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Abstract

Sirtuin inhibitors have attracted much interest due to the involvement of sirtuins in various 

biological processes. Several SIRT2-selective inhibitors have been developed, and some exhibit 

anticancer activities. To facilitate the choice of inhibitors in future studies and the development of 

better inhibitors, we directly compared several reported SIRT2-selective inhibitors: AGK2, 

SirReal2, Tenovin-6, and TM. In vitro, TM is the most potent and selective inhibitor, and only TM 

could inhibit the demyristoylation activity of SIRT2. SirReal2, Tenovin-6, and TM all showed 

cytotoxicity in cancer cell lines, with Tenovin-6 being the most potent, but only TM showed 

cancer cell-specific toxicity. All four compounds inhibited the anchorage-independent growth of 

HCT116 cells, but the effect of TM was most significantly affected by SIRT2 overexpression, 

suggesting that the anticancer effect of TM depends more on SIRT2 inhibition. These results not 

only provide useful guidance about choosing the right SIRT2 inhibitor in future studies, but also 

suggest general practices that should be followed for small molecule inhibitor development 

activities.

Graphical Abstract

Direct comparison of SIRT2 inhibitors identified substrate-dependent inhibition of enzymes and 

highlight good general practices for small molecule inhibitor development.

Experimental Section
All experimental details can be found in the supplemental information.
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The nicotinamide adenine dinucleotide (NAD)-dependent protein lysine deacylases, or 

sirtuins, have attracted a lot of attention as potential targets to treat cancer and various other 

diseases such as neurodegeneration.[1] There are seven mammalian sirtuins, SIRT1-SIRT7, 

which have been shown to play important roles in vivo by regulating processes such as DNA 

repair, transcription, cell cycle, and metabolism.[2]

The physiological function of sirtuins is a result of their enzymatic activity on different 

substrate proteins. Sirtuins can remove various acyl modifications from lysine residues on 

histone and non-histone proteins. SIRT1, SIRT2 and SIRT3 can efficiently deacetylate 

proteins, while SIRT5 preferentially hydrolyzes succinyl and malonyl groups, and SIRT1, 

SIRT2, SIRT3, SIRT6, and SIRT7 can all hydrolyze long-chain fatty acyl groups. [3]

Among the mammalian seven sirtuins, inhibition of SIRT2 has been reported to have 

beneficial effects in cancer and neurodegenerative diseases.[1-2] SIRT2 plays an important 

role in regulating the cell cycle, oxidative stress response, metabolism, apoptosis, autophagy, 

differentiation, and aging.[1-2, 4] Initial studies presented conflicting results that suggested 

SIRT2 has both tumor suppressing and promoting roles.[5] More recently, it has been shown 

that SIRT2 depletion, or inhibition, has anticancer effects.[5a, 6] However, the full potential 

of inhibiting SIRT2 as a therapeutic option requires the development of potent and selective 

SIRT2 inhibitors. In the past decade, several SIRT2 inhibitors have been reported. Several of 

them, AGK2, SirReal2, Tenovin-6, and a thiomyristoyl lysine compound TM (Figure 1) are 

commercially available.

AGK2 was identified from a screening of 200 compounds as a potent SIRT2 inhibitor that 

could rescue α-synuclein-mediated toxicity.[7] It has also been reported to exhibit an 

anticancer effect in a few cancer cells.[8] SirReal2 was also identified through a compound 

screening that was aimed at identifying more potent and selective sirtuin inhibitors.[9] 
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However, there have not been any studies reported regarding its effect on cancer cells. 

Tenovin-6 was identified when screening compounds that could activate the tumor 

suppressor p53.[10] Tenovin-6 has been shown to effectively inhibit SIRT1 and SIRT2 in 

cells, and shows promising anticancer activity. Recently, our lab developed TM, a 

mechanism-based selective SIRT2 inhibitor. TM exhibits broad anticancer effects and 

promotes the degradation of the c-Myc oncoprotein in several cancer cell lines.[5a] TM 

exhibits broad anticancer effects and promotes the degradation of the c-Myc oncoprotein in 

several cancer cell lines. Given the availability of different SIRT2 inhibitors, we reasoned 

that a direct comparison would be useful to help users choose the right compounds for the 

proper applications. This is especially true because in most studies, only in vitro IC50 values 

(concentrations that lead to 50% of SIRT2 inhibition) were reported, which is known to be 

dependent on the exact experimental conditions used. Thus, it is still ambiguous as to which 

inhibitor is the most potent, selective, and exhibits the best anticancer effect. Furthermore, it 

is also unclear which enzymatic activity (deacetylation or defatty-acylation) these inhibitors 

are potent against. Here, we directly compare the potency and selectivity of these 

compounds to help identify which inhibitor should be used to study the function of SIRT2, 

and explore its therapeutic potential.

The SIRT2 inhibition potency and selectivity of the four inhibitors was determined using a 

high-performance liquid chromatography (HPLC)-based assay. In this assay, we first 

incubated the enzyme with the inhibitors for 15 min and then added the substrates to initiate 

the reactions. The activity of the enzymes was detected using two different substrates, 

histone H3 lysine 9 (H3K9) acetyl (H3K9Ac) and myristoyl (H3K9Myr) peptides. We 

determined the IC50 values for inhibiting the deacetylation activity of SIRT1–3 and the 

demyristoylation activity of SIRT2 and SIRT6 (Table 1). We found TM was the most potent 

and selective SIRT2 inhibitor in vitro among all the tested compounds. TM was able to 

inhibit both the deacetylation (IC50 0.038 μM) and demyristoylation (IC50 0.049 μM) 

activity of SIRT2. Furthermore, TM is the most selective inhibitor as it inhibited SIRT2 

activity 650-fold more efficiently than it could inhibit SIRT1, and it essentially did not 

inhibit SIRT3 or SIRT6.

SirReal2 inhibits the deacetylation activity of SIRT2 with a relatively low IC50 value of 0.23 

μM, however, consistent with a recent report it was unable to inhibit the demyristoylation 

activity of SIRT2 at the highest concentration tested.[11] AGK2 and Tenovin-6 inhibited both 

SIRT1 and SIRT2 deacetylation with similar IC50 values, suggesting that these two 

inhibitors are not very selective. Like SirReal2, these compounds did not inhibit the 

demyristoylation activity of SIRT2 at the highest concentration tested.

Because competitive inhibitors do not require pre-incubating the enzyme and inhibitor, while 

the mechanism-based inhibitor TM requires pre-incubation to reach maximum SIRT2 

inhibition, we also determined the IC50 values for the inhibitors without pre-incubation 

(Supplemental Table 1). As expected, the IC50 values for the competitive inhibitors with and 

without pre-incubation were comparable. For TM, the IC50 values for inhibiting SIRT2 

deacetylation were similar with and without pre-incubation, but TM did not inhibit SIRT2 

demyristoylation activity without pre-incubation.
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In the absence of pre-incubation, TM needs to compete with H3K9Ac or H3K9Myr for 

binding to SIRT2. H3K9Myr likely binds much stronger than TM because of the extra 

hydrogen bonding provided by the peptide backbone, making TM ineffective at inhibiting 

demyristoylation. However, TM likely binds stronger than H3K9Ac to SIRT2 because the 

thiomyristoyl group contributes a lot to the binding free energy because of the strong 

hydrophobic interaction, rendering TM an efficient inhibitor for the deacetylation activity of 

SIRT2. This is consistent with the fact that SIRT2 has much higher Km values, which are 

upper estimates of Kd values, for acetyl peptides than for myristoyl peptides.[3a] Thus, TM, 

being a thiomyristoyl lysine compound, binds more tightly to SIRT2 than the acetyl lysine 

peptide substrate. Hence, it can effectively compete with the acetyl peptide substrate in the 

reaction mixture even without pre-incubation. On the other hand, TM could not compete 

with the myristoyl peptide substrate because the myristoyl peptide backbone provides 

additional hydrogen bonding interactions with SIRT2, making it an even more tight binder 

than TM. This explains why without pre-incubation, SIRT2 is not inhibited by TM if 

myristoyl peptide is used as a substrate.

However, with pre-incubation, TM will first form an ADP-ribosyl covalent intermediate, 

which binds to SIRT2 much more tightly than TM due to binding interactions from both the 

ADP-ribose and TM. This covalent intermediate can efficiently prevent both the H3K9Ac 

and H3K9Myr peptides from binding to SIRT2, rendering TM an effective inhibitor for both 

deacetylation and demyristoylation under pre-incubation conditions. In vivo and in cells, 

there is no real way for pre-incubation, as the substrate either is or is not present. However, 

cells are dynamic and protein localization is constantly changing. Therefore, it is possible 

that small molecule inhibitors such as TM may encounter SIRT2 prior to its interaction with 

substrates allowing it to potentially inhibit the defatty-acylation of certain substrates. Thus, 

the in-cell potency of SIRT2 inhibition by TM may be between with pre-incubation and 

without preincubation. For other inhibitors that are not mechanism-based, the inhibitors are 

competitive with the H3K9Ac or H3K9Myr peptides. Because H3K9Myr binds SIRT2 more 

tightly than H3K9Ac, the inhibitors cannot effectively compete with H3K9Myr, making 

them ineffective at inhibiting the demyristoylation activity of SIRT2.

To further study the selectivity of these SIRT2 inhibitors, we next examined their effects on 

the acetylation levels of known SIRT1 and SIRT2 substrates. The tumor suppressor p53 is a 

well-established SIRT1 deacetylation target.[12] To determine if the compounds can 

efficiently inhibit SIRT1 in cells, we looked at the acetylation levels of p53 in MCF-7 cells 

after treating the cells with the inhibitors at 25 mM. Only Tenovin-6 increased p53 

acetylation (Figure 2A), which is consistent with a previous report showing that Tenovin-6 

can increase Ac-p53 levels through SIRT1 inhibition.[10] These results suggest that only 

Tenovin-6 inhibits the deacetylation activity of SIRT1 in cells.

To examine the inhibition of SIRT2 in cells, we detected acetylation levels on α-tubulin, a 

well-established SIRT2 substrate, using immunofluorescence after inhibitor treatment.[4e] As 

expected, all the compounds increased the acetylation of α-tubulin in MCF-7 cells at 25 μM 

(Figure 2B). Thus, it appears that all the compounds can inhibit SIRT2’s tubulin 

deacetylation activity.
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Tenovin-6, with an in vitro IC50 value of 9 μM for SIRT2 deacetylation, was able to inhibit 

tubulin deacetylation in cells at 25 μM. TM and SirReal2, with much lower in vitro IC50 

values for SIRT2 deacetylation, still require tens of μM concentrations to inhibit tubulin 

deacetylation. Differences in cellular uptake and solubility of the inhibitors may lead to this 

observation. The in vitro and in cell inhibition of SIRT1 is also consistent with this 

explanation. For example, both TM and Tenovin-6 inhibit SIRT1 in vitro with an IC50 values 

of ~26 μM, but in cells at 25 μM, only Tenovin-6 was able to inhibit SIRT1 (measured by 

p53 deacetylation). Thus, TM is the most potent and selective in vitro SIRT2 inhibitor and 

the SIRT2 selectivity is maintained in cells, while Tenovin-6 is not very selective for SIRT2, 

but it may have better solubility and cellular uptake.

To evaluate the anticancer effect of these four inhibitors, we first looked at cytotoxicity of 

these compounds in several breast cancer cell lines (MDA-MB-468, MDA-MB-231, MCF-7, 

SK-BR-3) and two normal mammary epithelial cell lines (MCF10A and HME-1 cells). To 

evaluate the cytotoxicity, we looked at the GI50 value, or the small molecule inhibitor 

concentration which inhibits 50% of cell growth. As shown in Figure 3, Tenovin-6 was the 

most potent compound, exhibiting GI50 values of a few μM (Figure 3, Supplemental Table 2, 

Supplemental Figure 1). The anticancer effect of SirReal2 had not previously been studied, it 

was interesting to note that it had a modest effect on several of the cell lines tested, including 

the normal mammary epithelial cell lines. TM was not as potent as Tenovin-6, but was more 

potent than SirReal2 (Figure 3). More interestingly, TM was more potent in the cancer cell 

lines than in the normal mammary epithelial cell lines (GI50 >50 μM in MCF10A and 

HME-1 cells), suggesting it selectively targets cancer cells. AGK2 had very weak effects on 

the cell proliferation of the cell lines tested, with all the GI50 values >50 μM.

We next determined the GI50 values of these inhibitors in various other cancer cell lines, 

including colon cancer (HCT116, SW948, and HT29), lung cancer (A549 and H520), 

leukemia (K562), cervical cancer (HeLa), and pancreatic cancer (ASPC1 and CFPAC1) cell 

lines (Figure 4, Supplemental Table 3, and Figure S2). Like the results obtained with breast 

cancer cell lines, Tenovin-6 was the most potent compound in almost every cell line tested. 

TM was the second most potent compound, followed by SirReal2 in almost all of the cell 

lines tested, while AGK2 was in general the least potent compound. As AGK2 efficiently 

inhibits the deacetylation of α-tubulin, but it is not particularly toxic to cancer cells, our data 

suggests that inhibiting tubulin deacetylation does not contribute to the anticancer activity of 

these inhibitors.

Cancer cells have the ability to grow on soft agar without attaching to extracellular matrix, 

while normal cells cannot. Thus, a soft agar anchorage-independent growth assay is typically 

used to examine the transformed phenotype of cancer cells. We therefore examined the 

effect of SIRT2 inhibitors on anchorage-independent growth. Because this assay is more 

labor-intensive and time consuming, we limited our study to one cancer cell line, HCT116. 

Interestingly, we saw a different activity trend from the cytotoxicity assay (Table 2, 

Supplemental Figure S4). Tenovin-6 is still the most potent compound with a GI50 value of 

2.1 μM. TM is the second most potent compound with a GI50 value of 13.5 μM. SirReal2 

was not very active in this assay, with a GI50 value of 55.8 μM. In contrast, AGK2, which 

Spiegelman et al. Page 5

ChemMedChem. Author manuscript; available in PMC 2019 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was not active in the cytotoxicity assay, showed much better activity in the soft agar assay 

with an GI50 value of 24.1 μM.

To study if the effect on anchorage-independent growth is a result of SIRT2 inhibition, we 

obtained the GI50 values of these inhibitors on the anchorage-independent growth of 

HCT116 cells with SIRT2 overexpression and compare to that on HCT116 cells without 

SIRT2 overexpression (Table 2, Supplemental Figure S4). SIRT2 overexpression increased 

the GI50 value of TM by 1.8-fold, suggesting that the suppressive effect on anchorage-

independent growth is dependent on SIRT2 inhibition. In contrast, SIRT2 overexpression 

had no or very little effect on the GI50 values of SirReal2, Tenovin-6, or AGK2, suggesting 

possible off-target effects. This is consistent with a recent report suggesting that Tenovin-6 

impairs autophagy independent of sirtuins.[13] We also examined the effect of SIRT2 

overexpression on the cytotoxicity of these inhibitors in MDA-MB-468 and HCT116 cells 

and the results were similar to that on anchorage-independent growth (Supplemental Figure 

S5, S6).

In summary, we have compared four established SIRT2 inhibitors: AGK2, SirReal2, 

Tenovin-6, and TM. This study will help people interested in using SIRT2 inhibitors to 

choose the proper compounds to elucidate the function of SIRT2 and to explore the 

therapeutic potential of inhibiting SIRT2. TM, while not the most potent inhibitor against 

cancer cells, is the most potent and selective SIRT2 inhibitor and its anticancer activity is 

dependent on SIRT2 inhibition. We suggest future studies to understand the physiological 

function of SIRT2 should use TM before better SIRT2 inhibitors are developed.

Our study also highlights a previously under-appreciated point regarding small molecule 

inhibitors for enzymes, which is the substrate or activity-dependent inhibition of enzymes. 

SIRT2 has been reported to have both deacetylation and demyristoylation activities. 

Interestingly, most of the inhibitors tested here only inhibited the deacetylation activity, but 

not the demyristoylation activity. TM is the only compound that can inhibit both activities, 

but the inhibition of demyristoylation is less potent. We think this is likely because myristoyl 

peptides have much higher binding affinities (reflected by the much lower Km values) 

compared to acetyl peptides. Therefore, it is easier for the inhibitors to displace the acetyl 

peptide than to displace the myristoyl peptide from SIRT2 active site. It may be beneficial to 

inhibit the demyristoylation activity of SIRT2 in order to achieve anticancer activity, given 

the recent report that lysine fatty acylated KRas-4a is less effective at promoting anchorage-

independent growth compared to the deacylated KRas-4a.[14] Furthermore, our study 

underlies the importance of careful comparative and validation studies for the development 

of small molecule inhibitors. As we embrace the power of small molecule inhibitors to probe 

biology and treat human diseases, we must be careful as off-target effects are very common. 

Small molecule inhibitor development should be accompanied by detailed validation studies 

(such as target knockdown or overexpression) to make sure that the biological effects 

observed is due to target engagement. Similarly, because IC50 values are dependent on the 

experimental conditions (e.g. enzyme, substrate concentrations and specific activity of 

different batches of enzymes) used, it will be particularly informative if direct comparisons 

are performed. We therefore strongly recommend the chemical biology community to adopt 

these practices.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of SIRT2 inhibitors AGK2, SirReal2, Tenovin-6, and TM.
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Figure 2. 
Evaluation of the inhibition of SIRT1 and SIRT2 by different inhibitors in cells. (A) 

Detection of acetyl p53 (Ac-p53) levels in MCF-7 cells after 6-hour treatment with indicated 

inhibitors and 200 nM of TSA, an HDAC inhibitor. (B) Detection of acetyl α-tubulin (Ac-α-

tubulin) levels by immunofluorescence in MCF-7 cells after 6-hour treatment with indicated 

inhibitors.
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Figure 3. 
Heat map of GI50 (μM) values of different SIRT2 inhibitors in various breast cancer and 

normal breast cell lines. The values represent the average of three independent experiments 

done in duplicate.
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Figure 4. 
Heat map of GI50 values (μM) of different SIRT2 inhibitors in various cancer cell lines. The 

values represent an average of three independent experiments done in duplicate.
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Table 1.

In vitro IC50 values (μM, average and standard deviation from three independent experiments)

AGK2 SirReal2 Tenovin-6 TM

SIRT1 H3K9Ac 42 ± 4 82 ± 14 26 ± 10 26 ± 15

SIRT2 H3K9Ac 8 ± 5 0.23 ± 0.08 9 ± 7 0.04 ± 0.02

SIRT2 H3K9Myr >100 >100 >200 0.05 ± 0.03

SIRT3 H3K9Ac >50 >50 >50 >50

SIRT6 H3K9Myr >100 >200 >200 >200

Selectivity[a] 5 357 3 650

[a]
(IC50 for SIRT1 on H3K9Ac) / (IC50 for SIRT2 on H3K9Ac)
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Table 2.

The GI50 (μM) values of different SIRT2 inhibitors on the anchorage-independent growth of HCT116 cells 

with and without SIRT2 overexpression.

AGK2 SirReal2 Tenovin-6 TM

Control 24.1 55.8 2.1 13.5

SIRT2 expression 27.6 58.1 2.3 24.2

Fold Change[a] 1.2 1 1.1 1.8

[a]
(GI50 for SIRT2 expression) / (GI50 for Control)

Results were obtained from all individual samples from at least three replicates, standard deviation are presented in supplemental information.
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