglanz and D. Reinberg, Genes
Dev., 2006, 20, 1256–1261.

8 T. Nakagawa and L. Guarente, J. Cell Sci., 2011, 124, 833–838.
9 F. Wang, C. H. Chan, K. Chen, X. Guan, H. K. Lin and
Q. Tong, Oncogene, 2012, 31, 1546–1557.

10 R. M. de Oliveira, J. Sarkander, A. G. Kazantsev and
T. F. Outeiro, Front. Pharmacol., 2012, 3, 00082.

11 V. Carafa, L. Altucci and A. Nebbioso, Front. Pharmacol.,
2019, 10, 38.

12 Y.-B. Teng, H. Jing, P. Aramsangtienchai, B. He, S. Khan,
J. Hu, H. Lin and Q. Hao, Sci. Rep., 2015, 5, 8529.

13 M. Roth and W. Y. Chen, Oncogene, 2014, 33, 1609–1620.
14 T. Inoue, M. Hiratsuka, M. Osaki and M. Oshimura, Cell

Cycle, 2007, 6, 1011–1018.
15 A. L. Garske, B. C. Smith and J. M. Denu, ACS Chem. Biol.,

2007, 2, 529–532.
16 J. Chen, A. W. H. Chan, K.-F. To, W. Chen, Z. Zhang, J. Ren,

C. Song, Y.-S. Cheung, P. B. S. Lai, S.-H. Cheng, M. H. L. Ng,
A. Huang and B. C. B. Ko, Hepatology, 2013, 57, 2287–2298.

17 H. Jing, J. Hu, B. He, Y. L. N. Abril, J. Stupinski, K. Weiser,
M. Carbonaro, Y.-L. Chiang, T. Southard, P. Giannakakou,
R. S. Weiss and H. Lin, Cancer Cell, 2016, 29, 767–768.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra06316a


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
5:

39
:4

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
18 H. Xu, Y. Li, L. Chen, C. Wang, Q. Wang, H. Zhang, Y. Lin,
Q. Li and T. Pang, Int. J. Oncol., 2016, 48, 613–623.

19 G. Hoffmann, F. Breitenbuecher, M. Schuler and
A. E. Ehrenhofer-Murray, J. Biol. Chem., 2014, 289, 5208–
5216.

20 T. F. Outeiro, E. Kontopoulos, S. M. Altmann, I. Kufareva,
K. E. Strathearn, A. M. Amore, C. B. Volk, M. M. Maxwell,
J.-C. Rochet, P. J. McLean, A. B. Young, R. Abagyan,
M. B. Feany, B. T. Hyman and A. G. Kazantsev, Science,
2007, 317, 516–519.

21 M. S. Finnin, J. R. Donigian and N. P. Pavletich, Nat. Struct.
Biol., 2001, 8, 621–625.

22 J. L. Feldman, K. E. Dittenhafer-Reed, N. Kudo, J. N. Thelen,
A. Ito, M. Yoshida and J. M. Denu, Biochemistry, 2015, 54,
3037–3050.

23 Y. Wang, J. He, M. Liao, M. Hu, W. Li, H. Ouyang, X. Wang,
T. Ye, Y. Zhang and L. Ouyang, Eur. J. Med. Chem., 2019, 161,
48–77.

24 H. Jing, J. Hu, B. He, Y. L. Negron Abril, J. Stupinski,
K. Weiser, M. Carbonaro, Y. L. Chiang, T. Southard,
P. Giannakakou, R. S. Weiss and H. Lin, Cancer Cell, 2016,
29, 297–310.

25 A. S. Farooqi, J. Y. Hong, J. Cao, X. Lu, I. R. Price, Q. Zhao,
T. Kosciuk, M. Yang, J. J. Bai and H. Lin, J. Med. Chem.,
2019, 62, 4131–4141.

26 N. A. Spiegelman, J. Y. Hong, J. Hu, H. Jing, M. Wang,
I. R. Price, J. Cao, M. Yang, X. Zhang and H. Lin,
ChemMedChem, 2019, 14, 744–748.

27 T. Rumpf, M. Schiedel, B. Karaman, C. Roessler, B. J. North,
A. Lehotzky, J. Olah, K. I. Ladwein, K. Schmidtkunz,
M. Gajer, M. Pannek, C. Steegborn, D. A. Sinclair,
S. Gerhardt, J. Ovadi, M. Schutkowski, W. Sippl, O. Einsle
and M. Jung, Nat. Commun., 2015, 6, 6263.

28 M. Schiedel, T. Rumpf, B. Karaman, A. Lehotzky,
S. Gerhardt, J. Ovadi, W. Sippl, O. Einsle and M. Jung,
Angew. Chem., Int. Ed., 2016, 55, 2252–2256.

29 M. Schiedel, D. Herp, S. Hammelmann, S. Swyter,
A. Lehotzky, D. Robaa, J. Olah, J. Ovadi, W. Sippl and
M. Jung, J. Med. Chem., 2018, 61, 482–491.

30 L.-L. Yang, H.-L. Wang, L. Zhong, C. Yuan, S.-Y. Liu, Z.-J. Yu,
S. Liu, Y.-H. Yan, C. Wu, Y. Wang, Z. Wang, Y. Yu, Q. Chen
and G.-B. Li, Eur. J. Med. Chem., 2018, 155, 806–823.

31 L.-L. Yang, W. Xu, J. Yan, H.-L. Su, C. Yuan, C. Li, X. Zhang,
Z.-J. Yu, Y.-H. Yan, Y. Yu, Q. Chen, Z. Wang, L. Li, S. Qian and
G.-B. Li, MedChemComm, 2019, 10, 164–168.

32 K. J. Bitterman, R. M. Anderson, H. Y. Cohen, M. Latorre-
Esteves and D. A. Sinclair, J. Biol. Chem., 2002, 277, 45099–
45107.

33 H. Cui, Z. Kamal, T. Ai, Y. Xu, S. S. More, D. J. Wilson and
L. Chen, J. Med. Chem., 2014, 57, 8340–8357.

34 P. Mellini, Y. Itoh, H. Tsumoto, Y. Li, M. Suzuki, N. Tokuda,
T. Kakizawa, Y. Miura, J. Takeuchi, M. Lahtela-Kakkonen
and T. Suzuki, Chem. Sci., 2017, 8, 6400–6408.

35 T. Ai, D. J. Wilson, S. S. More, J. Xie and L. Chen, J. Med.
Chem., 2016, 59, 2928–2941.
This journal is © The Royal Society of Chemistry 2020
36 P. R. Tatum, H. Sawada, Y. Ota, Y. Itoh, P. Zhan, N. Ieda,
H. Nakagawa, N. Miyata and T. Suzuki, Bioorg. Med. Chem.
Lett., 2014, 24, 1871–1874.

37 H. Ota, E. Tokunaga, K. Chang, M. Hikasa, K. Iijima, M. Eto,
K. Kozaki, M. Akishita, Y. Ouchi and M. Kaneki, Oncogene,
2006, 25, 176–185.

38 D. Rotili, D. Tarantino, A. Nebbioso, C. Paolini, C. Huidobro,
E. Lara, P. Mellini, A. Lenoci, R. Pezzi, G. Botta, M. Lahtela-
Kakkonen, A. Poso, C. Steinkuehler, P. Gallinari, R. De
Maria, M. Fraga, M. Esteller, L. Altucci and A. Mai, J. Med.
Chem., 2012, 55, 10937–10947.

39 S. S. Mahajan, M. Scian, S. Sripathy, J. Posakony, U. Lao,
T. K. Loe, V. Leko, A. Thalhofer, A. D. Schuler, A. Bedalov
and J. A. Simon, J. Med. Chem., 2014, 57, 3283–3294.

40 P. Di Fruscia, E. Zacharioudakis, C. Liu, S. Moniot,
S. Laohasinnarong, M. Khongkow, I. F. Harrison,
K. Koltsida, C. R. Reynolds, K. Schmidtkunz, M. Jung,
K. L. Chapman, C. Steegborn, D. T. Dexter,
M. J. E. Sternberg, E. W. F. Lam and M. J. Fuchter,
ChemMedChem, 2015, 10, 69–82.

41 B. Heltweg, T. Gatbonton, A. D. Schuler, J. Posakony, H. Z. Li,
S. Goehle, R. Kollipara, R. A. DePinho, Y. S. Gu, J. A. Simon
and A. Bedalov, Cancer Res., 2006, 66, 4368–4377.

42 S. Sundriyal, S. Moniot, Z. Mahmud, S. Yao, P. Di Fruscia,
C. R. Reynolds, D. T. Dexter, M. J. E. Sternberg,
E. W. F. Lam, C. Steegborn and M. J. Fuchter, J. Med.
Chem., 2017, 60, 1928–1945.

43 D. Rotili, D. Tarantino, V. Carafa, C. Paolini, J. Schemies,
M. Jung, G. Botta, S. Di Maro, E. Novellino,
C. Steinkuehler, R. De Maria, P. Gallinari, L. Atucci and
A. Mai, J. Med. Chem., 2012, 55, 8193–8197.

44 D. M. Taylor, U. Balabadra, Z. Xiang, B. Woodman, S. Meade,
A. Amore, M. M. Maxwell, S. Reeves, G. P. Bates, R. Luthi-
Carter, P. A. S. Lowden and A. G. Kazantsev, ACS Chem.
Biol., 2011, 6, 540–546.

45 M. A. Khanfar, L. Quinti, H. Wang, S. H. Choi,
A. G. Kazantsev and R. B. Silverman, Eur. J. Med. Chem.,
2014, 76, 414–426.

46 L. Wang, C. Li, W. Chen, C. Song, X. Zhang, F. Yang,
C. Wang, Y. Zhang, S. Qian, Z. Wang and L. Yang,
Molecules, 2019, 24, 2724.

47 T. Sakai, Y. Matsumoto, M. Ishikawa, K. Sugita,
Y. Hashimoto, N. Wakai, A. Kitao, E. Morishita,
C. Toyoshima, T. Hayashi and T. Akiyama, Bioorg. Med.
Chem., 2015, 23, 328–339.

48 A. D. Napper, J. Hixon, T. McDonagh, K. Keavey, J. F. Pons,
J. Barker, W. T. Yau, P. Amouzegh, A. Flegg, E. Hamelin,
R. J. Thomas, M. Kates, S. Jones, M. A. Navia, J. Saunders,
P. S. DiStefano and R. Curtis, J. Med. Chem., 2005, 48,
8045–8054.

49 T. Yang, X. Chen, H.-x. Jin, G. Sethi andM.-L. Go, Eur. J. Med.
Chem., 2015, 92, 145–155.

50 E. Therrien, G. Larouche, N. Nguyen, J. Rahil, A.-M. Lemieux,
Z. Li, M. Fournel, T. P. Yan, A.-J. Landry, S. Lefebvre,
J. J. Wang, K. MacBeth, C. Heise, A. Nguyen,
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