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Background: Pharmacological inhibition of the NAD⫹-dependent deacetylase SIRT2 holds promise for cancer therapy by
preventing deacetylation and inactivation of p53.
Results: We identified two novel SIRT2 inhibitors that induce apoptosis in a p53-dependent fashion and activate three p53
target genes.
Conclusion: Small-molecule inhibition of SIRT2 activates p53-dependent apoptosis in cancer cells.
Significance: The compounds reported here are promising lead candidates for use in cancer treatment.
Sirtuin 2 (SIRT2) is an NADⴙ-dependent protein deacetylase
whose targets include histone H4 lysine 16, p53, and ␣-tubulin.
Because deacetylation of p53 regulates its effect on apoptosis,
pharmacological inhibition of SIRT2-dependent p53 deacetylation is of great therapeutic interest for the treatment of cancer.
Here, we have identified two structurally related compounds,
AEM1 and AEM2, which are selective inhibitors of SIRT2 (IC50
values of 18.5 and 3.8 M, respectively), but show only weak
effects on other sirtuins such as SIRT1, SIRT3, and yeast Sir2.
Interestingly, both compounds sensitized non-small cell lung
cancer cell lines toward the induction of apoptosis by the DNAdamaging agent etoposide. Importantly, this sensitization was
dependent on the presence of functional p53, thus establishing a
link between SIRT2 inhibition by these compounds and p53
activation. Further, treatment with AEM1 and AEM2 led to elevated levels of p53 acetylation and to increased expression of
CDKN1A, which encodes the cell cycle regulator p21WAF1, as
well as the pro-apoptotic genes PUMA and NOXA, three transcriptional targets of p53. Altogether, our data suggest that inhibition of
SIRT2 by these compounds causes increased activation of p53 by
decreasing SIRT2-dependent p53 deacetylation. These compounds thus provide a good opportunity for lead optimization and
drug development to target p53-proficient cancers.

Sirtuin 2 (SIRT2)2 is one of seven members of the sirtuin
family of proteins, whose members are homologous to the
silencing protein Sir2 from Saccharomyces cerevisiae (1, 2) and
possess NAD⫹-dependent histone and protein deacetylase
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activity (3–5). Sirtuin enzymes have received widespread attention over the last few years due to their diverse physiological
roles in metabolism, aging, and age-related human disorders
(6 – 8). SIRT2 is the closest homolog to Hst2 from S. cerevisiae,
which is a cytoplasmic H4 lysine 16 (H4 K16) histone deacetylase that disrupts telomeric silencing and increases rDNA
silencing upon overexpression (9, 10). SIRT2 deacetylates ⑀-Nacetyllysine residues on a variety of protein substrates (11),
including histones H3 (12) and H4 (13), the transcription factors p53 (14), p65 (15), Foxo1 (16), and Foxo3a (17), as well as
␣-tubulin (18) (for review, see Ref. 19). Unlike other sirtuins,
SIRT2 is mainly cytoplasmic, where it co-localizes with and
deacetylates lysine 40 of ␣-tubulin (18). During G2/M phase,
SIRT2 relocates to the nucleus and deacetylates histone H4 K16
(13, 20), thereby modulating chromatin condensation during
metaphase (13, 21). SIRT2 levels increase in mitosis, and SIRT2
overexpression prolongs M phase and delays mitotic exit (21),
thus demonstrating a role for SIRT2 in cell cycle regulation
(22). In mice, the absence of SIRT2 leads to reduced activity of
the anaphase-promoting complex/cyclosome through deacetylation of Cdh1 and Cdc20, which causes higher rates of aneuploidy. Consequently, SIRT2-deficient mice show an increased
cancer incidence, suggesting that SIRT2 is a tumor suppressor.
However, as for other sirtuins (23), conflicting data exist
regarding the role of SIRT2 in carcinogenesis. In contrast to its
role as a potential tumor suppressor, SIRT2 deacetylates and
thus inhibits the activity of p53 (14, 24), suggesting that SIRT2
inhibition may be useful for anticancer treatment. An efficient
increase of in vivo acetylation of p53 in a breast carcinoma cell
line requires inhibition of both SIRT2 and its homolog SIRT1
(14), which also deacetylates p53 (25). Consequently, simultaneous inhibition of both SIRT1 and SIRT2 induces apoptosis in
some tumor cell lines and in Burkitt lymphoma xenografts (14,
26). In other cell lines, SIRT2 down-regulation alone is sufficient to cause apoptosis, and SIRT2 depletion leads to p53 accumulation by causing activation of the p38 MAP kinase, which
leads to degradation of p300 and subsequent degradation of the
negative p53 regulator MDM2 (27). Furthermore, another
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study reported increased SIRT2 expression in 6 of 11 human
pancreatic adenocarcinomas (28), and SIRT2 was found to be
up-regulated in human breast cancer and hepatocellular carcinoma (29). Altogether, the role of SIRT2 as an oncogene or a
tumor suppressor may therefore vary depending on the cancer
type and requires further investigation to develop SIRT2 inhibitors as therapeutic interventions for the treatment of selected
cancer types.
Next to its role as an anticancer target, SIRT2 also holds
promise as a target for the treatment of neurodegenerative disorders in that SIRT2 inhibition in primary neuronal and invertebrate models of Parkinson and Huntington diseases rescues
neurotoxicity induced by ␣-synuclein and huntingtin proteins,
respectively (30 –32).
So far, only few inhibitors of SIRT2 have been identified, but
they lack selectivity for SIRT2 versus other sirtuins or have suboptimal pharmacological properties (see “Discussion”). In this
study, we report the identification of two novel, structurally
related SIRT2 inhibitors, compounds AEM1 and AEM2. They
show selective inhibition of SIRT2 with IC50 values of 18.5 and
3.8 M, respectively, but no inhibition of the related sirtuins
SIRT1, SIRT3, and yeast Sir2. Treatment of cancer cell lines
with these compounds caused sensitization of the cells to etoposide-induced apoptosis. Furthermore, we show that the sensitization by compound AEM2 partially depends on the presence of functional p53. Furthermore, AEM1 and AEM2 caused
increased acetylation of p53 and enhanced the induction of the
canonical p53 target genes CDKN1A, PUMA, and NOXA. Thus,
AEM2 constitutes a promising lead compound for the development of SIRT2 inhibitors as anticancer therapeutics.

EXPERIMENTAL PROCEDURES
Materials—SIRT1 (full-length) and SIRT1 (amino acids
235– 664) were affinity-purified from Escherichia coli strains
carrying polyhistidine-tagged full-length human SIRT1
(pET30z-SIRT1, a gift from T. Kouzarides) or SIRT1(235– 664)
(pAE1700) using standard methods. Sir2 from S. cerevisiae was
affinity-purified from E. coli cells carrying polyhistidine-tagged
Sir2 (pFX21, kindly provided by M. Grunstein). SIRT2 was purchased from Calbiochem. Compounds were purchased from
ChemDiv (Moscow, Russia) or Asinex (Moscow, Russia). Compound AEM2 (ChemDiv 6423-0105) was subjected to analysis
by liquid chromatography coupled to mass spectrometry (LC/
MS) and 1H nuclear magnetic resonance (NMR) spectroscopy.
It was found to have a purity of ⬎98% and may consist of an
enantiomer mixture (supplemental Figs. S1 and S2).
Fluorescence-based Deacetylation Assay with the Substrate
MAL—Deacetylation assays using Boc(Ac)Lys-7-amino-4methyl-coumarin (MAL; Bachem, Bubendorf, Switzerland) as a
substrate were performed in a volume of 20 l in 384-well low
volume plates (Eppendorf) in a reaction buffer containing 25
mM Tris-HCl (pH 8.0), 137 mM NaCl, 1 mM MgCl2, 2.7 mM KCl,
1 mg/ml BSA, and 1 mM DTT. Enzymes were added at different
concentrations to wells in a volume of 10 l and were preincubated with inhibitors (volume 1 l, diluted in dimethyl sulfoxide) or with dimethyl sulfoxide as a control for 10 min at room
temperature. Subsequently, 10 l 2⫻ concentrated substrate
solution containing 200 M MAL and 2 mM NAD⫹ was added
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to initiate the reaction, which was incubated at 37 °C for 4 h.
This allowed for ⬃50% deacetylation of MAL. After incubation,
20 l of trypsin solution (0.5 mg/ml) was added, and the trypsin
cleavage reaction was allowed to proceed at 37 °C for 1 h. Fluorescence readings were obtained using a fluorescence reader
(GENiosPro TECAN), with the excitation wavelength set to 360
nm and the emission set to 465 nm. IC50 values and curve fitting
were performed using GraphPad Prism 5.04 with nonlinear
regression analysis. The indicated values are the average of
three replicates.
Potential autofluorescence of the compounds, which may
confound the deacetylation assay, was controlled by measuring
the fluorescence of reaction mixtures containing all components except the sirtuin enzyme with or without 250 M compounds. None of the compounds presented here showed autofluorescence (data not shown). A potential effect of the
compounds on the trypsin cleavage reaction was investigated
by testing the ability of the compounds to inhibit trypsin cleavage of unacetylated MAL. No compound inhibition was
observed (data not shown). The MAL deacetylation assay was
used to screen a library of ⬃18,000 compounds (ChemBioNet,
Screening Unit of the Leibniz-Institute for Molecular Pharmacology, Berlin, Germany) for SIRT1 inhibitors.3
HPLC-based p53 Peptide Deacetylation Assay—A deacetylation assay using a p53 peptide substrate lacking a fluorophore
was performed as follows. Assay conditions were as for the
MAL deacetylation assay, but with a reaction volume of 50 l.
After preincubation of SIRT2 or SIRT1 with the inhibitors for
10 min, the reaction was started by adding the substrate, an
acetylated p53 peptide (HLKSKKGQSTSRHKK(Ac)LMFK,
synthesized by Biosyntan, Berlin, Germany), at 100 M in reaction buffer containing 1 mM NAD⫹. The reaction was incubated for 30 min at 37 °C, which allows for 50% deacetylation,
and the reaction was stopped by shock freezing in liquid nitrogen. 40 l of the reaction mixture was injected into a reversed
phase C18 column (Jupiter RP-C18; Phenomenex). The acetylated and deacetylated p53 peptides were separated using
increasing concentrations (1–35%) of acetonitrile in 0.1% trifluoroacetic acid over 30 min. The peptides were detected and
quantified using a UV detector at a wavelength of 214 nm. The
percentage of deacetylation was calculated by dividing the area
under the peak of the deacetylated product by the sum of the
areas under the peak of both acetylated and deacetylated p53
peptides.
Cell Culture and Cell Cycle Analysis—Non-small cell lung
cancer (NSCLC) cell lines were gifts from Dr. Ö. Türeci, Mainz.
Cells were grown on tissue culture dishes (BD Falcon) in RPMI
1640 medium (Invitrogen) supplemented with 10% or 0.5% fetal
bovine serum, glucose, L-glutamine, and penicillin/streptomycin in a humidified atmosphere at 5% CO2. Stable expression of
a tamoxifen-inducible human p53 construct (pBabepurop53ERTM (33)) in H1299 cells was achieved by retroviral transduction as described previously (34). Measurements of cell
cycle distribution were performed by flow cytometry (Calibur;
BD Biosciences) as described previously (35). For cell viability
3
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FIGURE 1. Identification of a SIRT2-selective inhibitor, compound AEM1. A, chemical structure of the SIRT2 inhibitor AEM1 is shown. B, SIRT2-dependent
MAL deacetylation was inhibited by compound AEM1. C, compound AEM1 showed weak inhibition of MAL deacetylation by SIRT1. D, compound AEM1 and
AEM2 were potent inhibitors of p53 deacetylation by SIRT2, but not SIRT1. E, compound AEM1 showed weak inhibition of truncated SIRT1(⌬1–234) or the
sirtuins SIRT3 and Sir2 from S. cerevisiae (ySir2). In all cases, deacetylation in a control reaction containing dimethyl sulfoxide was set to 100%. Results are given
as the average ⫾ S.D. (error bars) of three to six independent determinations.

measurements, cells were grown in flat-bottom 96-well plates
in the presence or absence of compounds. After defined times,
cells were treated with 10 l of 12 mM 3-[4,5-dimethylthiazol2-yl]-2,5-diphenyltetrazolium bromide (MTT) for 4 h at 37 °C.
Subsequently, 100 l of solubilization solution (0.01 M HCl, 10%
SDS) was added and incubated overnight at 37 °C. The absorbance was determined using a spectrophotometer (550 – 600
nm). Levels of acetylated p53 were measured by Western blotting using whole cell protein extracts with an ␣-Ac-p53 antibody (p53-K382Ac; Millipore) and with ␣-tubulin (Abcam) as a
loading control.
Quantification of mRNA Expression Levels—The expression
level of endogenous CDKN1A, PUMA, NOXA, SIRT1, and
SIRT2 was determined by reverse transcription of total RNA
followed by quantitative PCR analysis. The NSCLC cell lines
were grown in 6-cm dishes in the presence or absence of compounds for 6 h. Total RNA was extracted using TRIzol (Invitrogen) according to the manufacturer’s protocol. 3 g of total
RNA was reverse-transcribed by extension of oligo(dT) primers
using SuperScript III reverse transcriptase (Invitrogen). Realtime PCR of the cDNA using specific primers was performed
using the Universal ProbeLibrary System (UPL; Roche Applied
Science) for CDKN1A and SYBR Green (Qiagen) for PUMA,
NOXA, SIRT1, and SIRT2.

RESULTS
Identification of Two SIRT2-specific Inhibitors—In the course
of a screen for novel inhibitors of SIRT1, we identified one
compound that showed mild inhibition of SIRT1, but which we
subsequently found to be a potent inhibitor of SIRT2 and which
was pursued in this study. For the inhibitor screen, an in vitro
deacetylation assay with full-length SIRT1 and MAL as a substrate was used. MAL consists of an acetyllysine residue connected to the fluorophore 7-amino-4-methyl-coumarin and is a
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substrate for NAD⫹-dependent deacetylation by SIRT1 as well
as other sirtuins. Candidate inhibitors of SIRT1 were subsequently tested for inhibition of other sirtuins. Interestingly,
compound AEM1 (Fig. 1A) showed strong inhibition of SIRT2dependent deacetylation of MAL, with an IC50 value of 18.5 M
(Fig. 1B). Conversely, compound AEM1 showed weak inhibition of SIRT1, with an IC50 value of 118.4 M (Fig. 1C).
Because previous studies have shown that the fluorophore on
the deacetylation substrate influences sirtuin activity (36, 37),
we sought to determine the inhibitory effect of compound
AEM1 on a substrate lacking fluorophore 7-amino-4-methylcoumarin. For this purpose, we used a peptide corresponding to
amino acids 368 –386 of p53 that carries an acetylated lysine
(Lys-382) as a substrate and measured deacetylation by separating and quantifying the acetylated and unacetylated peptides by
HPLC. Significantly, compound AEM1 inhibited SIRT2 activity
to 15% at 50 M and to 38% at 20 M (Fig. 1D), which thus was
in a range similar to that of inhibition of MAL deacetylation.
Conversely, there was no detectable inhibition of SIRT1-mediated p53 deacetylation at 50 M (Fig. 1D).
We next tested the inhibitory effect of compound AEM1 on
other sirtuins by measuring its effect on MAL deacetylation by
Sir2 from S. cerevisiae (ySir2) and SIRT3. Furthermore, the
SIRT1 N terminus has previously been reported to affect its
activity (38), and we therefore also tested inhibition of an N-terminally truncated SIRT1(⌬1–234). Inhibition of SIRT1(⌬1–
234) as well as ySir2 and SIRT3 at 50 M compound was relatively mild, with 65– 80% remaining activity for MAL
deacetylation (Fig. 1E), indicating that AEM1 had a high selectivity for inhibition of SIRT2.
We furthermore sought to perform an analysis of the relationship between the structure of compound AEM1 and its
inhibitory activity on SIRT2. For this purpose, we obtained four
VOLUME 289 • NUMBER 8 • FEBRUARY 21, 2014
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FIGURE 2. Relationship between chemical structure and SIRT2 inhibition of derivatives of compound AEM1. A, inhibition of SIRT2-dependent MAL
deacetylation by compound AEM2. Representation is as in Fig. 1. B, inhibition of SIRT2 by compound 1. C and D, compounds 2 and 3 showing no SIRT2
inhibition.

derivatives (AEM2, compounds 1, 2, and 3) with different substituents on the carboxamide group compared with compound
AEM1. Significantly, addition of a 3-methyl-pyridyl group
(compound AEM2) led to an improved IC50 value of 3.8 M in
the MAL deacetylation assay (Fig. 2A). The presence of a
methoxy-propyl group (compound 1) caused an inhibition similar to compound AEM1 itself (18.7 M, Fig. 2B). Conversely,
substitution of two other groups (compounds 2 and 3) caused a
complete loss of SIRT2 inhibition (Fig. 2, C and D). Furthermore, compound AEM2 inhibited SIRT2-mediated deacetylation of the p53 peptide to 20% at 20 M and to 10% at 50 M (Fig.
1D) and thus was also more potent than compound AEM1 in
this assay. Taken together, this showed that the presence of a
heterocyclic aromatic ring at the carboxamide position led to
an increased inhibitory effect on SIRT2 deacetylation.
Compounds AEM1 and AEM2 Sensitized Lung Cancer Cells
to Etoposide-induced Apoptosis—Because sirtuin inhibitors
have previously been shown to have anticancer potential due to
sirtuin misregulation in cancer cells (for review, see Ref. 39), we
sought to determine the effects in cancer cells of the novel
SIRT2 inhibitors identified here. We therefore investigated
their ability to induce apoptosis in two NSCLC cell lines, A549,
which is p53-proficient, and H1299, a p53-negative (p53⫺/⫺)
cancer cell line. Because both cell lines are resistant to the
DNA-damaging agent etoposide (VP-16) (40), we were particularly interested to determine whether the compounds led to a
sensitization of the cells to etoposide treatment and thus to
increased etoposide-induced apoptosis. For this purpose, the
cell lines were treated with different concentrations of AEM1 or
AEM2 either in the absence or in the presence of a low concentration of etoposide (1 M) for 48 h, and the extent of apoptosis
was determined by measuring the fraction of cells with subdiploid DNA content (sub-G1) by FACS analysis. In the absence of
etoposide, treatment with the compounds at 20 M led to a mild
increase of apoptosis in A549 cells (Fig. 3A). As reported earlier
(40), treatment of A549 with etoposide alone caused a mild
FEBRUARY 21, 2014 • VOLUME 289 • NUMBER 8

increase in apoptosis in A549. Significantly, however, the combined treatment with etoposide and the compounds caused a
marked increase in apoptosis up to approximately 20%. This
indicated that treatment of A549 cells with AEM1 or AEM2
sensitized the cells to the cytotoxic effect of etoposide.
We next asked whether compounds AEM1 and AEM2 displayed a similar effect in the p53⫺/⫺ cell line H1299. Strikingly,
whereas treatment with AEM1 or AEM2 alone led to a similar
increase of apoptosis as in the p53-proficient A549 cell line, it
did not lead to a sensitization of the cells to etoposide. Specifically, the fraction of apoptotic H1299 cells upon etoposide
treatment was approximately 10%, regardless of whether they
were also exposed to the compounds or not (Fig. 3B). As H1299
cells lack the p53 tumor suppressor, these results suggested that
the ability of compounds AEM1 and AEM2 to enhance etoposide-mediated apoptosis depended on p53. Because p53 is a
target for SIRT2 deacetylation (14), this suggested that compounds AEM1 and AEM2 inhibited SIRT2 in vivo and that this
led to increased p53 acetylation and thus to higher p53 activity
and concurrent etoposide-mediated cell death. On their own,
both compounds reduced cell viability of the cells to ⬃50% at 20
M and reduced cell proliferation (data not shown).
The Cytotoxic Effect of the SIRT2 Inhibitors Was Partially
Dependent on Functional p53—There are arguably more
genetic differences between the A549 and the H1299 cell lines
than their p53 status. Therefore, to investigate the connection
between the effect of compounds AEM1 and AEM2 and p53, we
constructed H1299-derived cell lines with an inducible p53
allele (H1299 p53-ERTM cell line), thus eliminating any other
possible differences in the background of the cell line. The
H1299 p53-ERTM cell line carries a transgene encoding a fusion
of human p53 to a modified murine estrogen receptor ligandbinding domain (ERTM, estrogen receptortamoxifen mutant). The
p53-ERTM fusion protein is expressed in these cells but only
becomes activated upon addition of 4-hydroxytamoxifen (41).
In the absence of tamoxifen, the H1299 p53-ERTM cells showed
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 3. SIRT2 inhibition sensitized NSCLC cells to etoposide-mediated apoptosis in a p53-dependent fashion. A and B, the cell lines A549 (p53⫹/⫹) (A)
and H1299 (p53⫺/⫺) (B) were treated with increasing concentrations of compound AEM1 (left) or AEM2 (right) in the absence (dark bars) or presence of 1 M
etoposide (VP-16, light bars). After 48 h, the percentage of cells with subdiploid DNA content (sub-G1) was measured by flow cytometry as an indicator of
apoptosis. Values of three independent determinations ⫾ S.D. (error bars) are shown. C, p53⫺/⫺ H1299 cells stably transduced with a tamoxifen-inducible
p53-ERTM fusion (H1299 p53-ERTM) were treated as in B with compound AEM1 or AEM2 in the absence or presence of etoposide (VP-16), and apoptosis was
measured as in B. D, p53 function in H1299 p53-ERTM cells was induced with 100 nM tamoxifen in parallel, and the effect of treatment with compounds AEM1
and AEM2 in combination with etoposide was measured as in A.

a response similar to that of the original H1299 cell line to
treatment with etoposide and compound AEM1 or AEM2 (Fig.
3C). Significantly, however, upon activation of p53-ERTM function with 4-hydroxytamoxifen, compound AEM2 significantly
stimulated etoposide-induced cellular apoptosis (Fig. 3D). This
clearly indicated that the induction of apoptosis by compound
AEM2 required the presence of functional p53. In contrast to
compound AEM2, compound AEM1 did not increase etoposide-mediated apoptosis at concentrations up to 20 M (Fig.
3D), perhaps because of its weaker inhibitory effect on
SIRT2. In summary, these results established a functional
link between pharmacological SIRT2 inhibition and p53mediated apoptosis.
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Treatment with SIRT2 Inhibitors Caused Increased p53
Acetylation and Induced Expression of the Canonical p53 Target Genes CDKN1A, PUMA, and NOXA—The effects of AEM1
and AEM2 on p53-mediated apoptosis above raised the question whether these compounds, which we identified as in vitro
SIRT2 inhibitors, also caused a measurable increase in p53
acetylation in vivo. To test this, the p53-proficient cell line A549
was treated with AEM1 or AEM2 in the presence or absence of
etoposide, and p53 acetylation levels were measured by Western blotting with an ␣-p53-K382Ac antibody. As expected,
treatment with etoposide alone led to p53 activation and thus to
an induction of p53 acetylation (Fig. 4A). Significantly, concomitant treatment with either AEM1 or AEM2 enhanced the
VOLUME 289 • NUMBER 8 • FEBRUARY 21, 2014
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FIGURE 4. Enhancement of p53 acetylation signal by pharmacological
SIRT2 inhibition. A, the cell line A549 (p53⫹/⫹) was treated with 20 M compound AEM1 or AEM2 in the absence or presence of 1 M etoposide (VP-16).
The acetylation level of p53 protein was determined by Western blotting
using an ␣-p53-K382Ac antibody. Tubulin served as a loading control. The cell
line H1299 (p53⫺/⫺) was used as a negative control. B, expression levels of
SIRT2 and SIRT1 were unaffected by compounds AEM1 and AEM2. mRNA
expression levels were measured by real-time PCR analysis. Expression levels
of untreated cells (n. C.) was set to 1 and normalized to actin mRNA in individual experiments. Values of three independent determinations ⫾ S.D. (error
bars) are shown.

etoposide-induced p53 acetylation, whereas the SIRT2 inhibitors alone showed no effect. Of note, neither compound led to a
reduction of SIRT2 or SIRT1 expression (Fig. 4B), which might
also have explained higher p53 acetylation levels. Therefore,
because both compounds are in vitro SIRT2 inhibitors, this
indicated that they directly inhibit SIRT2 in vivo, which leads to
increased p53 acetylation levels.
To further evaluate the link between SIRT2 inhibition by
AEM1 and AEM2 and the induction of p53 activity, we tested
whether SIRT2 inhibition by these compounds caused induction of three transcriptional targets of p53, CDKN1A (42),
NOXA (43), and PUMA (44). For this purpose, p53-proficient
A549 cells were treated with the compounds alone or in combination with etoposide, and the level of CDKN1A, PUMA, and
NOXA RNA expression was measured. Etoposide treatment
alone causes p53 induction, which led to increased expression
of CDKN1A and PUMA, but not NOXA (Fig. 5). Importantly,
induction of all three p53 target genes was potentiated upon
simultaneous treatment with AEM2 (and to a lesser degree with
AEM1). These results further corroborated the notion that
FEBRUARY 21, 2014 • VOLUME 289 • NUMBER 8

FIGURE 5. SIRT2 inhibition induced CDKN1A, PUMA, and NOXA expression
in response to etoposide in the NSCLC cell line A549. The cell line A549 was
treated with 20 M AEM1 or AEM2 in the absence or presence of 1 M etoposide (VP-16). After 6 h, the expression level of each gene was measured by
real-time PCR analysis. RNA expression of untreated cells (n. C.) was set to 1
and normalized to actin mRNA in individual experiments. Values of at least
three independent determinations ⫾ S.D. (error bars) are shown. p values
were determined by an unpaired, two-tailed Student’s t test (*, p ⬍ 0.1; **, p ⬍
0.01; ***, p ⬍ 0.001).

compound AEM2 caused inhibition of SIRT2 within the cell,
which in turn elicited activation of p53 and thus stronger transcriptional activation of p53 target genes, which in turn elicits
p53-dependent apoptosis via pro-apoptotic BH3 molecules
encoded by PUMA and NOXA.

DISCUSSION
In recent years, SIRT2 inhibition has emerged as a strategy
for the treatment of age-related disorders, including neurological diseases and cancer (19). In this study, we have identified
two novel SIRT2 inhibitors, AEM1 and AEM2, that show
JOURNAL OF BIOLOGICAL CHEMISTRY
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TABLE 1
Comparison of IC50 and selectivity of SIRT2 inhibitors
Compounda

IC50 for SIRT1

IC50 for SIRT2

M

AC-93253
AGK2
AK-1
AK-7
Cambinol
Compound AEM1
Compound AEM2
EX527
Salermide
Sirtinol
a

45.3
40
⬎50
⬎50
56
>100
>100
0.38
76.2
37.6

Reference

M

6
3.5
12.5
15.5
59
18.5
3.8
32.6
45
103.4

(45)
(31)
(31)
(48)
(26)
This study
This study
(14)
(14)
(14)

Compounds are sorted alphabetically.

improved selectivity toward SIRT2 compared with other sirtuin
inhibitors, induce apoptosis in two cancer cell lines, and
enhance etoposide-mediated apoptosis. Significantly, we demonstrate that AEM2 exerts its effect on etoposide-mediated cell
death in a manner that is dependent on p53, and it causes
increased acetylation of p53 in vivo. Furthermore, AEM2 leads
to enhanced activation of the p53 target genes CDKN1A,
PUMA, and NOXA, thus providing a functional link between
pharmacological inhibition of p53 acetylation and selective
cytotoxicity of a SIRT2 inhibitor in cancer cells.
We note that only few sirtuin inhibitors with selectivity for
SIRT2 have been described so far (Table 1). Compound AEM2
shows an ⬃30-fold preference for SIRT2 inhibition over SIRT1.
EX527 also inhibits SIRT2, but is a more potent inhibitor of
SIRT1. Nonetheless, EX527 lacks an in vivo effect on apoptosis
(14). Furthermore, compound AEM2 shows similar inhibition
of SIRT2 as AC-93253, but is more selective because it shows
less inhibition of SIRT1. However, AC-93253 showed high
cytotoxicity in several cancer cell lines at nanomolar concentrations (45), suggesting that its toxicity may result from the
inactivation of proteins other than SIRT2 targets. Notably,
compound AEM2 shows somewhat higher inhibition of SIRT2
than the SIRT2 inhibitor AK-7, and AK-7 is similarly selective.
Therefore, the two compounds identified here constitute
improved lead candidates for the development of SIRT2-specific inhibitors for therapeutic use.
Acetylation of p53 by p300/CBP that is induced by cellular
stress stimulates the DNA-binding capacity of p53 and
enhances its biological function in vivo (46). Deacetylation of
p53 by SIRT1 and SIRT2 therefore counteracts p53-dependent
cell cycle arrest (25), and SIRT1/SIRT2 inhibition is therefore
expected to enhance p53-mediated apoptosis. Our results with
compound AEM2 are in good agreement with this. Etoposide
treatment leads to cellular stress and to the stabilization of
p53, which may result in cell cycle arrest and apoptosis. We
observed that apoptosis was enhanced by the presence of
compound AEM2, but only in p53-proficient cells, and this
enhancement was accompanied by increased levels of acetylated p53. Our observations are consistent with the interpretation that compound AEM2 directly inhibits p53 deacetylation
by SIRT2 and that p53 therefore is more active on promoters of
its downstream effectors. The latter is supported by the potentiation of the induction of the canonical p53 target gene
CDKN1A and the pro-apoptotic genes PUMA and NOXA.
It should, however, be noted that both compound AEM1 and
AEM2 had etoposide-independent effects on cell viability,
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which is consistent with the fact that SIRT2 has other cellular
targets apart from p53. Whether these effects are mediated by
␣-tubulin or histone deacetylation, or whether other unknown
targets are responsible, remains to be determined. It is also
possible that the compounds exert off-target effects that contribute to their effect on cellular viability.
Several sirtuin inhibitors have been tested for their anticancer potential. Heltweg et al. (26) developed the ␤-naphthol
derivative cambinol, which inhibits both SIRT1 and SIRT2.
Treatment with cambinol sensitized cancer cells to DNA-damaging agents, but this effect was independent of the presence of
the SIRT1 target proteins p53, Ku70, and Foxo3a, suggesting
that in this context, reduced deacetylation of other SIRT1 and
SIRT2 targets was important for cambinol-induced cell death.
In a second study, Peck et al. (14) investigated the effect of the
three sirtuin inhibitors, sirtinol, salermide, and EX527, in a
breast cancer cell line. Based on the different inhibitory activities of the three compounds and on experiments down-regulating both sirtuins, they concluded that the simultaneous inhibition of both SIRT1 and SIRT2 was required to induce cell death
and to increase acetylation of p53 and ␣-tubulin. However, in
contrast to the results with cambinol (26), in this case the
induction of apoptosis by sirtinol and salermide required the
presence of functional p53 (14). Third, the SIRT1/SIRT2 inhibitor AC-93253 caused varying degrees of cytotoxicity in a panel
of cancer cell lines, although, as noted above, this may be due to
a generally high toxicity of the compound (45). Altogether, the
effect of SIRT1/2 inhibitors appears to be complex and strongly
dependent on the cell type and the genetic context. Our results
support this view and show that SIRT2 inhibition alone can
induce cell death in NSCLC cell lines and that cytotoxicity may
be enhanced in the presence of functional p53. Thus, therapeutic SIRT2 inhibition may be beneficial for the treatment of
selected cancer types. One possibility is to combine SIRT2
inhibitors with other (histone) deacetylase inhibitors such as
trichostatin A or vorinostat to inhibit parallel functional pathways. In other scenarios, a more selective inhibition of SIRT2
may be preferable over the pleiotropic effects of inhibition of
the “classical” histone deacetylase classes I, II, and IV (47).
Next to their potential in cancer treatment, SIRT2 inhibitors
are being developed to counteract neurodegenerative disorders
such as Huntington, Parkinson, and Alzheimer disease (19).
Initial reports identified the compound AGK2 as a selective
SIRT2 inhibitor that rescued ␣-synuclein-mediated toxicity in
an in vitro model of Parkinson (31). Furthermore, AGK2 provided neuroprotection in an in vitro model of Huntington disease, and genetic inhibition of a sirtuin in a Drosophila model of
Huntington disease elicited neuroprotection (30). Unfortunately, AGK2 lacks brain-permeable properties, thus precluding its use for the treatment of human neurological disorders. A
later study identified the compound AK-7 as a potent and selective in vitro inhibitor of SIRT2 (48). AK-7 is brain-permeable,
and its application in mouse models of Huntington disease
resulted in a significant improvement of neurological phenotypes (49). As noted above, the inhibitors AEM1 and AEM2
show a similar degree of SIRT2 inhibition and similar selectivity
as AK-7. Thus, in addition their possible use for anticancer
VOLUME 289 • NUMBER 8 • FEBRUARY 21, 2014
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therapy, they also hold potential for the treatment of neurological disorders.
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