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Abstract: Genetic ablation as well as pharmacological inhibition of sirtuin 2 (SIRT2),
an NAD"-dependent protein deacylase, have therapeutic effects in various cancers and
neurodegenerative diseases. Previously, we described the discovery of a dual SIRT1/SIRT2 inhibitor
called cambinol (ICsy 56 and 59 uM, respectively), which showed cytotoxic activity against cancer
cells in vitro and a marked anti-proliferative effect in a Burkitt lymphoma mouse xenograft model.
A number of recent studies have shown a protective effect of SIRT1 and SIRT3 in neurodegenerative
and metabolic diseases as well as in certain cancers prompting us to initiate a medicinal chemistry
effort to develop cambinol-based SIRT2-specific inhibitors devoid of SIRT1 or SIRT3 modulating
activity. Here we describe potent cambinol-based SIRT2 inhibitors, several of which show potency of
~600 nM with >300 to >800-fold selectivity over SIRT1 and 3, respectively. In vitro, these inhibitors
are found to be toxic to lymphoma and epithelial cancer cell lines. In particular, compounds 55
(IC5p SIRT2 0.25 uM and <25% inhibition at 50 uM against SIRT1 and SIRT3) and 56 (ICsy SIRT2
0.78 uM and <25% inhibition at 50 uM against SIRT1 and SIRT3) showed apoptotic as well as strong
anti-proliferative properties against B-cell lymphoma cells.
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1. Introduction

Sirtuins are NAD*-dependent protein deacylases (this term is more accurate than the previously
widely used “deacetylases” since these enzymes remove other acyl modifications) that have emerged
as key regulators of diverse cellular processes such as chromatin modification, gene expression, DNA
repair, cell cycle control and cell survival [1,2]. The human genome encodes seven isoforms, sirtuins
1-7 of which sirtuin 2 (SIRT2) is primarily a cytoplasmic protein that is known to localize to the
nucleus especially during mitosis [3]. SIRT2 exhibits robust deacetylase and demyristoylase activities
against histone and non-histone substrates. Expressed ubiquitously, SIRT2 is prominently expressed
in brain and muscle tissues [4]. Genetic ablation of SIRT2 has been shown to have protective effects
in models of neurodegenerative disorders such as Huntington’s [5] and Parkinson’s diseases [6].
A growing body of literature also suggests that SIRT2 may be a valid drug target in certain cancers.
SIRT2-mediated deacetylation has been shown to promote mutant K-ras oncogenic activity [7]. Similarly,
SIRT2 enhances the stability of n-myc and c-myc oncogenes leading to cancer cell proliferation [8].
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Further, siRNA-mediated downregulation of SIRT2 was found to induce apoptosis in gliomas [9], and
hepatocellular and pancreatic carcinomas [10].

SIRT2 is known to process diverse substrates such as histone H4 lysine-16 (H4K16) [11],
alpha-tubulin [12], p53 [13], EP300 [14]. Foxo-family of proteins [14,15] and glucose-6-phosphate
dehydrogenase (G6PD) [16] among others. Owing to its regulatory roles in various cellular processes,
perhaps it is not surprising that the dual roles of SIRT2 as a cancer suppressor as well as an oncogene [17]
have been reported [18]. Recent consensus seems to reconcile these contradictory findings by taking
into account disease-specific contexts such as cancer sub-type, expression pattern of SIRT2 and its
substrate proteins as well as their roles in oncogenic signaling [19,20]. As with SIRT2, there are
conflicting reports of cancer suppressor and oncogenic activities of SIRT1 and 3 [21] in various tumor
types [22,23]. Additionally, SIRT1 activity has been demonstrated to confer neuroprotection in several
age-related neurodegenerative disorders including Parkinson’s and Alzheimer’s diseases [24,25] and
metabolism related disorders [26]. The mitochondrial isoform SIRT3 deacylase activity is important for
mitochondrial metabolism, and cell survival [27]. Additionally, loss of function studies indicated SIRT3
has a tumor suppressor function through modulation of reactive oxygen species (ROS) production [28].
Because of these potentially confounding activities, identification of isoform-selective sirtuin inhibitors
is the most practical approach to validating SIRT2 as a drug target.

Historically, it has been difficult to synthesize isoform-selective sirtuin inhibitors primarily because
all sirtuin isoforms possess a core 260-amino acid catalytic domain which is highly conserved from
bacteria to humans [29,30]. The SIRT1 catalytic domain is 45% identical to SIRT2 and bears 69%
similarity [31]. Previous reported sirtuin inhibitors showed little or no isoform selectivity and had
modest potency. Nonetheless, dual SIRT1/2 inhibitors showed anti-cancer activity. For example,
EX527, sirtinol, and saleramide induced cell death in breast cancer cell line in vitro in a p53 dependent
manner [32]. Splitomicin [33] and its analogs showed anti-proliferative properties in MCF-7 breast
cancer cell line [34]. A thio-myristoylated dipeptide inhibitor of SIRT2 with nanomolar potency
was found to promote degradation of c-myc and have anti-cancer activity in multiple cell lines [35].
In neurodegeneration models, AGK2, a sirtuin inhibitor with higher selectivity for SIRT2 (ICs for
SIRT1 >50 uM and SIRT2 23.5 uM, respectively) showed protection from alpha-synuclein toxicity
in Parkinson’s disease model [6]. Encouragingly, recent reports of sub-micromolar SIRT2-selective
inhibitors also show neuroprotection in a Parkinson’s disease model [36-38].

We previously reported a dual SIRT1/2 inhibitor called cambinol 1 (in vitro IC5g 54 and 46 uM
respectively) [39] that sensitized cells to paclitaxel and etoposide and, was cytotoxic as a single agent
against B-cell lymphoma cell lines in vitro and xenograft models in vivo. As expected from the distinct
mechanism and no sequence homology between class I and II deacetylases, cambinol had no activity
against class I (HDAC1) or II (HDACS6) enzymes. Intriguingly, a follow-up study with cambinol-based dual
SIRT1/2 inhibitors demonstrated a strong correlation between SIRT2 inhibitory activity and cytotoxicity in
Namalwa Burkitt lymphoma cell line [40]. Following our long-standing interest in anti-lymphoma agents,
coupled with the need for isoform-selective sirtuin modulators, we launched a medicinal chemistry
effort to identify SIRT?2 selective cambinol analogs and evaluate cytotoxicity against B-cell lymphomas.
Herein we report the discovery of open ring cambinol analogs, devoid of thio-pyrimidinone moiety as
SIRT2-specific inhibitors (Figure 1). Based on structure-activity relationship (SAR) evaluation, potency
was improved >200 fold; displaying ICs at the sub-micromolar level as racemates. Concurrently, high
selectivity against SIRT1 and 3 isoforms was also achieved. These compounds were found to be cytotoxic
against B-cell lymphoma and epithelial cancer cell lines in vitro.
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Figure 1. Cambinol (1) and its pyrazolone analog (2) showing improved SIRT1 selectivity.
2. Results

Our previous efforts to synthesize and evaluate tetracyclic cambinol analogs as sirtuin inhibitors
showed that replacement of thio-pyrimidinone ring with other heterocycles (Figure 1) can impart
improved potency and isoform-selectivity, as exemplified by pyrazolone compound 2.

While exploring variants of the heterocyclic ring of cambinol keeping the hydroxynaphthalene
and phenyl ring moieties intact, we discovered that simple 3-ketoamide 4, generated by aminolysis
of lactone 3 showed improved inhibitory potency (ICsy SIRT2 13 uM) as well as high selectivity
(ICs0 SIRT1, >200 uM) (Scheme 1). We hypothesized that by the virtue of open chain scaffold, these
chiral cambinol analogs might display enhanced receptor/small molecule interaction as compared
to 1. Realizing the potential for rapid diversification of amide sidechains as a means to improve
potency, selectivity and to modulate physicochemical properties of these compounds, we embarked
on an SAR study to identify potent and isoform-selective SIRT2 inhibitors. On account of keto-enol
tautomerization leading to racemization, we commenced an investigation with racemates of the desired
cambinol analogs.
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Scheme 1. Synthesis of acyclic analogs. Reagents: (a) THE, NH,OH, rt, 14 h 80%.
2.1. Chemistry

Scheme 2 shows a general synthesis route to 2-hydroxy-1-naphthaldehydes 7. Our general
synthetic scheme calls for various substituted hydroxynaphthaldehydes 7 and 3-keto esters (Scheme 3)
as the starting materials.

Titanium-catalyzed Rieche formylation of commercially available substituted naphthols was
used to generate the corresponding naphthaldehydes 7 in good yields (see Supplementary Materials).
Hydroxyquinoline carbaldehyde 8 was obtained in two steps first by Reimer-Tiemann reaction
2,6-dihyoxyquinoline followed by chlorination with POCl; to give the desired product in quantitative
yield over two steps.

While most 3-keto esters were obtained from commercial sources, compound 11 was prepared in
two steps from nitrobenzoyl propionate ester 10. Iron-mediated reduction of the nitro group first gave
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the corresponding aniline in good yield. In the subsequent step, acetylation of the aniline furnished
the desired compound 11(see Supplementary Materials).
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Scheme 2. Synthetic scheme of hydroxynaphthaldehyde and hydroxyquinoline carbaldehyde. Reagents
and Conditions: (a): Cl,CHOMe, TiCly, CH,Cl,, 0-20 °C, 24 h; (b): (i) TFA, hexamethylenetetramine,
100 °C, 2 h; (ii) MeOH; (c) DMF, POCl3, 0 °C to rt, 10 h, HyO.
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Scheme 3. Synthesis of ethyl 3-(4-acetamidophenyl)-3-oxopropanoate. Reagents and Conditions: (a)
EtOH, AcOH, Fe powder, HCI, reflux, 2 h; (b) CH,Cly AcCl, TEA, rt, 3 h.

The core scaffolds were synthesized by one-pot morpholine-catalyzed Knoevenagel
condensation/lactonization of hydroxynaphthaldehydes 12 with 3-keto esters. The resultant coumarin
lactones 13, which precipitated from the reaction mixture, were obtained in good yields (see
Supplementary Materials). Selective 1,4-reduction by treatment with NaBH, in anhydrous pyridine
furnished the desired saturated lactones, which were subjected to aminolysis to yield the desired
products 15 (Scheme 4).

12 13 14 15

Scheme 4. Synthesis of SIRT2 inhibitors. Reagents and Conditions: (a) substituted benzoyl propionate
ester, piperidine, EtOH, reflux, 2 h; (b) NaBHy, pyridine, 20 °C, 3 h; HCI; (c) RsNH,, THF, TEA, rt, 8 h.

2.2. Structure Activity Relationship Study (SAR)

The newly synthesized open chain cambinol analogs were evaluated for in vitro SIRT1, 2 and 3
inhibitory potency using commercially available purified sirtuin enzymes (Cayman Chemical, Ann
Arbor, MI, USA) and luciferin-based SIRT-Glo assay (Promega Corp., Madison, WI, USA) employing a
p53 acetylated peptide as substrate. In the initial screening, single point inhibition was determined
using 50 uM test compound concentration to assess the potency and selectivity. We used cambinol
as a positive control showing 54% SIRT1 inhibition, 46% SIRT2, and 16% SIRT3 inhibition at 50 uM
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(Table 1) was used. Promising compounds were evaluated by a full dose-response curve to ascertain
ICs5¢ against each of the sirtuin isoforms.

Table 1. Optimization of the phenyl group (R%).

R{_O
NHR?
S R1 R2 SIRT1*  SIRT2*  SIRT3*  SIRT2**
Br OO
1 Cambinol 54 46 16 59.0
4 4-Me-phenyl H 9.0 89 n.d. 13.0
16 3-Me-phenyl H 38 70 n.d. n.d.
17 2-Me-phenyl H 0.0 3.0 n.d. n.d.
18 Phenyl H 0.0 57 n.d. n.d.
19 4-Chlorophenyl H 0.0 95 30 2.79
20 4-Trifluoromethylphenyl H 0.0 100 5.0 1.90
21 3-Trifluoromethylphenyl H 0.0 89 15 12.6
22 4-Bromophenyl H 7.0 93 42 2.50
23 3-Bromophenyl H 53 91 n.d. 8.95
24 4-Methoxyphenyl H 34 72 n.d. n.d.
25 4-Fluorophenyl H 35 96 39 12.4
26 4-Pyridyl Me 13 40 n.d. n.d.
27 3-Pyridyl Me 30 52 n.d. n.d.
28 4 Acetamidophenyl Me 0.0 58 n.d. n.d.

* Percentage inhibition at 50 tM compound. ** ICsy concentration for SIRT2 (uM).

Our exploration began with variation of phenyl ring substituents while keeping the
6-bromo-2-hydroxy naphthyl group unchanged due to its favorable effect on isoform selectivity;
a rationale we derived from our previous study. SAR of the phenyl group (Table 1) showed a clear trend
where 4-substitution was favored over 3-position, and 2-substitution was found to be detrimental for
inhibitory activity (e.g., 4, 16 and 17). Inhibitory potency against SIRT2 increased with 4-substitution
of progressively larger/more hydrophobic groups (19, 20 and 22) while showing no measurable
activity against SIRT1 at 50 uM. For selectivity against phylogenetically closest ortholog mitochondrial
SIRT3 [41] 4-CF3 group (e.g., 19), imparted the highest selectivity for SIRT2 versus SIRT3 (100 fold).
Only 25-fold selectivity for SIRT2 was observed both for Cl and Br-groups (20 and 22).

SAR of the naphthyl substituents of the open ring analogs showed that substitution at 6-position
by hydrophobic group was crucial for activity (Table 2; compounds 23, 33, 34 vs. 29). Interestingly,
cambinol 1, which lacks a substituent on the naphthyl ring inhibits SIRT2 moderately (IC5y 59 uM).

This discrepancy could arise from a different binding mode of the acyclic compounds relative to
cambinol. The hydroxyquinoline group in 35 seems to be tolerated by SIRT2. However, this analog
showed lower potency than corresponding hydroxy-naphthalene compounds. Several other substitution
patterns were also evaluated (29-32) and did not yield potent inhibitors of either SIRT1 or 2.

Having found that substituents 4-Br, -Cl and -CF; in the phenyl ring in this open-ring scaffold
give 20 to 30-fold higher potency over cambinol 1, we sought to identify the side chains that can confer
favorable SIRT?2 selectivity and improve potency (Table 3). Various amines such as acyclic, carbocyclic
(data not shown) and heterocyclic amines were evaluated. It was observed that bulky sidechains were
detrimental for activity and conversely and sidechains derived from small acyclic amines (33) and
those terminated in polar head groups augmented potency (e.g., 36, 43 and 45). For the 3-bromophenyl
series, aliphatic acyclic substituents improved not only potency, but also selectivity against SIRT1;
keeping selectivity over SIRT3 unchanged (23 vs. 36, 43, and 44).

We next incorporated optimal side chain (R? substituents) into the 6-bromonaphthyl and
4-substituted phenyl core scaffold (Table 3). Gratifyingly, we obtained compounds with sub-micromolar
potencies against SIRT 2 while displaying high selectivity against SIRT1 and SIRT3. As seen earlier
(Table 1) 4-CF3 substitution gave highly potent compounds 49, 53 and 56 that showed inhibitory
potency below 300 nM as a racemic mixture with >400 over SIRT1 and >800-fold selectivity over SIRT3.
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In general, with any given side chain, 4-CF; and 4-Br groups yielded the most potent SIRT2 inhibitors

as shown in Table 4.

Table 2. Optimization of the naphthyl group (R?).

R1 R2 R3 SIRT1* SIRT2* SIRT3*  SIRT2**
23 3-Br H 53 91 n.d. 8.95
29 3-Br °” H 12 14 nd. nd.
OH
30 3-Br * H 0.0 32 nd. nd
nee
OH
31 3-Br H 0.0 37 nd. nd.
Br
Br OH
32 3-Br H 0.0 16 n.d. n.d.
33 4-CF o M 12 97 6.0 0.59
-LF3 e . .
Br
OH
34 4-CF; “ Me 0.0 97 >200 0.77
OO
OH
35 4-CF, M Me 0.0 84 >200 12.1

Ci

z

* Percentage inhibition at 50 tM compound. ** ICsy concentration for SIRT2 (uM).

Table 3. Optimization of the sidechain (R?).

N
]
R R1 R2 SIRT1 * SIRT2 * SIRT3 * SIRT2 **
o
™
Br
23 3-Br NH, 53 91 41 8.95
36 3-Br N~ O 0.0 94 43 475
37 3-Br HN " 0H 28 86 46 7.62
I\
38 3-Br N\_/O 1.0 22 n.d. n.d.
39 4-Br “NV@ 13 30 nd. n.d.
40 4-Br " ﬂ 23 40 nd. n.d.
41 3-Br N OMe 0.0 53 n.d. n.d.
S
2 3-Br o \/Gq 3.0 6.0 nd. nd.
[¢]
43 3-Br i~ e, 0.0 89 20 0.96
[e]
44 3-Br i~ 0.0 98 n.d. 6.50
H
20 4-CF; NH, 0.0 100 5.0 1.90
N/_\N_
45 4-CF; » 10 88 nd. nd.
46 4-CF, HNNZ 28 88 n.d. n.d.
33 4-CF; NHMe 35 98 nd. 0.49

* Percentage inhibition at 50 uM compound. ** ICsy concentration for SIRT2 (uM).
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Table 4. Optimization of the SIRT2 inhibitors (R! and R2).

R1 R2 SIRT1 * SIRT2 * SIRT3*  SIRT2**
47 4-Cl N~ 0.0 98 5 0.96
48 4-Br N~ O 18 96 29 0.52
49 4-CF3 N> 15 99 27 0.27
o
50 4-Cl HN/\)LNHQ 4.0 99 17 0.65
(o]
51 4-Br i~ 20 98 14 0.58
o
52 4-CF3 PN 0.0 93 21 0.65
(o]
53 3-CF3 i~ 8.0 91 16 1.57
(o]
54 4Cl i~ 12 99 6 0.59
H
(o]
55 4-CF3 NN 0.0 100 20 0.25
H
56 4-Br NHMe 12 95 22 0.78

* Percentage inhibition at 50 uM compound. ** ICsy concentration for SIRT2 (uM).

2.3. Biological Evaluation of Sirtuin 2 Inhibitors

To ascertain SIRT2 inhibitory activity of our newly synthesized compounds in a cellular context,
we examined acetylation level of «-tubulin, a known SIRT2 substrate [12]. Non-small cell lung cancer
cell line NCI-H460 was treated with compound 55 at 0, 5, and 10 uM for 18 h. Cells were harvested,
lysed and «-tubulin acetylation was analyzed by western blot (Figure 2). As predicted, dose-dependent
increase in tubulin acetylation was observed upon exposure to 55 as compared to the vehicle-treated
negative control confirming inhibitory activity of the newly developed SIRT2 inhibitors in cells.

55 (uM) 0 5 10
DMSO + o+ o+
acetyl-a-tubulin | «= - -

GAPDH |G

rato 1.0 52 6.1

Figure 2. Determination of a-tubulin acetylation in NCI-H460 cells by western blot following 18 h
treatment with 55. GAPDH used as loading control.

With selective SIRT2 inhibitors in hand, we proceeded to evaluate cytotoxicity of our compounds
in Daudi, Raji (Burkitt lymphoma) and OCI-Ly8-LAM-53 (OClI, a representative of several Diffuse
Large B-Cell Lymphoma lines; DLBCL) cell lines. Briefly, cells were plated in 96-well plates and treated
with inhibitors at desired concentrations for 72 h. Cellular viability was determined by measuring the
amount of cellular ATP using CellTiter-Glo assay kit (Promega) and normalized against DMSO-treated
controls. While all SIRT?2 inhibitors were found to be toxic to B-cell lymphoma cell lines (Table 5),
interestingly, primary carboxamide side chain containing inhibitors (e.g., 24, 22), which showed
lower potencies in in vitro enzyme assays, displayed higher cytotoxicity as compared to other more
potent inhibitors with polar side chains. Conversely, 4-CF; phenyl substituted compounds displaying
high in vitro SIRT2 inhibitory activity (e.g., 49 and 55) were found to be less potent in the cell-based
assay. N-methyl side chain containing compounds (33 and 56) appear to have more specific activity
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against SIRT2 and exhibit potent cellular cytotoxicity. Selected inhibitors were further evaluated in
an expanded panel of cancer cell lines including breast cancer (MCF-7 and MDA-MB231), prostate
cancer (PC-3) and glioblastoma multiforme (U-251). SIRT2-specific inhibitors were found to be less
toxic against these cell lines compared to lymphoma cell lines. However, the trend in potency as a
function of the structure is consistent with the results obtained against lymphoma cell lines. These
results demonstrate toxicity of the new SIRT2 inhibitors in various cancers cell lines, B-cell lymphomas
in particular, as observed with the hit compound cambinol (1). Interestingly, the published SIRT2
inhibitor AGK2 was only weakly active against the OCI DLBCL cell line (LCs 73.2 uM).

Table 5. In vitro SIRT2 inhibitory activity (ICsg) and cytotoxicity (LCsg) of SIRT2 inhibitors in B-cell
lymphoma and other cancer cell lines.

SIRT2 Daudi

Compound Raji ocCI MCF7 MDA-MB231 PC3 U251

ICso LCso
19 2.8 5.0 7.3 8.2 n.d. n.d. n.d. n.d.
22 2.5 7.0 7.8 1.6 n.d. n.d. n.d. n.d.
33 0.49 145 18.5 16.4 n.d. n.d. n.d. n.d.
43 0.96 15.8 19.4 n.d. n.d. n.d. n.d. n.d.
47 0.96 n.d. 20.2 9.7 n.d. n.d. n.d. n.d.
48 0.52 10.5 10.0 5.0 11.8 14.7 11.8 15.8
49 0.27 12.0 16.5 13.1 20.2 23.5 18.4 15.7
50 0.65 n.d. 19.9 11.7 n.d. n.d. n.d. n.d.
51 0.58 19.2 16.7 10.2 n.d. n.d. n.d. 25.9
52 0.65 28.2 194 25.5 n.d. n.d. n.d. n.d.
54 0.59 15.8 18.5 11.2 18.0 23.8 16.5 17.3
55 0.25 11.9 11.9 249 21.6 22.8 17.2 21.1
56 0.78 7.1 9.1 5.7 n.d. n.d. n.d. n.d.

* SIRT2 IC50 and tOXiCity LC50 (LLM)

2.4. SIRT 2 Inhibitor as Anti-Proliferation and Apoptosis Inducing Agent in OCI-Ly8-LAMS53 (OCI) Cells

Measurement of ATP, while an excellent surrogate marker for cell viability, does not shed light on
the mechanism of drug toxicity such as drug-induced cell death. To gain a better insight pertaining
to the cytotoxic effects of SIRT2 inhibition, we probed for induction of apoptosis by western blot
analysis as well as by annexin V staining assay upon exposure to the SIRT2 inhibitor [39]. OCI DLBCL
cells were treated with 56 for 24 h. Cells were lysed and analyzed by western blot assay for cleaved
poly-ADP-ribose polymerase (PARP), a well-accepted apoptosis marker [42] (Abcam, Cambridge, UK).
The result (Figure 3e) showed dose-dependent PARP cleavage with progressively higher concentrations
of 56 indicating SIRT2 inhibition promotes caspase-mediated apoptotic cell death. A similar finding,
induction of apoptosis (Q2) was observed by annexin V staining upon exposure to 56(Figure 3a—d)
while showing negligible cell population undergoing necrotic cell death (Q1). Taken together, these
results show that SIRT2 inhibition ensues dose-dependent induction of apoptosis.
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DMSO Etoposide (S5uM)
A 3.7% 14.1%| -|B 5.1% 59.8%
] Y
,»':J,ggé;‘,i'
1 73%| | 26.8% 8.3%
Compound 56 (10uM) Compound 56 (25uM)
. C 4.6% 47.2%| .\D 3.8% 75.8%
N N
8.4% 13.5% 6.9%
56(uM) - 25 5 10 20

cleaved PARP I I &= = -—

actin G G Gee w=— e=

ratio 1.00 7.00 32.0 53.0 58.0

Figure 3. Induction of apoptosis upon treatment of OCI cells with 56. (A-D) Annexin V staining, (E)
PARP cleavage. (A) Control cells treated with DMSQO; (B) Cells treated with etoposide (5 pM); (C) Cells
treated with 10 uM 56; (D) Cells treated with 25 uM 56; Apoptotic cells appear in the upper right-hand
quadrant (A-D) (E) Induction of PARP cleavage (normalized ratio = cleaved PARP/actin).

3. Discussion

Our initial effort to identify SIRT2-selective cambinol analogs has led to the discovery of open
chain inhibitors derived from cambinol displaying submicromolar potency against SIRT2 and high
selectivity against SIRT1/3 in vitro. In this initial SAR, we explored substitution of three functional
groups: the phenyl group (box A), naphthyl group (box B) and the side chain (box C) (as shown in
Figure 4) while beta-keto and the hydroxyl group were kept constant. The beta-keto amide functionality
makes these inhibitors susceptible to racemization at the chiral center under physiological conditions.
Because of this, all of the compounds described herein were tested as racemates.

Figure 4. General structure of the SIRT2 inhibitors. Fragment (A) aryl group; (B) 2-hydroxynaphthyl
group; (C) aliphatic amide group.

SAR study revealed that 4-substituted phenyl group (box A) and 6-substituted 2-hydroxynaphthyl
(box B) connected by a three-carbon linker containing a ketone, and a substituted aliphatic amide
functionality (box C) (Figure 4) provides a hydrophobic core of the most potent SIRT2 inhibitors.
Docking studies with cambinol and its analogs published earlier concluded [43] that cambinol and
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analogs bind in the substrate binding narrow cleft where the hydroxyl group of the naphthyl ring
system (box B) forms a key interaction with Glu116 in SIRT?2.

A corollary drawn from the binding orientation [43] predicts that interaction with GIn167 and
His187 in SIRT2 would impart both potency and selectivity since these residues are unavailable in the
more open binding pocket of SIRT1. Our observation from the SAR with the beta-keto amide side
chains (box C) agrees well the docking study showing that small polar sidechains enhance potency
and impart high selectivity against highly homologous SIRT1 and SIRT3. As a result, we were able to
improve selectivity for STIR2 by more than 200-fold over cambinol (1). Interestingly, lack of symmetry
in the three dimensional SIRT2 binding pocket [43] suggests that the potency of the two enantiomers of
SIRT2 inhibitors would be different. This remains to be verified with non-enolizable cambinol analogs.

Our previous reports [39,40] and studies by other groups have shown that pharmacological
inhibition or genetic downregulation of SIRT2 has an anti-cancer effect in various malignancies which
corroborates our observation in the present study [44-46]. Newly synthesized cambinol analogs
having high specificity for SIRT2 were found to be toxic to in a panel of cancer cell lines. Further,
as with cambinol, higher toxicity against B-cell lymphoma cell lines such as in Raji and Daudi
(Burkitt lymphoma) and OCI (DLBCL) were observed. Curiously, we found that -NH; or -N(Me)H
sidechain-containing SIRT2 inhibitors while somewhat less- potent on the enzyme in-vitro assay, are
more potent in cellular context as compared their polar side chain containing analogs e.g., 55 vs. 46.
While off-target activities cannot be ruled out without further screening, this discrepancy could also
arise from differences in cell-permeability or efflux.

We observed that SIRT2 inhibition leads to dose-dependent apoptotic cell death as seen by
PARP-cleavage in western blot analysis and in annexin V assay (Figure 3). While uncovering the exact
mechanism is beyond the scope of the present study, several hypotheses found in the literature can
be invoked. SIRT2 inhibition may correct BCL6 and p53 acetylation imbalance, a known driver of
lymphomagenesis [39,47]. Additionally, SIRT2 inhibition has been shown to exert an anti-proliferative
effect by facilitating degradation of c-myc; [35] the oncogene which is constitutively active in several
Burkitt lymphomas. Blocking of cell proliferation through deactivation of G6PD by SIRT2-mediated
deacetylation is another potential mechanism [16]. Pleiotropic effects on other client proteins cannot
be ruled out as suggested by several groups in recent studies [45,48]. Finally, recent reports have
demonstrated that acyl modifications of lysine residues (e.g., myristoylation) may play a role in
the biological functions of the sirtuins. Only a detailed comprehensive evaluation of the myriad
acylation/de-acylation activities can shed light on the relevance of the various acyl lysine modifications.

In conclusion, we have developed cambinol analogs, a class of sirtuin inhibitors distinct from
other published compounds targeting class III deacylases. Our lead compounds display high SIRT2
inhibitory potency (as low as 250 nM) with excellent selectivity profiles against other sirtuin isoforms.
The compounds are cytotoxic to various cancer cell lines, B-cell derived lymphomas (Burkitt lymphoma
and DLBCL) in particular. From a medicinal chemistry standpoint, further optimization of the
cambinol scaffold with the goal of higher potency and improved physicochemical properties is
currently underway and will be reported in due course.

4. Materials and Methods

4.1. Enzyme Inhibition Assays

SIRT1, SIRT2, and SIRT3 were purchased from Cayman Chemical. Enzyme inhibition assays
were performed in 96-well black plates using the SIRT-Glo Assay (Promega Corp.) according to the
manufacturer’s instructions. Compounds were dissolved in 100% DMSO and to make 5- or 10-mM
stock solutions. For initial enzyme inhibition tests, 50 pM of inhibitory concentration was used.
The results are average of triplicate experiments (final DMSO concentration ~0.25%). ICs values were
determined in triplicate and reported values are averages of two independent experiments.
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4.2. Cell Viability Assays

Cell lines were obtained from ATCC (Manassas, VA, USA) and were grown under standard
conditions as recommended. For viability assays, 3000 cells per well were dispensed into 96-well
plates and treated with test compounds (final DMSO concentration 0.25%). Cells were incubated
with test compounds (or DMSO controls) for 72 h or 5 days as noted at 37 °C in 5% CO, and
viability was determined using the CellTiter-Glo Assay (Promega Corp.) according to manufacturer’s
instructions. Assays were carried out in triplicate and reported values are averages of at least two
independent experiments.

4.3. General Chemistry Information

Thin layer chromatography was carried out using 60 F254 silica gel plates (Merck, Darmstadt,
Germany) using appropriate solvent mixtures. Solvents were ACS reagent grade and anhydrous
solvents (Sigma-Aldrich, St. Louis, Missouri, USA, and Acros Organics/Fisher Scientific, Pittsburgh,
PA USA,) were used as received. Medium pressure chromatography for compound purification was
carried out using Isolera with Silicycle HP cartridges (Biotage, Charlotte, NC, USA,). LCMS was
performed using an 1100 HPLC system (Agilent, Santa Clara, CA, USA) equipped with a XTerra MS
C185 um, 4.6 A~ 50 mm column (Waters, Milford, MA, USA ) or a Poroshell 120 EC-C18 4.6 x 100 mm
column (Agilent, Santa Clara, CA, USA) using an Agilent photodiode array detector and an in-line
Agilent 6130 single quadrupole mass spectrometer. Analytical HPLC method involved gradient elution
from 0 to 95% acetonitrile in water (0.1% formic acid) over 6 min. Agilent ChemStation software
(Agilent, Santa Clara, CA, USA) was used to develop methods. Final purity of the compounds was
determined by "H-NMR (AV-300, Brucker, Billerica, MA, USA) or by analyzing chromatogram of the
products at 210, 254 and 280 nm.

4.4. Representative Procedure (I) for Preparation of Substituted 2-Hydroxy-1-Naphthalene Carbaldehydes (7)

6-Bromo-2-hydroxynaphthalene-1-carbaldehyde (AstaTech, Bristol, PA, USA). A solution of TiCly
(1.0 M in CH;Cl,, 27 mmol, 27 mL) in dichloromethane was treated with a solution of dichloromethyl
methyl ether (13.5 mmol) in 1,2-dichloroethane or dichloromethane (3 mL) at 0 °C for 15 min. A solution
of 6-bromo-2-hydroxy naphthalene (13.5 mmol) in CH,Cl, (30 mL) was added dropwise, and the
reaction was allowed to stir overnight with gradual warm up to the room temperature. The reaction
was quenched by adding 1 M HCI (10 mL). The aqueous layer was extracted with CH,Cl, (x3)
and the organic layers were then combined, dried over Na;SOy, and reduced to dryness to afford a
reddish-brown residue which was further purified using medium pressure chromatography using a
gradient EtOAc/hexane solvent system (1-10% EtOAc) to yield 1.4 g (1.20 g, 5.8 mmol, 43%) of the
desired product as a white powder. TH-NMR (300 MHz, DMSO-dg) § 12.01-11.79 (bs, 1H), 10.76 (s,
1H), 891 (d,] =9.0 Hz, 1H), 8.17 (d, ] = 1.5 Hz, 1H), 8.11 (d, ] =9.0 Hz, 1H), 7.73 (dd, ] = 9.0, 1.8 Hz,
1H), 7.30 (d, ] = 9.0 Hz, 1H). LRMS: m/z = 2489 M — H)".

4.5. Representative Procedure (II) for Preparation of Substituted 2-Benzoyl-3H-benzo-[flchromen-3-ones (13)

8-Bromo-2-(3-bromobenzoyl)-3H-benzo[flchromen-3-one (12).  To a solution of substituted
6-bromo-2-hydroxyl naphthaldehyde (124 mg, 0.5 mmol) in ethanol (5 mL) were added the
corresponding ethyl-(3-bromophenyl)-3-oxopropanoate 95.5 uL (0.5 mmol). Piperidine (5 drops)
was added, and the reaction was heated under reflux for 2 h. The reaction was allowed to cool, and the
yellowish precipitate obtained was collected by filtration and washed with ethanol several times to get
the condensation product 8-bromo-2-(3-bromobenzoyl)-3H-benzo[f]chromen-3-one, 200 mg (0.20 g,
0.44 mmol, 88%). 'H-NMR (300 MHz, DMSO-dg) § 9.24 (s, 1H), 8.59 (d, ] = 9.0 Hz, 1H), 8.43 (s, 1H),
8.17(d, ] =9.0 Hz, 1H), 8.18 (s, 1H), 7.99 (d, ] = 7.8 Hz, 1H), 7.90 (t, ] = 7.5 Hz, 2H), 7.74 (d, ] = 9.3 Hz,
1H), 7.53 (t, ] = 7.8 Hz, 1H). LRMS m/z = 457.0 (M + H)*.



Molecules 2020, 25, 455 12 of 19

4.6. Representative Procedure (III) for Preparation of Substituted 2-(Benzoyl)-1H,2H-naphtho
[2,1-blpyran-3-ones (14)

8-Bromo-2-(3-bromobenzoyl)-1H,2H-naphtho [2,1-b]pyran-3-one (13). The corresponding benzoyl
coumarin (0.20 g, 0.44 mmol) was dissolved in dry pyridine (2 mL). To this solution was added NaBH,
(1.25 equiv., 0.55 mmol, 20.9 mg), and the reaction was stirred at room temp for 3 h. The mixture
was then poured in cold 2 M hydrochloric acid (5 mL), which resulted in a white precipitate.
The precipitate was washed several times with water, dried under a vacuum to yield the corresponding
1,2-dihydrocoumarin, 8-bromo-2-(3-bromobenzoyl)-1H,2H-naphtho[2,1-b]pyran-3-one as a white
powder (0.17 g, 0.36 mmol, 82%) which was taken to the next step without purification. 'H-NMR (300
MHz, DMSO-dg) 6 8.29 (d, ] = 7.8 Hz, 2H), 8.09 (d, ] = 7.8 Hz, 1H), 8.03-7.87 (m, 3H), 7.71 (d, ] = 9.9 Hz,
1H),7.53 (t, ] =7.8 Hz, 1H), 7.42 (d, ] = 9.0 Hz, 1H), 5.38 (dd, ] = 11.1, 6.6 Hz, 1H), 3.81-3.54 (ddd, | =
16.8, 11.7, 6.6 Hz, 2H). LRMS m/z 458.9 (M + H)*.

4.7. Representative Procedure (IV) for Preparation of Substituted
2-[(2-Hydroxynaphthalen-1-yl)methyl]-3-oxo-3-phenylpropanamides

To a solution of 1,2-dihydrocoumarin, (0.29 mmol) in anhydrous THF (3 mL) was added ammonium
hydroxide solution (12 M) 223 uL or the desired amine (1.0 equiv., TEA 2.0 equiv., Sigma-Aldrich, St.
Louis, MO, USA) and the reaction was stirred at rt for 8-14 h. Upon completion of the reaction (as
judged by TLC/LC-MS), the solution was concentrated in vacuo. The reaction mixture was then purified
using HP Silicycle columns using Biotage purification system using Hx/EtOAc gradient elution.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-methylphenyl)-3-oxopropanamide (5). 60.0 mg (0.15
mmol, 50%). 'H-NMR (300 MHz, DMSO-dy) & 9.84 (s, 1H), 7.99 (d, ] = 2.1 Hz, 1H), 7.96-7.85 (m, 3H),
7.64 (d, ] = 9.0 Hz, 1H), 7.48 (dd, ] = 9.0, 1.8 Hz, 2H), 7.27 (d, ] = 8.1 Hz, 2H), 7.20 (d, ] = 8.7 Hz, 1H),
6.92 (s, 1H), 4.69 (dd, ] = 8.4, 5.1 Hz, 1H), 3.46 (ddd, ] = 13.8, 8.4, 5.1 Hz, 2H), 2.35 (s, 3H). LRMS [ES]*:
mjz =412.1 (M + H)*.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-methylphenyl)-3-oxopropanamide (16). 6.8 mg (0.02
mmol, 92%). 'H-NMR (300 MHz, DMSO-dg) § 9.99-9.75 (bs, 1H), 7.99 (d, ] = 2.1 Hz, 1H), 7.93 (d, ] =
9.3 Hz, 1H), 7.79-7.73 (m, 2H), 7.64 (d, ] = 9.0 Hz, 1H), 7.52-7.46 (m, 2H), 7.44-7.31 (m, 2H), 7.20 (d, ] =
8.7 Hz, 1H), 6.98-6.88 (bs, 1H), 4.67 (dd, ] = 8.1, 5.4 Hz, 1H), 3.46 (ddd, | = 13.8, 8.7, 5.4 Hz, 2H), 2.32 (s,
3H).LRMS [ES]*: m/z = 412.1 (M + H)*.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(2-methylphenyl)-3-oxopropanamide (17). 58.2 mg
(0.14 mmol, 93%). 'H-NMR (300 MHz, DMSO-dg) 6 9.85 (s, 1H), 8.00 (d, ] = 1.8 Hz, 1H), 7.91 (d, ] = 9.3
Hz, 1H), 7.65 (d, ] = 8.7 Hz, 2H), 7.48 (dd, ] = 9.3, 2.1 Hz, 1H), 7.41-7.32 (m, 2H), 7.27-7.15 (m, 3H), 6.87
(s, 1H), 4.59-4.49 (m, 1H), 3.51-3.41 (m, 2H), 2.29 (s, 3H). LRMS [ES]*: m/z = 412.1 (M + H)".

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-oxo-3-phenylpropanamide (18). 13.8 mg (0.03 mmol,
28%). 'H-NMR data for the major tautomer is provided. 'H-NMR (300 MHz, DMSO-dg) & 9.86 (s, 1H),
8.01-7.95 (m, 2H), 7.92 (d, ] = 9.0 Hz, 1H), 7.80 (d, ] = 7.2 Hz, 1H), 7.67-7.61 (m, 3H), 7.52-7.43 (m, 3H),
7.20 (d, ] = 8.7 Hz, 1H), 6.95 (s, 1H), 4.69 (dd, ] = 8.4, 5.1 Hz, 1H), 3.60-3.38 (m, 2H). LRMS [ES]*: m/z =
398.0 (M + H)™.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-chlorophenyl)-3-oxopropanamide (19). 21.8 mg (0.05
mmol, 42%). 'H-NMR data for the major isomer is provided. 'H-NMR (300 MHz, DMSO-dg) & 9.95-
9.76 (bs, 1H), 8.05-7.86 (m, 4H), 7.64 (d, ] = 9.0 Hz, 1H), 7.57-7.44 (m, 4H), 7.18 (d, ] = 8.7 Hz, 1H), 6.97
(s, 1H), 4.66 (dd, ] = 8.4, 5.1 Hz, 1H), 3.47 (ddd, ] = 13.8, 8.4, 5.4 Hz, 2H). LRMS [ES]*: m/z = 432.0 (M +
H)*.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-trifluoromethylphenyl)-3-oxopropanamide (20). 30.8
mg (0.07 mmol, 59%). 'H-NMR data for the major isomer is provided. 'H-NMR (300 MHz, DMSO-dy)
§9.89 (s, 1H), 8.12 (d, ] = 8.4 Hz, 1H), 7.99 (d, ] = 2.1 Hz, 1H), 7.95-7.80 (m, 4H), 7.64 (d, ] = 8.7 Hz, 1H),
7.56-7.45 (m, 2H), 7.18 (d, ] = 8.7 Hz, 1H), 7.12-6.98 (bs, 1H), 4.72 (dd, ] = 8.4, 5.4 Hz, 1H), 3.49 (ddd, |
=144, 8.4,5.1 Hz, 2H). LRMS [ES]*: m/z = 466.0 (M + H)*.
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2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-trifluoromethylphenyl)-3-oxopropanamide (21). 35.5
mg (0.08 mmol, 68%). 'H-NMR data for the major isomer is provided. 'H-NMR (300 MHz, DMSO-dy)
59.89 (bs, 1H), 8.22-8.12 m, 1H), 7.98 (d, ] = 2.1 Hz, 1H), 7.94-7.85 (m, 2H), 7.69 (t, | = 7.8 Hz, 1H), 7.62
(d, ] =8.7 Hz, 1H), 7.58-7.53 (bs, 1H), 7.51-7.44 (m, 1H), 7.17 (d, ] = 8.7 Hz, 1H), 6.99 (bs, 1H), 4.75 (dd,
J =8.1,5.7 Hz, 1H), 3.58-3.44 (m, 2H). LRMS [ES]*: m/z = 466.1 (M + H)*.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-bromo)-3-oxopropanamide (22). 21.1 mg
(0.02 mmol, 48%). LRMS [ES]*: m/z = 478.0 (M + H)*.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-bromo)-3-oxopropanamide (23). "H-NMR data for
the major isomer is provided. TH-NMR (300 MHz, DMSO-dg) & 9.98-9.87 (bs, 1H), 8.07 (s, 1H), 7.99 (d,
J = 1.8 Hz, 1H), 7.95-7.86 (m, 2H), 7.82-7.74 (m, 1H), 7.64 (d, ] = 8.7 Hz, 1H), 7.54-7.39 (m, 3H), 7.19 (d,
J =9.0 Hz, 1H), 6.97 (bs, 1H), 4.66 (dd, ] = 8.1, 5.1 Hz, 1H), 3.57-3.37 (m, 2H). LRMS [ES]*: m/z = 477.0
M + H)*.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-methoxy)-3-oxopropanamide (24). 44.0 mg (0.11
mmol, 85%). 'H-NMR (300 MHz, DMSO-dg) § 10.02-9.57 (bs, 1H), 8.02-7.95 (m, 3H), 7.92 (d, ] = 9 Hz,
1H), 7.64 (d, | = 8.7 Hz, 1H), 7.52-7.44 (m, 2H), 7.20 (d, ] = 9.0 Hz, 1H), 6.98 (d, | = 8.7 Hz, 2H), 6.92 (bs,
1H), 4.62 (dd, ] = 8.4, 5.1 Hz, 1H), 3.82 (s, 3H), 3.38 (ddd, ] = 13.5, 8.4, 5.1 Hz, 2H). LRMS [ES]*: m/z =
428.1 M + H)*.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-fluoro)-3-oxopropanamide (25). 19.5 mg (0.05 mmol,
37%). 'H-NMR (300 MHz, DMSO-dg) 6 9.87(s, 1H), 8.04 (dd, ] = 9.0, 5.4 Hz, 2H), 7.99 (d, ] = 2.1 Hz,
1H), 7.90(d, ] = 2.3 Hz, 1H), 7.64 (d, ] = 9.0 Hz, 1H), 7.53-7.44 (m, 1H), 7.30 (t, ] = 9.0 Hz, 2H), 7.19 (d,
=9.0 Hz, 1H), 7.00-6.93 (bs, 1H), 4.66 (dd, ] = 8.1, 5.4 Hz, 1H), 3.56-3.41 (m, 2H). LRMS [ES]*: m/z =
416.0 M + H)*.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-oxo-3-(pyridin-4-yl)propenamide (26). 37.8 mg
(0.09 mmol, 46%). LRMS [ES]*: m/z = 413.1 (M + H)*.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-oxo-3-(pyridin-3-yl)propenamide (27). 12.3 mg (0.03
mmol, 19%). 'H-NMR (300 MHz, DMSO-dg) & 9.90 (s, 1H), 9.09-8.98 (bs, 1H), 8.82-8.68 (bs, 1H), 8.19
(td,] =7.8,1.8 Hz, 1H), 7.9 (d, ] = 2.1 Hz, 1H), 7.82 (d, ] = 9.3 Hz, 1H), 7.63 (d, ] = 8.7 Hz, 1H), 7.54-7.46
(m, 3H), 7.18 (d, ] = 9.0 Hz, 1H), 4.69-4.56 (m, 1H), 3.54-3.42 (m, 2H), 2.33 (d, ] = 4.5 Hz, 3H). LRMS
[ES]+: m/z =413.0 M + H)*.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-acetamidophenyl)-3-oxopropanamide (28). 14.0 mg
(0.03 mmol, 26%). 'H-NMR (300 MHz, DMSO-d) & 10.09 (s, 1H), 9.86 (s, 1H), 8.11-8.05 (bs, 1H), 7.99
(d, ] =2.1Hz, 1H), 7.91-7.78 (m, 3H), 7.64 (d, ] = 8.7 Hz, 2H), 7.49 (dd, ] = 9.0, 2.1 Hz, 1H), 7.37 (d, ] =
8.1Hz, 1H),7.19 (d, ] = 8.7 Hz, 1H), 4.63-4.50 (m, 1H), 3.54-3.43 (m, 2H), 2.31 (d, ] = 4.5 Hz, 3H), 2.05 (s,
3H). LRMS [ES]*: m/z = 469.0 M + H)*.

3-(3-Bromophenyl)-2-[(2-hydroxynaphthalen-1-yl)methyl]-3-oxopropanamide (29). 48.5 mg (0.12 mmol,
93%). 'H-NMR data for the major isomer is provided. ITH-NMR (300 MHz, DMSO-dg) 5 9.65 (s, 1H),
8.06 (t,] =1.5Hz, 1H), 7.92 (d, ] = 8.4 Hz, 1H), 7.83-7.72 (m, 2H), 7.63 (d, | = 9.0 Hz, 1H), 7.57-7.52 (bs,
1H), 7.46-7.34 (m, 3H), 7.28-7.22 (m, 1H), 7.14 (d, ] = 8.7 Hz, 1H), 7.04-6.97 (bs, 1H), 4.70 (dd, ] = 8.1,
5.4 Hz, 1H), 3.49 (ddd, ] = 13.8, 8.1, 5.4 Hz, 2H). LRMS [ES]*: m/z = 398.0 M + H)*.

3-(3-Bromophenyl)-2-[(2-hydroxy-6-methoxynaphthalen-1-yl)methyl]-3-oxopropanamide (30).
15.3 mg (0.36 mmol, 92%). LRMS [ES]*: m/z = 410.0 (M + H)™.

2-[(3-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-bromophenyl)-3-oxopropanamide (31). 27.2 mg
(0.06 mmol, 44%). 'H-NMR data for the major isomer is provided. 'H-NMR (300 MHz, DMSO-dg) &
9.98 (s, 1H), 8.14-8.08 (m, 2H), 7.99-7.92 (m, 1H), 7.83-7.66 (m, 3H), 7.63-7.53 (m, 1H), 7.47-7.32 (m,
2H), 7.25-7.13 (m, 1H), 7.12-6.97 (m, 1H), 4.78-4.63 (m, 1H), 3.56-3.45 (m, 2H). LRMS [ES]*: m/z =
476.00 (M + H)*.

2-[(7-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-bromophenyl)-3-oxopropanamide (32). 61.7
mg (0.13 mmol, 100%). LRMS [ES]*: m/z = 476.00 (M + H)*.

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-N-methyl-3-oxo-3-[4-(trifluoromethyl)phenyl Jpropenamide
(33). 33.2 mg (0.07 mmol, 69%). 'H-NMR data for the major isomer is provided. 'H-NMR (300 MHz,
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DMSO-dg) 6 9.94-9.80 (bs, 1H), 8.08 (d, ] = 8.1 Hz, 1H), 7.99 (d, ] = 1.8 Hz, 1H), 7.98-7.90 (m, 1H),
7.87-7.75 (m, 4H), 7.67-7.61 (m, 1H), 7.52-7.46 (m, 1H), 7.18 (d, ] = 9.0 Hz, 1H), 4.64 (t, ] = 7.2 Hz, 1H),
3.48 (d, ] = 6.3 Hz, 2H), 2.31 (d, ] = 4.5 Hz, 3H).
2-[(2-Hydroxy-6-methylnaphthalen-1-yl)methyl]-3-oxo-3-[4-(trifluoromethyl)phenyllpropenamide (34).
48.0 mg (0.11 mmol, 70%). 'H-NMR data for the major isomer is provided. 'H-NMR (300 MHz,
DMSO-dg) § 9.59-9.40 (bs, 1H), 8.07 (d, | = 8.4 Hz, 2H), 7.99-7.89 (m, 1H), 7.86-7.72 (m, 2H), 7.67-7.61
(m, 1H), 7.56-7.47 (m, 2H), 7.44-7.38 (m, 1H), 7.23 (bd, ] = 8.7 Hz, 1H), 7.08 (d, ] = 8.7 Hz, 1H), 4.72-4.59
(m, 1H), 3.53-3.45 (m, 2H), 2.39 (s, 3H), 2.33 (d, ] = 4.5 Hz, 3H). LRMS [ES]*: m/z = 416.1 (M + H)*.
2-[(2-Chloro-6-hydroxyquinolin-5-yl)methyl]-3-oxo0-3-[4-(trifluoromethyl)phenylpropenamide (35). 41.2
mg (0.09 mmol, 75%). IH-NMR data for the major isomer is provided. TH-NMR (300 MHz, DMSO-dg)
510.28-10.10 (bs, 1H), 8.35 (d, ] = 9.0 Hz, 1H), 8.10 (d, ] = 8.4 Hz, 2H), 8.02-7.92 (m, 1H), 7.85 (d, ] = 8.4
Hz, 2H),7.71 (d,] =9.0 Hz, 1H), 7.44 (dd, ] = 9.6, 7.2 Hz, 2H), 4.74-4.57 (m, 1H), 3.53-3.42 (m, 2H), 2.28
(d, ] =4.5Hz, 3H). LRMS [ES]*: m/z = 437.1 M + H)*.
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-bromophenyl)-N-(2-hydroxyethyl)-3-oxopropanamide
(36). 4.7 mg (0.01 mmol, 16%). 'H-NMR data for the major isomer is provided. 'H-NMR (300 MHz,
DMSO-dg) 6 10.03-9.49 (bs, 1H), 8.04 (s, 1H), 7.99 (s, 1H), 7.89 (d, ] = 7.5 Hz, 1H), 7.85-7.74 (m, 2H), 7.63
(d, ] =9.0Hz,1H),7.44 (d,] =9.3 Hz, 1H), 7.40 (t, ] = 7.8 Hz, 1H), 7.18 (d, | = 9.0 Hz, 2H), 4.71-4.57 (m,
1H), 3.50-3.41 (m, 2H), 3.13-2.79 (m, 4H). LRMS [ES]*: m/z = 520.0 (M + H)".
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-bromophenyl)-N-(3-hydroxypropyl)-3-oxopropanamide
(37). 10.4 mg (0.02 mmol, 21%). TH-NMR data for the major isomer is provided. 'H-NMR (300 MHz,
DMSO-dg) 6 8.04 (s, 1H), 7.99 (bs, 1H), 8.10 (d, ] = 7.8 Hz, 1H), 7.80 (d, ] = 9.0 Hz, 2H), 7.68-7.57 (m,
2H), 7.52-7.38 (m, 3H), 7.20 (d, | = 9.0 Hz, 1H), 4.66—4.53 (m, 1H), 3.56-3.39 (m, 2H), 3.11-2.69 (m, 4H),
1.20-1.03 (m, 2H). LRMS [ES]*: m/z = 434.0 M + H)*.
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-1-(3-bromophenyl)-3-(morpholin-4-yl)propane-1,3-dione
(38). 25.9 mg (0.05 mmol, 52%). H-NMR data for the major isomer is provided. 'H-NMR (300 MHz,
DMSO-dg) 6 10.04 (s, 1H), 8.05 (d, ] = 1.8 Hz, 1H), 7.90 (t, ] = 1.8 Hz, 1H), 7.83-7.68 (m, 4H), 7.51 (dd, ] =
9.3,2.1 Hz, 1H), 7.45 (t, ] = 7.8 Hz, 1H), 7.22 (d, ] = 8.7 Hz, 1H), 5.00 (dd, ] = 9.3, 5.4 Hz, 1H), 3.60-3.45
(m, 2H), 3.31-2.91 (m, 6H), 2.87-2.76 (m, 1H), 2.45-2.35 (m,1H). LRMS [ES]*: m/z = 546.0 (M + H)*.
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-bromophenyl)-N-(furan-3-ylmethyl)-3-oxopropanamide
(39). 34.4 mg (0.08 mmol, 17%). TH-NMR data for the major isomer is provided. TH-NMR (300 MHz,
DMSO-dg) 6 9.89 (s, 1H), 8.51 (t, ] = 5.4 Hz, 1H), 8.04 (t,] = 1.5 Hz, 1H), 7.99 (d, ] = 1.8 Hz, 1H), 7.88 (d,
] =7.8Hz, 1H), 7.84-7.74 (m, 2H), 7.63 (d, ] = 8.7 Hz, 1H), 7.49-7.34 (m, 3H), 7.18 (d, ] = 9.0 Hz, 1H),
6.23 (dd, ] =3.0, 1.8 Hz, 1H), 5.76 (d, ] = 2.7 Hz, 1H), 4.70 (t, ] = 6.0 Hz, 1H), 4.00 (dd, ] = 15.6, 5.4, 5.1
Hz, 2H), 3.55-3.44 (m, 2H). LRMS [ES]*: m/z = 556 (M + H)™*.
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-bromophenyl)-3-oxo-N-(pyridin-4-ylmethyl)-propenamide
(40). 30.7 mg (0.05 mmol, 31%). 'H-NMR data for the major isomer is provided. 'H-NMR (300 MHz,
DMSO-dg) 6 9.94 (bs, 1H), 8.73-8.60 (m, 1H), 8.24 (d, ] = 5.1 Hz, 2H), 8.13 (s, 1H), 8.05 (s, 1H), 7.94 (d, |
=7.8Hz, 1H),7.84 (t,] =9.3 Hz, 2H), 7.70 (d, ] = 8.7 Hz, 1H), 7.51-7.41 (m, 2H), 7.23 (d, ] = 9.0 Hz, 1H),
6.66 (d, ] = 4.8 Hz, 2H), 4.87-4.72 (m, 1H), 4.06—-3.98 (m, 2H), 3.69-3.38 (m, 2H). LRMS [ES]*: m/z =
567.0 (M + H)".
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-bromophenyl)-N-(2-methoxyethyl)-3-oxopropanamide
(41). 25.0 mg (0.47 mmol, 31%). IH-NMR data for the major isomer is provided. TH-NMR (300 MHz,
DMSO-dg) 6 9.91-9.75 (bs, 1H), 8.19-8.06 (m, 2H), 8.03-7.98 (m, 1H), 7.93 (d, ] = 7.8 Hz, 1H), 7.83-7.74
(m,2H), 7.64 (d, ] =8.7 Hz, 1H), 7.48 (bd, ] = 9.3 Hz, 1H), 7.41 (t,] = 7.8 Hz, 1H), 7.20 (d, ] = 9.0 Hz, 1H),
4.64 (dd, ] = 8.4,4.5 Hz, 1H), 3.44 (ddd, ] = 13.8, 8.4, 4.5 Hz, 2H), 3.03-2.82 (m, 6H), 2.77-2.64 (m, 1H).
LRMS [ES]*: m/z = 534.1 (M + H)*.
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-bromophenyl)-3-oxo-N-(pyridin-3-ylmethyl)-propena
mide (42). 35.2 mg (0.06 mmol, 41%). 'H-NMR data for the major isomer is provided. 'H-NMR (300
MHz, DMSO-dg) 6 9.90 (bs, 1H), 8.59 (t, ] = 5.1 Hz, 1H), 8.38-8.32 (m, 1H), 8.20-8.13 (m, 1H), 8.07 (t, ] =
1.5 Hz, 1H), 8.01 (d, ] = 2.1 Hz, 1H), 7.93-7.77 (m, 2H), 7.66 (d, ] = 8.7 Hz, 1H), 7.46 (dd, ] = 9.0, 2.1 Hz,



Molecules 2020, 25, 455 15 of 19

1H), 7.40 (t, ] = 7.8 Hz, 1H), 7.20 (d, | = 8.7 Hz, 1H), 7.10-7.04 (m, 1H), 7.02—6.95 (m, 1H), 4.70 (dd, ] =
9.0, 4.5 Hz, 1H), 4.05-3.98 (m, 2H), 3.62-3.38 (m, 2H). LRMS [ES]*: m/z = 567.0 (M + H)™.
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-bromophenyl)-N-(2-carbamoylethyl)-3-oxopropanamide
(43). 35.4 mg (0.06 mmol, 31%). IH-NMR data for the major isomer is provided. TH-NMR (300 MHz,
DMSO-dg) 6 9.84 (s, 1H), 8.12-8.04 (m, 1H), 8.03-7.98 (m, 2H), 7.87 (d, ] = 8.1 Hz, 1H), 7.783-7.74 (m,
2H), 7.63 (d, ] = 9.0 Hz, 1H), 7.53-7.47 (m, 1H), 7.39 (t, ] = 8.1 Hz, 1H), 7.17 (d, ] = 8.7 Hz, 1H), 7.15-7.09
(bs, 1H), 6.77-6.67 (bs, 1H), 4.66—4.55 (m, 1H), 3.50-3.41 (m, 2H), 3.08—-2.84 (m, 2H), 1.92 (dt, ] = 7.2, 2.1
Hz, 2H).
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(3-bromophenyl)-N-[2-(methylcarbamoyl)ethyl]-3-oxo-
propanamide (44). 22.1 mg (0.04 mmol, 30%). 'H-NMR data for major isomers are provided. 'H-NMR
(300 MHz, DMSO-d¢) 6 9.84 (d, ] = 5.7 Hz, 1H), 8.12-7.96 (m, 3H), 7.94-7.69 (m, 3H), 7.68-7.45 (m, 3H),
7.44-7.33 (m, 1H), 7.22-7.13 (m, 1H), 4.68-4.54 (m, 1H), 3.52-3.41 (m, 2H), 3.08-2.84 (m, 2H), 2.59-2.45
(m, 3H), 1.98-1.83 (m, 2H). LRMS [ES]*: m/z = 561.0 M + H)*.
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-1-(4-methylpiperazin-1-yl)-3-[4-(trifluoromethyl)phenyl]-
propane-1,3-dione (45). 30.1 mg (0.06 mmol, 49%). TH-NMR (300 MHz, DMSO-dg) & 10.13-1.04 (bs,1H),
8.05 (d, ] = 2.1 Hz, 1H), 7.99-7.93 (m, 2H), 7.90-7.80 (m, 3H), 7.78-7.68 (m, 2H), 7.50 (dd, ] = 9.0, 2.1 Hz,
1H), 7.23 (d, | = 9.0 Hz, 1H)), 5.12-4.97 (m, 1H), 3.64-3.46 (m, 2H), 3.23-2.93 (m, 3H), 2.72-2.58 (m, 1H),
2.03-1.88 (m, 1H), 1.86 (s, 3H), 1.40-1.23 (m, 1H), 0.92-0.78 (m, 1H). LRMS [ES]*: m/z = 549.1 (M + H)".
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-1-[4-(trifluoromethyl)phenyl]hex-5-yne-1,3-dione
(46). 42.2 mg (0.08 mmol, 42%). LRMS [ES]*: m/z = 504.1 (M+H)™.
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-chlorophenyl)-N-(2-hydroxyethyl)-3-oxopropanamide
(47)/ 13.1 mg (0.03 mmol, 14%). 'H-NMR (300 MHz, DMSO-dg) § 9.95-9.75 (bs,1H), 7.99 (d, ] = 2.1 Hz,
2H),7.96 (d, ] =84 Hz, 2H),7.82(d, ] =9.3Hz, 1H), 7.64 (d, ] =9.0 Hz, 1H), 7.52 (d, ] = 8.7 Hz, 2H),
748 (dd, ] =9.0,2.1 Hz, 1H), 7.18 (d, | = 8.7 Hz, 1H), 4.67-4.58 (m, 1H), 4.47-4.38 (m, 1H), 3.50-3.42 (m,
2H), 3.10-2.80 (m, 3H). LRMS [ES]*: m/z = 476.0 (M + H)".
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-bromophenyl)-N-(2-hydroxyethyl)-3-oxopr
opanamide (48). 23.9 mg (0.05 mmol, 25%). "H-NMR (300 MHz, DMSO-dg) § 9.90-9.80 (s,1H), 7.99 (d,
J=21Hz 2H),7.87 (d,] = 8.4 Hz, 2H), 7.81 (d, ] = 9.0 Hz, 1H), 7.70-7.60 (m, 3H), 7.48 (dd, ] = 9.3, 2.1
Hz, 1H), 7.18 (d, ] = 8.7 Hz, 1H), 4.68-4.58 (m, 1H), 4.48-4.36 (m, 1H), 3.50-3.42 (m, 2H), 3.11-2.78 (m,
3H). LRMS [ES]*: m/z = 520.0 (M + H)™".
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-N-(2-hydroxyethyl)-3-oxo-3-[4-(trifluoromethyl)p
henyl]-propenamide (49). 37.9 mg (0.07mmol, 41%). LRMS [ES]": m/z = 510.0 (M + H)*.
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-N-(2-carbamoylethyl)-3-(4-chlorophenyl)-3-oxopropanamide
(50). 36.0 mg (0.07 mmol, 42%). IH-NMR data for major isomers are provided. 'H-NMR (300 MHz,
DMSO-dg) 6 9.81 (s, 1H), 8.04 (t, ] = 5.7 Hz, 1H), 7.99 (d, ] = 1.8 Hz, 1H), 7.92 (d, ] = 8.7 Hz, 2H), 7.80 (d,
J=9.3Hz, 1H),7.59 (d, ] = 9.0 Hz, 1H), 7.55-7.49 (m, 3H), 7.17 (d, ] = 8.7 Hz, 1H), 7.14-7.06 (bs, 1H),
6.78-6.68 (bs, 1H), 4.63-4.55 (m, 1H), 3.51-3.40 (m, 2H), 3.10-2.81 (m, 2H), 1.96-1.86 (m, 2H). LRMS
[ES]*: m/z =503.1 (M + H)*.
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-bromophenyl)-N-(2-carbamoylethyl)-3-oxopropanamide
(51). 24.1 mg (0.04 mmol, 26%). ITH-NMR data for major isomers are provided. TH-NMR (300 MHz,
DMSO-dg) & 9.82 (s, 1H), 8.08-8.01 (m, 1H), 7.99 (d, ] = 1.8 Hz, 1H), 7.84 (d, ] = 8.7 Hz, 2H), 7.79 (d, ] =
9.3 Hz, 1H), 7.69-7.60 (m, 3H), 7.49 (dd, ] = 9.0, 1.8 Hz, 1H), 7.17 (d, ] = 9.0 Hz, 1H), 7.13-7.08 (bs, 1H),
6.77-6.68 (bs, 1H), 4.64-4.50 (m, 1H), 3.50-3.42 (m, 2H), 3.08-2.81 (m, 2H), 1.95-1.85 (m, 2H). LRMS
[ES]*: m/z =547.0 M + H)*.
2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-N-(2-carbamoylethyl)-3-oxo-3-[4-(trifluoromethyl)phenyl]
-propenamide (52). 46.3 mg (0.09 mmol, 48%). 1 H-NMR (300 MHz, DMSO-dg)  9.89-9.74 (bs,1H), 8.07
(d,] =84Hz 2H),7.99 (d,] = 1.8 Hz, 1H), 7.84-7.74 (m, 3H), 7.68-7.58 (m, 2H), 7.49 (dd, ] = 9.0, 2.1 Hz,
1H), 7.18 (dd, ] = 9.0, 2.1 Hz, 1H),7.13-7.05 (bs, 1H), 6.77-6.67 (bs, 1H), 4.74-4.57 (m, 1H), 3.52-3.41 (m,
2H), 3.08-2.83 (m, 2H), 1.95-1.86 (m, 2H). LRMS [ES]*: m/z = 537.1 (M + H)*.
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2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-N-(2-carbamoylethyl)-3-0xo0-3-[3-(trifluoromethyl)phenyl]
-propenamide (53). 25.7 mg (0.03 mmol, 16%). 'H-NMR data for major isomers are provided. 'H-NMR
(300 MHz, DMSO-dj) § 9.83 (s,1H), 8.19-8.07 (m, 2H), 7.98 (d, ] = 1.8 Hz, 1H), 7.95-7.55 (m, 5H), 7.50
(dd, ] =9.0,2.1 Hz, 1H), 7.18 (d, | = 9.0 Hz, 1H), 7.13-7.05 (bs, 1H), 6.76-6.67 (m, 1H), 4.74-4.62 (m, 1H),
3.52-3.42 (m, 2H), 3.12-2.85 (m, 2H), 1.97-1.87 (m, 2H).

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-chlorophenyl)-N-[2-(methylcarbamoyl)ethyl]-3-oxo
-propanamide (54). 35.8 mg (0.07 mmol, 64%). 'H-NMR (300 MHz, DMSO-dg) § 9.92-9.72 (bs,1H),
8.10-7.87 (m, 4H), 7.87-7.76 (m, 1H), 7.70-7.60 (m, 1H), 7.56-7 .43 (m, 4H), 7.26-7.11 (m, 1H), 4.66-4.52
(m, 1H), 3.53-3.40 (m, 2H), 3.10-2.82 (m, 2H), 2.55-2.45 (m, 3H), 1.98-1.84 (m, 2H). LRMS [ES]*: m/z =
517.1 (M + H)".

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-N-[2-(methylcarbamoyl)ethyl]-3-oxo-3-[4-(trifluoromethy
1)-phenyl]propenamide (55). 60.4 mg (0.12 mmol, 68%). 'H-NMR data for major isomers are provided.
TH-NMR (300 MHz, DMSO-dg) & 9.80-9.74 (bs,1H), 8.08 (d, ] = 7.8 Hz, 2H), 7.99 (d, ] = 1.8 Hz, 1H),
7.80-7.77 (m, 3H), 7.64 (d, ] = 9.0 Hz, 1H), 7.53-7.45 (m, 2H), 7.17 (d, ] = 9.0 Hz, 1H), 4.65 (t, ] = 6.6 Hz,
1H), 3.47 (d, ] = 6.6 Hz, 2H), 3.18-2.84 (m, 2H), 2.46 (d, ] = 4.8 Hz, 3H), 1.95-1.84 (m, 2H). LRMS [ES]*:
mfz =551.1 M + H),..

2-[(6-Bromo-2-hydroxynaphthalen-1-yl)methyl]-3-(4-bromophenyl)-N-methyl-3-oxopropanamide (56).
51.5 mg (0.11 mmol, 96%). 'H-NMR data for major isomers are provided. 'H-NMR (300 MHz,
DMSO-dg) 6 9.98-9.38 (bs,1H), 7.99 (d, | = 1.5 Hz, 1H), 7.94-7.79 (m, 3H), 7.72-7.61 (m, 3H), 7.49 (dd, J
=9.3,1.8 Hz, 1H), 7.19 (d, ] = 8.7 Hz, 1H), 4.64-4.50 (t, | = 6.6 Hz, 1H), 3.52-3.41 (m, 2H), 2.31 (d, ] = 4.2
Hz, 3H).

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/3/455/s1,
General Chemistry.

Author Contributions: Conceptualization, A.B. and J.A.S.; investigation, S.C., S.S.,, AL AW, AP, UL, JHH,
and T.L.; data interpretation, S.C.,S.S., A.P, UL, JHH., TL, A.B. and J.A.S,, draft preparation, S.C.,S.S., A.B.
and J.A.S,; review and editing, A.B. and J.A.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by RO1-CA206462 and P30-CA015704 (National Institutes of
Health/National Cancer Institute).

Acknowledgments: We thank colleagues in the Fred Hutchinson Cancer Research Center Proteomics shared
resource for assistance with mass spectrometry as well as members of the Simon and Bedalov labs for helpful
comments and assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chalkiadaki, A.; Guarente, L. The multifaceted functions of sirtuins in cancer. Nat. Rev. Cancer 2015, 15,
608-624. [CrossRef] [PubMed]

2. Imai, S.; Guarente, L. NAD+ and sirtuins in aging and disease. Trends. Cell Biol. 2014, 24, 464-471. [CrossRef]
[PubMed]

3. Dryden, S.C.; Nahhas, FEA.; Nowak, ].E.; Goustin, A.S.; Tainsky, M.A. Role for human SIRT2 NAD-dependent
deacetylase activity in control of mitotic exit in the cell cycle. Mol. Cell Biol. 2003, 23, 3173-3185. [CrossRef]
[PubMed]

4. De Oliveira, R.M.; Sarkander, J.; Kazantsev, A.G.; Outeiro, T.F. SIRT2 as a Therapeutic Target for Age-Related
Disorders. Front. Pharm. 2012, 3, 82. [CrossRef]

5. Luthi-Carter, R.; Taylor, D.M.; Pallos, ].; Lambert, E.; Amore, A.; Parker, A.; Moffitt, H.; Smith, D.L.; Runne, H.;
Gokce, O.; et al. SIRT2 inhibition achieves neuroprotection by decreasing sterol biosynthesis. Proc. Natl.
Acad. Sci. USA 2010, 107, 7927-7932. [CrossRef]

6.  Outeiro, T.F,; Kontopoulos, E.; Altmann, S.M.; Kufareva, I.; Strathearn, K.E.; Amore, A.M.; Volk, C.B,;
Maxwell, M.M.; Rochet, ].C.; McLean, PJ.; et al. Sirtuin 2 inhibitors rescue alpha-synuclein-mediated toxicity
in models of Parkinson’s disease. Science 2007, 317, 516-519. [CrossRef]


http://www.mdpi.com/1420-3049/25/3/455/s1
http://dx.doi.org/10.1038/nrc3985
http://www.ncbi.nlm.nih.gov/pubmed/26383140
http://dx.doi.org/10.1016/j.tcb.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24786309
http://dx.doi.org/10.1128/MCB.23.9.3173-3185.2003
http://www.ncbi.nlm.nih.gov/pubmed/12697818
http://dx.doi.org/10.3389/fphar.2012.00082
http://dx.doi.org/10.1073/pnas.1002924107
http://dx.doi.org/10.1126/science.1143780

Molecules 2020, 25, 455 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.
27.

Yang, M.H.; Laurent, G.; Bause, A.S.; Spang, R.; German, N.; Haigis, M.C.; Haigis, KM. HDAC6 and SIRT2
Regulate the Acetylation State and Oncogenic Activity of Mutant K-RAS. Mol. Cancer Res. 2013, 11, 1072-1077.
[CrossRef]

Liu, PY.; Xu, N.; Malyukova, A.; Scarlett, C.J.; Sun, Y.T.; Zhang, X.D.; Ling, D.; Su, S.P; Nelson, C.;
Chang, D.K.; et al. The histone deacetylase SIRT2 stabilizes Myc oncoproteins. Cell Death Differ. 2013, 20,
503-514. [CrossRef]

He, X.; Nie, H.; Hong, Y.; Sheng, C.; Xia, W.; Ying, W. SIRT2 activity is required for the survival of C6 glioma
cells. Biochem. Biophys. Res. Commun. 2012, 417, 468-472. [CrossRef] [PubMed]

Chen, J.; Chan, A.W.; To, K.F,; Chen, W.; Zhang, Z.; Ren, J.; Song, C.; Cheung, Y.S.; Lai, P.B.; Cheng, S.H.; et al.
SIRT2 overexpression in hepatocellular carcinoma mediates epithelial to mesenchymal transition by protein
kinase B/glycogen synthase kinase-3beta/beta-catenin signaling. Hepatology 2013, 57, 2287-2298. [CrossRef]
Vaquero, A.; Scher, M.B.; Lee, D.H.; Sutton, A.; Cheng, H.L.; Alt, EW,; Serrano, L.; Sternglanz, R.; Reinberg, D.
SirT2 is a histone deacetylase with preference for histone H4 Lys 16 during mitosis. Genes Dev. 2006, 20,
1256-1261. [CrossRef] [PubMed]

North, B.J.; Marshall, B.L.; Borra, M.T.; Denu, ].M.; Verdin, E. The human Sir2 ortholog, SIRT2, is an
NAD+-dependent tubulin deacetylase. Mol. Cell 2003, 11, 437-444. [CrossRef]

Li, Y.Z.; Matsumori, H.; Nakayama, Y.; Osaki, M.; Kojima, H.; Kurimasa, A.; Ito, H.; Mori, S.; Katoh, M.;
Oshimura, M.; et al. SIRT2 down-regulation in HeLa can induce p53 accumulation via p38 MAPK
activation-dependent p300 decrease, eventually leading to apoptosis. Genes Cells 2011, 16, 34-45. [CrossRef]
[PubMed]

Black, J.C.; Mosley, A.; Kitada, T.; Washburn, M.; Carey, M. The SIRT2 deacetylase regulates autoacetylation
of p300. Mol. Cell 2008, 32, 449-455. [CrossRef]

Jing, E.; Gesta, S; Kahn, CR. SIRT2 regulates adipocyte differentiation through FoxO1
acetylation/deacetylation. Cell Metab. 2007, 6, 105-114. [CrossRef] [PubMed]

Xu, S.N.; Wang, T.S,; Li, X.; Wang, Y.P. SIRT2 activates G6PD to enhance NADPH production and promote
leukaemia cell proliferation. Sci. Rep.UK 2016, 6. [CrossRef]

Serrano, L.; Martinez-Redondo, P.; Marazuela-Duque, A.; Vazquez, B.N.; Dooley, S.J.; Voigt, P.; Beck, D.B.;
Kane-Goldsmith, N.; Tong, Q.; Rabanal, RM.; et al. The tumor suppressor SirT2 regulates cell cycle
progression and genome stability by modulating the mitotic deposition of H4K20 methylation. Genes Dev.
2013, 27, 639-653. [CrossRef]

Kim, H.S.; Vassilopoulos, A.; Wang, R.H.; Lahusen, T.; Xiao, Z.; Xu, X.L.; Li, C.L.; Veenstra, T.D,; Li, B.;
Yu, H.T,; et al. SIRT2 Maintains Genome Integrity and Suppresses Tumorigenesis through Regulating APC/C
Activity. Cancer Cell 2011, 20, 487-499. [CrossRef]

Bosch-Presegue, L.; Vaquero, A. The dual role of sirtuins in cancer. Genes Cancer 2011, 2, 648-662. [CrossRef]
Park, S.H.; Zhu, YM.; Ozden, O.; Kim, H.S,; Jiang, H.Y.; Deng, C.X.; Gius, D.; Vassilopoulos, A. SIRT2 is a
tumor suppressor that connects aging, acetylome, cell cycle signaling, and carcinogenesis. Transl. Cancer Res.
2012, 1, 15-21. [CrossRef]

Byles, V.; Zhu, L.; Lovaas, J.D.; Chmilewski, L.K.; Wang, J.; Faller, D.V.; Dai, Y. SIRT1 induces EMT by
cooperating with EMT transcription factors and enhances prostate cancer cell migration and metastasis.
Oncogene 2012, 31, 4619-4629. [CrossRef] [PubMed]

Brooks, C.L.; Gu, W. How does SIRT1 affect metabolism, senescence and cancer? Nat. Rev. Cancer 2009, 9,
123-128. [CrossRef] [PubMed]

Alhazzazi, T.Y.; Kamarajan, P.; Verdin, E.; Kapila, Y.L. Sirtuin-3 (SIRT3) and the Hallmarks of Cancer. Genes
Cancer 2013, 4, 164-171. [CrossRef] [PubMed]

Donmez, G.; Outeiro, T.F. SIRT1 and SIRT2: Emerging targets in neurodegeneration. EMBO Mol. Med. 2013,
5,344-352. [CrossRef]

Chen, J.; Zhou, Y.; Mueller-Steiner, S.; Chen, L.E; Kwon, H.; Yi, S.; Mucke, L.; Gan, L. SIRT1 protects against
microglia-dependent amyloid-beta toxicity through inhibiting NF-kappaB signaling. J. Biol. Chem. 2005, 280,
40364-40374. [CrossRef]

Li, X. SIRT1 and energy metabolism. Acta Biochim. Biophys Sin. 2013, 45, 51-60. [CrossRef]

Nogueiras, R.; Habegger, KM.; Chaudhary, N.; Finan, B.; Banks, A.S.; Dietrich, M.O.; Horvath, T.L.;
Sinclair, D.A.; Pfluger, P.T.; Tschop, M.H. Sirtuin 1 and sirtuin 3: Physiological modulators of metabolism.
Physiol. Rev. 2012, 92, 1479-1514. [CrossRef]


http://dx.doi.org/10.1158/1541-7786.MCR-13-0040-T
http://dx.doi.org/10.1038/cdd.2012.147
http://dx.doi.org/10.1016/j.bbrc.2011.11.141
http://www.ncbi.nlm.nih.gov/pubmed/22166219
http://dx.doi.org/10.1002/hep.26278
http://dx.doi.org/10.1101/gad.1412706
http://www.ncbi.nlm.nih.gov/pubmed/16648462
http://dx.doi.org/10.1016/S1097-2765(03)00038-8
http://dx.doi.org/10.1111/j.1365-2443.2010.01460.x
http://www.ncbi.nlm.nih.gov/pubmed/21059157
http://dx.doi.org/10.1016/j.molcel.2008.09.018
http://dx.doi.org/10.1016/j.cmet.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17681146
http://dx.doi.org/10.1038/srep32734
http://dx.doi.org/10.1101/gad.211342.112
http://dx.doi.org/10.1016/j.ccr.2011.09.004
http://dx.doi.org/10.1177/1947601911417862
http://dx.doi.org/10.3978/j.issn.2218-676X.2012.05.01
http://dx.doi.org/10.1038/onc.2011.612
http://www.ncbi.nlm.nih.gov/pubmed/22249256
http://dx.doi.org/10.1038/nrc2562
http://www.ncbi.nlm.nih.gov/pubmed/19132007
http://dx.doi.org/10.1177/1947601913486351
http://www.ncbi.nlm.nih.gov/pubmed/24020007
http://dx.doi.org/10.1002/emmm.201302451
http://dx.doi.org/10.1074/jbc.M509329200
http://dx.doi.org/10.1093/abbs/gms108
http://dx.doi.org/10.1152/physrev.00022.2011

Molecules 2020, 25, 455 18 of 19

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Bedalov, A.; Chowdhury, S.; Simon, J.A. Biology, Chemistry, and Pharmacology of Sirtuins. Methods Enzym.
2016, 574, 183-211. [CrossRef]

Frye, R.A. Phylogenetic classification of prokaryotic and eukaryotic Sir2-like proteins. Biochem. Biophys Res.
Commun. 2000, 273, 793-798. [CrossRef]

North, B.J.; Verdin, E. Sirtuins: Sir2-related NAD-dependent protein deacetylases. Genome Biol. 2004, 5, 224.
[CrossRef]

Zhao, X.; Allison, D.; Condon, B.; Zhang, F; Gheyi, T.; Zhang, A.; Ashok, S.; Russell, M.; MacEwan, I;
Qian, Y,; et al. The 2.5 A crystal structure of the SIRT1 catalytic domain bound to nicotinamide adenine
dinucleotide (NAD+) and an indole (EX527 analogue) reveals a novel mechanism of histone deacetylase
inhibition. J. Med. Chem. 2013, 56, 963-969. [CrossRef] [PubMed]

Peck, B.; Chen, C.Y,; Ho, KK.; Di Fruscia, P.; Myatt, S.S.; Coombes, R.C.; Fuchter, M.].; Hsiao, C.D.; Lam, E.W.
SIRT inhibitors induce cell death and p53 acetylation through targeting both SIRT1 and SIRT2. Mol. Cancer
2010, 9, 844-855. [CrossRef] [PubMed]

Hirao, M.; Posakony, J.; Nelson, M.; Hruby, H.; Jung, M.; Simon, J.A.; Bedalov, A. Identification of selective
inhibitors of NAD+-dependent deacetylases using phenotypic screens in yeast. J. Biol. Chem. 2003, 278,
52773-52782. [CrossRef] [PubMed]

Neugebauer, R.C.; Uchiechowska, U.; Meier, R.; Hruby, H.; Valkov, V.; Verdin, E.; Sippl, W.; Jung, M.
Structure-activity studies on splitomicin derivatives as sirtuin inhibitors and computational prediction of
binding mode. J. Med. Chem. 2008, 51, 1203-1213. [CrossRef]

Jing, H.; Hu, J.; He, B.; Abril, YL.N.; Stupinski, J.; Weiser, K.; Carbonaro, M.; Chiang, Y.L.; Southard, T.;
Giannakakou, P; et al. A SIRT2-Selective Inhibitor Promotes c-Myc Oncoprotein Degradation and Exhibits
Broad Anticancer Activity. Cancer Cell 2016, 29, 297-310. [CrossRef]

Cui, H.; Kamal, Z.; Ai, T,; Xu, Y.; More, S.S.; Wilson, D.J.; Chen, L. Discovery of potent and selective sirtuin 2
(SIRT2) inhibitors using a fragment-based approach. J. Med. Chem. 2014, 57, 8340-8357. [CrossRef]

Rumpf, T.; Schiedel, M.; Karaman, B.; Roessler, C.; North, B.J.; Lehotzky, A.; Olah, J.; Ladwein, K.I;
Schmidtkunz, K.; Gajer, M; et al. Selective Sirt2 inhibition by ligand-induced rearrangement of the active
site. Nat. Commun. 2015, 6, 6263. [CrossRef]

Sundriyal, S.; Moniot, S.; Mahmud, Z.; Yao, S.; Di Fruscia, P.; Reynolds, C.R.; Dexter, D.T.; Sternberg, M.].;
Lam, E.W,; Steegborn, C.; et al. Thienopyrimidinone Based Sirtuin-2 (SIRT2)-Selective Inhibitors Bind in the
Ligand Induced Selectivity Pocket. J. Med. Chem. 2017, 60, 1928-1945. [CrossRef]

Heltweg, B.; Gatbonton, T.; Schuler, A.D.; Posakony, J.; Li, H.; Goehle, S.; Kollipara, R.; Depinho, R.A.; Gu, Y.;
Simon, J.A.; et al. Antitumor activity of a small-molecule inhibitor of human silent information regulator 2
enzymes. Cancer Res. 2006, 66, 4368—4377. [CrossRef]

Mabhajan, S.S.; Scian, M.; Sripathy, S.; Posakony, J.; Lao, U.; Loe, TK.; Leko, V.; Thalhofer, A.; Schuler, A.D.;
Bedalov, A.; et al. Development of pyrazolone and isoxazol-5-one cambinol analogues as sirtuin inhibitors. J.
Med. Chem. 2014, 57, 3283-3294. [CrossRef]

Vassilopoulos, A ; Fritz, K.S.; Petersen, D.R.; Gius, D. The human sirtuin family: Evolutionary divergences
and functions. Hum. Genom. 2011, 5, 485-496. [CrossRef] [PubMed]

Yu, SSW.; Wang, H.; Poitras, M.F.; Coombs, C.; Bowers, W.J.; Federoff, H.].; Poirier, G.G.; Dawson, T.M.;
Dawson, V.L. Mediation of poly(ADP-ribose) polymerase-1-dependent cell death by apoptosis-inducing
factor. Science 2002, 297, 259-263. [CrossRef] [PubMed]

Medda, F; Joseph, T.L.; Pirrie, L.; Higgins, M.; Slawin, A.M.Z.; Lain, S.; Verma, C.; Westwood, N.J. N1-Benzyl
substituted cambinol analogues as isozyme selective inhibitors of the sirtuin family of protein deacetylases.
Medchemcomm 2011, 2, 611-615. [CrossRef]

Zhou, W.; Ni, TK.; Wronski, A.; Glass, B.; Skibinski, A.; Beck, A.; Kuperwasser, C. The SIRT2 Deacetylase
Stabilizes Slug to Control Malignancy of Basal-like Breast Cancer. Cell Rep. 2016, 17, 1302-1317. [CrossRef]
Hoffmann, G.; Breitenbucher, F.; Schuler, M.; Ehrenhofer-Murray, A.E. A novel sirtuin 2 (SIRT2) inhibitor
with p53-dependent pro-apoptotic activity in non-small cell lung cancer. J. Biol. Chem. 2014, 289, 5208-5216.
[CrossRef]

Imaoka, N.; Hiratsuka, M.; Osaki, M.; Kamitani, H.; Kambe, A.; Fukuoka, ]J.; Kurimoto, M.; Nagali, S.;
Okada, F; Watanabe, T.; et al. Prognostic significance of sirtuin 2 protein nuclear localization in glioma: An
immunohistochemical study. Oncol. Rep. 2012, 28, 923-930. [CrossRef]


http://dx.doi.org/10.1016/bs.mie.2016.03.011
http://dx.doi.org/10.1006/bbrc.2000.3000
http://dx.doi.org/10.1186/gb-2004-5-5-224
http://dx.doi.org/10.1021/jm301431y
http://www.ncbi.nlm.nih.gov/pubmed/23311358
http://dx.doi.org/10.1158/1535-7163.MCT-09-0971
http://www.ncbi.nlm.nih.gov/pubmed/20371709
http://dx.doi.org/10.1074/jbc.M308966200
http://www.ncbi.nlm.nih.gov/pubmed/14534292
http://dx.doi.org/10.1021/jm700972e
http://dx.doi.org/10.1016/j.ccell.2016.02.007
http://dx.doi.org/10.1021/jm500777s
http://dx.doi.org/10.1038/ncomms7263
http://dx.doi.org/10.1021/acs.jmedchem.6b01690
http://dx.doi.org/10.1158/0008-5472.CAN-05-3617
http://dx.doi.org/10.1021/jm4018064
http://dx.doi.org/10.1186/1479-7364-5-5-485
http://www.ncbi.nlm.nih.gov/pubmed/21807603
http://dx.doi.org/10.1126/science.1072221
http://www.ncbi.nlm.nih.gov/pubmed/12114629
http://dx.doi.org/10.1039/c1md00023c
http://dx.doi.org/10.1016/j.celrep.2016.10.006
http://dx.doi.org/10.1074/jbc.M113.487736
http://dx.doi.org/10.3892/or.2012.1872

Molecules 2020, 25, 455 19 of 19

47. Amengual, ].E,; Clark-Garvey, S.; Kalac, M.; Scotto, L.; Marchi, E.; Neylon, E.; Johannet, P.; Wei, Y.; Zain, J.;
O’Connor, O.A. Sirtuin and pan-class I/Il deacetylase (DAC) inhibition is synergistic in preclinical models
and clinical studies of lymphoma. Blood 2013, 122, 2104-2113. [CrossRef]

48. Sayd, S.; Junier, M.P,; Chneiweiss, H. [SIRT2, a multi-talented deacetylase]. Med. Sci. 2014, 30, 532-536.
[CrossRef]

Sample Availability: Samples of the compounds 55 and 56 are available from the authors.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1182/blood-2013-02-485441
http://dx.doi.org/10.1051/medsci/20143005016
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Chemistry 
	Structure Activity Relationship Study (SAR) 
	Biological Evaluation of Sirtuin 2 Inhibitors 
	SIRT 2 Inhibitor as Anti-Proliferation and Apoptosis Inducing Agent in OCI-Ly8-LAM53 (OCI) Cells 

	Discussion 
	Materials and Methods 
	Enzyme Inhibition Assays 
	Cell Viability Assays 
	General Chemistry Information 
	Representative Procedure (I) for Preparation of Substituted 2-Hydroxy-1-Naphthalene Carbaldehydes (7) 
	Representative Procedure (II) for Preparation of Substituted 2-Benzoyl-3H-benzo-[f]chromen-3-ones (13) 
	Representative Procedure (III) for Preparation of Substituted 2-(Benzoyl)-1H,2H-naphtho [2,1-b]pyran-3-ones (14) 
	Representative Procedure (IV) for Preparation of Substituted 2-[(2-Hydroxynaphthalen-1-yl)methyl]-3-oxo-3-phenylpropanamides 

	References

