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Sirtuins use NAD+ to remove various acyl groups from protein lysine residues. Through working on different substrate proteins, they display many biological functions, including regulation of cell proliferation, genome stability, metabolism, and cell migration. There are seven sirtuins in humans, SIRT1-7, each with unique enzymatic activities, regulatory mechanisms, subcellular localizations, and substrate scopes. They have been indicated in many human diseases, including cancer, neurodegeneration, microbial infection, metabolic and autoimmune diseases. Consequently, interests in development of sirtuin modulators have increased in the past decade. In this brief review, we specifically summarize genetic and pharmacological modulations of sirtuins in cancer, neurological, and cardiovascular diseases. We further anticipate this review will be helpful for scrutinizing the significance of sirtuins in the studied diseases.
Keywords: sirtuin, inhibitor, activator, cancer, neurodeganaration, cardiovacsular diseases, SIRT1, SIRT2
INTRODUCTION
Sirtuins, the class III histone deacetylase, use NAD+ to remove various acyl modifications on protein lysine residues (Sauve et al., 2001; Sauve et al., 2006; Feldman et al., 2012). In humans, there are seven sirtuins (SIRT1-7), with different acyl group specificities and subcellular localizations. Through deacylation, sirtuins regulate a wide range of biological functions, such as cell proliferation, metabolism, transcription, apoptosis, and cell signaling (Avalos et al., 2005; Machado de Oliveira et al., 2012; Morris, 2013; Hu et al., 2014; Jing and Lin, 2015; Bheda et al., 2016; Blank et al., 2017; Cha et al., 2017; Kosciuk et al., 2019; Wang and Lin, 2021). Consequently, sirtuins have been linked to various diseases, including cancer, neurological, and cardiovascular diseases (Borradaile and Pickering, 2009; Haigis and Sinclair, 2010; Hu et al., 2014; Fujita and Yamashita, 2018). Many sirtuin activators and inhibitors have been designed and used in cellular and animal studies. In this review, we summarized sirtuin modulators that showed promising therapeutic effects in cancer, neurological, and cardiovascular disease models.
The seven mammalian sirtuins localize to different cellular compartments. SIRT1, SIRT6, and SIRT7 mainly reside in the nucleus, but SIRT1 and SIRT6 are also found in the cytoplasm. SIRT2 is mainly in the cytoplasm. SIRT3, SIRT4, and SIRT5 are primarily located in the mitochondria (Feldman et al., 2012). Yet, under certain conditions, like cell division or stress, several sirtuins may change their cellular locations (North and Verdin, 2007; Tanno et al., 2007; Nishida et al., 2015).
All seven sirtuins use a similar mechanism to catalyze lysine deacylation (Avalos et al., 2005; Feldman et al., 2015; Wang and Lin, 2021). First, the amide group of the acyl lysine attacks C1 of the NAD+ ribose and releases nicotinamide (Figure 1). This forms a covalent C1′-O-alkylamidate intermediate. Then, the conserved histidine deprotonates the 3′-hydroxyl group of the NAD+ ribose, which deprotonates the 2′-hydroxyl group. The deprotonated 2′-hydroxyl group attacks the C1′-O-alkylamidate intermediate, forming a 1′,2′-cyclic intermediate. The acyl group is transferred to the 2′-hydroxyl group and releases the deacylated lysine product and 2′-O-acyl ADP-ribose (Avalos et al., 2005; Feldman et al., 2015; Wang and Lin, 2021).
[image: Figure 1]FIGURE 1 | (A) Schematic summary of sirtuin deacylation mechanism. (B) Schematic summary of mechanism-based inhibition of sirtuin
Even though SIRT1-7 operate through a similar catalytic mechanism, different sirtuins prefer different acyl substrates due to differences in their substrate pockets. SIRT1 and SIRT3 remove acetyl and long-chain fatty acyl groups from lysine in vitro, but so far known physiological substrates are all deacetylation substrates (Feldman et al., 2012; Teng et al., 2015). SIRT2 removes acetyl, long-chain fatty acyl, 4-oxononanoyl, and benzoyl groups (Feldman et al., 2012; Teng et al., 2015; Jin et al., 2016; Huang et al., 2018). SIRT4 removes lipoyl, biotinyl, methylglutaryl, hydroxymethylglutaryl, and 3-methylglutaconyl groups (Mathias et al., 2014; Anderson et al., 2017; Kumar and Lombard, 2017; Pannek et al., 2017). SIRT5 removes charged malonyl, succinyl, and glutaryl groups (Du et al., 2011). SIRT6 and SIRT7 remove acetyl and long-chain fatty acyl groups (Zhang et al., 2016; Tong et al., 2017). Both acetyl and long-chain fatty acyl substrates were known for SIRT6, but only physiological acetyl substrates are known for SIRT7.
Many modulators are strategically designed to target different sirtuins and generate beneficial effects in human disease models. As many recently published research articles emphasized the importance of sirtuins in cancer, neurological, and cardiovascular diseases, we have specifically chosen these in this review. We summarize the various sirtuin modulators that have been developed, focusing on those that have demonstrated biological effects in cellular or animal models. Because one common concern about small molecules is whether their biological activity is through on-target effect or not, we will emphasize whether the sirtuin modulators’ biological activity is confirmed by other means, such as knockdown, knockout, or overexpression of the sirtuin being targeted. Accordingly, we will spend more attention describing the sirtuin modulators for which the biological activity has been confirmed by other methods.
Previous reports focused on analyzing the roles of sirtuins and a few selected modulators (Chalkiadaki and Guarente, 2015; Gomes et al., 2019). Thus, our review with a more extensive summary of direct sirtuin modulators can help the readers to choose a suitable compound for their experiments. In addition to Table 1 with the compound structure, inhibition profile, and results from biological studies, we added tables that list cancer cell lines affected by the sirtuin modulators (Tables 2–6). This way, this review can serve as an initial useful guideline for those thinking of using sirtuin modulators in their studies.
TABLE 1 | Summary of the sirtuin modulators and its biological assessment in cellular and animal studies.
[image: Table 1]TABLE 2 | Cell lines affected by SIRT1 Inhibitors.
[image: Table 2]TABLE 3 | Cell lines affected by SIRT2 Inhibitors (#1 set).
[image: Table 3]TABLE 4 | Cell lines affected by SIRT2 Inhibitors (#2 set).
[image: Table 4]TABLE 5 | Cell lines affected by SIRT3/SIRT5 inhibitors.
[image: Table 5]TABLE 6 | Cell lines affected by SIRT6 modulators.
[image: Table 6]OVERVIEW OF SIRTUIN MODULATORS
Numerous activators and inhibitors of sirtuins have been synthesized. Before discussing the evaluation of the sirtuin modulators in the disease models, we will briefly provide an overview of the sirtuin modulators and their efficiency. The structures and other information of these modulators are summarized in Table 1.
There are several compounds that regulates the cellular level of NAD+ and consequently modulate sirtuins. Adding precursors of NAD+ like nicotinamide riboside (NR) or nicotinamide mononucleotide (NMN) to the cells increased the overall NAD+ level, thereby activating sirtuins (Bonkowski and Sinclair, 2016; Trammell et al., 2016). Furthermore, inhibiting CD38, which converts NAD+ to various products, with apigenin or quercetin activated sirtuins (Aksoy et al., 2006; Lee, 2006; Escande et al., 2013). Because this review specifically summarizes modulators that directly bind to sirtuins, we will not explain these indirect modulators in detail.
SIRT1 Modulators
Because SIRT1 was initially connected to longevity, many small-molecule activators have been developed and tested for anti-aging purposes (Howitz et al., 2003; Borra et al., 2005; Milne et al., 2007). However, many follow-up studies questioned the activating mechanism, as the activation was only observed when using aminomethylcoumarin or fluorophore-tagged peptide substrate for in vitro assays (Beher et al., 2009; Pacholec et al., 2010). The original authors have rebutted this by showing direct allosteric SIRT1 activation with biochemical assays and crystallography structures (Dai et al., 2010; Hubbard et al., 2013). Later, it was found that a SIRT1 activator could also inhibit SIRT3 (Nguyen et al., 2013). Thus, the effects of SIRT1 activators may not necessarily come from the activated SIRT1. Lastly, there are already numerous review articles covering these SIRT1 activators (Hubbard and Sinclair, 2014; Dai et al., 2018; Fujita and Yamashita, 2018; Salehi et al., 2018; Iside et al., 2020). Due to these reasons, we have decided to leave out the discussion on SIRT1 activators in this review.
For SIRT1, EX-527 or selistat is the most used SIRT1 selective inhibitor in biological studies. EX-527 inhibited SIRT1 with an IC50 of 38 nM with 200-fold selectivity over SIRT2 and SIRT3 (Solomon et al., 2006). When using a H3K56 fluorogenic substrate, 200 μM of EX-527 showed 56% SIRT6 inhibition (Kokkonen et al., 2014). Nevertheless, EX-527 still showed significantly stronger SIRT1 selectivity over SIRT6. In cells, EX-527 treatment significantly increased the acetylation of p53, a SIRT1 deacetylation substrate (Solomon et al., 2006). Several other SIRT1 inhibitors were reported, but whether they selectively inhibit SIRT1 was not validated (Kozako et al., 2015; Ghosh et al., 2017).
SIRT2 Inhibitors
AGK2 was synthesized from a high-throughput screening and showed SIRT2 inhibition with an IC50 of 8 μM and 5-fold selectivity for SIRT2 over SIRT1 (Outeiro et al., 2007). In cells, AGK2 significantly increased acetylation levels of α-tubulin, a SIRT2 deacetylation substrate (Mangas-Sanjuan et al., 2015; Spiegelman et al., 2018). A limitation of using AGK2 in biological studies is its poor solubility in water and ethanol. Furthermore, according to SelleckChem, its maximum solubility in DMSO is only about 23 mM at 50°C. The poor solubility could make it difficult to use it in cells and animals.
AK-7 inhibited SIRT2 with an IC50 of 15.5 μM and does not inhibit SIRT1 or SIRT3 (Taylor et al., 2011). The main advantage of AK-7 is its brain permeability. After 2 h of intraperitoneal injection to mice, about 2 μM of AK-7 was detected in the brain. As such, utilizing AK-7 in neurological diseases could be helpful.
SirReal2 binds a hydrophobic pocket of SIRT2, where the long-chain fatty acyl group of substrates occupies (Rumpf et al., 2015). SirReal2 inhibited SIRT2 with an IC50 of 140 nM without any inhibition of other sirtuins. In cells, SirReal2 led to increase in acetylation levels of α-tubulin and BuBR1, acetylation targets of SIRT2. Furthermore, SirReal2 did not affect acetylation level of p53, a substrate of SIRT1 (Rumpf et al., 2015; Spiegelman et al., 2018).
From a large library screening of 140,000 compounds, RK-91230156 was discovered to inhibit SIRT2 over SIRT1, SIRT3, HDAC1, and HDAC6. Moreover, RK-91230156 inhibits SIRT2 with an IC50 of 0.18 μM. RK-91230156 significantly increased acetylation of eIF5a, another reported SIRT2 deacetylation target (Shah et al., 2016).
NCO-90 and NCO-141 are nicotinamide-derived SIRT2 selective inhibitors with IC50 values of 1 and 0.57 μM, respectively. In HCT-116 colorectal cells, treatment with NCO-90 increased the acetylation level of α-tubulin, while did not affect the acetylation level of p53 (Suzuki et al., 2012). By attaching NCO-90 to a thioacylated lysine, KPM-2 was synthesized. Unlike NCO-90, KPM-2 simultaneously inhibits SIRT1, SIRT2, and SIRT3. Its IC50 values for SIRT1, SIRT2, and SIRT3 were 1.56, 0.055, and 9.49 μM, respectively. In cells, KPM-2 dose-dependently increased the acetylation of α-tubulin (Mellini et al., 2017). Compound 53 is an NCO-90-based diketopiperazine compound that inhibits SIRT2 by concurrently occupying the selectivity pocket, substrate-binding site, and NAD+ binding site. Compound 53 inhibited SIRT2 at an IC50 of 0.31 μM with 250 and 223-fold selectivity over SIRT1 and SIRT3, respectively. In MCF7 cells, Compound 53 increased the acetylation level of α-tubulin (Mellini et al., 2019).
Discovered from high-throughput screening of RIKEN NPDepo chemical library, NPD11033 selectively inhibited SIRT2 deacetylase activity with IC50 of 0.46 μM, but did not inhibit SIRT2 defatty-acylase activity (Kudo et al., 2018). NPD11033 increased acetylation level of eIF5A in PANC-1 pancreatic cells (Kudo et al., 2018).
Compound 6f and Compound 12a are Chroman-4-one and chromone-based SIRT2 inhibitors with IC50 of 3.7 and 12.2 μM, respectively. They increased the acetylation level of α-tubulin in cells (Seifert et al., 2014). 1,2,4-oxadizazole-based Compound 35 and 39 inhibited SIRT2 through an uncompetitive mechanism against α-tubulin peptide substrate and NAD+. Their SIRT2 IC50 were 10.4 and 1.5 μM, respectively. In NB4 and U937 cells, both Compound 35 and 39 increased acetyl α-tubulin (Moniot et al., 2017). A SIRT2 selective inhibitor, Compound 24a was discovered from a SAR study of N-(3-(phenoxymethyl)phenyl)acetamide derivatives (Yang et al., 2018). It binds to the hydrophobic acyl pocket and inhibits SIRT2 with an IC50 of 0.815 μM. Furthermore, Compound 24a did not inhibit other sirtuins at 100 μM. In H441 non-small lung cancer cells, Compound 24a increased the acetylation level of α-tubulin (Yang et al., 2018).
As mentioned, sirtuins form a covalent O-acyl-ADP-ribose intermediate during its catalytic reaction. Many thioacyl lysine compounds (or the corresponding thiourea) form similar covalent intermediates, but the substitution of the oxygen atom by sulfur inhibits the downstream decomposition of the intermediate, which occupies the active site and inhibits sirtuins (Smith and Denu, 2007; Feldman et al., 2015; Jing et al., 2016).
TM contains a thiomyristoyl lysine with an N-terminal carboxybenzoyl (Cbz) group and a C-terminal amide formed with aniline (Jing et al., 2016). TM selectively inhibited SIRT2 by forming a stalled covalent intermediate, which was captured by mass spectrometry. In cells, treatment of TM increased acetylation of α-tubulin in a dose-dependent manner. Moreover, its SIRT2 IC50 was 0.04 μM with 650-fold selectivity over SIRT1. TM could not inhibit SIRT3 even at 50 μM (Spiegelman et al., 2018). AF8, a derivative of TM with a thiourea moiety mimicking the thioacyl group, also formed a stalled covalent intermediate to selectively inhibit SIRT2 with an IC50 of 0.061 μM and 180-fold selectivity over SIRT1. In HCT-116 colorectal cancer cells, AF8 increased the acetylation of α-tubulin in a dose-dependent manner but did not change the acetylation of p53 (Farooqi et al., 2019). Two other TM derivatives, NH4-6 and NH4-13 containing a trimethylammonium moiety (Hong et al., 2021), have excellent aqueous solubility compared to TM. The difference between the two inhibitors is that NH4-6 has an amide linkage and NH4-13 has an ester linkage between the lysine and the trimethylammonium moiety. This small difference led to a completely different inhibition profile. NH4-6 with the amide bond simultaneously inhibits SIRT1, 2, and 3 with IC50 of 3, 0.032, and 2.3 μM, respectively. Meanwhile, NH4-13 with the ester bond selectively inhibits SIRT2 with an IC50 of 0.087 μM. Furthermore, in cells, NH4-6 increased acetylation levels of p53, α-tubulin, and IDH2, acetylation targets of SIRT1, SIRT2, and SIRT3, respectively. Meanwhile, NH4-13 increased the acetylation levels of alpha-tubulin, but not of p53 and IDH2 (Hong et al., 2021).
Many reported SIRT2 inhibitors, including TM, efficiently inhibit SIRT2’s deacetylase activity, but not its defatty-acylase activity. However, converting them to proteolysis-targeting chimeras (PROTAC) could enable them to inhibit both activities. TM-P4-Thal is a PROTAC SIRT2 inhibitor with thalidomide on one end and TM on the other end, connected by a polyethylene glycol (PEG) linker. The thalidomide recruits CRBN E3 ligase, while TM interacts with SIRT2. Such recruitment leads to polyubiquitination of SIRT2, thereby inducing proteolysis-mediated degradation. Degradation of SIRT2 could eradicate both SIRT2 activities in cells. As such, TM-P4-Thal had increased acetylation level of α-tubulin and fatty acylation level of K-Ras4a, a defatty-acylation substrate of SIRT2 (Hong et al., 2020).
SIRT3 Inhibitors
Several SIRT3 inhibitors that have been reported. LC-0296 based on glutamic acid with heterocyclic rings inhibited SIRT3 with an IC50 of 3.6 μM and a 10-fold selectivity over SIRT2 (Alhazzazi et al., 2016). LC-0296 increased mitochondrial global acetylation and several SIRT3-specific deacetylation targets, including NDUFA9 and GDH (Alhazzazi et al., 2016).
YC8-02 is another mechanism-based sirtuin inhibitor based on TM, with 3-aminophenol replacing the aniline, and triphenylphosphine group replacing the Cbz group of TM (Li et al., 2019). With the additional hydroxyl group of 3-aminophenol, YC8-02 simultaneously inhibits SIRT1, SIRT2, and SIRT3 with IC50 of 2.8, 0.062, and 0.53 μM, respectively. Because SIRT3 is localized in mitochondria, the triphenylphosphine group, known as a mitochondrial targeting moiety, helps to direct the inhibitor to the mitochondria and thus increase SIRT3 targeting in cells. After treating DLBLC cells, YC8-02 was detected by mass spectrometry in the purified mitochondria extract, which confirms the mitochondrial targeting of YC8-02. In addition, increased global mitochondrial acetylation was observed upon treatment of YC8-02. Similar treatment with JH-T4, which also inhibits SIRT1, SIRT2, and SIRT3 in vitro but does not possess the triphenylphosphine group, did not alter the acetylation level of mitochondria.
SIRT5 Inhibitors
Several SIRT5 inhibitors have been developed, but only a few of them were tested in cellular and mice models. A dipeptide SIRT5 selective inhibitor, DK1-04 contains a lysine with thiourea moiety mimicking the glutaryl group (Abril et al., 2021). It inhibits SIRT5 by forming a covalent intermediate with NAD+. DK1-04 selectively inhibited SIRT5 with an IC50 of 0.34 μM. Because the carboxylic acid of DK1-04 hinders the cell permeability, DK1-04e, a pro-drug with an ethyl ester group on the carboxylic acid, was synthesized for biological evaluations. In cells, DK1-04e had increased mitochondrial lysine succinylation, which validates its cellular SIRT5 inhibition.
SIRT6 Modulators
Many SIRT6 activators have been recently developed and tested in cancer studies. Pyrrolo[1,2-α]quinoxaline-derived UBCS039 activated SIRT6 at EC50 of 38 μM by binding to its fatty acyl pocket (You et al., 2017). UBCS039 also mildly (2-fold) activated SIRT5 at 100 μM, but not SIRT1, SIRT2, and SIRT3. In an in vitro SIRT6 deacetylation reaction using full-length histones or nucleosome from HeLa cells, UBCS039 significantly enhanced the deacetylation of H3K18. In H1299 non-small cell lung carcinoma cells, treatment of UBSC039 decreased acetylation of histone H3 K9 and K56, two known SIRT6 deacetylation targets (Iachettini et al., 2018).
Utilizing the Allosite server, MDL-800 was discovered to activate SIRT6 by binding a pocket around Phe83 and Phe86 residues of SIRT6. MDL-800 activated SIRT6 with an EC50 of 10.3 μM and 10-fold selectivity over SIRT2, SIRT5, and SIRT7. Furthermore, MDL-800 did not activate SIRT1, SIRT3, SIRT4, or HDAC1-11. In BEL7405 hepatocellular carcinoma cells, MDL-800 decreased the acetylation level of H3K9 and H3K56, which are known SIRT6 deacetylation targets (Huang et al., 2018).
In addition to the activators, several SIRT6 selective inhibitors have been reported although they are not very potent. Quinazolinedione-based Compound 2, 3, and 8 inhibited SIRT6 at IC50 of 60, 37, and 49 μM, respectively. Compound 2 mildly inhibited SIRT1 and SIRT2 with IC50 of 238 and 159 μM, respectively. Also, Compound 3 mildly inhibited SIRT2 with an IC50 of 85 μM. Compound 8 was 5-fold selective for SIRT6 over SIRT2. Compound 3 and 8 showed 11 and 133-fold SIRT6 selectivity over SIRT1. In BxPC-3 pancreatic cells, treatment of Compound 2, 3, and 8 increased acetylation of H3K9 (Sociali et al., 2015).
Salicylate-based OSS-128167 inhibited SIRT6 with an IC50 of 89 μM and 17 and 8-fold selectivity over SIRT1 and SIRT2, respectively. In BxPC-3 pancreatic cells, OSS-128167 increased the acetylation level of H3K9 and glucose uptake, and decreased TNF-α secretion. Similar effects were also observed when SIRT6 was knocked down (Parenti et al., 2014). Later, Compound 5 and 11 were designed to have stronger potency than OSS-128167. These inhibitors had inhibited SIRT6 with IC50 of 34 and 22 μM by binding to the nicotinamide and substrate pocket. Furthermore, both inhibitors showed 14-fold selective SIRT6 inhibition over SIRT1 and SIRT2. In BxPC-3 pancreatic cells, Compound 5 and 11 increased the acetylation level of H3K9 (Damonte et al., 2017). In this same study, Compound 1 was also reported to inhibit SIRT6 with an IC50 of 106 μM. Additionally, Compound 1 inhibited SIRT2 at an IC50 of 114 μM (Damonte et al., 2017). Although Compound 1 inhibited both SIRT2 and SIRT6, Compound 1 had the most suitable physicochemical properties for the in vivo studies, as it had moderate oral absorption, aqueous solubility, and metabolic stability (Sociali et al., 2017).
Pan-Sirtuin Inhibitors
Because sirtuins share similar structures, many modulators simultaneously interact with multiple sirtuins.
Identified in 2006, Cambinol moderately inhibits SIRT1 and SIRT2 through competitive inhibition against histone H4 and noncompetitive inhibition against NAD+. Cambinol inhibited SIRT1 and SIRT2 at IC50 of 56 and 59 μM, respectively. In NCI H460 cells, treatment of Cambinol had significantly increased acetylation of p53 and α-tubulin (Heltweg et al., 2006).
Through high-throughput screening and optimization, Sirtinol was identified as a SIRT1 and SIRT2 inhibitor, with IC50 of 131 and 58 μM, respectively (Grozinger et al., 2001; Mai et al., 2005). However, it failed to increase global acetylation levels of histone and α-tubulin in cells (Grozinger et al., 2001). Salermide contains a reversed amide structure of sirtinol and shows mild SIRT1 and SIRT2 inhibitions. Salermide showed 80% inhibition of SIRT1 and SIRT2 at 100 and 25 μM, respectively. Only in some specific cell lines, Salermide treatment increased the acetylation of α-tubulin and p53. Also, it did not affect global H4 acetylation levels, a previously reported SIRT2 substrate (Lara et al., 2009). Thus, when using Sirtinol and Salermide, additional confirmation will be needed to verify whether the observed effects are due to the sirtuin inhibition.
From screening compounds for p53 activation, Tenovin-6 was discovered to simultaneously inhibit SIRT1 and SIRT2 with IC50 of 26 and 9 μM, respectively (Lain et al., 2008; McCarthy et al., 2012). In ARN8 melanoma cells, Tenovin-6 increased the acetylation level of p53 and α-tubulin. The increase of acetylation level of α-tubulin by Tenovin-6 was rescued with SIRT2 overexpression (Lain et al., 2008). Despite its effective SIRT1 and SIRT2 inhibition, Tenovin-6 may target other proteins in cells. For instance, Tenovin-6 impaired cellular growth of canine hemangiosarcoma cells through a SIRT1-independent mechanism (Igase et al., 2020). Tenovin-6’s effect in DLBCL cells is also thought to be SIRT1/2/3 independent (Yuan et al., 2017). Another drawback of Tenovin-6 was its over-toxicity. In a direct comparative study with other SIRT2 inhibitors, even though Tenovin-6 showed the strongest antiproliferative effect, it also killed tested normal epithelial cell lines (Spiegelman et al., 2018). Thus, when using Tenovin-6 in vitro or in vivo, extra care is need to rule out off-target effect and avoid toxicity issues.
BZD9L1, a highly fluorescent sirtuin inhibitor, inhibited SIRT1 and SIRT2 with IC50 of 42.9 and 9 μM, respectively. Based on the docking study with SIRT2, BZD9L1 occupied where adenosine diphosphate ribose bound. In HCT-116 colorectal cells, BZD9L1 increased acetylation of p53 after etoposide-induced DNA damage and α-tubulin. Because BZD9L1 possesses intrinsic fluorescence, the cellular distribution of BZD9L1 in HCT-116 and CCD18 colon fibroblasts could be detected using fluorescence microscopy (Yoon et al., 2015).
N-aryl-N’-3,4-dihydro-2,2-dimethyl-2H-1-benzopyran-4-yl)ureas-derived Compound 18 simultaneously inhibited SIRT1 and SIRT2 with IC50 of 6.2 and 4.2, respectively (Schnekenburger et al., 2017). In U373 and Hs683 glioblastoma, treatment of Compound 18 increased acetylation of histone H4 and α-tubulin (Schnekenburger et al., 2017).
Compound 3g, an achiral indole analog of EX-527, showed potent inhibition against both SIRT1 and SIRT2 with IC50 of 4.9 and 1 (0.62–1.4) μM, respectively (Laaroussi et al., 2020).
MC2494 inhibited all SIRT1-6 with IC50 values of 38.5 and 58.6 μM for SIRT1 and SIRT2. Upon thermal stress, MC2494 protected SIRT1, SIRT2 and SIRT3 against degradation. In cells, MC2494 increased not only the global lysine acetylation but also acetylation levels of p53, tubulin, histone H3, and histone H4 (Carafa et al., 2018).
JH-T4 is an analog of TM with a 3-aminophenol group replacing the aniline part of TM (Spiegelman et al., 2019). Interestingly, with just one additional hydroxyl group, JH-T4 inhibits SIRT1, SIRT2, and SIRT3. From the docking study with SIRT2, the hydroxyl group forms a hydrogen bond interaction with the protein backbone of the sirtuins, which could have contributed to its simultaneous inhibition. Moreover, JH-T4 inhibits both SIRT2 deacetylase and defatty-acylase, as increased acetylation of α-tubulin and fatty-acylation of K-Ras4a were observed upon treatment of JH-T4 (Spiegelman et al., 2019).
SIRTUIN MODULATORS IN CANCER
Because sirtuins are involved in a plethora of biological pathways, they could play both tumor suppressor and activator roles (Bosch-Presegue and Vaquero, 2011; Hu et al., 2014). In this section, we will briefly highlight the roles of sirtuins and their modulators in tumorigenesis.
SIRT1 Inhibitors in Cancer
SIRT1 could serve as a tumor suppressor as it deacetylates and inactivates various tumor-promoting transcriptional factors. For instance, SIRT1 deacetylates K310 of NF-κB and attenuates its transcriptional activity, which consequently suppress inflammation and turmorigenesis (Chen et al., 2002; Yeung et al., 2004). This promotes TNF-α induced apoptosis. Also, SIRT1 deacetylates and inactivates HIF-1α, which leads to repression of HIF-1α target genes. In mice, xenografted HT1080 tumors with SIRT1 overexpression formed smaller tumors than the xenografted wild-type HT1080 tumors (Lim et al., 2010). Knockdown of SIRT1 in HMLER breast cancer cells increased metastasis. In the same study, SIRT1 was reported to deacetylate Smad4 and subsequently keep β-catenin interacting with E-adherin. This would suppress the epithelial-to-mesenchymal transition (Simic et al., 2013).
In contrast, some studies reported SIRT1 as a tumor activator. SIRT1 deacetylates FOXO1 and inhibits FOXO1-induced apoptosis (Yang et al., 2005). SIRT1 overexpression increases the expression of c-Myc, a key oncoprotein that increases the expression of many tumor proliferating genes. Furthermore, SIRT1 deacetylates c-Myc to promote its transcriptional activity (Menssen et al., 2012). SIRT1 deacetylates and represses p53, which exerts antiproliferative effects, including growth arrest, apoptosis, and cell senescence. Deacetylation of p53 also translocates p53 to mitochondria, which suppresses its transcriptional activity (Han et al., 2008). In MCF7 breast cancer cells, overexpression of SIRT1 increased the proliferation, migration, and motility by increasing the POLD1 expression (Xu et al., 2018). The dual role of SIRT1 is also depicted in HCT-116 colorectal cells. Heterozygous deletion of SIRT1 increased c-Myc expression, and thereby promoted tumor growth. Meanwhile, homozygous deletion of SIRT1 promoted apoptosis and delayed cancer formation (Ren et al., 2017). Thus, the role of SIRT1 in cancer may vary depending on the context.
There are only a few reports of EX-527 producing effective anticancer effects as a single agent (see summary in Table 2). In U87MG and LN-299 glioma cells, EX-527 decreased the cellular proliferation and anchorage-independent colony formation through p53 and acetylated-p53 upregulation, and caspase-dependent apoptosis activation (Wang et al., 2020). In 5637 and T24 bladder cancer cells, SIRT1 overexpression promoted cell proliferation and GLUT1 expression. Hence, treatment of EX-527 in these cells had an opposite effect, which decreased the proliferation, glycolysis, and glucose uptake (Chen et al., 2019).
In contrast, many reports indicate that EX-527 can enhance and synergize with other treatments. For instance, by inhibiting the deacetylation of XRCC1, EX-527 increased sensitivity of H460-R cisplatin-resistant lung cancer cells to cisplatin. Overexpression of SIRT1 rescued such effect, while the knockdown of SIRT1 also made cells vulnerable to cisplatin (Yousafzai et al., 2019). In addition, EX-527 impaired the proliferation of several cisplatin-resistant endometrial carcinoma cells, such as HEC151, HEC1B, and HHUA. In HHUA cells, overexpression of SIRT1 reversed enhanced cisplatin resistance. In the HHUA tumor xenograft mice model, treatment with EX-527 significantly detained the tumor growth (Asaka et al., 2015). In PC-3 prostate cancer, SIRT1 knockdown or EX-527 increased the effect of vesicular stomatitis virus oncolysis treatment (Muscolini et al., 2019). In chemo-resistant stem-like cells from leukemia K562, EX-527 or SIRT1 knockdown increased the effect of Hsp90 inhibitors like 17-AAG and AUY922. SIRT1 inhibition or depletion decreased expression of heat shock proteins, and consequently increased the effects of Hsp90 inhibitors (Kim et al., 2015). EX-527 and SIRT1 knockdown also induced a synergistic anticancer effect with MK-1775, a WEE1 inhibitor. In both cellular and xenograft mice models, treatment of EX-527 and MK-1775 suppressed the growth of A549 lung cancer cells. Meanwhile, a single treatment of EX-527 or MK-1775 did not affect the growth. Mechanistically, SIRT1 can deacetylate and inhibit NBS1 and Rad51 in homologous recombination repair. Thus, the combination of EX-527 and MK-1775 induced complete damage in the DNA replication process (Chen et al., 2017). Lastly, in PANC-1 pancreatic cancer cells, EX-527 itself decreased proliferation, and synergistically increased the antiproliferative effect of gemcitabine. However, in PANC-1 tumor xenograft mice, EX-527 promoted tumor growth and did not show any additive or synergistic effect with gemcitabine (Oon et al., 2015).
Based on all the data, it is likely that SIRT1’s major role is to help cells survive various stresses. Depending on the nature and level of the stresses in specific cancer cells, inhibiting SIRT1 may produce pro-tumor or anti-tumor activity. This could also explain why SIRT1 inhibition can synergize with other small molecules.
SIRT2 Inhibitors in Cancer
Although SIRT2 was initially reported to be a tumor suppressor, as Sirt2 knockout mice developed more tumors than wild-type mice as they age (Kim et al., 2011). However, this effect is relatively weak as the mice only developed tumors when they reach about 1 year old. Also, this observation could depend on the strain, as another study did not observe this phenotype (Serrano et al., 2013). More evidence links SIRT2 as a tumor activator. SIRT2 deacetylates and stabilizes several oncoproteins. SIRT2 deacetylates and promotes KRAS activity, thereby inducing cell proliferation, colony formation, and tumor growth (Yang et al., 2013). Also, SIRT2 deacetylates K116 of Slug, which subsequently stimulates the growth of basal-like breast cancer (Zhou et al., 2016). In addition, SIRT2-induced c-Myc stabilization promotes pancreatic cancer cell proliferation (Liu et al., 2013). SIRT2 deacetylates and activates LDH-A, which is responsible for lactate production in cancer cell growth (Zhao et al., 2013). In addition, SIRT2 interrupts FOXO1’s interaction with ATG7 and inhibits apoptosis (Zhao et al., 2010). Through removal of long-chain fatty acyl groups on lysine, SIRT2 regulates K-Ras4a transformation activity and promotes ERK via ARF6 (Jing et al., 2017; Kosciuk et al., 2020). With more reports highlighting SIRT2 as a tumor activator, numerous SIRT2 inhibitors have been developed and evaluated in cancer models (Table 3 and Table 4).
The earliest SIRT2 selective inhibitors, AGK2 was developed from high-throughput screening of a small-molecule library (Outeiro et al., 2007). Even though AGK2 treatment showed promising therapeutic effect in cancer studies, its poor aqueous solubility could be problematic to assess its full potency. According to SelleckChem, AGK2 cannot be dissolved in water and ethanol, and only can be dissolved in DMSO with 50°C water bath. Nevertheless, consistent with the SIRT2 knockdown results, AGK2 treatment inhibited the colony formation and induced apoptosis in GB2, GB4, GB11, and GB16 primary glioblastoma cells. In SIRT2 knockdown GB2 cells, AGK2 did not show any antiproliferative effect, which further confirms the SIRT2 selective inhibition of AGK2 in cells (Funato et al., 2018). Due to the toxicity and impermeable blood-brain barrier characteristics of AGK2, another SIRT2 inhibitor, AK7 was tested in GB2 tumor xenograft mice models. After intraperitoneal injection of AK7, a significant impediment of tumor growth was observed. Mice with transplants of GB2 and GB16 SIRT2 knockout cells survived longer and showed less tumorigenicity than mice with transplants GB2 and GB16 SIRT2 wild-type cells. This further confirmed that antitumor effect of AK-7 in this study was through SIRT2 perturbation (Funato et al., 2018). In HCT-116 colorectal cancer cells with wild-type TP53 expression, AGK2 treatment decreased the effects of several chemotherapeutic drugs, including cisplatin, 5-fluorouracil, oxaliplatin, gefitinib, LY294002, and metformin. However, in SW620 colorectal cancer cells with mutant TP53 expression, AGK2 treatment enhanced the anticancer effects of these chemotherapeutic drugs (Yang et al., 2020).
SirReal2 was also shown to effectively decrease the growth of lung, colorectal, lymphoma, gastric, breast, and cervical cancers. SirReal2 decreased the migration and invasion of HGC-27 and MGC-803 gastric cancer cells. SirReal2 inhibited SIRT2 from deacetylating PEPCK1, which promoted degradation of PEPCK1 and decreased mitochondrial metabolism. As a result, the migration of gastric cells was impaired. HGC-27 and MGC-803 with SIRT2 knockdown showed less invasion activities, consistent with the inhibition results. Also, xenograft of SIRT2 knockdown gastric cancer cells in mice formed less metastatic tumors and showed slower growth than that of SIRT2 wild type cells (Li et al., 2018). In a comparison study of SIRT2 inhibitors, SirReal2 showed antiproliferative effects in breast, colorectal, lung, lymphoma, and cervical cancer cells (Spiegelman et al., 2018).
In MCF7 breast cancer cells, the treatment of RK-9123016 increased the acetylated eIF5a level and hindered cell proliferation through degradation of c-Myc (Shah et al., 2016).
Inhibitors with nicotinamide-core impaired proliferation of leukemia and breast cancer cells. NCO-90 and NCO-141 induced apoptosis and mitochondrial superoxide level in leukemic cells, such as HTLV-1-transformed T-cells (Kozako et al., 2018). In S1T, MT-2, Jurkat, and HL60 leukemia cells, NCO-90 and NCO-141 increased acetylation of histone H4, a previously reported SIRT2 substrate, but did not alter acetylation of p53 (Kozako et al., 2018). This confirmed that these compounds inhibited SIRT2, but not SIRT1, in cells. In addition, the treatment of NCO-90 and NCO-141 increased LC-II expression level and autophagosome, which could have induced autophagic cell death (Kozako et al., 2018). KPM-2, a pan SIRT1-3 inhibitor designed from NCO-90, impaired proliferation of MDA-MB-231 breast cancer cells. In the same study, Compound 9, an inhibitor with a similar structure as KPM-2 which shows 11-fold SIRT1 selective inhibition over SIRT2 did not show any antiproliferative effect. Also, Compound 6, a weaker SIRT2 selective inhibitor with a similar structure as KPM-2 showed weaker cytotoxicity than KPM-2. Overall, both results confirmed that the cytotoxicity of KPM-2 is strongly correlated to its SIRT2 inhibition (Mellini et al., 2017).
In PANC-1 pancreatic cancer cells, NPD11033 not only decreased cell proliferation but also increased the acetylation level of eIF5a, a SIRT2 deacetylation substrate (Kudo et al., 2018). Knockdown of SIRT2 in PANC-1 cells also decreased cell proliferation. In addition, an inactive analog RK-0310020 did not show any antiproliferative effect in PANC-1 cells, which further supports that SIRT2 inhibition by NDP11033 induces its anticancer effect (Kudo et al., 2018).
Chroman-4-one and chromone-based Compound 6f and 12a impaired cellular proliferation of MCF7 breast cancer and A549 lung cancer cells. In addition, treatment of Compound 12a in these two cell lines led to cell cycle arrest in G1/G0 phase. Treatment of Compound 6f also showed similar results, but to a smaller extent. In MCF7 cells, both Compound 6f and 12a had increased acetylation level of α-tubulin, a SIRT2 deacetylation target (Seifert et al., 2014).
Compound 35 induced apoptosis in NB4, K562, and MDA-MB-231 cancer cells, and decreased cell proliferation of NB4, Karpas299, and MV4-11 cells (Moniot et al., 2017). Moreover, Compound 39 showed a broader anticancer effect in U937, HL-60, NB4, OCI-AML3, IMS-M2, OCI-AML2, MV4-11, Kasumi-1, and Karpass299 cells (Moniot et al., 2017).
In H441 non-small lung cancer cells, treatment of Compound 24a increased the acetylation level of α-tubulin, and decreased cell proliferation and migration (Yang et al., 2018).
The mechanism-based SIRT2 inhibitors also demonstrated strong anti-cancer effects in cellular and animal models. A mechanism-based SIRT2 inhibitor, TM showed broad anticancer effect in most of the NCI-60 cancer cell lines. These affected cancer cell types include leukemia, non-small lung cancer, colorectal, melanoma, ovarian, renal, prostate, breast, and brain cancer cells. SIRT2 knockdown in MCF7, MDA-MB-468, and MDA-MB-231 breast cancer cells reduced the cell proliferation, confirming that SIRT2 inhibition or perturbation induces cytotoxicity. Interestingly, the control compound, M, which differs from TM just by one atom and could not inhibit SIRT2, does not have anticancer activity. These evidences further confirm that the anticancer activity is through SIRT2 inhibition. The anticancer effect of TM is at least partially through the promotion of c-Myc degradation and SIRT2 knockdown also induced degradation of c-Myc in MCF7 cells. The treatment of TM did not impede the cellular proliferation of MCF-10A and HME1, normal breast epithelial cells. This suggests that TM treatment selectively impacts cancer cell proliferation. The intraperitoneal injection of TM significantly delayed breast tumor growths in MDA-MB-231 xenograft and genetic MMTV-PyMT mouse models without significant weight loss or other obvious toxicity (Jing et al., 2016).
A derivative of TM, AF8 also showed a broad anticancer effect in breast, pancreatic, lung, and colorectal cancer cells. AF8 inhibited the 3D anchorage-independent colony formation of HCT-116 colorectal cancer cells. Furthermore, treatment of AF8 significantly reduced the tumor growth of HCT-116 tumor xenograft mice models in a dose-dependent manner (Farooqi et al., 2019).
A direct comparison of NH4-6, which inhibits SIRT1-3, and NH4-13, which only inhibits SIRT2, showed that selective SIRT2 inhibition could be advantageous when treating cancer. In breast, colorectal, cervical, lung, pancreatic, and glioblastoma cancer cells, low concentrations of NH4-6 and NH4-13 showed weaker cytotoxicity than TM, most likely due to their poor permeability from the charged trimethylammonium moiety. However, in these cancer cells, higher concentrations of both inhibitors showed stronger cytotoxicity than TM, due to their improved aqueous solubility overriding their poor permeability. Furthermore, NH4-6 hindered the cellular proliferation of these cancer cells slightly more potent than NH4-13. In HCT-116 colorectal tumor xenograft mice model, daily treatment of 50 mg/kg NH4-6 caused severe toxicity, while the same dosage of NH4-13 did not alter the overall health. Furthermore, 30 mg/kg every other day injection of NH4-6 and NH4-13 for 2 weeks delayed tumor growth similarly. Daily treatment of 50 mg/kg NH4-13 showed a stronger anticancer effect. Overall, NH4-6 and NH4-13 had similar anticancer effects, but NH4-13, due to its SIRT2 selectivity, has much lower toxicity in vivo. Therefore, it could be advantageous to use SIRT2-selective inhibitors to treat cancers (Hong et al., 2021).
Through selective degradation of SIRT2, TM-P4-Thal treatment increased the acetylation level of α-tubulin and fatty acylation level of K-Ras4a. Consequently, TM-P4-Thal showed a stronger antiproliferative effect in MCF7 and MDA-MB-231 breast cancer cells than TM at lower concentrations (Hong et al., 2020).
SIRT3 Inhibitors in Cancer
SIRT3 regulates various mitochondrial functions, such as ATP generation, metabolism and reactive oxygen species stabilization (Morris, 2013; Hu et al., 2014; Carafa et al., 2016). For example, SIRT3 deacetylates and activates glutamate dehydrogenase, a mitochondrial enzyme that converts glutamate to α-ketoglutarate (Plaitakis et al., 2017; Torrens-Mas et al., 2017). In the beginning, many studies reported SIRT3 as a tumor suppressor. SIRT3 attenuates the stabilization of HIF1α and regulates metabolic reprogramming (Bell et al., 2011; Finley et al., 2011). In breast cancer cell lines, SIRT3 is often less expressed, and the overexpression SIRT3 suppresses glycolysis and cell proliferation (Finley et al., 2011). Patient clinical data also confirmed this trend, as most breast cancer patients had significantly lower SIRT3 expression levels (Alhazzazi et al., 2011). Furthermore, SIRT3 knockout mice developed larger mammary gland tumors than the SIRT3 wild-type mice (Finley et al., 2011).
In contrast, many studies reported SIRT3 as a tumor activator. In bladder cancer cells, SIRT3 deacetylates and inactivates p53, which subsequently promotes cellular proliferation (Li et al., 2010). Also, oral squamous cell carcinoma cells and tissues expressed higher SIRT3 levels (Alhazzazi et al., 2011). Diffusive large B cell lymphomas (DLBCL) required SIRT3 for anaplerotic metabolism, growth, survival, and autophagy. Furthermore, SIRT3 knockdown in DLBCL cells and mice significantly impaired cell proliferation and tumor growth (Li et al., 2019). As such, the role of SIRT3 is likely context and cancer type dependent.
In HNSCC and DLBCL cells, SIRT3 inhibitors have potently hindered cancer growth. By increasing reactive oxygen species (ROS) levels, LC-0296 reduced cell proliferation and promoted apoptosis of UM-SCC-1 and UM-SCC-17B HNSCC cells (Table 5). Meanwhile, LC-0296 did not affect the cell proliferation of normal human oral keratinocytes. Even though these HNSCC cells were resistant to radiation and cisplatin, LC-0296 enhanced the effects of these treatments in HNSCC cells. In UM-SCC-17B cells, LC-2096 increased acetylation levels of NDUFA9 and GDH, SIRT3 deacetylation substrates, and thereby enhanced ROS levels (Alhazzazi et al., 2016).
Treatment of YC8-02 decreased cellular proliferation of OCL-LY1, HBL1, Pfeiffer, SU-DHL4, TMD3, Karpas 422, and OCL-LY7 lymphoma cells (Table 5). In a Karpas 422 tumor xenograft model, YC8-02 significantly impeded the tumor growth. Knockdown of SIRT3 in Karpas422, OCI-LY1, and HBL1 cells impaired cellular proliferation, and xenografted tumors of Karpas422 with knockdown SIRT3 in mice had slower growth. These knockdown results confirmed the therapeutic benefits of YC8-02 and targeting SIRT3 in DLBCLs (Li et al., 2019).
SIRT5 Inhibitors in Cancer
Many reports showed that SIRT5 has pro-tumor role. The SIRT5 mRNA level is often amplified in tumors compared to normal tissues (Igci et al., 2016; Bringman-Rodenbarger et al., 2018). SIRT5 regulates several metabolic pathways important in cancer, such as glycolysis, TCA, and urea cycle. For instance, SIRT5 demalonylates GAPDH to activate glycolysis (Nishida et al., 2015). Under oxidative stress, SIRT5 desuccinylates PKM2 to decrease the overall carbon flux in TCA cycles (Xiangyun et al., 2017). SIRT5 also activates LDHB, which induces autophagy and cell proliferation of HCT-116 colorectal cancer cells (Shi et al., 2019). Also, overexpression of SIRT5 in hepatocellular carcinoma cells promotes cell proliferation (Zhang et al., 2019). In breast cancer cells, SIRT5 desuccinylates and stabilizes glutaminase, which regulates the overall glutaminolysis, a key metabolic hallmark of cancers (Greene et al., 2019). In MDA-MB-231 and MDA-MB-468 breast, and A-549 lung cancer cells, knockdown of SIRT5 decreases cell proliferation and anchorage-independent growth. Moreover, in mouse xenograft studies, SIRT5-deficient MDA-MB-231 tumors were significantly smaller than wild-type tumors (Greene et al., 2019). In HCT-116 colorectal cancer cells, SIRT5 removes succinyl groups from K393 and K395 of citrate synthase. The hypersuccinylation of citrate synthase decreases cell proliferation and migration, which supports the tumorigenic role of SIRT5 (Ren et al., 2020). Lastly, SIRT5 promotes the proliferation of cutaneous melanoma genotypes, including uveal melanoma. In the A2058 melanoma tumor xenograft model, SIRT5 depletion significantly delayed the tumor growth (Giblin et al., 2021).
There is only one SIRT5 selective inhibitor, DK1-04e, that showed promising effect in cellular and animal cancer studies. In MCF7 and MDA-MB-231 breast cancer cells, treatment of DK1-04e inhibited both cell proliferation and anchorage-independent colony formation (Table 5). Furthermore, treatment with DK1-04e increased mitochondrial global succinylation in MCF7 cells. In both MMTV-PyMT and MDA-MB-231 tumor xenograft mouse models, DK1-04e significantly impaired the tumor growth without any bodyweight loss. The cytotoxicity of DK-104e was dependent on its SIRT5 inhibition. SIRT5 partial knockout in MDA-MB-231 cells have impaired anchorage-independent colony formation. Furthermore, Sirt5 deletion PyMT mice had slower tumor growth and less metastasis. DK1-04e (O), an inactive derivative with an oxygen atom instead of the sulfur, showed weaker cytotoxicity than DK1-04e. Overall, DK1-04e studies showed that SIRT5 inhibition can be an effective treatment in breast cancer cells (Abril et al., 2021).
SIRT6 Modulators in Cancer
Through deacetylation and defatty-acylation, SIRT6 regulates numerous biological roles, including cell proliferation, DNA repair, and glucose metabolism (Jing and Lin, 2015; Kosciuk et al., 2019). SIRT6 deacetylates histone H3K9, H3K18, and H3K56 to suppress the activities of several transcriptional factors, such as c-Jun, and NF-κB (Michishita et al., 2008; Kawahara et al., 2009; Michishita et al., 2009; Sundaresan et al., 2012; Tasselli et al., 2016). SIRT6 removes fatty acyl groups from TNF-α to promote its secretion (Jiang et al., 2013). In cancers, SIRT6 is also viewed both as a tumor promoter and a tumor suppressor. As a tumor promoter, SIRT6 promotes cell cycle and tumor proliferation while inhibiting apoptosis (Garcia-Peterson et al., 2017; Huang et al., 2017). In the esophagus, thyroid, and melanocytes, SIRT6 is expressed higher than in normal tissues (Huang et al., 2017). As a tumor suppressor, SIRT6 is down-regulated in colorectal, ovarian, breast, lung, pancreatic, and hepatocellular tumors (Marquardt et al., 2013; Zhang et al., 2015; Kugel et al., 2016). SIRT6 attenuates migration and invasion of ovarian cancer cells (Bae et al., 2018). SIRT6 deficient MEF cells proliferate faster than control wild-type cells and loss of SIRT6 induced faster tumor formation in mice (Sebastian et al., 2012). In colorectal cancer stem cells, SIRT6 impaired cellular proliferation and anchorage-independent colony formation (Sebastian et al., 2012). Furthermore, through defatty-acylating, SIRT6 regulates R-Ras2 localization, and subsequently hinders cell proliferation (Zhang et al., 2017).
The SIRT6 modulators’ effects in cancer cells are summarized in Table 6. It is only recently that UBCS039 and MDL-800 were reported to activate SIRT6 and decrease proliferation of lung, hepatocellular carcinoma, and pancreatic cancer cells. For instance, UBCS039 induced autophagosome accumulation, thereby leading to apoptosis. UBCS060, an inactive analog of UBCS039, could not increase the autophagosome accumulation and autophagy-induced apoptosis (You et al., 2017). A previous report suggested that lack of SIRT6 decreased oxygen consumption and ATP level in the heart (Khan et al., 2018). In accordance with this, treatment of UBSC039 activated ROS production and increased ATP level in H1299 and HeLa cells (Iachettini et al., 2018).
MDL-800 significantly suppressed proliferation of BEL7405 cells in vitro and in mouse xenograft studies (Huang et al., 2018). MDL-800 promoted cell cycle arrest in G0/G1 phase, as p21 and p27 expressions have increased, and CDK2, CDK4, cyclin D1, and cyclin D3 levels have decreased. To confirm whether the effect of MDL-800 depended on SIRT6 activation, SIRT6 knockout BEL6405 cells were treated with MDL-800. In these SIRT6 knockout cells, treatment of MDL-800 did not change any of the previously observed markers for the cell cycle arrest, confirming that the effect of MDL-800 was through SIRT6 activation (Huang et al., 2018). In addition to the hepatocellular carcinoma cells, MDL-800 inhibited the proliferation of 12 non-small cell lung cancer (NSCLC) cells from the NCI-60 screening. MDL-800 did not affect the proliferation of SIRT6-knockout HCC827 and PC9 NSCLC cells, which confirmed the on-target activation of SIRT6 by MDL-800. In the HCC827 tumor xenograft mouse study, administration of MDL-800 increased histone H3 acetylation and significantly decreased the tumor growth (Shang et al., 2021).
In specific conditions, several SIRT6 inhibitors showed antiproliferative effects. As mentioned, Compound 2, 3, and 8 increased H3K9 acetylation in BxPC-3 pancreatic cancer cells (Sociali et al., 2015). Also, Compound 3 and 8 increased the glucose uptake in both BxPC-3 and L6 myoblasts. Among these three, only Compound 8 showed antiproliferative effect against BxPC-3 cells. Interestingly, Compound 2 and 3 showed synergistic effect with gemcitabine against proliferation of BxPC-3 cells (Sociali et al., 2015).
Compound 5 and 11 promoted glucose uptake and inhibited TNF-α production. Even though Compound 5 and 11 were not toxic, both SIRT6 inhibitors with gemcitabine showed a stronger anticancer effect in BxPC-3 cell proliferation. In the pharmacokinetics study, as Compound 5 showed a relatively short half-life, additional modifications on this compound are needed to improve the bioavailability, which will allow more accurate assessment in animal studies (Damonte et al., 2017).
Pan-Sirtuin Inhibitors in Cancer
In addition to the selective sirtuin inhibitors, numerous pan-sirtuin inhibitors were reported to decrease cancer cell proliferation. However, because treatment of these pan-sirtuin inhibitors may cause over-toxicity issues, extra caution is needed when using these inhibitors. In NCI-H460 lung cancer and HeLa cervical cancer cells, Cambinol increased acetylation levels of several sirtuin substrates, including p53, α-tubulin, FOXO3a, and Ku70 (Heltweg et al., 2006). In RPMI8226 and U266 multiple myeloma cells, Cambinol induced apoptosis, cell proliferation impairment, and cell cycle arrest by increasing p53, p21, cleaved PARP, and cleaved caspase 3 (Lu et al., 2021). In orthopedic tumor xenograft mice model with HepG2 hepatocarcinoma cells, Cambinol significantly reduced tumor growth, which was consistent with the SIRT1 knockdown results of in vivo intrahepatic xenograft mouse model (Portmann et al., 2013). Also, it was reported that SIRT1 stabilizes N-Myc protein and promote neuroblastoma cell proliferation. Thus, the knockout SIRT1 BE (2)-C cells had lower N-Myc level than the wild-type cells. In accordance with this, Cambinol treatment in TH-MYCN transgenic mice had decreased neuroblastoma formation (Marshall et al., 2011; Portmann et al., 2013). In HepG2 and Huh7 hepatocarcinoma cells, compared to a single treatment of sorafenib, a combination of Cambinol and sorafenib showed an enhanced effect in reducing cell proliferation, migration, and invasion (Ceballos et al., 2021).
In MCF7 breast and H1299 non-small lung cancer cells, treatment with Sirtinol led to senescence-like growth arrest and decreased activation of the RAS-MAPK pathway. Similar results were also observed with SIRT1 knockdown (Ota et al., 2006). Furthermore, Sirtinol reduced cell proliferation of H1299 non-small lung, PC3 prostrate, DU145 prostate, HeLa cervical, S1T adult T-cell leukemia/lymphoma (ATL), and Jurkat ATL cancer cells (Kojima et al., 2008; Kozako et al., 2012; Fong et al., 2014). In PC3, DU145, S1T and Jurkat cells, knockdown of SIRT1 also hindered cell proliferation (Kojima et al., 2008; Kozako et al., 2012). Combination treatment of sodium dichloroacetic acid (DCA) and Sirtinol led to synergistic anticancer effect in A549 and H129 NSCLC cells in vitro, and in vivo A549 tumor xenograft mice model (Ma et al., 2018).
Through SIRT1 inhibition, Salermide induced apoptosis in MOL4 acute lymphoblastic leukemia, SW480 colorectal, KG-1a acute myelogenous leukemia, and Raji Burkitt’s lymphoma cells. Based on the knockdown studies of SIRT1 and SIRT2, Salermide-induced apoptosis is mainly through its SIRT1 inhibition (Lara et al., 2009). Furthermore, Salermide showed strong anti-proliferative effects in BE (2)-C neuroblastoma and MIA-PaCa-2 pancreatic cancer cells, consistent with the results from SIRT2 knockdown. Furthermore, SIRT2 knockdown and 50 μM of Salermide in these cell lines induced n-Myc and c-Myc degradation (Liu et al., 2013).
Even though Tenovin-6 showed strong anti-cancer potency, Tenovin-6 usage may be limited due to its off-target effect and potential over-toxicity issues, as mentioned earlier. In both cellular and tumor xenograft mice studies, Tenovin-6 showed strong antiproliferative effects against ARN8 melanoma cells (Lain et al., 2008). In AGS, AGS-EBV, SNU-179, HGC-27, N87, SNU-1, and KATO-III gastric cancer cells, Tenovin-6 decreased the cell proliferation. Moreover, Tenovin-6 hindered cell proliferation and anchorage-independent growth of AGS, AGS-EBV, and HGC-27 through increasing acetyl p53 levels (Ke et al., 2020). In A549 NSLCL cells, a combination of Tenovin-6 and metformin demonstrated a synergistic antiproliferative effect by HIC1-dependent SIRT1 level reduction (Lee et al., 2019). By increasing the expression of p53 and ROS level, Tenovin-6 also attenuated migration and proliferation of 92.1, Mel-270, Omm-1, and Omm-2.3 uveal melanoma (UM) cells. Also, in 92.1, and Mel-270 cells, Tenovin-6 had a synergistic effect with Vinblastine, a chemotherapeutic agent for UM patients (Dai et al., 2016).
BZD9L1 showed antiproliferative effects in HCT-116 colorectal, CCRF-CEM leukemia, and MDA-MB-468 breast cancer cells (Tan et al., 2018). Furthermore, in HCT-116 and HT-29 colorectal cancer cells, BZD9L1 significantly decreased the cell migration and anchorage-independent growth (Tan et al., 2018). Only in HCT-116 cells, BZD9L1 showed a synergistic anticancer effect with 5-Fluorouracil, a conventional chemotherapeutic agent. The combination of BZD9L1 and 5-Fluorouracil increased cell cycle, arrest, and apoptosis, while it decreased the spheroid proliferation. In addition, the combination treatment of BZD9L1 and 5-Fluorouracil significantly impaired tumor growth of HCT-116 in a tumor xenograft mouse study (Tan et al., 2019).
In U373 and Hs683 glioma cells, treatment of Compound 18 increased acetylation levels of histone H4, histone H3K56, and α-tubulin, which confirmed cellular inhibition of SIRT1 and SIRT2 (Schnekenburger et al., 2017). Consistent with the SIRT1 and SIRT2 knockdown results, Compound 18 impaired cell proliferation of U373 and Hs683 cells. Moreover, Compound 18 showed a broad anticancer effect, as its average GI50 was about 3 μM in the NCI-60 screening. In the zebrafish xenotransplant model, Compound 18 treatment significantly reduced the growth of fluorescent-labeled HS683 and U373 tumors (Schnekenburger et al., 2017).
Compound 3g exerted stronger cytotoxicity than EX-527 in several cancer cell lines, K562 leukemia, HCT-116 colorectal, HT-29 colorectal, H460 lung, A549 lung, and MCF7 breast cancer cells. Such increased potency of Compound 3g from EX-527 could come from the dual inhibition of SIRT1 and SIRT2, but this was not confirmed in the study. Thus, future studies proving cellular inhibition of SIRT1 and SIRT2 by Compound 3g will be needed (Laaroussi et al., 2020).
A SIRT1-3 inhibitor, MC2494 decreased metabolic activity and proliferation of U937 leukemia cells (Carafa et al., 2020). MC2494 decreased ATP production and expression levels of PGC1α and PGC1β, which are important for metabolic regulation. In addition, PGC1α is present in the cytoplasm under normal condition, but more perinuclear PGC1α was detected, after treatment of MC2494 (Carafa et al., 2020).
JH-T4, a mechanism-based SIRT1-3 inhibitor, portrayed strong antiproliferative effects in a wide range of cancer cells, including MCF7 breast, MDA-MB-231 breast, HCT-116 colorectal, and NCI-H23 lung cancer cells. However, JH-T4 also affected the proliferation of normal epithelial cells like HME1 and MCF-10A. Thus, usage of JH-T4 may cause an over-toxicity problem in animal studies (Spiegelman et al., 2019).
SIRTUIN MODULATORS IN NEUROLOGICAL DISEASES
SIRT1 Inhibitors in Neurological Diseases
Both protective and detrimental effects of SIRT1 in neurological diseases have been reported. SIRT1 inhibits neurogenesis through inhibiting the transcriptional factors Hes1 and Mash1 (Prozorovski et al., 2008). SIRT1 maintains cognitive level and synaptic plasticity (Michan et al., 2010). The brain of SIRT1 knockout mice looked normal but showed a significant decrease in dendritic extension, length, and complexity (Michan et al., 2010). SIRT1 is also reported to promote neurite outgrowth through suppressing expression and phosphorylation of mTOR (Guo et al., 2011). The parietal cortex of Alzheimer’s disease patients showed lower expression of SIRT1, which may be connected to an increase of β-amyloid and tau (Julien et al., 2009). In microglial cells, overexpression of SIRT1 decreased acetylation of RelA/p65 subunit of NF-κβ, which consequently inhibited NF-κβ signaling induced by Amyloid-β and neuronal death (Chen et al., 2005). Overexpression of SIRT1 decreases acetylation of FOXO3a, and consequently protects against huntingtin toxicity (Jeong et al., 2011). These reports highlights the beneficial effects of SIRT1 in the neurological system.
In contrast, other reports also point to the negative impacts of SIRT1 in neurological diseases. Knockdown of SIRT1 fostered neurogenesis of P19 embryonic carcinoma cells. SIRT1 inhibition by EX-527 also promoted the differentiation of P19 cells into functional neurons with around 50% efficiency (Kim et al., 2016). In single prolonged stress (SPS) mice mimicking post-traumatic stress disorder (PTSD), Sirt1 deleted mice had less anxiety and freezing time, which indicated SIRT1 as a potential therapeutic target for PTSD. Osmotic delivery of EX-527 to ventral CA1 of hippocampus had deactivated helix-loop-helix transcription factor 2 and subsequently hindered the expression of MAO-A. This further led to the stabilization of serotonin. In addition, EX-527 ensured normal neuronal plasticity by decreasing dendritic spines and abnormal shapes (Li et al., 2019). Injection of EX-527 to the ventrolateral orbital cortex had ameliorated morphine addiction of rats. Morphine injected rats had elevated SIRT1 expression level, which got diminished with the administration of EX-527 (Wei et al., 2021). Lastly, in the rat model of middle cerebral artery occlusion, which simulates cerebral ischemia-reperfusion injury, EX-527 enhanced the survival rate and decreased cerebral infarction volume (Nikseresht et al., 2019). Lastly, EX-527 was tested in a clinical trial with patients with Huntington’s Disease. EX-527 did not cause any adverse side-effect, but in a short 12 week trial, EX-527 did not affect the huntingtin level (Sussmuth et al., 2015). No further clinical study with EX-527 have been reported.
In the subarachnoid hemorrhage rat model, Sirtinol treatment lowered SIRT1 expression, which further induced damage of the blood-brain barrier and neurological ability. In addition, Sirtinol aggravated brain edema and increased endothelial cell apoptosis (Zhou et al., 2014). Thus, for subarachnoid hemorrhage, a validated potent SIRT1 activator should be tested as a potential treatment.
SIRT2 Inhibitors in Neurological Diseases
Through deacetylation of α-tubulin and activation of the CREB signaling pathway, SIRT2 promotes neuronal differentiation of mesenchymal stem cells (Jeong and Cho, 2017). In oligodendroglia and myelin sheets, SIRT2 is often highly expressed (Li et al., 2007). Through increasing the expression level of myelin basic proteins, SIRT2 boosts oligodendroglia differentiation (Ji et al., 2011). Also, because of the increased acetylated FOXO3a level and decreased Bim expression, SIRT2 knockout mice showed resistance against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which induces neurotoxicity like Parkinson’s Disease (Liu et al., 2014).
In accordance with the role of SIRT2, many SIRT2 inhibitors have been reported to ameliorate the symptoms from neurological disease. The SIRT2 inhibitor AGK2 showed a neuroprotective effect in Parkinson’s Disease models. Releasing adenylate kinase to the media, AGK2 reduced α-Synuclein-mediated toxicity. α-Synuclein toxicity was decreased by SIRT2 knockdown in neuroglioma cells, which verified that the effect of AGK2 was from its SIRT2 inhibition. Also, AGK2 treatment increased viabilities of dopamine neurons in cellular and drosophila models (Outeiro et al., 2007). In mice, AGK2 ameliorated lipopolysaccharides (LPS)-induced neuroinflammation, decreasing LPS-induced CD11b TNF-α, and IL-6 levels. AGK2 treatment in mice decreased TUNEL signals, which are indicators of brain apoptotic damage (Wang et al., 2016). In the middle cerebral artery occlusion (MCAO) mice model simulating focal ischemic stroke, AGK2 administration lowered cleaved-caspase 3, Bim, and Bad, which consequently hindered apoptosis (She et al., 2018). Lastly, in cultured hippocampal neurons, AGK2 protected cell deaths from exposure to H2O2. Also, in the same study, AGK2 promoted VEGF and HO-1 mRNA levels, which stimulates neuroprotection against ischemic injury. This result was consistent with that from the experiments with SIRT2 knockout DT40 cells (Kaitsuka et al., 2020).
In the MCAO mouse model, the SIRT2-selective inhibitor AK-7 decreased the infarction volume and promoted neurological recovery. Moreover, AK-7 increased the activation of a MAP kinase, p38, in vitro and in vivo, which led to the neuroprotection from the ischemic injury. Knockdown of SIRT2 also activated p38 in Neuro-2a cells (Wu et al., 2018). In the microglia from the sevoflurane-treated neonatal rat study, AK-7 decreased pro-inflammatory markers, while increasing anti-inflammatory markers. Sevoflurane is used as an inhalational anesthetic, which could damage the developing brain (Wu et al., 2020).
A nicotinamide-derived SIRT2 selective inhibitor, NCO-141 treatment had increased spatial learning and memory deficiency of 5 month-old senesce-accelerated mouse prone-8 (SAMP8) mice, which mimics Alzheimer’s disease. In SAMP8 mice, treatment with a selective SIRT2 inhibitor NCO-141 did not indicate any therapeutic benefits. Nevertheless, NCO-141 increased glutamate receptor subunits GluN2A, GluN2B, and GluA1, which are essential for synaptic plasticity. To confirm whether NCO-141 inhibited SIRT2 in hippocampus, ATP-binding cassette transporter Abca1 expression level was measured, as transcription of Abca1 is inhibited by SIRT2. As expected, NCO-141 treated SAMP8 mice elevated level of Abca1 (Diaz-Perdigon et al., 2020). NCO-90-based SIRT2 inhibitor Compound 53 and pan SIRT1-3 inhibitor KPM-2 significantly promoted neurite outgrowth of Neuro-2a cells (Mellini et al., 2017; Mellini et al., 2019).
SIRT6 Inhibitors in Neurological Diseases
SIRT6 regulates stem cell differentiation and neuroectoderm development through its deacetylation of histone H3. SIRT6 knockout mice showed higher expressions of Oct4, Sox2, and Nanog, which are important for stem cell pluripotency. Consequently, this led to higher expression of Tet enzymes, which produces 5-hydroxymethylcytosine. With increased 5-hydroxymethylcytosine, more embryonic stem cells differentiated into neuroectoderm. When SIRT6 was present, expressions of Oct4, Sox2, and Nanog were repressed, and led to balanced differentiation of embryonic stem cells (Etchegaray et al., 2015). For immunity and inflammation, SIRT6 de-fatty acylates TNFα and promotes its secretion. This could potentially regulate inflammatory cytokine production and necrosis (Jiang et al., 2013). Mice with brain-specific SIRT6 knockout showed behavioral abnormalities along with DNA damage and increased phosphorylated Tau. Also, in patients with Alzheimer’s disease, lower expression of SIRT6 was measured, which hints the neuroprotective role of SIRT6 (Kaluski et al., 2017). Lastly, SIRT6 promotes the differentiation of dendritic cells in vitro and in vivo (Lasiglie et al., 2016).
Compound 1 is a SIRT6 inhibitor that had shown therapeutic effect in autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis (Ferrara et al., 2020). In a previous study, Compound 1 increased glucose uptake and GLUT-1 expression, and decreased TNF-α in BxPC-3 pancreatic cancer cells. These observations indicate a potent cellular SIRT6 inhibition by Compound 1 (Parenti et al., 2014). In C57bl/6 mice with MOG35-55 injection, which mimics EAE conditions, treatment with Compound 1 decreased the levels of TNFα and neurological impairments (Ferrara et al., 2020).
Since SIRT6 inhibitors may affect the development of neurological disorder, assessing SIRT6 activators in neurological disease models will be interesting, but so far there has been no report on this direction.
SIRTUIN MODULATORS IN CARDIOVASCULAR DISEASES
In addition to cancer and neurological disease, several sirtuins have been connected to cardiovascular diseases, like vascular aging, atherosclerosis, cardiac hypertrophy, and many more (Alcendor et al., 2004; Alcendor et al., 2007; Zhang et al., 2008; Balestrieri et al., 2015; D'Onofrio et al., 2016; Liu et al., 2016). Among these, several sirtuin modulators were specifically evaluated in cardiovascular diseases related to cardiomyocytes. Thus, we have summarized these SIRT1/2 and SIRT6 inhibitors.
SIRT1/2 Inhibitors in Cardiovascular Diseases
Mice lacking SIRT1 possess congenital cardiac abnormalities, and most could not survive beyond two weeks (Cheng et al., 2003). Also, SIRT1 deacetylates and regulates sodium channel Nav1.5. Deficiency of SIRT1 decreased expression of Nav1.5 in the cardiomyocyte membrane and induced cardiac abnormalities (Vikram et al., 2017). Low to moderate overexpression of SIRT1 in transgenic mouse inhibited fibrosis and cardiac hypertrophy. However, high overexpression of SIRT1 aggravated hypertrophy (Alcendor et al., 2007).
After Sirtinol treatment, neonatal rats showed a decrease in cardiomyocytes. In the same model, SIRT1 overexpression increased cardiomyocytes. Also, in the late phase of cardiac ischemia preconditioning in rats, treatment of Sirtinol significantly increased the infarct size, which made them more prone to the ischemia injury (Safari et al., 2017). Splitomicin, a yeast sirtuin inhibitor, had promoted carotid artery thrombus formation in a photochemical injury mouse study. In human endothelial cells, both SIRT1 siRNA and Splitomicin had increased and activated tissue factor protein, which promotes coagulation and thrombus formation. As the SIRT1 inhibitor worsens cardiovascular diseases, a reliable SIRT1 activator may be needed for the therapeutic benefit (Breitenstein et al., 2011). The potential cardiovascular effect of SIRT1 inhibitors may also limit the use of them for treating other diseases.
SIRT6 Inhibitors in Cardiovascular Diseases
SIRT6 suppresses IGF-Akt signaling, which promotes heart failure when activated. SIRT6 knockout mice promoted cardiac hypertrophy upon hypertrophic stimulus (Sundaresan et al., 2012). In a mouse model of transverse aortic constriction (TAC)-induced heart failure, SIRT6 maintained telomere integrity, thereby decreasing cardiac fibrosis and infarct size (Li et al., 2017).
Consistent with the role of SIRT6 to prevent cardiovascular diseases, a SIRT6 inhibitor, OSS-128267, intensified diabetic cardiomyopathy (DCM). In a separate study using BxPC-3 pancreatic cells, OSS-128267 increased glucose uptake and GLUT-1 expression, and decreased TNF-α, which suggests potent inhibition of SIRT6 (Parenti et al., 2014). In the mouse model of streptozotocin-induced diabetes and high glucose-treated cardiomyocytes, OSS-129167 promoted inflammation and oxidative stress, which led to diabetes-induced cardiomyocyte apoptosis (Huang et al., 2021). In this DCM disease model, treatment of SIRT6 activators like MDL-800 or UBCS039 may be beneficial.
CONCLUDING REMARKS
In this review, we have summarized the effects of various sirtuin modulators in cancer, neurological, and cardiovascular diseases. We anticipate that this review can help the readers to choose a suitable sirtuin modulator in different disease models. Overall, although there may be a few contradicting reports, some general trends can be extracted from the majority of the literature. SIRT2 and SIRT5 inhibitors showed rather consistent and promising effect in treating cancers. SIRT2 inhibitors have also showed beneficial effects in neurological diseases. On the other hand, SIRT1 and SIRT6 inhibitors have aggravated cardiovascular diseases, which underlines the need for a reliable SIRT1 and SIRT6 activators. These generalized trends support that the development of sirtuin modulators with enhanced potency and selectivity will be essential to further validate the preclinical data and explore the potential for treating various human diseases.
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