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SIRT2 regulates various biological pathways through lysine deacetylation and de-fatty
acylation, thereby promoting tumor growth. Subsequently, many SIRT2 selective
inhibitors have been developed to target cancers. Among them, a mechanism-based
SIRT2 inhibitor named TM is a lead compound with a potent antiproliferative effect.
TM-induced SIRT2 inhibition had degraded oncoprotein c-Myc and effectively
reduced breast cancer tumor growth. Nevertheless, TM possesses several limitations.
Due to its long thiomyristoyl hydrophobic chain, TM has poor aqueous solubility,
which makes the collection of the X-ray crystal structure of TM and SIRT2
challenging. Also, TM with poor aqueous solubility portrays limited bioavailability in
cellular and animal studies. Another limitation of TM is that it can only inhibit SIRT2
deacetylase, not de-fatty acylase. Such simultaneous inhibition of both SIRT2

enzymatic activities could potentially increase the antiproliferative effect.

In this thesis, several new SIRT2 selective inhibitors that have overcame these issues
will be discussed. To improve the aqueous solubility, we have synthesized a
glycoconjugated TM, named glucose-TM (Chapter Two). Even though glucose-TM
had poor permeability, it had enabled us to collect X-ray co-crystal structure with
SIRT2 and design additional inhibitors. To design a new SIRT2 modulator that

inhibits both deacetylase and defatty-acylase, we have developed SIRT2 selective



Proteolysis Targeting Chimera (PROTAC) inhibitor named TM-P4-Thal to degrade
SIRT2 in cells (Chapter Three). For the accurate comparison of a pan SIRT1-3
inhibitor and a SIRT2 selective inhibitor, we synthesized NH4-6 and NH4-13 that
have only one atom difference, but completely different sirtuin inhibition profile
(Chapter Four). From the previous chapters, we have learned that both solubility and
permeability are important for drug designs. To gain both characteristics, we have
designed a simpler SIRT2 inhibitor with a benzodiazapienedione core, named NH-C1-
10 (Chapter Five). NH-C1-10 inhibited SIRTZ2 slightly weaker than TM. However, in
cellular studies, NH-C1-10 with improved bioavailability had shown stronger

cytotoxicity and SIRT2 inhibition than TM.
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CHAPTER 1
SIRTUIN MODULATORS IN CELLULAR AND ANIMAL MODELS OF HUMAN
DISEASES.

This is a revised version of the submitted paper: Hong JY, Lin H. Sirtuin Modulators in Cellular and Animal

Models of Human Diseases. Frontiers in Physiology.

1.1 Abstract

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, and autoimmune diseases. Consequently,
interests in development of sirtuin modulators have increased in the past decade. In
this brief review, we summarize sirtuin modulators with promising therapeutic effects
in cellular and animal models of various human diseases. We further anticipate this
review will be helpful for scrutinizing the significance of sirtuins in the studied

diseases.

1.2 Introduction
Sirtuins, the class 11 histone deacetylase, use NAD™ to remove various acyl

modifications on lysine.}® 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.*** Consequently, sirtuins
have been linked to various diseases, including cancer, neurological, and
cardiovascular diseases.® 146 Many sirtuin activators and inhibitors have been
designed and assessed in cellular and animal studies. In this review, we have
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. SIRT2 is mainly in the
cytoplasm and SIRT1 and SIRT®6 are also found in the cytoplasm. SIRT3, SIRT4, and
SIRTS are primarily in the mitochondria.! Yet, under certain conditions, like cell
division or stress, several sirtuins may change their cellular locations.*’*°

All seven sirtuins possess a similar catalytic mechanism.* 120 First, the acyl
oxygen of the acyl lysine attacks C1 of the NAD" ribose, and releases nicotinamide
(Figure 1.1). 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
nearby carbon of the C1’-O-alkylamidate intermediate. After forming a 1°,2’-cyclic
intermediate, the acyl group transfers to the 2’-hydroxyl group and releases the
deacylated lysine product and 2’-O-acyl ADP-ribose.* 3 20

Even though SIRT1-7 operate through a similar catalytic mechanism, different

sirtuin prefer different acyl substrates, because of 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.!: %!
SIRT2 removes acetyl, long-chain fatty acyl, 4-oxononanoyl, and benzoyl groups.® 2*-
23 SIRT4 removes lipoyl, biotinyl, methylglutaryl, hydroxymethylglutaryl, and 3-
methylglutaconyl groups.?*?” SIRT5 removes charged malonyl, succinyl, and glutaryl
groups.?® SIRT6 and SIRT7 remove acetyl and long-chain fatty acyl groups.?® *° Both
acetyl and long-chain fatty acyl substrates were known for SIRT6, but for SIRT7, only
physiological acetyl substrates are known.

Many modulators are strategically designed to target different sirtuins and
generate beneficial effects in human disease models. Here we aim to summarize the
various sirtuin modulators that have been developed. We focus 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 describe the sirtuin

modulators for which the biological activity has been confirmed by other methods.

1.3 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.
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Figure 1.1 Schematic summary of sirtuin mechanism. (A) Schematic summary of
sirtuin deacylation mechanism. (B) Schematic summary of mechanism-based inhibition

of sirtuin

1.3.1 SIRT1 modulators

Because SIRT1 was initially connected to longevity, many small-molecule
activators have been developed and tested for anti-aging purposes.-3 However, many
follow-up studies questioned the activating mechanism, as the activation was only
observed when using aminomethylcoumarin or fluorophore-tagged peptide
substrate.3* 3 The original authors have rebutted this by showing direct allosteric
SIRT1 activation with biochemical assays and crystallography structures.® 3" Later, it
was found that a SIRT1 activator could also inhibit SIRT3.38 Thus, the effects of
SIRT1 activators may not necessarily come from the activated SIRT1. Due to such
complications, 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 ICso of 38 nM with 200-fold
selectivity over SIRT2 and SIRT3.%® Only when using H3K56 fluorogenic substrate,
200 uM of EX-527 showed 56% SIRT6 inhibition.*® 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.>® Additionally, several SIRT1 inhibitors were reported, but whether they

selectively inhibit SIRT1 was not validated.** 42

1.3.2 SIRT2 inhibitors

AGK2 was synthesized from a high-throughput screening and showed SIRT2
inhibition with an ICso of 8 uM. Also, AGK2 showed 5-fold selective SIRT2
inhibition over SIRT1.%% In cells, Treatment of AGK2 had significantly increase
acetylation levels of a-tubulin, a SIRT2 deacetylation substrate.** *> A limitation of
using AGK?2 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.* Such poor solubility could make it difficult to accurately
evaluate AGK2-induced SIRT2 inhibition in cells and animals.

AK-7 inhibited SIRT2 with an I1Cso of 15.5 uM and does not inhibit SIRT1 or
SIRT3.#¢ The main advantage of AK-7 is its brain permeability. After 2 hours of
intraperitoneal injection to mice, about 2 uM of AK-7 was detected in the brain. As
such, utilizing AK-7 in neurological diseases could be helpful.

SirReal2 binds and rearranges the hydrophobic pocket of SIRT2, where the

long-chain fatty acyl group of a substrate occupies.*’ SirReal2 inhibited SIRT2 with an



ICso of 140 nM without any inhibition against other sirtuins. In cells, SirReal2 had
increased acetylation levels of a-tubulin and BuBR1, acetylation targets of SIRT2.
Furthermore, SirReal2 could not change the acetylation level of p53.44 47

From a large library screening of 140,000 compounds, RK-91230156 was
discovered to inhibit SIRT2 over SIRT1, SIRT3, HDAC1, and HDACG6. Moreover,
RK-91230156 inhibits SIRT2 with an ICsp of 0.18 pM. Treatment of RK-91230156
had significantly increased acetylation of elF5a, another reported SIRT2 deacetylation
target.*8

NCO-90 and NCO-141 are nicotinamide-derived SIRT2 selective inhibitors
with ICsp values of 1 and 0.57 uM, respectively. In HCT-116 colorectal cells, NCO-90
had increased the acetylation level of a-tubulin, while kept the acetylation level of p53
constant.*® By attaching NCO-90 to a thioacylated lysine, KPM-2 was synthesized.
Unlike its parent compound, KPM-2 simultaneously inhibits SIRT1, SIRT2, and
SIRT3 by occupying the substrate “selectivity” and NAD* pockets of sirtuins. Its
measured SIRT1, SIRT2, and SIRT3 ICso were 1.56, 0.055, and 9.49 uM,
respectively. In cells, KPM-2 had shown a dose-dependent increase of the acetylation
of a-tubulin.>® 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 ICso of 0.31 uM
with 250 and 223-fold selectivity over SIRT1 and SIRT3, respectively. In MCF7 cells,
Compound 53 had increased acetylation level of a-tubulin.>

Discovered from high-throughput screening of RIKEN NPDepo chemical

library, NPD11033 selectively inhibited SIRT2 deacetylase activity with ICso of 0.46



uM, but it could not inhibit SIRT2 defatty-acylase activity.>? This inhibitor creates a
hydrophobic pocket near the substrate-binding pocket and forms a hydrogen bond to
the active-side histidine. In addition, NPD11033 had increased acetylation level of
elF5A in PANC-1 pancreatic cells.>?

Compound 6f and Compound 12a are Chroman-4-one and chromone-based
SIRT2 inhibitors with I1Csg of 3.7 and 12.2 uM, respectively. Like other SIRT2
inhibitors, Compound 6f and 12a had increased the acetylation level of a-tubulin in
cells.> 1,2,4-oxadizazole-based Compound 35 and 39 inhibited SIRT2 through an
uncompetitive mechanism against a-tubulin peptide substrate and NAD™. Their SIRT2
ICso were 10.4 and 1.5 pM, respectively. In NB4 and U937 cells, both Compound 35
and 39 increased acetyl a-tubulin.®* A SIRT2 selective inhibitor, Compound 24a was
discovered from a SAR study with N-(3-(phenoxymethyl)phenyl)acetamide
derivatives.® It had bound to the hydrophobic pocket that accommodates the fatty
acyl-lysine substrate to inhibit SIRT2 with an ICsg of 0.815 uM. Furthermore,
Compound 24a did not inhibit other sirtuins at 100 uM. In H441 non-small lung
cancer cells, Compound 24a had increased the acetylation level of a-tubulin.>®

As mentioned, sirtuins form a covalent O-acyl-ADP-ribose intermediate during
its catalytical mechanism. Many thioacyl lysine peptides (or the corresponding
thiourea peptides) form similar covalent intermediates, but the substitution of the
oxygen atom by sulfur inhibits the attack of the 2’-hydroxyl group. Then, the
following reaction step does not readily occur after the formation of the covalent S-
acyl-ADP ribose intermediate. Therefore, the overall sirtuin activity gets inhibited by

these pseudopeptide inhibitors.2% % 57



TM contains a thiomyristoyl lysine with an N-terminal carboxybenzoyl (Cbz)
group and a C-terminal aniline.>® Using its thiomyristoyl group, TM selectively
inhibited SIRT2 by forming a stalled covalent intermediate, which was captured by
mass spectrometry. In cells, treatment of TM increased acetylation of a-tubulin in a
dose-dependent manner. Moreover, its SIRT2 1Csg was 0.04 uM with 650-fold
selectivity over SIRT1. TM could not inhibit SIRT3 even at 50 uM.* 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 ICso of 0.061 uM
and 180-fold selectivity over SIRT1. In HCT-116 colorectal cancer cells, AF8 had
increased acetylation of a-tubulin in a dose-dependent manner but did not change the
acetylation of p53.% Two other TM derivatives, NH4-6 and NH4-13 both have a
trimethylamine moiety instead of the C-terminal aniline.> These two compounds 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 trimethylamine moiety. This small difference led to a
completely different inhibition profile. NH4-6 with the amide bond simultaneously
inhibits SIRT1, 2, and 3 with ICsp of 3, 0.032, and 2.3 uM, respectively. Meanwhile,
NH4-13 with the ester bond selectively inhibits SIRT2 with an ICsg of 0.087 uM.
Furthermore, in cells, NH4-6 had increased acetylation levels of p53, a-tubulin, and
IDH2, acetylation targets of SIRT1, SIRT2, and SIRTS3, respectively. Meanwhile,
NH4-13 could only increase the acetylation level of o-tubulin, not p53 and IDH2.%

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
another 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 SIRTZ2, thereby inducing proteolysis-mediated degradation.
Degradation of SIRT2 could eradicate both SIRT?2 activities in cells. As such, TM-P4-
Thal had increased acetylation level of a-tubulin and fatty acylation level of K-Ras4a,

a de-fatty acylation substrate of SIRT2.%

1.3.3 SIRT3 inhibitors

For SIRT3, there are not many established activators.5! 52 Instead, there were a
couple of inhibitors that were extensively studied. LC-0296 based on glutamic acid
with heterocyclic rings inhibited SIRT3 with an 1Csg of 3.6 uM and a 10-fold
selectivity over SIRT2.82 Treatment of LC-0296 had specifically increased the global
acetylation of mitochondrial extract and several SIRT3-specific deacetylation targets,
including NDUFA9 and GDH.%3

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.®* With the additional hydroxyl group of 3-aminophenol, YC8-02
simultaneously inhibits SIRT1, SIRT2, and SIRT3 with ICs of 2.8, 0.062, and 0.53
uM, respectively. Because SIRT3 is localized in mitochondria, the triphenylphosphine
group, acting as a mitochondrial targeting moiety, helps to direct the inhibitor to the
mitochondria and thus increase SIRT3 targeting in cells. After treating DLBLC cells,

Y C8-02 was detected by mass spectrometry in the purified mitochondria extract,



which confirms the mitochondrial targeting of YC8-02. In addition, increased global
acetylation of mitochondria extract 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 extract.

1.3.4 SIRTS inhibitors

Several SIRT5 inhibitors have been developed, but only a few of them were
tested in cellular and mice models. A dipeptide SIRTS5 selective inhibitor, DK1-04
contains a lysine with thiourea moiety mimicking the glutaryl group, N-terminal
isoleucine, and C-terminal 3-aminophenol.®® Like TM, DK1-04 inhibits SIRT5 by
forming a covalent intermediate with NAD*. DK1-04 selectively inhibited SIRT5 with
an IC50 of 0.34 uM. 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.

1.3.5 SIRT6 modulators

Many SIRT6 activators have been recently developed and tested in cancer
studies. Pyrrolo[1,2-a]quinoxaline-derived UBCS039 activated SIRT6 at ECsg of 38
uM by binding to its fatty acyl pocket.%® UBCS039 also mildly activated SIRT5 2-fold
at 100 uM. In Vitro, incubation of purified SIRT6 and UBCS039 with full-length
histones or complete HeLa nucleosomes significantly decreased in acetylation of
H3K18. In H1299 non-small cell lung carcinoma cells, treatment of UBSC039

decreased acetylation of histone H3 K9 and K56, SIRT6 deacetylation targets.®’
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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 ECso of 10.3 uM and 10-fold selectivity over SIRT2, SIRT5, and
SIRT7. In BEL7405 hepatocellular carcinoma cells, MDL-800 decreased the
acetylation level of H3K9 and H3K56, previously reported SIRT6 deacetylation
substrates. %

In addition to the activators, several SIRT6 selective inhibitors have been
reported. Quinazolinedione-based Compound 2, 3, and 8 inhibited SIRT6 at ICso of
60, 37, and 49 uM, respectively. Compound 2 mildly inhibited SIRT1 and SIRT2 with
ICs0 of 238 and 159 pM, respectively. Also, Compound 3 mildly inhibited SIRT2 with
an 1Cso of 85 uM. Compound 8 portrayed 5-fold SIRT6 selectivity over SIRT2. For
SIRT1, Compound 3 and 8 had shown 11 and 133-fold SIRT6 selectivity. In BXPC-3
pancreatic cells, treatment of Compound 2, 3, and 8 had increased acetylation of
H3K9.5°

Salicylate-based, OSS-128167 had inhibited SIRT6 with an IC50 of 89 uM
and 17 and 8-fold selectivity over SIRT1 and SIRTZ2, respectively. In BxPC-3
pancreatic cells, 0SS-128167 had increased the acetylation level of H3K9 and glucose
uptake, and decreased TNF-a secretion. These observations were also observed in
SIRT6 deficient cells.”® Later, Compound 5 and 11 were designed to have stronger
potency than OSS-128167. These inhibitors had inhibited SIRT6 with 1Cso of 34 and
22 uM by binding the nicotinamide and substrate pocket. Furthermore, both inhibitors
had shown 14-fold selective SIRT6 inhibition over SIRT1 and SIRT2. In BxPC-3

pancreatic cells, Compound 5 and 11 had increased the acetylation level of H3K9.” In
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this same study, Compound 1 was also reported to inhibit SIRT6 with an 1Cso of 106
uM. Additionally, Compound 1 inhibited SIRT?2 at an ICso of 114 uM. "* Although
Compound 1 inhibited both SIRT1 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."?

1.3.6 Pan-sirtuin inhibitors

Because sirtuins share similar structures, many modulators simultaneously
interact with multiple sirtuins and engender therapeutic benefits in cancers.

Identified in 2006, Cambinol moderately inhibits SIRT1 and 2 through
competitive inhibition against histone H4 and noncompetitive inhibition against
NAD*. Cambinol inhibited SIRT1 and SIRT2 at ICsp of 56 and 59 uM, respectively. In
NCI H460 cells, treatment of Cambinol had significantly increased acetylation of p53
and a-tubulin.”™

Through high-throughput screening and optimization, Sirtinol was identified to
inhibit SIRT1 and SIRT2 with ICso of 131 and 58 uM, respectively.’* ™ However, it
failed to increase global acetylation levels of histone and a-tubulin in cells.™
Salermide contains a reversed amide structure of sirtinol and shows mild SIRT1 and 2
inhibitions. Sirtinol had shown 80% inhibition of SIRT1 and SIRT2 at 100 and 25 puM,
respectively. Only in some specific cell lines, Salermide treatment could increase the
acetylation of a-tubulin and p53. Also, it could not increase global H4 acetylation
levels, a previously reported SIRT2 substrate.”® Thus, when using Sirtinol and
Salermide, additional confirmation will be needed to verify whether the observed

effects are due to the sirtuin inhibition.
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From screening compounds for p53 activation, Tenovin-6 was discovered to
simultaneously inhibit SIRT1 and 2 with ICsp of 26 and 9 uM, respectively.”” ® In
ARNS8 melanoma cells, Tenovin-6 increased the acetylation level of p53 and a-
tubulin. The increase of acetylation level of a-tubulin by Tenovin-6 was rescued with
SIRT2 overexpression.”” 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.”® Tenovin-
6’s effect in DLBCL cells is also thought to be SIRT1/2/3 independent.® 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.** Thus, when using Tenovin-6 in vitro
or in vivo, the experiments must be carefully designed, due to its off-target effect and
potential over-toxicity issues.

BZD9L1, a highly fluorescent sirtuin inhibitor, inhibited SIRT1 and 2 with
ICs00f'42.9 and 9 pM, respectively. Based on the docking study with SIRT2, BZD9L1
had occupied where adenosine diphosphate ribose (ADPr) bound. In HCT-116
colorectal cells, BZDIL1 had increased acetylation of p53 after etoposide-induced
DNA damage and a-tubulin. Because BZD9L 1 possesses intrinsic fluorescence, the
cellular distribution of BZD9L1 in HCT-116 and CCD18 colon fibroblasts could be
detected using fluorescence microscopy.®:

N-aryl-N’-3,4-dihydro-2,2-dimethyl-2H-1-benzopyran-4-yl)ureas-derived
Compound 18 simultaneously inhibited SIRT1 and 2 with ICso of 6.2 and 4.2,

respectively.®? From the docking study, Compound 18 occupied the SIRT1 activity
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pocket with hydrogen bond interactions with Ala262 and His363 and SIRT2 activity
pocket with a hydrogen bond interaction with Val233. In U373 and Hs683
glioblastoma, treatment of Compound 18 had increased acetylation of histone H4 and
o-tubulin. 8

Compound 3g, an achiral indole analog of EX-527, showed potent inhibition
against both SIRT1 and 2 with 1Cso0f 4.9 and 1 (0.62-1.4) uM, respectively.®

MC2494 inhibited all SIRT1-6 with specific ICso of SIRT1 and SIRT2 as 38.5
and 58.6 pM. Upon thermal stress, MC2494 had protected degradation of SIRT1,
SIRT2, and SIRT3. In cells, MC2494 had increased not only the global lysine
acetylation but also acetylation levels of p53, tubulin, histone H3, and histone H4.8*

JH-T4 is an analog of TM with a 3-aminophenol group replacing the aniline
part of TM.% Interestingly, with just one additional hydroxyl group, JH-T4 inhibits
SIRTY, 2, and 3. 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 a-tubulin and fatty-

acylation of K-Ras4a were observed upon treatment of JH-T4.8°

1.4 Cancer
Because sirtuins are involved in a plethora of biological pathways, they could
play both tumor suppressor and activator roles.® % In this section, we will briefly

highlight the roles of sirtuins and the modulators in tumorigenesis.
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1.4.1 SIRT1 inhibitors

SIRT1 could serve as a tumor suppressor as it deacetylates and inactivates
various tumor-promoting transcriptional factors. For instance, SIRT1 deacetylates
K310 of NF-kB and attenuates its transcriptional activity.®” This promotes TNF-o.
induced apoptosis. Also, SIRT1 deacetylates and inactivates HIF-1a, which leads to
repression of HIF-1a target genes. In mice, xenografted HT1080 tumors with SIRT1
overexpression formed smaller tumors than the xenografted wild-type HT1080
tumors.® Knockdown of SIRT1 in HMLER breast cancer cells had increased
metastasis. In the same study, SIRT1 was reported to deacetylate Smad4 and
subsequently keep B-catenin interact with E-adherin. This would suppress the
epithelial-to-mesenchymal transition.&

In contrast, some studies reported SIRT1 as a tumor activator. SIRT1
deacetylates FOXO1 and inhibits FOXO1-induced apoptosis.*® 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.®! 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.% In MCF7 breast cancer cells, overexpression of SIRT1 had
increased the proliferation, migration, and motility by increasing the POLD1
expression.®® 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
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delayed cancer formation.® 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.® 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.%

In contrast, many reports indicate that EX-527 can enhance the sensitivity and
show a synergistic effect 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 had rescued such effect, while
the knockdown of SIRT1 also made cells vulnerable to cisplatin.®” 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 had reversed effect by enhancing the resistant against cisplatin. In the HHUA
tumor xenograft mice model, treatment of EX-527 significantly detained the tumor
growth.®® In PC-3 prostate cancer SIRT1 knockdown or EX-527 have increased the
effect of vesicular stomatitis virus oncolysis treatment.®® In chemoresistant stem-like
cells from leukemia K562 cells, EX-527 or SIRT1 knockdown increased the effect of

Hsp90 inhibitors like 17-AAG and AUY922. SIRTL1 inhibition or depletion decreased
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expression of heat shock proteins, and consequently increased the effects of Hsp90
inhibitors.1® EX-527 and SIRT1 knockdown also induced a synergistic anticancer
effect with MK-1775, a WEELX 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.® Lastly, in PANC-1 pancreatic
cancer cells, EX-527 itself had 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.%?

1.4.2 SIRT2 inhibitors

Although SIRT2 was initially reported to be a tumor suppressor, as Sirt2
knockout mice developed more tumors than wild-type mice as they age.°® However,
this effect is relatively weak as the mice only developed tumors when they reach about
one year old. Also, this observation could depend on the strain, as another study did
not observe this phenotype.'®* 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.% Also, SIRT2 deacetylates K116 of Slug, which subsequently stimulates the
growth of basal-like breast cancer.'% In addition, SIRT2-induced deacetylation of C-

Myc promotes pancreatic cancer cell proliferation.'%” SIRT2 deacetylates and activates
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LDH-A, which is responsible for lactate production in cancer cell growth. % In
addition, SIRT2 interrupts FOXO1’s interaction with ATG7 and inhibits apoptosis.'®
Through removal of a long-chain fatty acyl group on lysine, SIRT2 regulates K-Ras4a
transformation activity and promotes cell migration via ARF6.1% 1 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.*® Consistent with the SIRT2
knockdown results, AGK-2 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.**? 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 had survived longer and had
shown less tumorigenicity than mice with transplants GB2 and GB16 SIRT2 wild-type
cells. This had further confirmed that antitumor effect of AK-7 in this study is through
SIRT2 purtubation.**? 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.**®
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Through selective SIRT2 inhibition, SirReal2 decreased the migration and
invasion of HGC-27 and MGC-803 gastric cancer cells. SirReal2 inhibited SIRT2
from deacetylating PEPCKZ1, which promoted degradation of PEPCK1 and decreased
mitochondrial metabolism. As a result, the migration activity of gastric cells was
impaired. HGC-27 and MGC-803 with SIRT2 knockdown showed less invasion
activities, consistent with the inhibition results. Also, tumor xenograft of SIRT2
knockdown gastric cancer cells in mice formed less metastatic tumors and showed
slower growth than that of SIRT2 wild type cells.}'* In a comparison study of SIRT2
inhibitors, SirReal2 showed antiproliferative effects in breast, colorectal, lung,
lymphoma, and cervical cancer cells.*

In MCF7 breast cancer cells, the treatment of RK-9123016 increased the
acetylated elF5a level and hindered cell proliferation through degradation of c-Myc.*8

NCO-90 and NCO-141 induced apoptosis and mitochondrial superoxide level
in leukemic cells, such as HTLV-1-transformed T-cells.** 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. This
confirmed that these compounds inhibited SIRT2, but not SIRTL, in cells. In addition,
the treatment of NCO-90 and NCO-141 increased LC-I1 expression level and
autophagosome, which could have induced autophagic cell death.}*® 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 SIRT?2 selective
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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.*

In PANC-1 pancreatic cancer cells, NPD11033 not only decreased cell
proliferation but also increased the acetylation level of elF5a, a SIRT2 deacetylation
substrate.>> 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.>

Chroman-4-one and chromone-based SIRT2 inhibitors, 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 less
extent. In MCF7 cells, both Compound 6f and 12a had increased acetylation level of
o-tubulin, a SIRT2 deacetylation target.>®

Compound 35 induced apoptosis in NB4 and K562, and MDA-MB-231 breast
cancer cells, and decreased cell proliferation of NB4, Karpas299, and MV4-11
leukemia cells.>* 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 leukemia cells.>*

In H441 non-small lung cancer cells, treatment of Compound 24a increased the

acetylation level of a-tubulin, and decreased cell proliferation and migration.>®
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A mechanism-based SIRT2 inhibitor, TM showed broad anticancer effect in
most of cancer cell lines from NCI-60 screening. These affected cancer cell types
include leukemia, non-small lung cancer, colorectal, melanoma, ovarian, renal,
prostate, breast, and central nervous system 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 had induced degradation of c-Myc in MCF7 cells. The treatment of TM did not
impede the cellular proliferation of MCF-10A and HMEL, normal breast epithelial
cells. This suggests that TM treatment selectively impacts cancer cell proliferation.
The intraperitoneal injection of TM significantly delayed breast cancer tumor growths
in MDA-MB-231 xenograft and genetic MMTV-PyMT mice models without
significant weight loss or other obvious toxicity.>®

A derivative of TM, AF8 also showed a broad anticancer effect in breast,
pancreatic, lung, and colorectal cancer cells. Also, AF8 inhibited the 3D anchorage-
independent colony formation of HCT-116 colorectal cancer cells. Furthermore,
treatment of AF8 had significantly reduced the tumor growth of HCT-116 tumor
xenograft mice models in a dose-dependent manner.*®

In breast, colorectal, cervical, lung, pancreatic, and glioblastoma cancer cells,

low concentrations of NH4-6 and NH4-13 showed weaker cytotoxicity than TM, most
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likely due to their poor permeability from the charged trimethylamine 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 two 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 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.!®

Through selective degradation of SIRT2, TM-P4-Thal treatment increased the
acetylation level of a-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.®°

1.4.3 SIRT3 inhibitors

SIRT3 regulates various mitochondrial functions, such as ATP generation,
metabolism and reactive oxygen species stabilization.® & 17 For example, SIRT3
deacetylates and activates glutamate dehydrogenase, a mitochondrial enzyme that
converts glutamate to a-ketoglutarate and controls the ATP/ADP ratio.!® 119 In the
beginning, many studies reported SIRT3 as a tumor suppressor. SIRT3 attenuates the

stabilization of HIF 1o and regulates metabolic reprogramming.t? 12! In breast cancer
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cell lines, SIRT3 is often less expressed, and the overexpression SIRT3 suppresses
glycolysis and cell proliferation.*?! Patient clinical data also confirmed this trend, as
most breast cancer patients had significantly lower SIRT3 expression levels.'??
Furthermore, SIRT3 knockout mice developed larger mammary gland tumors than the
SIRT3 wild-type mice. In fact, SIRT3 WT mice did not develop any mammary
tumors.1?!

In contrast, many studies reported SIRT3 as a tumor activator. In bladder
cancer cells, SIRT3 deacetylates and inactivates p53, which subsequently promotes
cellular proliferation.*?® Also, oral squamous cell carcinoma cells and tissues
expressed higher SIRT3 levels.'?* 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.®* As such, the role of SIRT3 is likely context and
cancer type dependent.

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 are resistant to radiation and
cisplatin, LC-0296 had enhanced effects of these treatments in HNSCC cells. In UM-
SCC-17B cells, LC-2096 had increased acetylation levels of NDUFA9 and GDH,
SIRT3 deacetylation substrates, and thereby enhanced ROS levels.5

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
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a Karpas 422 tumor xenograft model, YC8-02 had significantly impeded the tumor
growths. Knockdown of SIRT3 in Karpas422, OCI-LY1, and HBL1 cells had
impaired cellular proliferation, and xenografted tumors of Karpas422 with knockdown
SIRT3 in mice had slower growth. These knockdown results had further confirmed the

therapeutic benefits of YC8-02 and targeting SIRT3 in DLBCLs.%

1.4.4 SIRTS inhibitors

Many reports showed that SIRT5 has pro-tumor role. The SIRT5 mRNA level
is often amplified in tumors than in normal tissues.'?> %6 SIRT5 regulates several
metabolic pathways important in cancer, such as glycolysis, TCA cycles, and urea
cycles. For instance, SIRT5 demalonylates GAPDH to activate glycolysis.t” Under
oxidative stress, SIRT5 desuccinylates PKM2 to decrease the overall carbon flux in
TCA cycles.*?” SIRT5 also activates LDHB, which induces autophagy and cell
proliferation of HCT-116 colorectal cancer cells.!? Also, overexpression of SIRTS5 in
hepatocellular carcinoma cells promotes cell proliferation.*? In breast cancer cells,
SIRT5 desuccinylates and stabilizes glutaminase, which regulates the overall
glutaminolysis, a key metabolic hallmark of cancers. In MDA-MB-231 and MDA-
MB-468 breast, and A-549 lung cancer cells, knockdown of SIRT5 decreases cell
proliferation and anchorage-independent colony formations. Moreover, in mice
xenograft studies, SIRT5-deficient MDA-MB-231 tumors were significantly smaller
than wild-type tumors.**® 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 SIRT5.1% Lastly, SIRT5 promotes the proliferation of cutaneous melanoma
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genotypes, including uveal melanoma. In the A2058 melanoma tumor xenograft
model, SIRT5 depletion significantly delayed the tumor growth.*?

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, DK1-04e had increased mitochondrial global succinylation in MCF7
cells. In both MMTV-PyMT and MDA-MB-231 tumor xenograft mice models, DK1-
04e had significantly impaired the tumor growth without any bodyweight loss. The
cytotoxicity of DK-104e was dependent on its SIRTS5 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 DK-104e. Overall, DK1-04e studies showed

that SIRT5 inhibition can be an effective treatment in breast cancer cells.5®

1.4.5 SIRT6 modulators

Through deacetylation and defatty-acylation, SIRT6 regulates numerous
biological roles, including cell proliferation, DNA repair, and glucose metabolism.” 1°
SIRT6 deacetylates histone H3K9, H3K18, and H3K56 to suppress the expression of
several transcriptional factors, such as c-Jun, and NF-xB.**3**7 SIRT6 removes fatty
acyl groups from TNF-o to promote its secretion.'® In cancers, SIRT6 is also viewed
as a both tumor activator and a tumor suppressor. As a tumor activator, SIRT6
promotes cell cycle and tumor proliferation while inhibiting apoptosis.t3® 40 In the
esophagus, thyroid, and melanocytes, SIRT6 is expressed higher than in normal

tissues.*% SIRT6 attenuates migration and invasion of ovarian cancer cells.** As a
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tumor suppressor, SIRT6 is down-regulated in colorectal, ovarian, breast, lung,
pancreatic, and hepatocellular tumors.'#>1%* Also, SIRT6 deficient MEF cells
proliferate faster than control wild-type cells. In the same study, loss of SIRT6
induced faster tumor formations in mice. In colorectal cancer stem cells, SIRT6
impaired cellular proliferation and anchorage-independent colony formation.#°
Furthermore, through defatty-acylating, SIRT6 regulates R-Ras2 localization, and
subsequently hinders cell proliferation.'4®

The SIRT6 modulators’ effect in cancer cells is summarized in Table 6.
UBCS039 induced autophagosome accumulation, thereby leading to apoptosis.
UBCS060, an inactive analog of UBCS039, could not increase the autophagosome
accumulation and autophagy-induced apoptosis.®® A previous report suggested lack of
SIRT6 had decreased oxygen consumption and ATP level in the heart.**’ In
accordance with this, treatment of UBSCO039 activated ROS production and increased
ATP level in H1299 and HeLa cells.®’

MDL-800 significantly suppressed proliferation of BEL7405 cells in vitro and
in tumor xenograft mice studies.®® Also, MDL-800 had arrested cell cycle in GO/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 depend
on SIRTG6 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, which confirmed that the effect

of MDL-800 is through SIRT6 activation.®® In addition to the hepatocellular

carcinoma cells, MDL-800 inhibited the proliferation of 12 non-small cell lung cancer
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(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 mice study,
administration of MDL-800 had increased histone H3 acetylation and significantly
decreased the tumor growth.4

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.®® 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.5®

Compound 5 and 11 promoted glucose uptake and inhibited TNF-a production.
Even though Compound 5 and 11 were not toxic, both SIRT6 inhibitors with
gemcitabine had shown 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.’*

1.4.6 Pan-sirtuin inhibitors

In NCI-H460 lung cancer and HeL a cervical cancer cells, treatment of
Cambinol increased acetylation levels of several sirtuin substrates, including p53, a-
tubulin, FOX03a, and Ku70.” Also, in RPMI8226 and U266 multiple myeloma cells
treatment of Cambinol induced apoptosis, cell proliferation impairment, and cell cycle

arrest by increasing acetyl p53, p21, cleaved PARP, and cleaved caspase3.'*° In

27



orthopedic tumor xenograft mice model with HepG2 hepatocarcinoma cells, Cambinol
had significantly reduced tumor growth, which was consistent with the SIRT1
knockdown results of in vivo intrahepatic xenograft mouse model.*>® 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.**® ! 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.>?

In MCF7 breast and H1299 non-small lung cancer cells, treatment of Sirtinol
led to senescence-like growth arrest and decreased activation of the RAS-MAPK
pathway. Similar results were also observed with SIRT1 knockdown.>® 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.?®*1% |n PC3, DU145, S1T and Jurkat cells, knockdown of SIRT1 also
hindered cell proliferation.t® % 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.*®’

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 2,

Salermide-induced apoptosis is mainly through its SIRT1 inhibition.”® Furthermore,
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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 uM of Salermide in these cell
lines induced n-Myc and c-Myc degradation.%’

In both cellular and tumor xenograft mice studies, treatment of Tenovin-6
showed strong antiproliferative effects against ARN8 melanoma cells. 7 In AGS,
AGS-EBV, SNU-179, HGC-27, N87, SNU-1, and KATO-III gastric cancer cells,
Tenovin-6 had decreased the cell proliferation. Moreover, Tenovin-6 hindered cell
proliferation anchorage-independent colony formation of AGS, AGS-EBV, and HGC-
27 through increasing acetyl p53 levels.*® In A549 NSLCL cells, a combination of
Tenovin-6 and metformin demonstrated a synergistic antiproliferative effect by HIC1-
dependent SIRT1 level reduction.'®® 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. 1%

BZD9L 1 showed antiproliferative effects in HCT-116 colorectal, CCRF-CEM
leukemia, and MDA-MB-468 breast cancer cells in a preliminary screening.*6!
Furthermore, in HCT-116 and HT-29 colorectal cancer cells, BZD9L 1 significantly
decreased the cell migration and anchorage-independent colony formation.6 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
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proliferation. In addition, the combination treatment of BZD9L 1 and 5-Fluorouracil
significantly impaired tumor growth of HCT-116 in tumor xenograft mice study.'®2

In U373 and Hs683 glioma cells, treatment of Compound 18 had increased
acetylation levels of histone H4, histone H3K 56, and a-tubulin, which confirmed
cellular inhibition of SIRT1 and 2.82 Consistent with the SIRT1 and 2 knockdown
results, Compound 18 had impaired cell proliferation of U373 and Hs683 cells.
Moreover, Compound 18 showed a broad anticancer effect, as its average Glso was
about 3 uM in the NCI-60 screening. In the zebrafish xenotransplant model,
Compound 18 treatment significantly reduced the growth of fluorescent-labeled
HS683 and U373 tumors.®

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 2, but this was not confirmed in the
study. Thus, future study proving cellular inhibition of SIRT1 and 2 by Compound 3g
will be needed.®

A SIRT1-3 inhibitor, MC2494 decreased metabolic activity and proliferation
of U937 leukemia cells.'® Treatment of MC2494 decreased ATP production and
expression levels of PGCla and PGC1p, which are important for metabolism
regulation. In addition, PGCla is present in the cytoplasm under normal condition, but
more perinuclear PGC 1o was detected, after treatment of MC2494.16

JH-T4, a mechanism-based SIRT1-3 inhibitor, portrayed strong

antiproliferative effects in a wide range of cancer cells, including MCF7 breast, MDA-
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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.®
1.5 Neurological Diseases

1.5.1 SIRT1 inhibitors

. Both protective and detrimental effects of SIRT1 in neurological diseases
have been reported. SIRT1 inhibits neurogenesis through inhibiting transcriptional
factor Hes1 and Mash1.1% SIRT1 maintains cognitive level and synaptic plasticity.1®
The brain of SIRT1 knockout mice looked normal but showed a significant decrease in
dendritic extension, length, and complexity.'® SIRT1 is also reported to promote
neurite outgrowth through suppressing expression and phosphorylation of mTOR.6¢
The parietal cortex of Alzheimer’s disease patients showed lower expression of
SIRT1, which may be connected to an increase of -amyloid and tau.'®” Inhibiting NF-
kB in B-amyloid plaques, SIRT1 hinders neuronal cell death.'®® Overexpression of
SIRT1 decreases acetylation of FOXO3a, and consequently protects against huntingtin
toxicity.'®® 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, Inhibiting SIRT1, EX-527 also promoted the differentiation of P19
cells into functional neurons with around 50% efficiency.”° In single prolonged stress
(SPS) mice mimicking post-traumatic stress disorder (PTSD), Sirtl deleted mice had

less anxiety and freezing time, which indicated SIRT1 as a potential therapeutic target
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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,
the treatment of EX-527 ensured normal neuronal plasticity by decreasing dendritic
spines and abnormal shapes.™ 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-527.12
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.*”

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.t’* Thus, for subarachnoid hemorrhage, a SIRT1 activator will be needed for

an effective treatment.

1.5.2 SIRT2 inhibitors

Through deacetylation of a-tubulin and activation of the CREB signaling
pathway, SIRT2 promotes neuronal differentiation of mesenchymal stem cells.*” In
oligodendroglia and myelin sheets, SIRT2 is often highly expressed.’® Through
increasing the expression level of myelin basic proteins and, SIRT2 boosts
oligodendroglia differentiation.!’” Also, because of the acetylated FOXO3a level and

decreased Bim expression, SIRT2 knockout mice showed resistance against 1-methyl-
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4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which induces neurotoxicity like
Parkinson’s Disease.!’®

The SIRT2 inhibitor AGK?2 showed a neuroprotective effect in Parkinson’s
Disease models. Releasing adenylate kinase to the media, AGK2 reduced a-
Synuclein-mediated toxicity. a-Synuclein toxicity was decreased by SIRT2
knockdown in neuroglioma cells, which verified that the effect of AGK2 comes from
its SIRT2 inhibition. Also, AGK2 treatment had increased viabilities of dopamine
neurons in cellular and drosophila models.*® In mice, AGK2 ameliorated
lipopolysaccharides (LPS)-induced neuroinflammation, decreasing LPS-induced
CD11b TNF-a, and IL-6 levels. AGK2 treatment in mice decreased TUNEL signals,
which are indicators of brain apoptotic damage'’. 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. & Lastly, in cultured hippocampal neurons, AGK2 protected cell
deaths from exposure to H>O. Also, in the same study, AGK2 had promoted VEGF
and HO-1 mRNA levels, which stimulates neuroprotection against ischemic injury.
This result was consistent from the experiments with SIRT2 knockout DT40 cells.*8!

In the MCAO mouse model, a SIRT2 selective inhibitor AK-7 had 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 p83 in
Neuro-2a cells.*®? In the microglia from the sevoflurane-treated neonatal rat study,

AK-7 decreased pro-inflammatory markers, while increasing anti-inflammatory
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markers. Sevoflurane is used as an inhalational anesthetic, which could damage the
developing brain.&

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. For 8-month-old
SAMP8 mice, NCO-141 treatment did not indicate any therapeutic results.
Nevertheless, in both aged groups, NCO-141 had increased glutamate receptor
subunits GIUN2A, GIuN2B, and GIuA1, which are essential for synaptic plasticity. To
confirm whether NCO-141 inhibited SIRT2 in hippocampus, ATP-binding cassette
transporter Abcal expression level was measured, as transcription of Abcal is
inhibited by SIRT2. As expected, NCO-141 treated SAMP8 mice had elevated level of
Abcal.184

NCO-90-based SIRT2 inhibitor Compound 53 and pan SIRT1-3 inhibitor

KPM-2 had significantly promoted neurite outgrowth of Neuro-2a cells.®® 5

1.5.3 SIRT®6 inhibitors

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 have differentiated into neuroectoderm. When SIRT6 was present,
expressions of Oct4, Sox2, and Nanog were repressed, and led to balanced

differentiation of embryonic stem cells. 8 For immunity and inflammation, SIRT6
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de-fatty acylates TNFa and promotes its secretion. This could potentially regulate
inflammatory cytokine production and necrosis. ** Mice with brains without SIRT6
showed behavioral abnormalities with DNA damage and increased phosphorylated
Tau. Also, in patients with Alzheimer’s discase, lower expression of SIRT6 was
measured, which hints the neuroprotective role of SIRT6.% Lastly, SIRT6 promotes
the differentiation of dendritic cells in vitro and in vivo.'®’

Compound 1 is a SIRT6 inhibitor that had shown therapeutic effect in
autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis.*®® In a
previous study, Compound 1 had increased glucose uptake and GLUT-1 expression,
and decreased TNF-a in BxPC-3 pancreatic cancer cells. These observations indicate a
potent cellular SIRT6 inhibition by Compound 1.7 In C57bl/6 mice with MOG35-55
injection, which mimics EAE conditions, treatment of Compound 1 decreased the
levels of TNFa and neurological impairments. Compound 1 also lowered IFNy and
IL12, which induce Thl immune responses. Moreover, Compound 1 increased IL10, a
cytokine with an anti-inflammatory effect, in the spinal cord. In dendritic cells,
treatment of Compound 1 decreased cell migration. 8

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.
1.6 Cardiovascular Diseases

1.6.1 SIRT1/SIRT2 inhibitors
In addition to cancer and neurological disease, several sirtuins have been

connected to cardiovascular diseases. Without SIRT1, mice possess congenital cardiac
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abnormalities, and most could not survive beyond 2 weeks.*®® SIRT1 deacetylates and
regulates sodium channel Nav1.5. Deficiency of SIRT1 decreased expression of
Nav1.5 in the cardiomyocyte membrane and induced cardiac abnormalities.*®® Low to
moderate overexpression of SIRT1 in transgenic mouse inhibited fibrosis and cardiac
hypertrophy. However, high overexpression of SIRT1 aggravated hypertrophy.!
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.1%2
Splitomicin, a yeast sirtuin inhibitor, had promoted carotid artery thrombus formation
in a photochemical injury mice 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.’*® The

potential cardiovascular effect of SIRT1 inhibitors may also limit the use of them for

treating other diseases.

1.6.2 SIRT®6 inhibitors

SIRT6 suppresses IGF-Akt signaling, which promotes heart failure when
activated. SIRT6 knockout mice promoted cardiac hypertrophy upon hypertrophic
stimulus. *7 In a mouse model of transverse aortic constriction (TAC)-induced heart
failure, SIRT6 maintained telomere integrity, thereby protecting the heart. Also, the

knockout of SIRT6 promoted macrophage and atherosclerosis.***
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Consistent with the role of SIRT6 to prevent cardiovascular diseases, a SIRT6
inhibitor, 0SS-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-a, which suggests potent inhibition of
SIRT6.” In the mice model of streptozotocin-induced diabetes and high glucose-
treated cardiomyocytes, 0OSS-129167 promoted inflammation and oxidative stress,
which led to diabetes-induced cardiomyocyte apoptosis.’® In this DCM disease

model, treatment of SIRT6 activators like MDL-800 or UBCS039 may be beneficial.

1.7 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
SIRTG6 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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Table 1. Summary of the sirtuin modulators and its biological assessment in cellular and animal studies.

SIRT2

and ac-p53 levels, and caspase
activation

- 5637 and T24 bladder: decreased
proliferation, glycolysis, and
glucose uptake (Opposite results
from SIRT1 overexpression)

- H460-R cisplatin-resistant lung
cancer: increased sensitivity to
cisplatin (Opposite results from
SIRT1 overexpression; Confirmed
by SIRT1 knockdown)

- HEC151, HEC1B, and HHUA
endometrial carcinoma:
decreased proliferation (Opposite
results from SIRT1
overexpression)

- PC-3 prostate: increased the effect
of vesicular stomatitis virus
oncolysis (Confirmed by SIRT1
knockdown)

- Chemo-resistant stem-like cells
from leukemia K562 cells:
increased the anticancer effect of

decreased tumor growth
with MK-1775
combination

PANC-1 pancreatic
tumor xenograft mice:
increased tumor growth
and showed no synergistic
effect with gemicitabine
Single prolonged stress
mice mimicking post-
traumatic stress disorder:
hindered expression of
MAO-A, stabilized
serotonin, and ensured
normal neuronal plasticity
(Sirtl deleted mice had
less anxiety and freezing
time)

- Morphine addicted mice:

increased SIRT1
expression and alleviated
morphine addiction

Compound | Structure Modulation Cellular Studies Animal Studies References
Profile

EX-527/ Inhibits SIRT1 |- General: increases several SIRT1 |- HHUA endometrial 39, 95-102,

H NH> deacetylation targets, including carcinoma tumor
Selistat N with 200-fold p53, NBS, and Radl xenograft mice: 170-173, 196,
- U87MG and LN0299 glioma: decreased tumor growth
selectivity over | decreased proliferation and colony |- A549 lung tumor 197
Cl formation through increasing p53 xenograft mice:
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17-AAG and AUY922 (Confirmed
by SIRT1 knockdown)

- A549 lung: showed synergistic
antiproliferative effect with MK-
1775 (through increasing ac-Rad51
and NBS1)

- PANC-1 pancreatic: decreased
proliferation and increased the
anticancer effect of gemcitabine
(Confirmed by SIRT1 knockdown)

- P19 embryonic carcinoma cell:
promoted differentiation into
neuronal cells (Confirmed by
SIRT1 knockdown)

- Rat model of middle
cerebral artery
occlusion: improved the
survival rate, and
decreased infarction
volume.

AGK2

Inhibits SIRT?2
with 5-fold
selectivity over

SIRT1

- GB2, GB3, GB11, and GB16
glioblastoma: decreased cell
proliferation (did not show
antiproliferative effect in SIRT2
knockdown GB2 cells) (SIRT2
knockdown GB2 and GB16 cells
proliferated slower)

- HCT-116 colorectal: decreased
effects of cisplatin, 5-FU,
oxaliplatin, gefitinib, LY294002,
and metformin

- SW620 colorectal: increased
effects of cisplatin, 5-FU,
oxaliplatin, gefitinib, LY294002,
and metformin

- Human neuroglioma cells (H4):
decreased a-Synuclein-mediated
toxicity (Consistent with SIRT?2
knockdown)

- Drosophila model of
Parkinson’s Disease:
rescued the decrease of
dorsomedial neurons

- Lipopolysaccharides-
induced brain injury
mice: lowered
neuroinflammation and
TUNEL signal

Middle cerebral artery

occlusion mice: decreased

apoptosis

43,112, 113,

179-181
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- Cultured hippocampal neurons:

protected cell deaths from H,O;
and stimulated neuroprotection
(Consistent with SIRT2 knockout
DT40 cells)

AK7

Inhibits SIRT2

- GB2 tumor xenograft
mice: decreased tumor
growth (Mice with SIRT2
knockdown GB2 cells
survived longer and had
less tumorigenicity)

- Middle cerebral artery

occlusion mice: decreased

infarction volume and
promoted neurological
recovery through pP38
activation (SIRT2
knockdown neuro-2a cells
activated pP38)

Sevoflurane-treated

neonatal rat: decreased

pro-inflammatory marker
and increased anti-
inflammatory marker

46, 112, 182,

183

40




SirReal2

Inhibits SIRT2

- HGC-27 and MGC-803 gastric:
decreased proliferation and
migration (SIRT2 knockdown had
less migration) (Mice with SIRT2
knockdown showed less metastatic
tumors and tumor growth)

- MCF7, MDA-MB-231, MDA-
MB-468 breast, HCT-116, HT-
29, SW948 colorectal, A549,
H520 lung, K562 lymphoma,
HeL a cervical: decreased cell
proliferation

44, 47,114

RK-

91230156

Inhibits SIRT2

- MCF7 breast: decreased cell
proliferation through degradation
of c-Myc and increased acetylated
elF5a

48

41




NCO-90/ Inhibits SIRT2 |- HTLV-1-trasnformed T-cells: - Senesce-accelerated 49,115, 184
induced autophagic cell death and mouse prone-8 mice:

141 increased mitochondrial superoxide | increased spatial learning
level and memory deficiency of

- S1T, MT-2, Jurkat, and HL60 5-month-old mice; did not
leukemia cells: increased have any effects on 8-
acetylation of histone H4, but did month-old mice (proved
not alter acetylation of p53 SIRT2 inhibition in
hippocampus by
L monitoring the elevated
R=H; NCO-30 level of Abcal
R=F; NCO-141
KPM-2 = Inhibits - MDA-MB-231 breast: decreased 50
: NH proliferation (usage of SIRT1
N/\[( 2 SIRT1, SIRT2, | selective inhibitor with a similar
H structure as KPM-1 showed no
and SIRT3 effect; usage of less potent SIRT2
inhibitor with a similar structure
showed weaker cytotoxicity)
- Neuro-2a: promoted neurite
outgrowth
©\O/\/©
Compound @\ Inhibits SIRT2 |- Neuro-2a: promoted neurite 51
N o) outgrowth
53 - MCF7 breast: decreased

proliferation and increased acetyl
a-tubuliin
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NPD11033

Inhibits SIRT2

- PANC-1 pancreatic: decreased
proliferation and increased
acetylated elF5a (SIRT2
knockdown decreased
proliferation) (inactive analog RK-
0310020 did not have any affect)

52

Compound

6f

Cl

Br =

Inhibits SIRT2

- MCF7 breast, and A549 lung:
decreased proliferation and
arrested G1/GO phase cell cycle
arrest (increased acetyl a-tubulin in
MCF7)

53

Compound

12a

Cl

Br N\<

Inhibits SIRT2

MCF7 breast, and A549 lung:
decreased proliferation and arrested
G1/GO0 phase cell cycle arrest
(increased acetyl a-tubulin in

MCF7)

53

Compound

35, and 39

B
>//J
A\

\
N-g
R=0OMe; Compound 35

R=Br; Compound 39

Inhibits SIRT2

- NB4, K562, Karpas299 leukemia,
and MDA-MB-231 breast:
decreased proliferation (Compound
35)

- NB4, U937, HL-60, OCI-AMLS3,
IMS-M2, OCI-AML2, MV4-11,
Kasumi-1, and Karpas299
leukemia cells: decreased
proliferation (Compound 39)

54
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- NB4 and U937 leukemia cells:
increased acetyl a-tubulin
(Compound 35 and 39)

Compound \N—N Inhibits SIRT2 |- H441 non-small lung: decreased 55
\ proliferation and migration, and
24a y increased acetylated a-tubulin
0~ "NH
o]
O
s
H |
N~
™ o Inhibits SIRT2 |- MCF7 breast: increased acetyl a- |- MDA-MB-231 tumor 44,56
&J\ tubulin, decreased proliferation and | xenograft mice and
Cbz~ N with 650-fold promoted c-Myc degradation MMTV-PyMT genetic
H

selectivity over

SIRT1

(SIRT2 knockdown decreased
proliferation and degraded c-Myc)

- MDA-MB-231 and MDA-MB-
468: decreased proliferation
(SIRT2 knockdown decreased
proliferation)

- NCI-60 screen: decreased
proliferation with Glsg less than 10
uM

- MCF-10A and HME1 normal
breast epithelial: did not alter
proliferation

mice: decreased tumor
growths without any
toxicity.
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58

AF8 0 Inhibits SIRT2 |- HCT-116 colorectal: increased - HCT-116 colorectal
H&J\ /@ acetyl a-tubulin, and decreased tumor xenograft mice:
Cbz~ N with 180-fold proliferation and colony formation decreased tumor growth
= H - MCF7, MDA-MB-468, MDA- without any toxicity
selectivity over | MB-231 breast, BxPC-3
pancreatic, NCI-H23, A549 lung,
H SIRT1 and SW948 colorectal: decreased
WN NH proliferation
5T
S
NH4-6/ y O | Inhibits - MCF7, MDA-MB-231 breast, - HCT-116 colorectal 60
NJJ\ /\/N/ HCT-116, SW948 colorectal, tumor xenograft mice:
NH4-13 Cbz” ™ X + SIRT1, SIRT2, | HelLa cervical, A549, NCI-H23 decreased tumor growth
B |~ lung, MIA-PaCa-2 pancreatic, with severe toxicity at
and SIRT3 and U87 glioblastoma: decreased high dosage (NH4-6);
cell proliferation decreased tumor growth
(NH4-6) without severe toxicity
WNH (NH4-13)
11
S
Inhibits SIRT2
X=NH; NH4-6
with 600-fold
X=0; NH4-13

selectivity over
SIRT1 (NH4-

13)
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TM-P4- N o Q Inhibits SIRT2 |- MCF7, MDA-MB-231, MDA- 60
O:Q}N MB-468 breast, and BT-549
Thal ;\ng bW ©° @ with 500-fold lung: degraded SIRT2 selectively
o HN\éO\/%N\AN - MCF7 and MDA-MB-231
"o _H selectivity over | breast: decreased proliferation at
\ low concentrations.
SIRT1
WNH
S
n=4; TM-P4-Thal
LC-0296 o) Inhibits SIRT3 |- UM-SCC-1 and UM-SCC-17B 63
/HQJ\ P head and neck squamous cell
Cbz Y 0] with 10-fold carcinoma (HNSCC): decreased
B proliferation and enhanced effects
selectivity over | of radiation and cisplatin
- UM-SCC-17B (HNSCC):
N ” O SIRT2 Increased acetylation levels of
— NDUFA9 and GDH, and ROS
levels
5 NH,
YC8-02 o Inhibits - OCI-LY1 and Karpas422 - Karpas422 lymphoma 64
Ph. + HJJ\ /@\ lymphoma: decreased cell tumor xenograft mice:
SN N OH | SIRTL, SIRT2, | proliferation, increased decreased tumor growth
Ph/IIDh : H mitochondrial global acetylation, without toxicity
and SIRT3 and decreased TCA cycle (Karpas422 with SIRT3
Br metabolites (SIRT3 knockdown knockdown also had

NH
11

S

had consistent results)

- HBL1, Pfeiffer, SU-DHL4,
TMD3, and OCL-LY7
lymphoma: decreased cell
proliferation

slower tumor growth)
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DK1-04/ Inhibits SIRT5 |- MCF7 and MDA-MB-231 - MDA-MB-231 breast 65
0 breast: (DK1-04e) decreased cell tumor xenograft mice
DK1-04e Cbz. H\)L /©\ selectively proliferation and colony formation, | and MMTV-PyMT
N HE OH and increased mitochondrial global | genetic mice: decreased
0o (DK1-04) succinylation; its inactive tumor growth without
derivative (DK1-04e(O) showed toxicity (Sirt5 deficient
H weaker cytotoxicity PYMT mice impaired
”NTNV\[(O‘R - MDA-MB-231: partial SIRT5 tumor growth)
S o) knockout decreased colony
formation
R=H; DK1-04
R=CH,CHjs; DK1-04e
UBCS039 XN Activates - H1299 non-small cell lung 66, 67
| carcinoma: decreased acetyl
= SIRT6 H3K9 and H3K56, and induced
apoptosis (inactive analog
HN | UBSCO060 did not have any affect)
N/ - H1299 and HelL a: activated ROS

production and increased ATP
level (consistent with a previous
report on SIRT5 deficiency
reducing oxygen consumption and
ATP level)
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MDL-800

Activates

SIRT6

- Bel7405 hepatocellular
carcinoma: decreased acetyl
H3K9 and H3K56, decreased cell
proliferation, and arrested cell
cycle (MDL-800 treated SIRT6
knockout did not induce any
changes in cell cycle arrest
markers)

NCI-60: decreased cell
proliferation of the 12 non-small
lung carcinoma lines

SIRT6 KO HCC527 and PC9
non-small lung carcinoma: did
not affect growth

- Bel7405 hepatocellular
tumor xenograft mice
and HCC827 non-small
lung carcinoma:
increased histone H3
acetylation and decreased
tumor growth

68, 148

Compound

2,3,and 8

Compound 2

o

Z—

\ 7/
IZ\
O=0=

Iz ;O

}—z

g T

Compound 3

Inhibits SIRT6

- BXPC-3 pancreatic: increased
H3K9 acetylation, increased
glucose uptake (Compound 3 and
8), decreased proliferation (only
Compound 8), and increased
antiproliferative affect with
gemcitabine (Compound 2 and 3)

69
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O

Compound 8
0SS- o o Inhibits SIRT6 |- BXPC-3 pancreatic: increased - Mice model of 69,195
/©\H/H glucose uptake and GLUT-1 streptozotocin-induced
128167 \\ N OH expression, and decreased TNF-a diabetes and high
o o OH - glucose-treated
cardiomyocytes:
promoted inflammation,
oxidative stress, and
diabetes-induced
cardiomyocyte apoptosis
Compound OH o) Inhibits SIRT6 |- BxPC-3 pancreatic: increased 1
o o m H3K9 acetylation, increased
5and 11 @NH 0 with mild glucose uptake, decreased TNF-a,
HO NH and decreased proliferation with
inhibition of gemcitabine
Compound 5
SIRT2

o
HO 0 m
HO @NH o
NH
0

Compound 11
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with sodium

Compound H o o) Inhibits SIRT2 |- Dendritic cells: decreased - C57bl/6 mice with 71,72,188
Na N.g migration MOG35-55 injection:
1 | _ /©/ g N and SIRT6 - BXPC-3 pancreatic: increased decreased TNFa and
0 N/K glucose uptake and GLUT-1 neurological impairment,
H expression and decreased TNF-a lowered IFNy and 1L12,
increased 1L10
Cambinol Inhibits SIRT1 |- NCI-H460 lung and HelLa - Orthopedic tumor 73,149-152
O H S cervical: increased acetylation xenograft mice with
and SIRT2 levels of p53, a-tubulin, FOXO3a, HepG2: decreased tumor
| NH and Ku70 growth (consistent with
- RPMI8226 and U266 multiple SIRT1 knockdown results
q_| myeloma: induced apoptosis, cell of intrahepatic xenograft
O proliferation impairment, and mice study)
OO apoptosis - TH-MYCN transgenic
- HepG2 and Huh? mice: decreased
hepatocarcinoma: decreased cell neuroblastoma formation
proliferation, migration, and through N-Myc
invasion with sorafenib degradation (SIRT1
knockdown BE(2)-C cells
had N-Myc degradation)
Sirtinol Inhibits SIRT1 |- MCF7 breast and H1299 non- - A549 non-small lung 74,75, 153-
H small lung: decreased senescence- | tumor xenograft mice:
N and SIRT2 like growth and activation of the decreased tumor growth 157, 174, 192
O N

RAS-MAPK pathway (Similar
results with SIRT1 knockdown)

- H1299 non-small lung and HelLa
cervical: decreased cell
proliferation

- PC3 prostrate, DU145 prostate,
S1T adult T-cell
leukemia/lymphoma (ATL), and
Jurkat ATL: decreased cell

dichloroacetic acid
Subarachnoid
hemorrhage rat: lowered
SIRT1 expression,
damaged the blood-brain
barrier and neurological
activity, aggravated brain
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proliferation (SIRT1 knockdown
decreased proliferation)

- A549 and H1299 non-small lung:
decreased cell proliferation with
sodium dichloroacetic acid

edema, and increased
endothelial cell apoptosis
- Neonatal rat: decreased
cardiacmyocytes
- Cardiac ischemia
preconditioned rats:
decreased the infarct size

Salermide

ZT

Inhibits SIRT1

and SIRT2

- MOLA4 acute lymphomastic
leukemia, SW480 colorectal,
KG1a acute myelogenous
leukemia, and Raji Burkitt’s
lymphoma: induced apoptosis
through SIRT1 inhibition
(confirmed with SIRT1
knockdown)

- BE(2)-C neuroblastoma and
MIA-PaCa-2 pancreatic:
decreased cell proliferation through
c-Myc and n-Myc degradation
(confirmed with SIRT2
knockdown)

76, 107

Tenovin-6

Inhibits SIRT1
and SIRT2, but
also target

other unknown

proteins.

- ARN8 melanoma: decreased cell
proliferation

- AGS, AGS-EBV, and HGC-27
gastric: decreased cell
proliferation and colony formation
through increasing acetyl p53
levels

- SNU-179, N87, and SNU-1,
KATO-I11 gastric: decreased cell
proliferation

44,77-79, 158-

160
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- HME-1 and MCF-10A normal
breast: decreased cell proliferation

- A549 non-small lung: decreased
proliferation with metformin by
HIC1-dependent SIRT1 level
reduction

- 92.1, Mel-270, Omm-1, Om-2.3
uveal melanoma: decreased
migration and proliferation;
displayed synergistic effect with
Vinblastine

- Canine hemangiosarcoma:
decreased proliferation with
SIRT1-independent mechanism

- OCI-Lyl DLBCL.: decreased cell
proliferation and induced apoptosis
through SIRT1/2/3-independent
mechanism

BZD9L1

//\\O/JL\[::::[:
H

Inhibits SIRT1

and SIRT2

- HCT-116 colorectal, CCRF-
CEM leukemia, and MDA-MB-
468 breast: decreased cell
proliferation

- HCT-116 and HT-29 colorectal:
decrsaed cell migration and colony
formation

- HCT-116 colorectal: increased
cell cycle, arrest, and apopotosis,
and decreased the spheroid
formation with 5-Fluorouracil

- HCT-116 colorectal
tumor xenograft mice:
decreased tumor growth
with 5-Fluorouracil

81, 161, 162
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Compound

18

Inhibits SIRT1

and SIRT2

- HS683 and U373 glioma:
decreased proliferation (consistent
with SIRT1/2 knockdown) and
increased acetylation of H4,
H3K56 and a-tubulin

- NCI-60 screen: decreased
proliferation with an average Glso
of 3 uM

- HS683 an dU373 glioma
zebrafish xenotransplant
model: decreased tumor
growth

82

Compound

39

Inhibits SIRT1

and SIRT2

- K562 leukemia, HCT-116, HT-29
colorectal, H460, A549 lung, and
MCF7 breast: decreased
proliferation (need additional data
to show cellular inhibition of
SIRT1 and 2)

83

MC2494

Inhibits
SIRT1, SIRT2,

and SIRT3

- U937 lymphoma: decreased
metabolic activity and
proliferation; lowered decreased
ATP production and expression
level of PGCla and PGCI1p

84,163
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85

JH-T4 0 Inhibits - MCF7, MDA-MB-231 breast,
HQJ\ @\ HCT-116 colorectal, NCI-H23
Cbz/N . N OH SIRTL, SIRT2, | lung, HME1 and MCF-10A
z H normal epithelial cells: decreased
\ and SIRT3 cell proliferation
Sy ™
11
S
35. 0] Inhibits yeast |- Human endothelial cells: - Photochemical injury 193
increased and activated tissue mice: promoted carotid

Splitomicin sirtuins factor expression (confirmed with artery thrombus formation

SIRT1 knockdown)
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Table 2. Cell lines affected by SIRT1 Inhibitors.

SIRT1 Inhibitor

Type Line EX-527
Glioma U87TMG ! prol%feragon
LN0299 | proliferation
Bladder 5637 l prol?ferat%on
T24 | proliferation
H-460-R- cisplatin resistant |1 senstivity to cisplatin
Lung A549 Tsenstivity with MK-1775
Ab49 (xenograft) | tumor growth with MK-1775
HEC151 | proliferation
Endometrial Carcinoma HEC18 lpmh.ferat%on
HHUA | proliferation
HHUA (xenograft) | tumor growth
Prostate PC-3 1 senstivity to vesicular stomatitis virus oncolysis
Pancreatic PANC-1 | proliferation {senstivitiy to gemcitabine
PANC-1 (xenograft) 1 tumor growth
Colorectal HCT-116
SIT
Leukemia MT-2
Jurkat
HL60
Chemo-resistant K562 1 sensitivity to 17-AAG and AUY922
Lymphoma

Daudi Lymphoma
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Table 3. Cell lines affected by SIRT2 Inhibitors (#1 set).

SIRT2 Inhibitor

Type |Line AGK?2 AK7 SirReal2 RK-91230156 |NCO-90/141 NPD11033 Compound 6f/12a
GB2 | proliferation
GB2 (xenograft) | tumor growth
Glioma |GB3 | proliferation
GB11 | proliferation
GB16 | proliferation
Lung A549 | proliferation | proliferation
H520 | proliferation
Pancreatic|PANC-1 | proliferation
HCT-116 | effect of chemotherapeutic agents | proliferation
Colorectal |SW620 1 effect of chemotherapeutic agents
SW948 | proliferation
S1T 1 acetylation of H4
Leukemia MT-2 1 acetylat%on of H4
Jurkat 1 acetylation of H4
HL60 1 acetylation of H4
Chemo-resistant K562 | proliferation
Lymphoma - -
K562 | proliferation
Gastric HGC-27 l proh:ferat%on
MGC-803 | proliferation
MCF7 | proliferation || proliferation | proliferation
Breast |MDA-MB-231 | proliferation
MDA-MB-468 | proliferation
Cervical |HelLa | proliferation
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Table 4. Cell lines affected by SIRT2 Inhibitors (#2 set).

SIRT2 Inhibitor

Type

Line

Compound 35

Compound 39

Compound 24a

Compound 53

™

AF8

NH4-13

TM-P4-Thal

NCI-60

NCI-60

| proliferation

Glioma

U87MG

| proliferation

GB2

GB2 (xenograft)

GB3

GB11

GB16

Lung

A549

| proliferation

| proliferation

NCI-H23

| proliferation

Non-small Lung

H441

| proliferation

Pancreatic

BxPC-3

| proliferation

Mia-PaCa-2

| proliferation

Colorectal

HCT-116

| proliferation

| proliferation

HCT-116 (xenograft)

| tumor growth

| tumor growth

SW948

| proliferation

| proliferation

Leukemia

HL60

| proliferation

NB4

| proliferation

| proliferation

Lymphoma

Chemo-resistant K562

K562

| proliferation

Karpas299

| proliferation

| proliferation

U937

| proliferation

OCI-AML3

IMS-M2

| proliferation

OCI-AML3

| proliferation

MV4-11

| proliferation

Kasumil

| proliferation

Breast

MCF7

| proliferation

| proliferation

| proliferation

| proliferation

| proliferation

MDA-MB-231

| proliferation

| proliferation

| proliferation

| proliferation

| proliferation

MDA-MB-231 (xenograft

| tumor growth

MDA-MB-468

| proliferation

| proliferation

Cervical

Hela

| proliferation

Normal Epithelial

MCF-10A

No effect

HME1

No effect
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Table 5. Cell lines affected by SIRT3/SIRTS5 inhibitors.

SIRT3 Inhibitor

SIRTS5 Inhibitor

Type |Line LC-0296 YC8-02 DK1-04e
OCL-LY-1 | proliferation
Karpas422 | proliferation
Karpas422 (xenograft) | tumor growth
Lymphoma HB!_l ! prol%feration
Pfeiffer | proliferation
SU-DHL4 | proliferation
TMD3 | proliferation
OCL-LY7 | proliferation
MCF7 | proliferation
Breast |MDA-MB-231 | proliferation
MDA-MB-231 (xenograft | tumor growth
HNSCC UM-SCC-1 iprohzferation
UM-SCC-17B | proliferation

Table 6. Cell lines affected by SIRT6 modulators.
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SIRT6 Activator SIRT6 Inhibitor
Type Line UBCS039 MDL-800 Compound 2 [Compound 3  [Compound8 |[Compound5 |Compound 11
NCI-60 NCI-60 | proliferation
Non-small Lung H1299 | proliferation
Hepatocellular carcinoma |Bel7405 | proliferation
Pancreatic BxPC-3 1 senstivity 1 senstivity | proliferation |1 senstivity 1 senstivity
to gemcitabine | to gemcitabine to gemcitabine | to gemcitabine
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CHAPTER 2
A GLYCOCONJUGATED SIRT2 INHIBITOR WITH AQUEOUS SOLUBILITY
ALLOWS STRUCTURE-BASED DESIGN OF SIRT2 INHIBITORS

This is a revised version of the published paper: Hong JY, Price IR, Bai JJ, Lin H. A Glycoconjugated SIRT2
Inhibitor with Aqueous Solubility Allows Structure-Based Design of SIRT2 Inhibitors. ACS Chem Biol. 2019 Aug
16;14(8):1802-1810.
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compounds in 3D soft agar assays. J.Y.H., I.R.P. and H.L. wrote the manuscript. All the authors have given

approval to the final version of the manuscript.

2.1 Abstract

Small molecule inhibitors for SIRT2, a member of the sirtuin family of
nicotinamide adenine dinucleotide-dependent protein lysine deacylases, have shown
promise in treating cancer and neurodegenerative diseases. Developing SIRT2-
selective inhibitors with better pharmacological properties is key to further realize the
therapeutic potential of targeting SIRT2. One of the best SIRT2-selective inhibitors
reported is a thiomyristoyl lysine compound called TM, which showed promising
anticancer activity in mouse models without much toxicity to normal cells. The main
limitations of TM, how-ever, are the low aqueous solubility and lack of X-ray crystal
structures to aid future drug design. Here, we designed and synthesized a glucose-
conjugated TM (glucose-TM) analog with superior aqueous solubility. Although

glucose-TM is not cell permeable, the excellent aqueous solubility allowed us to
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obtain a crystal structure of SIRT2 in complex with it. The structure enabled us to
design several new TM analogs, one of which, NH4-6, showed superior water
solubility and better anticancer activity in cell culture. The results of these studies
provided important insights that will further fuel the future development of improved

SIRT2 inhibitors as promising therapeutics for treating cancer and neurodegeneration.

2.2 Introduction

Sirtuins are class 111 histone deacetylases that use nicotinamide adenine
dinucleotide (NAD") as a co-substrate. Initially thought to remove only acetyl groups,
sirtuins have been shown to have additional enzymatic activities. For instance, SIRT2
removes fatty acyl groups on lysine with catalytic efficiency similar to its deacetylase,
and SIRTS5 possesses demalonyl, desuccinyl, and deglutaryl activities.> Among all
the seven sirtuins, SIRT2 is the only sirtuin that is mainly localized in the cytosol.®
SIRT2 has been reported to deacetylate various substrate proteins, including
transcription factors, metabolic enzymes and signaling proteins. For instance, SIRT2
regulates cellular iron levels through de-acetylation of transcription factor, NRF2.’
Through removing acetyl group from K116 of Slug, SIRT2 prevents its degradation
and consequently promotes growth of basal-like breast cancer.® Besides these
transcription factors, SIRT2 promotes tumor growth through deacetylating and
activating metabolic enzymes, like pyruvate kinase M2 (PKM2) and lactate
dehydrogenase A (LDH-A).%° Furthermore, SIRT2 inhibitors have been reported to
have beneficial effects in neurodegenerative diseases, such as Alzheimer’s and
Parkinson’s disease.!*? Lastly, SIRT2 stabilizes oncoprotein c-Myc and further

regulates transformation of tumor cells by removing fatty acyl groups on K-Ras4a.***5
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Figure 2.1 Glucose-TM is a SIRT2 selective inhibitor in vitro. (A) Schematic
showing how SIRT2 mechanism-based inhibitors work. (B) Structures and measured
ICso values (uM) of TM and Glucose-TM.

Because SIRT2 regulates numerous biological functions and promotes tumors,
interests in inhibitor development have increased significantly.

Several SIRT2-selective inhibitors have been reported from various groups,
including Diketopiperazine-Containing 2-Anilinobenzamides (Compound 53), NCO-
90/140, KPM-1/2, AGK2, Tenovin-6 and SirReal2.12%-2! Previously, we also reported
a mechanism-based SIRT2-selective inhibitor, TM.** The compound contains a
thiomyristoyl group, which forms a covalent 1’-S-alkylimidate intermediate to detain

the activity of SIRT2 (Figure 2.1). TM is cytotoxic in various cancer cell lines,
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Figure 2.2 Glucose-TM showed increased solubility in PBS but decreased cancer
cell cytotoxicity. (A) Solubility tests of Glucose-TM and TM at indicated
concentrations in PBS (B) Cell viability of MCF7 and MDA-MB-468 cells after
treatment of TM and Glucose-TM for 72 hours.
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Figure 2.3 Glucose-TM showed increased solubility in DMEM and PBS. (A)
Solubility tests of Glucose-TM and TM at indicated concentrations in DMEM
medium. (B) Solubility tests of Glucose-TM and TM at indicated concentrations in

PBS.
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including breast, pancreatic, colon, lung and many more, with relatively little toxicity
in normal mammary epithelial cells. In addition, the compound inhibited tumor growth
in a xenograft model and a genetic model of breast cancers in mice.**

Although TM shows promising anticancer activity in mouse models, it has poor
aqueous solubility due to its long hydrophobic thiomyristoyl group. The poor aqueous
solubility is a practical problem and causes inconveniences in many studies. For
example, when attempting to crystalize SIRT2 with TM for the purpose of structure-
based inhibitor design, TM often precipitate out by itself. In addition, drugs with poor
aqueous solubility often cause delivery problems, which can impede cellular and in
vivo experiments. Thus, improving TM’s aqueous solubility became of interest to us.

The strategy of glycoconjugation has been widely used to improve the cancer
cells selectivity (cancer cells often heavily rely on glycolysis, a phenomenon termed
the Warburg effect) and aqueous solubility of parental drugs.???® For instance,
glycoconjugates of docetaxel, which has poor aqueous solubility, were synthesized to
improve its poor water solubility and to target cancer cells selectively. As a result, the
conjugated compounds exerted 3- to 18- fold improvements in inhibitory activity
compared to the aglycones.?* Therefore, we decided to synthesize a glycoconjugated
SIRT2 selective inhibitor named Glucose-TM to target cancer cells selectively and
improve solubility. Glucose-TM maintains the SIRT2 inhibition potency and
selectivity while at the same time has dramatically improved agueous solubility.
Contrary to our expectation, Glucose-TM has decreased cell permeability compared to
TM, which leads to decreased cellular activity. However, because of the significantly

improved aqueous solubility, we were able to co-crystallize Glucose-TM with SIRT2.
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The structure shows that the N- and C-terminal ends of the thiomyristoyl lysine
structure do not significantly contribute to binding of Glucose-TM. This structure
insight allowed us to design various modifications on the N- and C-terminals of
thiomyristoyl lysine, leading to compounds that maintained SIRT2-selective inhibition

but with improved solubility.
2.3 Results and Discussion

2.3.1 Glucose-TM design and synthesis.

TM contains a thiomyristoyl lysine moiety with a carboxybenzyl protecting
group (Cbz) on the N-terminal, and a phenylamide on the C-terminal.}* TM analogues
with shorter fatty acids lost SIRT2 selectivity and inhibited SIRT1 and SIRT3. Thus,
the thiomyristoyl group of TM is important for selective SIRT2 inhibition. Adding a
hydroxyl group on the para-position of C-terminal aniline also led to loss of SIRT2
selectivity.?>? Because of these observations, we decided to modify the N-terminal of
TM to increase its water solubility.

We decided to conjugate glucose to TM using an azido-PEG linker, which is
known to increase solubility (Figure 2.1).2” Click chemistry was utilized to link the
azido-PEGylated TM and alkyne tagged glucose. The 1 position of glucose was
chosen to attach the alkyne functional group (Scheme 2.1). Using DataWarrior
Software, the simulated cLogP value of Glucose-TM was approximately 4.05, while
that of TM was approximately 8.81. This simulation suggests that glucose-TM should

have significantly im-proved aqueous solubility.
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Figure 2.4 Crystal structure of SIRT2 in complex with Glucose-TM (PDB 6NRO).
(A) Overall structure. Two copies of SIRT2(56-356) are found in the asymmetric unit.
The Glucose-TM binds at the active site cleft between the Rossmann and Zn?*-binding
domains in each SIRT2 molecule. (B) Glucose-TM at the active site. The 2Fo-Fc map
at 1.0 o shows continuous electron density for the head group, lysine, myristoyl, and 1°-
SH-ADP-ribose. (C) The modeled head group of the Glucose-TM hydrogen bonds at
the peptide binding site. 2Fo-Fc map is shown at 1.0 . (D) Close-up of the captured
Intermediate I1I with 3’-O-myristoyl lysine linkage. The 2Fo-Fc map is shown at 1.5 o.
The N-ribose stacks below Phe96 and the 2°-OH hydrogen bonds with His187.
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2.3.2 Glucose-TM demonstrated increased solubility in PBS.

We tested whether there is an improvement in aqueous solubility by adding
TM or Glucose-TM to Phosphate Buffered Saline (PBS). The compound was first
dissolved at 50 mM in DMSO. Then, the DMSO stock was further diluted to 5 mg/ml
(5.5 mM for Glucose-TM and 8.6 mM for TM) or 10 mg/ml (11 mM for Glucose-TM)
in PBS. As expected, when TM was diluted to 5 mg/ml in PBS, white precipitation
formed instantly. In comparison, Glucose-TM at 5 mg/ml and 10 mg/ml in PBS did
not form any precipitation — instead, the mixtures remained transparent (Figure 2.2).
Furthermore, both TM and Glucose-TM were added to Dulbecco’s Modified Eagle
Media (DMEM) at 5 mg/mL and 10 mg/mL. Like the previous results, TM
precipitated out, while Glucose-TM remained dissolved in DMEM (Figure 2.3). These
experiments proved that the glycoconjugation strategy for TM did enhance the

aqueous solubility significantly.

2.3.3 Glucose-TM maintained SIRT2 selective inhibition in vitro but has poor
cellular activity.

After confirming the solubility improvement, Glucose-TM was assayed against
the deacetylase activities of SIRT1, 2 and 3 using previously established methods.*?
Both Glucose-TM and TM impeded SIRT2 deacetylase activity, with ICso values of
0.019 and 0.093 uM, respectively. In addition, both compounds did not inhibit any
SIRT3 activity at 83 pM. Glucose-TM exerted mild inhibition on SIRT1 with 1Csg of
7.5 UM, while TM did not inhibit SIRT1 at 83 uM. Nevertheless, the fold of SIRT2
selectivity over SIRT1 was about 400 for Glucose-TM, suggesting that Glucose-TM

still inhibits SIRT2 selectively over other sirtuins.
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Figure 2.5 Detailed images of the crystal structure of SIRT2 in complex with
Glucose-TM (PDB 6NRO). (A) 2Fo-Fc map (white surface, 1.5 sigma level) showing
that residues 293-303 of chain A are unstructured and have no observed electron density.
Chain B (not shown) is similar. (B) SIRT2(56-356)-NAD*-Glucose-TM co-crystal
structure from an isomorphous crystal in the presence of 160 mM sodium acetate (pH
5.0). The 2Fo-FC map at level 1.5 sigma (purple) shows continuous electron density for

lysine.

Additional text associated with Figure 2.5. The region around residues 293-305 is flexible (dotted line in A) and
has been seen in other SIRT2 structures as lacking electron density (such as in PDB 4R8M, SIRT2 with BHJH-
TM1).3% As we saw a similar situation, we asked whether the peptide binding site of SIRT2 could be occupied by
this region from a neighboring molecule, rather than by the Glucose-TM. This was also observed in the structure of
SIRT2 with ADP-ribose (PDB 3ZGV),%® in which the peptide backbone around Leu297 binds at the substrate peptide
binding site. In our structure, the flexible region can be found with very weak or no electron density in a solvent
channel with potential access to the peptide binding site. However, there is no electron density connecting the two
regions (Figure 2.5A). Conversely, in structures in which the region around Leu297 of a neighboring molecule is
bound at the peptide binding site, there is clear density for the entire region.® The strongest support for our model is
the clear electron density for the myristoyl chain in the stalled intermediate at the binding site cleft of SIRT2, as the
myristoyl could only come from Glucose-TM (see Figure 2.4B). In the higher-resolution (2.45 A) structure, when
the map is viewed at 1.5 sigma level, there is a gap in the electron density at carbons 4-5 of the lysine in the Glucose-
TM at the active site of chain A. At lower sigma level (1.1), it is continuous. This suggests flexibility there, or that a
fraction of the crystals have formed the reaction product, the diffusible free lysine compound. Interestingly, when
concentration of sodium acetate pH 5.0 in the crystal solution was doubled to 160 mM, this gap in density was not

seen, even at 2.0 sigma level (Figure 2.5B).
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Table 7. Data collection and refinement statistics. Statistics for the highest-resolution

shell are shown in parentheses. Calculated using Phenix suite.*

Data collection:

Wavelength (A)

0.9765

Resolution range

63.69 -2.45(2.54 -2.45)

Space group

1121

Unit cell

alblc: 82.31A/76.84 A /114.46 A

a/Bly: 90°/ 95.87°/ 90°

Total reflections 50504 (4921)
Unique reflections 25380 (2474)
Multiplicity 2.0(2.0)
Completeness (%) 91.83 (82.50)
Mean I/sigma(l) 13.33 (2.06)
Wilson B-factor (A 2) 41.82
R-merge 0.0359 (0.3884)
R-meas 0.0507 (0.549)
R-pim 0.0359 (0.388)
CC1/2 0.999 (0.722)
cc* 1(0.916)
Refinement:

Reflections used in refinement 24105 (2126)
Reflections used for R-free 1889 (162)
R-work 0.2169 (0.298)
R-free 0.2531 (0.356)
CC(work) 0.929 (0.804)
CC(free) 0.930 (0.626)
Number of non-hydrogen atoms 4966

macromolecules 4651

ligands 181

solvent 134
Protein residues 580
RMS(bonds) 0.013
RMS(angles) 1.55
Ramachandran favored (%) 95.98
Ramachandran allowed (%) 4.02
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Ramachandran outliers (%) 0.00
Rotamer outliers (%) 0.20
Clashscore 12.66
Average B-factor (A?) 47.62
macromolecules 47.40
ligands 55.34
solvent 44.72

With its SIRT2 selective inhibition in vitro, we tested Glucose-TM in cellular
proliferation assays, hoping to see an improvement in cytotoxicity. However, Glucose-
TM did not exert any impediment in cellular proliferation, much worse than TM
(Figure 2.2B). Using DataWarrior Software, the simulated topological polar surface
area of Glucose-TM was about 260. Compounds with topological polar surface area
higher than 140 often portray poor cellular permeability.?®3 Also, glucose transporters
might not recognize the glycoconjugated compound as a substrate®!, rendering the
active transport process inefficient. These factors may lead to very poor cellular
permeability/availability of Glucose-TM. not recognize the glycoconjugated
compound as a substrate3!, rendering the active transport process inefficient. These
factors may lead to very poor cellular permeability/availability of Glucose-TM.

We next attempted to test whether the poor cellular cytotoxicity of Glucose-
TM arises from its poor cellular permeability/availability. Traditional Caco-2
permeability assay or PAMPA transwell assay do not work for such compounds
because the hydrophobicity of the thiomyristoyl groups make these compounds readily
bind to the plastic surfaces, membranes of the transwell plates, and cellullar
membranes. Thus, to better reflect the over-all cellular permeability/availability of

such compounds, we treated MCF7 cells with the compounds for 6 hours, and then
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collected the cells, extracted the compound, detected and quantified using LC-MS.
Only approximately 0.085 pg/million cells of Glucose-TM was detected in the treated
cells. Meanwhile, approximately 0.30 pg/million cells of TM was detected, which was
about 3.5 fold great-er than that of Glucose-TM. The decreased cellular
permeability/availability plus the decreased SIRT2 inhibition potency of Glucose-TM

could explain why the compound did not exert much cytotoxicity.

2.3.4 Crystal structure of SIRT2(56-356) with Glucose-TM and NAD".

To guide further development of TM-based inhibitors, we decided to obtain
the crystal structure of SIRT2 in complex with Glucose-TM. Our previous attempts to
crystalize SIRT2 in complex with TM all failed due to the poor aqueous solubility of
TM. Co-crystals of SIRT2(56-356), NAD™, and glucose-TM were obtained, and the
structure was solved and refined to 2.45-A resolution. The overall structure is similar
to previously-determined structures of SIRT2.23 In the structure, the NAD* and
Glucose-TM have reacted to form a covalent intermediate at the reaction site cleft
(Figure 3A). The electron density at the active site indicates a 3-way junction between
the lysine, the myristoyl, and the N-ribose of the ADP-ribose, supporting the
mechanism-based nature of this class of thiomyristoyl SIRT2 inhibitors (Figure 2.4
and 2.5).

The thiomyristoyl lysine moiety of Glucose-TM binds at a cleft between
residues 235-237 and 267-268 (Figure 2.4C). There is strong electron density from the
C1 of the phenyl ring to the carbonyl adjacent to the PEG linker. The direction of the
peptide backbone was determined by the rounded density for the phenyl ring, the

longer continuous density toward the PEG linker, the shape of the backbone, and by
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comparison to the backbone in previously-reported peptide-bound SIRT2 structures.33
Directly analogous to the binding of peptide at this site, Glucose-TM forms hydrogen
bonds to the main chain of SIRT2, with the lysine carbonyl binding to the backbone
nitrogen of Gly236 (3.3 A O-N distance), the lysine nitrogen binding to the carbonyl
of Glu237 (3.0 A), and the phenyl amide nitrogen binding to the backbone carbonyl of
GIn267 (3.34).

Beyond the hydrogen bonding, we also observed that the phenyl ring of
Glucose-TM is within ~4 A of the phenyl ring of Phe235 (6 A center-to-center
distance). This is near the limit for potential “pi-pi” or hydrophobic interactions.
Though some interaction may be possible, the electron density for the aniline ring
does not suggest a strong stable conformation of the ring, at least at this resolution.
Additionally, there is little electron density beyond the beginning of the PEG linker.
Hence, the rest of the PEG linker and glucose were not modeled, and they likely do
not contribute to the binding affinity.

This information suggests that it is really the thiomyristoyl lysine moiety of the
TM-based inhibitors that makes the binding contributions to SIRT2, leaving the
periphery of the inhibitor structure open for modifications to improve other
pharmacological properties of the inhibitors, such as solubility.

Interestingly, the 2Fo-Fc electron density map around the N-ribose (Figure
2.4D) suggests formation of a 2°-O myristoyl inhibitor linkage (Intermediate 111, see
Figure 2.1A), rather than the 1’-SH-thioalkylimidate linkage (Intermediate 1) as
originally predicted for this mechanism-based inhibitor.* This observation of a 2’-O

linkage was also made for a peptide-based thiomyristoyl SIRT2 inhibitor.3® Though it

92



is possible that a small portion of asymmetric units contain a 1’-S linkage, several
features of the structure support the 2°-O linkage as the dominant species in the
crystal. First, the concave shape of the electron density around the ribose can be seen

at this resolution, with the 1°, 2°, and 3’ groups pointing up and left in Figure 2.4D.

Second, the 3'-OH is documented in several other sirtuin structures to form a hydrogen

bond with His187. If we model Intermediate | in the structure, the electron density in
this structure indicates that the ribose would have to be flipped, due to the clear
position of the myristoy! linkage.3* In this case, the hydrogen bond with His187 would
be lost and the concave shape of the electron density would not fit the ribose as well.
Indeed, in the SIRT3 structure with intermediate I, the ribose is flipped*. After
modeling and refining the structure both ways, intermediate 111 better fits our data and
the recent structure with BHIH-TM1.3

The observation of intermediate 111 raises the question of why this is the
structure seen rather than intermediate I. It was previously hypothesized that
intermediate | would be the stalled intermediate likely because the S-alkylamidate is
more stable than an O-alkylamidate, which would form with regular substrate.
However, the structure actually captured an O-alkylamidate intermediate Il1. Perhaps a
sulthydryl at the 1’ position interferes sterically with nucleophilic attack of water to
form inter-mediate IV. Or, perhaps a hydroxyl at position 1’ is important in abstracting
a proton from the attacking water to form intermediate IV, while a sulfydryl is not as
efficient. It could also be that the crystallization condition required for co-

crystallization favors the later intermediate 111 rather than Intermediate I.
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2.3.5 Development of new SIRT2 inhibitors based on the structure of SIRT2 in
complex with Glucose-TM.

As seen from the crystal structure of Glucose-TM in complex with SIRT2,
neither end of the thiomyristoyl lysine structure contributes much to the binding to
SIRT2. Thus, we decided to modify the N-terminal and C-terminal groups of TM to
further test this. An additional goal is to obtain SIRT2 inhibitors that are similar to TM
in potency, selectivity, and cellular activity, but with improved solubility and perhaps
even metabolic stability for future animal and clinical studies. Using TM as a
reference structure, we removed the Cbz protecting group (NH3), replaced Cbz with a
B-alanine (NH3-6), removed the C-terminal aniline (NH4-3), removed Cbz and
replaced the phenyl amide with a methyl ester (NH4-4) introduced a trimethylamine
group on the C-terminal to improve aqueous solubility (NH4-6), and lastly, added
methy| ester group on the C-terminal (NH4-8) (Figure 2.6A).

Interestingly, all six compounds inhibited SIRT2 deacetylase at 1Cso values
lower than 0.5 uM (Figure 2.6A). Compounds without the C-terminal phenyl amide,
NH4-3, NH4-6 and NH4-8 inhibit SIRT2 at much lower I1Csoat 0.012, 0.032 and 0.018
UM, respectively. These values are slightly better than that for TM, suggesting that the
C-terminal aniline does not contribute to the inhibition and can be replaced. This is
consistent with the structure of SIRT2 in complex with Glucose-TM. In contrast, com-
pared to TM, compounds without the Cbz group at the N-terminal (NH3, NH3-6,
NH4-4) all showed slightly worse ICso values for SIRT2 (~0.4 uM). This suggests that

the Cbz group contributes a little to the inhibition efficiency. Because the structure of

94



Glucose-TM did not have the Cbz group, the crystal structure of SIRT2 with Glucose-
TM could not reveal the interaction between Chz and SIRT2.

We next examined the specificity of the new SIRT2 inhibitors. All the new
compounds, except NH4-6, did not inhibit SIRT3 even at 83 uM (Figure 2.6A). For
SIRT1, at 83 uM, three compounds did not inhibit SIRT1 activity (Figure 2.6A).
NH3-6, NH4-3 and NH4-6 had I1Cso for SIRT1 of 12, 4.4 and 3 uM, respectively.
Nevertheless, even these three compounds still showed strong selectivity towards
SIRT2 (NH3-6, NH4-3 and NH4-6 showed 30-, 366-, and 94-fold SIRT2 selectivity
over SIRT1, respectively). Furthermore, NH3, NH3-6 and NH4-8 did not exert any
inhibition against SIRT6 demyristoylase, while NH4-3, NH4-4 and NH4-6
demonstrated very weak inhibitory behaviors against SIRT6 with 1Cso of ~50 uM.
Considering all the ICsp values, these five TM analogues all displayed SIRT2-selective
inhibition, supporting that the thiomyristoyl lysine is essential, but the N- and C-
terminal are unimportant or less important.

We have chosen two compounds, NH4-6 and NH4-8, to evaluate their effects
on the viability of MCF7 and MBA-MB-231 breast cancer cells. NH4-8 was designed
to act as “semi” pro-drug. It can inhibit SIRT2 by itself but can also transform to NH4-
3 by non-specific esterases in the cells. After the transformation, NH4-3 with
carboxylic acid moiety, which often shows poor cellular permeability, can be trapped
inside of the cell. NH4-6 contains charged trimethylamine group, which increases
aqueous solubility significantly (simulated cLogP of 3.86). Through improved
aqueous solubility, more compounds will remain dissolved at higher concentrations,

which could increase cellular cytotoxicity.
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Figure 2.6 New TM analogs synthesized based on the structural information and
their properties. (A) Synthesized TM analogs and their ICso (LM) values for SIRT1-3.
(B) Cell viability of MCF7 and MDA-MB-231 cells after treatment of TM, NH4-6 and
NH4-8 for 72 hours. (C) Calculated concentrations (ug/million cells) of TM and NH4-
6 detected from MCF7 cell permeability assay. MCF7 cells were treated with 25 and 50

UM of indicated inhibitors for 6 hours. (D) Soft agar colony formation assays of MCF7

cells treated with inhibitors at indicated concentrations for 10 days.
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In both MCF7 and MDA-MB-231 cells in 2D cell proliferation assays,
treatment of NH4-8 showed a similar trend to that of TM (Figure 2.6B). NH4-6
interestingly showed a slightly worse effect than that of TM at lower concentrations in
both MCF7 and MDA-MB-231 cells. This is most likely because the charged
trimethylamine group of NH4-6 increases the overall polar surface area, which impairs
the cellular permeability (Figure 2.6B). However, at higher concentrations, NH4-6
showed stronger cytotoxicity than TM in both MCF7 and MDA-MB-231 cells. This is
likely because NH4-6 is more soluble and could reach higher concentrations and thus
show stronger cytotoxicity than TM, which has very poor aqueous solubility and will
precipitate out at higher concentrations.

To test this hypothesis, we treated MCF7 cells with TM and NH4-6 at 25 and
50 uM, and then detected the amount of inhibitors in cells (Figure 2.6C). The levels of
TM detect-ed in the cells were about 0.29 and 0.30 pg/million cells after 6 hours of 25
and 50 uM treatment, respectively. Interestingly, the concentrations of TM in the cells
did not change significantly between the two tested concentrations. This shows why
there was no significant difference in cellular proliferation between 25 and 50 M of
TM in both MCF7 and MDA-MB-231 cells. The concentrations of NH4-6 inside the
cells were about 0.19 and 0.86 pg/million cells after treatment with 25 and 50 uM,
respectively. Thus, at 25 pM, the concentration of NH4-6 in the cells was slightly
lower than TM, while at 50 uM treatment, the concentration of NH4-6 in the cells was
about 2.8 times higher than that of TM. This explains why NH4-6 had weaker
cytotoxicity than TM at 25 uM but stronger cytotoxicity at 50 uM than TM. Simply

put, at higher concentrations, more NH4-6 was dissolved in the media and had entered
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myristic acid palmitic acid
ICso (UM) SIRT2
Myristic Acid (C14:0) >83.3
Palmitic Acid (C16:0) >83.3
B ™ NH4-6

5 mg/mL 5 mg/mL 10 mg/mL

Figure 2.7. Myristic acid and palmitic acid do not inhibit SIRT2. (A) Structures and
measured SIRT2 ICso (LM) of myristic acid and palmitic acid are shown. (B) Solubility
tests of TM and NH4-6 at indicated concentrations in PBS.

the cell membrane, which led to increased cytotoxicity, while TM was already
saturated at 25 uM and thus higher amount of TM did not result in higher cytotoxicity.
Next, we examined the effect of TM and NH4-6 against anchorage-
independent growth, a cancer cell-specific phenotype, through soft agar colony
formation assay (Figure 2.6D).>® We specifically chose NH4-6 to test, be-cause it not
only showed improved solubility but also improved cytotoxicity in the cellular
proliferation assays at higher concentration. MCF7 cells were suspended in soft agar

mixture with various concentrations of inhibitors for 10 days to observe the colony

98



formation. At 12 uM treatment, TM-treated cells formed many colonies, while cells
treated with NH4-6 did not have any colonies at all. This suggests that NH4-6 has
stronger effects than TM against anchorage-independent growth of cancer cells. We
believe the increased solubility of NH4-6 is again re-sponsible for the increased
efficacy.

To further confirm the permeability trend and on-target effect of TM, NH4-6
and NH4-8, we evaluated acetylation of a-tubulin as SIRT2’s target in cells,
confirmed by previous reports.®® We treated MCF7 cells with either DMSO, TM,
NH4-6, or NH4-8 at indicated concentrations for 6 hours, and monitored acetylated a-
tubulin by immuno-fluorescence. As expected, acetylation levels of a-tubulin were
increased upon treatment of TM at all concentrations. Similar trend was observed for
NH4-8. Treatment with 25 pM of NH4-6 did not increase the acetylation levels of a-
tubulin, but 50 and 100 pM treatment of NH4-6 increased the levels, comparable to
that of TM treated samples. This result is consistent with the permeability/cellular
availability assay results described above.

Next, we examined whether TM, NH4-6 and NH4-8 inhibit SIRT1 in cells by
looking at acetylated p53 (lysine 382), previously reported SIRT1 substrate.37
Consistent with previously reported results, treatment of EX527 significantly
increased the acetylation level of p53, com-pared to that of DMSO control.34,38 At all
the tested concentrations, TM and NH4-8 did not increase acetylation levels of p53.

This was consistent with in vitro SIRT1 ICsp values of TM (>83 pM) and NH4-8 (~50

UM).
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Because the 1Cso value of NH4-6 for SIRT1 is 3.0 pM, we expected NH4-6 to
increase the acetylation levels of p53. However, 10, 25 and 50 uM of NH4-6 did not
increase acetylation levels of p53, but 100 uM of NH4-6 did. Thus, at lower
concentrations, NH4-6 could not inhibit SIRT1 most likely because of its low
permeability/cellular availability, but its improved solubility allows more NH4-6 to
accumulate in cells to inhibit SIRT1 at 100 uM. It is possible that simultaneous
inhibition of SIRT1, 2 and 3 may have contributed to improved cytotoxicity of NH4-6

at higher concentrations.

2.4 Conclusion

In conclusion, we showed that the glycoconjugation strategy on TM lead to a
SIRT2 inhibitor Glucose-TM with enhanced aqueous solubility. Although it has poor
cell permeability, the high-water solubility allowed us to obtain a co-crystal structure
with SIRT2. Crystallography data suggested that the C-terminal phenyl amide and N-
terminal Cbz groups are not required for the interaction between the inhibitor and
SIRT2. Several TM analogues with various modifications on both N and C-terminals
further confirmed and refined this hypothesis. This finding has led to SIRTZ2 inhibitors
with improved properties and will facilitate the introduction of even further
modifications to the thiomyristoyl lysine core to obtain SIRT2-selective inhibitors
with improved chemical and biological characteristics. Such inhibitors will find
important applications given the interesting biological functions of SIRT2 and the

potential of SIRT2 inhibitors in treating cancer and neurological diseases.
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2.6 Methods
General experimental methods

All reagents and solvents were analytical grade and purchased from
commercial vendors. All reactions took place under inert nitrogen gas. *H and *C
NMR were obtained on Bruker 500 spectrometers. The molecular weights of the
compounds were obtained on a Shimadzu HPLC LC20-AD and Thermo Scientific
LCQ Fleet Mass Spectrometer at positive ion mode. The column used in the LC-MS
system was Kinetex 5u EVO C18 100 A Column (30 x 2.1 mm, 5 um), and solvents
used were water with 0.1 % HPLC-grade acetic acid and acetonitrile with 0.1 %
HPLC-grade acetic acid. The LC-MS monitored the compound using both 215 and
260 nm absorption. The silica used for column purification was SiliaFlash Irregular
Silica Gel, P60, 40 - 63 pm, 60 A . The analytical HPLC used to monitor the enzymatic
reactions of sirtuins was Shimadzu HPLC LC20-AD with Kinetex 5 pum EVO C18 100
A column (100 mm x 4.60 mm, 5 um), at 215 and 280 nm. Solvents used for the
analytical HPLC was water with 0.1 % HPLC-grade trifluoroacetic acid and
acetonitrile with 0.1 % HPLC-grade trifluoroacetic acid. The compounds were eluted
at 0.5 mL/min for the enzymatic reactions.
Solubility tests in phosphate buffered saline (PBS) and Dulbecco’s Modified
Eagle Media (DMEM)

TM, Glucose-TM and NH4-6 were initially prepared at 50 mM in DMSO
solutions. Then, the compounds were diluted into listed concentrations in either PBS
or DMEM media. The mixtures were vortexed thoroughly. The mixtures were imaged

using commercial digital cameras.
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Cloning, expression and purification of SIRT1 and SIRT3
Human SIRT1 and SIRT3 were cloned, expressed and purified as previously reported®
2.
Enzymatic assays of SIRT1, 2 and 3 deacetylase, and SIRT6 demyristoylase
activity

Measuring in vitro ICsg values against SIRT1, 2 and 3 deacetylase and SIRT6
demyristoylase activity was performed by following previously reported procedures®=,
Various concentrations of inhibitors or DMSO were pre-incubated with either SIRT1,
2,30r 6 (0.05 pM SIRT1, 0.2 pM SIRT2, 0.1 pM SIRT3 and 1 uM SIRT6) and 1 mM
NAD" in 20 mM Tris-HCI buffer (pH 8.0) and 1 mM DTT for 15 minutes at 37 °C.
Then, 10 uM final concentrations of acetyl-H3K9 (SIRT1-3 assay) or 50 uM of
myristoyl-H3K9 (SIRT6 assay) was added to the reaction mixture. After incubating at
37 °C for either 3 minutes (SIRT1), 5 minutes (SIRT2), 15 minutes (SIRT3) or 20
minutes (SIRT6), the reaction was quenched with acidic aqueous solution (0.2 M HCI
and 6 M acetic acid in water). The reaction times were chosen specifically to ensure
the 15 — 18% of acetylated peptides to be converted to free-lysine products for DMSO
control samples. After vortexing and centrifuging at 17,000g for 8 minutes to remove
the precipitated enzyme, the supernatant was loaded to HPLC with Kinetex EVO C18
column (100 x 4.60 mm, 5 pM, 100 A) for analysis.
SIRT2 cloning, purification, crystallization, and structure determination

For the crystalization construct, the human SIRT2 cDNA coding for residues
56-356 was cloned into the pET28a-SUMO (ppSUMO) vector encoding an N-terminal

His-SUMO tag using the BamHI and Xhol sites, inserting a stop codon directly after
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residue 356. The sequenced plasmid was transformed to BL-21 (DE3) chemically
competent E. coli. 6-8 L of 1.5x LB broth with 50 pg/mL Kanamycin was inoculated
with 100 mL of an overnight starter grown at 30° C in LB. The cultures were grown at
33° C to an optical density at 600 nm of 0.5-0.7, 0.1 mM IPTG was added, the
temperature was reduced to 18° C, and the protein was expressed for 18-20 h. Cells
were harvested by centrifugation at 5000 g. Cell pellets were frozen at -80° C or
immediately used for purification. Pellets were resuspended in a final volume of 100
mL using 40 mM Tris pH 7.5, 400 mM NaCl, 10 mM imidazole, 5% glycerol, 1 mM
PMSF, 0.5 mg/mL lysozyme, and 5 uL Pierce universal nuclease. After 20 min
incubation, cells were sonicated on ice for a total of 5 min on a Fisherbrand sonic
dismembrator at level 7, using a cycle of 2 s on/2 s off with stirring every 2 min. The
lysate was cleared by centrifugation at 30,000 g for 45 min, and the soluble His-
SUMO tagged SIRT2 was purified from the supernatant over 6 mL of Co-NTA resin,
washed with 45 mL of 50 mM Tris pH 7.5, 400 mM NacCl, 5% glycerol, 1 mM ATP, 4
mM MgOAc2, 10 mM imidazole, and eluted with 20 mL of 40 mM Tris pH 7.5, 200
mM NaCl, 5% glycerol, 200 mM imidazole pH 8. The eluted fraction was treated with
ULP1 SUMO protease on ice overnight, concentrated, and purified on a Superdex 75
gel filtration column in a buffer of 20 mM Tris pH 7.5 and 160 mM NaCl using an

A KTA pure FPLC system. The 34.0-kDa SIRT2(56-356) peak fractions were
combined, concentrated, run over 2 mL Co-NTA resin to remove any contaminating
His-tagged ULP1, and concentrated to 20 mg/mL in a buffer of 20 mM Tris pH 7.5,

160 mM NacCl. Concentrations were determined by the Bradford assay.
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For crystal screens, 2.5 mM NAD* and then 2.5 mM Glyco-TM were added to
a solution of 20 mg/mL SIRT2(56-356) in 20 mM Tris/HCI pH 7.5, 160 mM NacCl
(final SIRT2 concentration was 15 mg/mL, 0.44 mM). The solution was incubated at
RT for 15 min before dispensing to crystal trays. An initial crystal hit was obtained
from the Wizard Classic crystal screen in 2 M (NH4)2SO4, 100 mM Na acetate/HCI pH
4.6. A drop with no NAD™ produced no crystals. The crystal condition was optimized
to 2 M (NH4)2SO4, 80 mM Na acetate/HCI pH 5.0. Crystals grew in 3-4 days and after
8 days, were flash-frozen in liquid N2 in well solution plus 20% glycerol. SIRT2(34-
356), cloned and purified similarly to the SIRT2(56-356) construct, did not produce
crystals with Glyco-TM bound.

An initial solution was obtained from data collected at APS beamline 24-1D-C.
The reported dataset was collected on September 10, 2018 on ALS beamline 5.0.2.
Diffraction data was processed in the 12 space group using iMosflm* and Aimless® in
the CCP4 suite®. The structure was determined by molecular replacement using
PHASER in the Phenix suite & using PDB structure 4X30 to prepare the search model
°, Structure building was done in Coot *°. Refinement was done using Phenix suite,
including phenix.refine 1, MolProbity *2, with both manually-defined and ReadySet-
generated ligand restraints. Figures were prepared in PyMOL version 2.0, Schrodinger
LLC.
Cell culture and transfection

Dulbecco’s Modified Eagle Medium (DMEM) with 10% Fetal Bovine Serum
(Invitrogen) was used to culture MCF7, MDA-MB-231, and MDA-MB-468 cells. All

cells were cultured at the CO- incubator set to 37 °C with 5% CO..
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Cellular viability assay

To each well of 96-well plates, 2000 or 3000 cells in 100 pL of media were
seeded. After 18 hours, inhibitors dissolved in 100 pL of media were added to each
well in various concentrations, making the final concentration to range from 1.56 uM
to 100 uM. After 72 hours, CellTiter Blue (Promega) was added and the viability was
measured according to the manufacturer’s protocol.
Cell Permeability Assay

When the MCF7 cells in 10 cm plate reached 80% confluency, the cells were
treated with the indicated concentrations of Glucose-TM, TM or NH4-6. After 6 hours
of incubation at 37°C with 5% COz, the cells were washed with cold PBS three times,
and were collected by 4°C centrifuge. Then, 110 uL of ice-cold methanol was added
to the tube with cells to extract small molecule. The tube with cells were vortexed and
centrifuged at 15,000 x g for 10 minutes. After transferring the supernatant to a clean
tube, 100 pL of the supernatant was loaded to Shimadzu HPLC LC20-AD and Thermo
Scientific LCQ Fleet Mass Spectrometer LC-MS system with Kinetex 5u EVO C18
100 A Column (30 x 2.1 mm, 5 pm) for analysis. The UV peak of each sample from
detector A (215 nm) was integrated to calculate the concentration of the compound.
The standard curves of Glucose-TM, TM and NH4-6 at concentrations ranging from 2
UM to 200 uM were prepared accordingly. Using the standard curve as reference, the
estimated concentrations of Glucose-TM, TM and NH4-6 that had entered the cell
were calculated.

Soft Agar Colony Formation Assay
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To each well of 6-well plates, 2 mL mixture of 0.3% low melting point agar (.4
mL), DMEM (1.6 mL) and appropriate amount of inhibitor for indicated final
concentration (2 pL) was added to form the solid base layer. The plate was left in
room temperature for 15 minutes to let the agar to solidify. Then, 1 mL mixture of
0.3% low melting point agar (0.1 mL), DMEM (0.9 mL), appropriate amount of
inhibitor for indicated final concentration (2 puL) and 4000 cells (100 pL) was added to
each well to form the growth layer. After every 4 days, additional 1 mL mixture of
0.3% low melting point agar (0.1 mL), DMEM and appropriate amount of inhibitor for
indicated final concentration (2 uL) was added. After 10 days of incubation at 37 °C
with 5% CO., 200 pL of nitro blue tetrazolium chloride in autoclaved water at 2
mg/mL concentration was added to each well for staining. After overnight incubation
at 37 °C with 5% CO3, the images of the plates were taken using ChemiDoc MP
Imaging System.
Antibodies

The anti-acetyl-a-tubulin (6-11B-1) (MABT868), anti-Ac-p53 (K382) (CST
2525S) and anti-p-Actin (C4) conjugated to horseradish peroxidase (SC 47778) were
used for immunofluorescence and immunoblots. The anti-rabbit 1gG-horseradish
peroxidase (#7074) was used as secondary antibody for Ac-p53 antibody. The Cy3-
conjugated goat a-mouse (Thermo A10521) was used as secondary antibody for
immunofluorescence of acetyl- a-tubulin.
Immunofluorescence of Ac-a-tubulin

200,000 MCF7 cells were seeded to 35 mm-glass bottom dishes (MatTek).

After 18 hours, the cells were treated with DMSO, TM, NH4-6 or NH4-8 at indicated
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concentrations for 6 hours. Then, the cells were washed with PBS three times and
fixed with methanol. The cells were treated with 0.5% Triton-X in PBS for 10
minutes. Again, the cells were washed with PBS three times and blocked by 1% BSA
in TBST buffer for 1 hour. Then, the cells were incubated with Ac-a-tubulin antibody
(1:100) for 16 hours at 4 °C. After washing the cells with TBST three times, Cy3
conjugated antibody (1:1000) dissolved in 1% BSA in TBST buffer was added to the
cells. Then, the cells were incubated in the dark for 1 hour at room temperature. After
washing the cells with TBST three times, the cells were mounted and stained by DAPI
fluoromount. The cells were imaged by Cytation 5 Cell Imaging Multi-mode Reader
(Biotek).
Immunoblotting Ac-p53

MCF7 cells were co-treated with 400 nM of Trichostatin A and indicated
concentrations of EX527, TM, NH4-6 and NH4-8 for 6 hours. Then, the cells were
collected and lysed by 4% SDS-lysis buffer with protease inhibitor cocktail (Sigma)
and universal cell nuclease (Thermo). The acetylation levels of p53 were detected by
western blot using anti-Ac-p53 (K382) (CST 2525S). B-Actin was used as loading
control.
Synthesis of Ac-H3K9 peptide

The sequence of Ac-H3K9 peptide used in this paper was KQTAR-(Ac-K)-
STGGWW. It was synthesized using a FOCUS peptide synthesizer, following the

steps from the previously reported paper:.
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NH4-8

NZ2-(tert-butoxycarbonyl)-Né-tetradecanoyl-L-lysine (S1).

To Boc-L-Lysine (5g, 20.3 mmol) dissolved in water (60 mL) and dioxane (60

mL), NaHCOs (5.11 g, 60.9 mmol) was added. The reaction mixture was stirred for 2

hours until Boc-L-Lysine dissolved. After 2 hours, myristoyl chloride (6.05 mL, 22.3
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mmol) was added to the mixture. The reaction mixture was stirred overnight at room
temperature. dicholoromethane (DCM, 180 mL) was added to the mixture, which then
was washed with 1N HCI (100 mL, 2 times), brine (120 mL, 2 times) and dried over
Na2SOs. The collected DCM layer was evaporated using a rotary evaporator. Then, the
crude residue was purified by column chromatography using DCM and methanol
(DCM: methanol = 95:5 to 9:1) to afford the final compound S1 (5.28 g, 55%). ‘H
NMR (500 MHz, CDsOD) & 4.06 (dd, J = 9.2, 4.7 Hz, 1H), 3.17 (t, ] = 6.9 Hz, 2H),
2.16 (t,J = 7.5 Hz, 2H), 1.88 — 1.75 (m, 1H), 1.71 — 1.49 (m, 5H), 1.44 (s, 11H), 1.31
—1.21 (m, 20H), 0.90 (t, J = 6.9 Hz, 3H). 3C NMR (126 MHz, CD3s0D) & 174.89,
174.83, 156.76, 79.03, 53.42, 38.63, 35.77, 31.68, 31.06, 29.40, 29.36, 29.32, 29.23,
29.07, 29.03, 28.91, 28.58, 27.34, 25.69, 22.91, 22.33, 13.03. LCMS (ESI) calcd. for
[M+H-Boc]* (C20H41N203") 357.30, obsd. 357.90
NZ2-(tert-butoxycarbonyl)-N°¢-tetradecanethioyl-L-lysine (S2).

To P2Ss (0.509 g, 2.29 mmol) in THF (40 mL), NaHCO3 (0.120 g, 1.43 mmol)
was added slowly while stirring at room temperature (RT) for 1 hour at RT. Then, the
reaction mixture was cooled down to 0 °C using an ice bath and S1 (1.31 g, 2.86
mmol) was added slowly. After 1 h, the ice bath was removed, and the reaction
mixture was stirred overnight at RT. THF was removed using a rotary evaporator. The
reaction mixture was dissolved in DCM (70 mL), and washed with 15% citric acid (40
mL, 2 times), water (40 mL, 1 time) and brine (40 mL, 2 times). The collected DCM
layer was dried over NaxSO4 and was then concentrated by rotary evaporator. The
crude residue was purified by column chromatography using hexane and ethyl acetate

(hexane: ethyl acetate 1:2), affording the final compound S2 (.676 g, 50%). *H NMR
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(500 MHz, CD30D) & 4.08 (dd, J = 9.1, 4.7 Hz, 1H), 3.19 (t, ] = 6.9 Hz, 2H), 2.18 (t, J
= 7.5 Hz, 2H), 1.92 - 1.77 (m, 1H), 1.73 — 1.50 (m, 5H), 1.46 (s, 11H), 1.31 — 1.21 (m,
20H), 0.92 (t, J = 6.9 Hz, 3H). *C NMR (126 MHz, CD30D) § 205.06, 174.78,
156.77, 79.08, 53.35, 45.66, 45.16, 31.68, 31.11, 29.41, 29.40, 29.35, 29.31, 29.22,
29.08, 29.06, 28.53, 27.34, 26.87, 23.03, 22.34, 13.04. LCMS (ESI) calcd. for [M+H]*
(C2s5H49N2045") 473.33, obsd. 473.06.
tert-butyl (S)-(1-oxo-1-(phenylamino)-6-tetradecanethioamidohexan-2-
yl)carbamate (S3).

To S2 (0.608 g, 1.29 mmol) dissolved in THF (15 mL), DIPEA (0.673 mL,
3.86 mmol) and isobutyl chloroformate (0.217 mL, 1.67 mmol) were added. The
reaction mixture was stirred for 1 hour at RT. Then, aniline (0.176 mL, 1.93 mmol)
was added to the reaction mixture. After stirring overnight at RT, THF was removed
using a rotary evaporator. The reaction mixture was re-dissolved in ethyl acetate (50
mL), and washed by 1N HCI (30 mL, 1 time), water (30 mL, 1 time) and brine (30
mL, 2 times). The collected ethyl acetate layer was dried over Na,SO4 and
concentrated using a rotary evaporator. The concentrated crude residue was purified
by column purification using DCM and methanol (DCM: methanol = 95:5) to afford
the final product S3 (0.352 g, 49%). *H NMR (500 MHz, CD30D) § 7.57 (d, 1 =7.9
Hz, 2H), 7.31 (t, J = 7.8 Hz, 2H), 7.11 (t, J = 7.4 Hz, 1H), 4.19 (dd, J = 8.7, 5.4 Hz,
1H), 3.62 (t, J = 7.2 Hz, 2H), 2.69 — 2.49 (m, 2H), 1.85 (m, J = 19.0, 7.5, 6.6 Hz, 1H),
1.72 (m, J = 8.8, 2.7 Hz, 5H), 1.47 (s, 11H), 1.31 — 1.21 (m, 20H), 0.95 — 0.88 (t, J =
6.9 Hz, 3H). °C NMR (126 MHz, CD30D) & 205.04, 172.10, 156.52, 138.09, 128.42,

124.00, 120.06, 79.29, 55.21, 45.72, 45.15, 31.92, 31.71, 29.45, 29.44, 29.39, 29.35,
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29.26, 29.11, 29.08, 28.59, 27.39, 27.04, 23.04, 22.37, 13.13. LCMS (ESI) calcd. for
[M+H]* (Ca1HssN303S*) 548.38, obsd. 548.14.
(S)-2-amino-N-phenyl-6-tetradecanethioamidohexanamide (NH3) (S4)

To S3 (1.24 g, 2.26 mmol) dissolved in DCM (12 mL), trifluoroacetic acid (8
mL) was added slowly while stirring at room temperature. After 2 hours of stirring,
additional DCM (75 mL) was added to dilute the reaction mixture. Then, the reaction
mixture was washed with 1M NaOH (50 mL, 2 time) and brine (60 mL, 1 time) and
dried over Na>SOg4. After removing the collected DCM layer by rotary evaporator, the
crude residue was purified by column purification using DCM and methanol (DCM:
methanol = 96:4 = 9:1) to afford the final product 2 (.608 g, 60%). *H NMR (500
MHz, CD30D) § 7.67 — 7.49 (m, 2H), 7.38 — 7.24 (m, 2H), 7.15 — 7.09 (m, 1H), 3.70 —
3.56 (M, 2H), 3.48 (t, J = 6.5 Hz, 1H), 2.60 — 2.54 (m, 2H), 1.82 (ddt, J = 12.7, 10.2,
6.2 Hz, 1H), 1.77 — 1.64 (m, 5H), 1.48 (dddd, J = 23.4, 11.2, 8.6, 5.4 Hz, 2H), 1.31 -
1.21 (m, 20H), 0.92 (t, J = 6.9 Hz, 3H). 3C NMR (126 MHz, CD30D) 5 205.05,
174.40, 138.06, 128.44, 123.97, 119.92, 55.14, 45.67, 45.16, 34.60, 31.68, 29.42,
29.40, 29.36, 29.31, 29.22, 29.08, 29.03, 28.54, 27.20, 22.76, 22.34, 13.05. LCMS
(ESI) calcd. for [M+H]* (C26H4sN30S™) 448.33, obsd. 448.13.
(S)-2-(3-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)propanamido)-N-phenyl-6-
tetradecanethioamidohexanamide (S5)

To 2 (.0939g, .210 mmol) dissolved in THF (2.1 mL), DIPEA (.110 mL, .629
mmol) was added slowly. After 15 minutes, azido-PEG3-NHS ester (.0722 g, .210
mmol) was added to the reaction mixture, while stirring at room temperature. After

overnight stirring, THF was removed by rotary evaporator. Then, the reaction mixture
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was dissolved in ethyl acetate (30 mL), followed by washings with water (20 mL, 2
times) and brine (20 mL, 2 times). The collected ethyl acetate layer was dried over
Na>SO4 and removed by rotary evaporator. The crude residue was further purified by
column purification using DCM and methanol (DCM: methanol = 98:2 - 95:5) to
afford the final product S4 (.0718 g, 51%). 1H NMR (500 MHz, CD3s0D) 6 7.60 —
7.54 (m, 2H), 7.33 (t, J = 7.9 Hz, 2H), 4.50 (dd, J = 8.7, 5.5 Hz, 1H), 3.79 (td, J = 6.1,
1.4 Hz, 2H), 3.68 — 3.60 (m, 12H), 3.37 (t, J = 5.0 Hz, 2H), 2.62 — 2.53 (m, 4H), 1.93
(ddt, J = 13.5, 10.1, 5.9 Hz, 1H), 1.80 (ddt, J = 13.8, 8.8, 4.7 Hz, 1H), 1.72 (g, J = 7.4
Hz, 5H), 1.50 (dtt, J = 20.6, 14.2, 7.3 Hz, 2H), 1.31 — 1.21 (m, 20H), 0.92 (t, J = 6.8
Hz, 3H). 3C NMR (126 MHz, CD30D) & 205.08, 172.75, 171.13, 138.05, 128.41,
124.05, 120.15, 70.22, 70.14, 70.11, 69.98, 69.70, 66.91, 53.92, 50.36, 45.69, 45.15,
36.08, 31.68, 31.58, 29.43, 29.40, 29.36, 29.32, 29.23, 29.08, 29.05, 28.56, 27.02,
22.95, 22.34, 13.05. LCMS (ESI) calcd. for [M+H]* (CasHs1NsOsS*) 677.43, obsd.
677.12.
(2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-(but-3-yn-1-yloxy)tetrahydro-2H-pyran-
3,4,5-triyl triacetate (S6)

To D-glucose pentaacetate (1.13 g, 2.90 mmol) dissolved in DCM (45 mL), 3-
butyn-1-ol (.440 mL, 5.80 mmol) was added, while stirring. Then, boron trifluoride
diethyl etherate (1.07 mL, 8.70 mmol) was added slowly to the reaction mixture,
which then stirred overnight at room temperature. After overnight stirring, the reaction
mixture was diluted with DCM (80 mL), and washed with saturated NaHCOs3 (50 mL,
2 times) and brine (50 mL, 2 times). The collected DCM layer was dried over Na2SO4

and concentrated by rotary evaporator. The crude residue was purified by column
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chromatography using hexane and ethyl acetate (hexane: ethyl acetate = 4:1 - 3:1 >
2:1) to afford the final compound S5 (.650 g, 56%). *H NMR (500 MHz, CDCls3) &
5.21 (td, J = 9.5, 1.4 Hz, 1H), 5.09 (t, J = 9.7 Hz, 1H), 5.03 — 4.94 (m, 1H), 4.57 (d, J =
7.9 Hz, 1H), 4.26 (dd, J = 12.3, 4.8 Hz, 1H), 4.14 (dd, J = 12.2, 2.4 Hz, 1H), 3.94 (dt, J
= 9.8, 6.6 Hz, 1H), 3.78 — 3.60 (M, 2H), 2.47 (td, J = 7.0, 2.6 Hz, 2H), 2.11 — 1.99 (m,
12H), 1.96 (t, J = 2.7 Hz, 1H). 3C NMR (126 MHz, CDCl3) & 170.69, 170.30, 169.40,
169.36, 100.85, 80.57, 72.74, 71.87, 71.12, 69.52, 68.37, 67.94, 61.91, 20.76, 20.71,
20.64, 20.61, 19.86.
(2R,3R,4S,5S,6R)-2-(but-3-yn-1-yloxy)-6-(hydroxymethyl)tetrahydro-2H--3,4,5-
triol (S7)

To S6 (.116 g, .288 mmol) dissolved in methanol (1.4 mL), sodium methoxide
(1.3 pL, .00577 mmol) was added. The reaction mixture was stirred for 6 hours.
Activated Dowex 50WX4-200 ion exchange resin was added to adjust the pH of the
reaction mixture to 7. The resin was filtered off and the reaction mixture was
concentrated by using rotary evaporator to afford the final compound S6 (.0598 g,
89%). 'H NMR (500 MHz, CD30D) & 4.31 (d, J = 7.8 Hz, 1H), 3.97 (dt, ] = 9.7, 7.3
Hz, 1H), 3.88 (dd, J = 11.9, 1.7 Hz, 1H), 3.75 — 3.64 (m, 2H), 3.36 (s, 2H), 3.29 (d, J =
5.4 Hz, 1H), 3.18 (dd, J = 9.1, 7.8 Hz, 1H), 2.52 (td, J = 7.3, 2.7 Hz, 2H), 2.28 (t, J =
2.7 Hz, 1H). 3C NMR (126 MHz, CD30D) & 102.99, 80.34, 76.61, 76.58, 73.60,
70.17, 69.21, 67.60, 61.31, 19.18, 19.15.
(S)-N-phenyl-6-tetradecanethioamido-2-(3-(2-(2-(2-(4-(2-(((2S,3S,4R,5R,6S)-3,4,5-
trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)ethyl)-1H-1,2,3-

triazol-1-yl)ethoxy)ethoxy)ethoxy)propanamido)hexanamide (Glucose-TM)
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To 2 (.0581 g, .250 mmol) and S6 (.169 g, .250 mmol) dissolved in water (1
mL) and methanol (1 mL), NaHCO3 (.0631 g.750 mmol), CuSO4-5H.0 (3.13
mg, .0125 mmol) and sodium ascorbate (9.92 mg, .0500 mmol) were added in order.
The reaction mixture was stirred overnight in room temperature. After the stir, ethyl
acetate (15 mL) was added to the reaction mixture, which was then washed by water
(10 mL, 2 times) and brine (10 mL, 1 time). The collected ethyl acetate layer was
dried over Na,SO4 and concentrated using rotary evaporator. The crude residue was
purified by column purification using DCM and methanol (DCM: methanol = 9:1) to
afford the final compound 1 (.0409g, 18%). *H NMR (500 MHz, CD30D) & 7.92 (s,
1H), 7.57 (dd, J = 8.5, 1.2 Hz, 2H), 7.32 (t, J = 8.5, 7.4 Hz, 2H), 7.12 (t, 1H), 4.55 —
4.48 (m, 3H), 4.33 (d, J = 7.8 Hz, 1H), 4.16 (dt, J = 9.8, 6.5 Hz, 1H), 3.92 — 3.74 (m,
6H), 3.71 — 3.66 (M, 1H), 3.64 — 3.56 (m, 11H), 3.41 — 3.35 (m, 1H), 3.31 — 3.28 (m,
2H), 3.22 (dd, J = 9.1, 7.8 Hz, 1H), 3.03 (t, J = 6.5 Hz, 2H), 2.66 — 2.42 (m, 4H), 1.92
(ddt, J = 13.6, 10.0, 6.0 Hz, 1H), 1.85 —1.64 (m, 5H), 1.49 (dddd, J = 23.7, 16.4, 12.0,
6.8 Hz, 2H), 1.31 — 1.21 (m, 20H), 0.92 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz,
CD30D) 6 205.06, 172.70, 171.16, 144.66, 138.06, 128.43, 124.06, 123.61, 120.13,
103.02, 76.65, 76.60, 73.69, 70.23, 70.09, 70.05, 70.03, 69.99, 68.97, 68.13, 66.88,
61.37, 53.93, 49.92, 45.69, 45.16, 36.06, 31.68, 31.61, 29.43, 29.41, 29.36, 29.33,
29.23, 29.08, 29.06, 28.57, 27.02, 25.83, 22.96, 22.34, 13.06. LCMS (ESI) calcd. for
[M+H]" (C45H77N6011S™) 909.53, obsd. 909.22.
tert-butyl (S)-(3-o0x0-3-((1-oxo-1-(phenylamino)-6-tetradecanethioamidohexan-2-

yl)amino)propyl)carbamate (S8)
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To 2 (.162 g, .296 mmol) dissolved in THF (3 mL), boc-B-alanine-OH (.0615
g, .325 mmol), EDC-HCI (.0623 g, .325 mmol), TEA (.124 mL, .887 mmol) and
HOBT (.0499 g, .325 mmol) were added, while stirring. The reaction mixture was
stirred for overnight at room temperature. THF was evaporated using rotary
evaporator. Then, the reaction mixture was dissolved in ethyl acetate (15 mL) and
washed by water (10 mL, 2 times) and brine (10 mL, 2 times). The collected ethyl
acetate layer was dried over NaxSO4 and concentrated by rotary evaporator. The crude
residue S7 was taken to next step without further purification (.0473 g, 26%). LCMS
(ESI) calcd. for [M+H]* (Ca4Hs9N4O4S™) 619.42, obsd. 619.06.
(S)-2-(3-aminopropanamido)-N-phenyl-6-tetradecanethioamidohexanamide
(NH3-6)

To S7 (.0452 g, .0730 mmol) dissolved in DCM (.440 mL), trifluoroacetic acid
(.292 mL) was added slowly, while stirring. The reaction mixture was stirred for 2
hours. Additional DCM (7 mL) was added to mixture, which was washed by 1M
NaOH (4 mL, 2 times) and brine (4mL, 2 times). The collected DCM layer was dried
over Na;SQO4 and concentrated by rotary evaporator. The residue crude was purified
using column purification with DCM and methanol (DCM: methanol = 85:15) to
afford the final product 3 (.0331 g, 87%). *H NMR (500 MHz, CD30D) § 7.56 (d, ] =
7.6 Hz, 2H), 7.31 (t, J = 7.9 Hz, 2H), 7.10 (t, J = 7.4 Hz, 1H), 4.45 (dd, J = 8.7, 5.6 Hz,
1H), 3.61 (td, J = 7.1, 2.9 Hz, 2H), 3.07 (t, J = 6.5 Hz, 1H), 2.69 — 2.37 (m, 4H), 1.96 —
1.76 (m, 2H), 1.70 (g, J = 7.2 Hz, 5H), 1.50 (dddd, J = 31.0, 16.8, 13.7, 6.4 Hz, 2H),
1.31 - 1.21 (m, 20H), 0.90 (t, J = 6.8 Hz, 3H). 13C NMR (126 MHz, CD:0OD) &

205.11,172.08, 171.44, 138.09, 128.41, 124.04, 120.04, 54.16, 45.69, 45.06, 36.58,
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34.25, 31.68, 31.47, 29.42, 29.40, 29.36, 29.32, 29.23, 29.08, 29.05, 28.55, 27.05,
23.02, 22.34, 13.05. LCMS (ESI) calcd. for [M+H]* (C29Hs1N402S*) 519.37, obsd.
519.25.

N2-((benzyloxy)carbonyl)-N¢-tetradecanethioyl-L-lysine (NH4-3)

Synthesis of Compound 4 was followed by the procedure as previously
reported. *H NMR (500 MHz, CD30D) & 7.48 — 7.13 (m, 5H), 5.12 (d, J = 2.7 Hz,
2H), 4.18 (dd, J = 9.2, 4.7 Hz, 1H), 3.60 (t, J = 7.1 Hz, 2H), 2.60 (t, J = 7.5 Hz, 2H),
1.88 (ddd, J =12.9, 9.6, 5.5 Hz, 1H), 1.71 (ddq, J = 29.4, 14.0, 7.7, 6.9 Hz, 5H), 1.55 —
1.41 (m, 2H), 1.31 — 1.21 (m, 20H), 0.92 (t, J = 6.8 Hz, 3H). 13C NMR (126 MHz,
CD30D) 6 205.08, 174.47, 157.31, 136.83, 128.05, 127.56, 127.34, 66.20, 53.78,
45.66, 45.15, 33.36, 31.68, 31.04, 29.40, 29.35, 29.31, 29.22, 29.08, 29.05, 28.52,
26.82, 23.00, 22.33, 13.04. LCMS (ESI) calcd. for [M+H]* (C28H47N204S") 507.32,
obsd. 507.22.

(S)-1-methoxy-1-ox0-6-tetradecanethioamidohexan-2-aminium (NH4-4)

To S2 (.142 g, .300 mmol) dissolved in methanol (5 mL),
chlorotrimethylsilane (76.0 pL, .600 mmol) was added slowly, while stirring. The
reaction mixture was stirred overnight at room temperature and concentrated by rotary
evaporator. The crude residue was purified by column purification using DCM and
methanol (DCM: methanol = 95:5) to afford the final product 6 (.0837 g, 66%). *H
NMR (500 MHz, CD30D) & 3.75 (s, 3H), 3.60 (t, J = 7.2 Hz, 2H), 3.55 (t, J = 6.5 Hz,
1H), 2.59 (t, J = 7.5 Hz, 2H), 1.82 — 1.65 (m, 6H), 1.43 (dqd, J = 15.2, 7.8, 7.4, 5.1 Hz,
2H), 1.31 — 1.21 (m, 20H), 0.95 — 0.88 (M, 3H). 3C NMR (126 MHz, CD30D) 5

205.11, 174.70, 53.36, 51.22, 45.66, 45.05, 33.15, 31.68, 29.42, 29.40, 29.36, 29.31,
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29.22, 29.08, 29.07, 28.52, 27.01, 22.48, 22.33, 13.03. [M-CI]* (C21H44N20,S")
387.30, obsd. 387.25.

benzyl (S)-(1-((2-(dimethylamino)ethyl)amino)-1-oxo-6-
tetradecanethioamidohexan-2-yl)carbamate (S9)

To 4 (.460 g, .908 mmol) dissolved in THF (9 mL), N,N-
Dimethylethylenediamine (.109 mL, .999 mmol), EDC-HCI (.209 g, 1.09 mmol),
HOBT (.167 g, 1.09 mmol) and TEA (.379 mL, 2.72 mmol) were added, while
stirring. The reaction mixture was stirred for overnight at room temperature. THF was
removed using rotary evaporator. The reaction mixture was dissolved in ethyl acetate
(30 mL) and washed by water (20 mL, 2 times) and brine (20 mL, 2 times). The
collected ethyl acetate layer was dried over Na;SO4 and concentrated by rotary
evaporator. The crude residue was purified using column purification with DCM and
methanol (DCM: methanol = 9:1) to afford the final product S8 (.306 g, 58%). 'H
NMR (500 MHz, CDs0OD) & 7.39 — 7.30 (m, 5H), 5.18 — 5.08 (m, 2H), 4.00 (dd, J =
8.8, 5.5 Hz, 1H), 3.69 — 3.54 (m, 3H), 3.52 — 3.38 (m, 1H), 3.17 (s, 2H), 2.83 (s, 6H),
2.61 — 2.55 (m, 2H), 1.88 — 1.59 (m, 6H), 1.58 — 1.37 (M, 2H), 1.34 — 1.28 (m, 20H),
0.91 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CD30D) & 205.08, 173.80, 157.18,
136.76, 128.10, 127.65, 127.40, 66.35, 57.59, 55.18, 45.68, 45.09, 43.71, 36.08, 31.68,
31.36, 29.42, 29.40, 29.36, 29.31, 29.22, 29.08, 29.06, 28.55, 26.93, 22.95, 22.34,
13.04. (ESI) calcd. for [M+H]* (C32Hs7N403S*) 577.41, obsd. 577.54.
(S)-2-(2-(((benzyloxy)carbonyl)amino)-6-tetradecanethioamidohexanamido)-

N,N,N-trimethylethan-1-aminium iodide (NH4-6)
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To S8 (.360 g, .624 mmol) dissolved in acetone (6.2 mL), methyl iodide (77.8
uL, 1.25 mmol) and TEA (.174 mL, 1.25 mmol) were added at O °C. The reaction
mixture was initially stirred at 0 °C and slowly raised to room temperature overnight.
Acetone was removed by rotary evaporator. Then, the mixture was dissolved in DCM
(20 mL) and washed with water (10 mL, 1 time) and brine (10 mL, 1 time). The
collected DCM layer was dried over Na.SO4 and concentrated by rotary evaporator.
The crude residue was purified using column purification with DCM and methanol
(DCM: methanol = 85:15) to afford the final product 6 (.125 g, 28%). *H NMR (500
MHz, CD30D) § 7.45 — 7.28 (m, 5H), 5.17 — 5.05 (m, 2H), 4.03 (dd, J = 9.1, 5.2 Hz,
1H), 3.61 (t, J = 7.2 Hz, 4H), 3.48 (t, J = 6.4 Hz, 2H), 3.18 (s, 9H), 2.60 (t, J = 7.6 Hz,
2H), 1.93 — 1.59 (m, 6H), 1.57 — 1.38 (m, 2H), 1.36 — 1.28 (m, 20H), 0.92 (t, J = 6.9
Hz, 3H). 3C NMR (126 MHz, CD30D) § 205.11, 174.36, 157.19, 136.76, 128.11,
127.68, 127.41, 66.33, 64.51, 55.38, 52.71, 52.68, 52.64, 45.69, 44.97, 33.47, 31.68,
30.95, 29.43, 29.40, 29.36, 29.32, 29.23, 29.08, 29.07, 28.55, 26.93, 22.99, 22.33,
13.04. (ESI) calcd. for [M*-1] (CasHeoN4O3S*) 591.43, obsd. 591.44.
methyl N2-((benzyloxy)carbonyl)-N6-tetradecanethioyl-L-lysinate (NH4-8)

To 4 (.207 g, .408 mmol) dissolved in THF (5 mL), K.COs (.620 g, .448
mmol) were added at room temperature. After stirring for 2 hours, methyl iodide (30.4
uL, .489 mmol) was added to the mixture at O °C. The reaction mixture was then
stirred overnight at room temperature. THF was removed by rotary evaporator. Then,
the reaction mixture was dissolved with ethyl acetate (18 mL) and washed by water
(20 mL, 2 times) and brine (10 mL, 2 times). The collected ethyl acetate layer was

dried over Na,SO4 and concentrated by rotary evaporator. The crude residue was
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purified using column purification with DCM and methanol (DCM: methanol = 95:5)
to afford the final product 7 (.164 g, 77%). *H NMR (500 MHz, CD30D) § 7.45 — 7.25
(m, 5H), 5.10 (s, 2H), 4.19 (dd, J = 9.3, 4.9 Hz, 1H), 3.72 (s, 3H), 3.58 (t, J = 7.1 Hz,
2H), 2.62 — 2.53 (m, 2H), 1.76 — 1.65 (m, 5H), 1.51 — 1.37 (m, 2H), 1.34 — 1.28 (m,
20H), 0.91 (t, J = 6.9 Hz, 3H). °C NMR (126 MHz, CDs0D) & 205.11, 173.20,
157.28, 136.79, 128.06, 127.59, 127.34, 66.24, 53.94, 51.26, 45.66, 45.05, 32.45,
31.68, 30.89, 29.40, 29.35, 29.31, 29.22, 29.08, 29.05, 28.51, 26.79, 22.93, 22.33,

13.04. (ESI) calcd. for [M+H]* (C2sHasN204S*) 521.33, obsd. 521.32
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CHAPTER 3
SIMULTANEOUS INHIBITION OF SIRT2 DEACETYLASE AND DEFATTY-
ACYLASE ACTIVITIES VIA A PROTAC STRATEGY

This is a revised version of the published paper: Hong JY, Jing H, Price IR, Cao J, Bai JJ, Lin H. Simultaneous
Inhibition of SIRT2 Deacetylase and Defatty-Acylase Activities viaa PROTAC Strategy. ACS Med Chem Lett
. 2020 Sep 21;11(11):2305-2311.

J.Y.H., and H.L. wrote the manuscript. All the authors have given approval to the final version of the manuscript.

3.1 Abstract

As a member of the sirtuin family of enzymes, SIRT2 promotes tumor growth
and regulates various biological pathways through lysine deacetylation and defatty-
acylation. In the past few years, many SIRT2 small molecule inhibitors had been
developed, but none had demonstrated simultaneous inhibition of both SIRT2
activities in cells. To further scrutinize the physiological importance and significance
of SIRT2 deacetylase and defatty-acylase activities, a small molecule that can
selectively inhibit both activities of SIRT2 in living cells are needed. Here, we have
applied Proteolysis Targeting Chimera (PROTAC) strategy and synthesized a new
SIRT2 inhibitor (TM-P4-Thal) to degrade SIRT2 selectively, which led to
simultaneous inhibition of its deacetylase and defatty-acylase in living cells.
Additionally, this compound exemplifies the advantage of PROTAC strategy that

allows complete eradication of an enzyme and its activity in biological settings.
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3.2 Introduction

The mammalian sirtuin family of enzymes remove various acyl groups from
protein lysine residues, using nicotinamide adenine dinucleotide (NAD™) as a
cosubstrate.’* They are involved in many biological processes, including metabolism,
DNA damage repair, and cell growth.>® Among the seven sirtuins, SIRT2 is the only
one that is primarily localized in the cytosol and can remove both acetyl and other acyl
groups from protein lysine residues.'%? SIRT2 was initially reported to deacetylate
protein substrates, including hypoxia-inducible factor 1 - o (HIF10) and a-tubulin. 3 4
Through deacetylation of various substrates, SIRT2 promotes tumorigenesis. For
example, SIRT2 deacetylates Slug to increase its stability, and promotes breast cancer
progression.t® By deacetylating lactate dehydrogenase A (LDH-A), which is often
overexpressed in cancer cells and responsible for lactate production, SIRT2 promotes
pancreatic cancer growth.'® In many cancer cell lines, the inhibition of SIRT2 leads to
degradation of C-Myc, impeding cancer cell growth in vitro and tumor growth in
mice.l” Besides the deacetylation activity of SIRT2, SIRT2 can also efficiently remove
long chain fatty acyl groups from lysine.'® * SIRT2 can defatty-acylate K-Ras4a and
promote K-Ras-mediated transformation.*® Recently, SIRT2 is also reported to
defatty-acylate RalB, another small GTPase in the Ras subfamily.?° Through both
deacetylation and defatty-acylation, SIRT2 plays significant roles in cancer growth

and metabolism, which made SIRT2 an attractive target for cancer treatment.
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Figure 3.1 Examples of previously reported SIRT2 inhibitors

In recent years, many SIRT2 inhibitors have been developed and shown to
impede cancer growth. From a high throughput screen effort, AGK2 was developed to
be a SIRT?2 selective inhibitor that binds to the “C-pocket” of SIRT2.%! Later, another
SIRT2 selective inhibitor, SirReal2 was synthesized, which decreases migration and
invasion of gastric cancer cells.?? 23 NCO-90/140 slowed down cellular growth of
several leukemia cells through simultaneous induction of apoptosis and autophagy.?*
Compound 53, based on NCO-90, had demonstrated enhanced antiproliferative effect
in breast cancer cells and promoted neurite outgrowth.?> NPD11033 effectively
delayed the cell proliferation of pancreatic cancer cells.?® TM, a mechanism-based
SIRT2 selective inhibitor, portrayed broad anti-cancer effects by promoting the
degradation of c-Myc (Figure 3.1).*’

Interestingly, recent studies that directly compared these inhibitors in various
assays revealed that AGK2, SirReal2, and TM inhibit SIRT2 deacetylation activity,

but not the defatty-acylation activity.?” In contrast, a peptide-based SIRT2 inhibitor,
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S2DMi-7, could efficiently inhibit the defatty-acylase activities of SIRT1, SIRT2, and
SIRT3.2% Nevertheless, being a peptide, S2DMi-7 may have limited utility for cellular
and in vivo studies. We recently reported that JH-T4 and NH-TM, which can hinder
both activities of SIRT2 (Figure 3.1).2° However, these two compounds also inhibit
SIRT1 and SIRT3, making it difficult to study SIRT2’s specific roles in cells.

Given the two different physiological catalytic activities of SIRT2, one
interesting question is whether small molecules that can inhibit both activities of
SIRT2 would produce different biological effects. To address this question, new
inhibitors that can inhibit both the deacetylase and defatty-acylase activities of SIRT2
in live cells, but are specific for SIRT2 are needed.

Proteolysis Targeting Chimera (PROTAC) uses a hetero-dimeric compound
consisting of a ligand interacting with the protein-of-interest and another ligand
recruiting E3 ligase to degrade the protein of interest.3*-? This strategy gained
attention for its ability to enhance the effects of small molecule inhibitors.
Traditionally, most inhibitors bind to an enzyme to inhibit its activity. PROTAC
compounds, instead, can not only catalytically remove the target proteins but also
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Scheme 3.1 Synthesis of TM-P2-Thal and TM-P4-Thal.
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eliminate non-enzymatic functions of SIRT2 through degradation..>® 3! Here we set
out to test another possibility that could make the PROTAC strategy more effective:
when an inhibitor of SIRT2 could only inhibit one catalytic activity of SIRT2, we
could enable it to inhibit all the catalytic activities of SIRT2 using the PROTAC
strategy. As such, applying PROTAC strategy to specifically degrade SIRT2 would
inhibit both catalytic activities of SIRT2, deacetylation and defatty-acylation that
currently existing small molecule inhibitors could not achieve. PROTAC utilizing
SirReal?2 as the ligand was synthesized, but was not tested to show the advantage of
the PROTAC strategy.>® Here we introduce two new PROTAC compounds, TM-P2-
Thal and TM-P4-Thal, which can degrade SIRT2 efficiently in various cancer cells.
Through SIRT2 degradation, we demonstrate that these compounds inhibit both
activities of SIRT2 in living cells and achieve enhanced antiproliferative effect in

cancer cells.
3.3 Results and Discussion

3.3.1 PROTAC Design and Synthesis.

TM is a thiomyristoyl lysine-based SIRT2 selective inhibitor. Its thiomyristoyl lysine
is important for SIRT2 inhibition, as this portion forms a stalled covalent intermediate
with NAD™ to inhibit the activity of SIRT2.1” The C- and N-termini of the
thiomyristoyl lysine serves as the potential modification sites to attach the linker and
thalidomide, the ligand that recruit the E3 ubiquitin ligase cereblon (CRBN).
According to the previously reported co-crystal structures of SIRT2 in complex with
two inhibitors, BHJH-TM1 and Glucose-TM (PDB: 4R8M, 6NRO0), the thiomyristoyl

lysine points inward towards the enzyme pocket, while both the N- and C-terminal
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amino acids of the lysine are located outside of the pocket.'® ** The introduction of a
hydroxyl group to the C-terminal phenyl group of TM, resulting in a new inhibitor,
JH-T4, disrupted the selectivity of TM for SIRT2, as JH-T4 inhibits SIRT1, SIRT2
and SIRT3.%° From this finding, we hypothesized that altering the C-terminal phenyl
ring for thalidomide attachment could potentially ruin SIRT2 selectivity. Thus, we
decided to attach thalidomide to the N-terminus of TM (Scheme 3.1).

TM contains the carboxybenzoyl group (Cbz) on the N-terminal site of the
lysine backbone. We replaced this Cbhz group with thalidomide via a 2- or 4-repeating
units of the polyethylene glycol (PEG) linker (Scheme 3.1). The PEG linker was
chosen because of its aqueous solubility.® In addition, being flexible on its own, the
PEG linker could allow the thalidomide-CRBN complex to reach SIRT2’s
ubiquitination site easier. PEG linkers with two different lengths were used because
the linker may affect the ubiquitination/degradation efficiency. If the linker is too
short, SIRT2 and CRBN could clash with each other and not be able to form the
PROTAC complex. However, if the linker is too long, CRBN and SIRT2 could be too
wide apart and decrease ubiquitination.

The synthesis of TM-P2-Thal or TM-P4-Thal required a total of 10 steps
(Scheme 3.1). PEG linkers with two different lengths were attached to the
thalidomide. tert-Butyloxycarbonyl (Boc)-L-lysine was used to synthesize the TM
analog with a free N-terminal. Then, at the last step, thalidomide with the PEG linkers
was coupled to the TM analog with a free N-terminus using isobutyl chloroformate to

produce TM-P2-Thal and TM-P4-Thal as the final products (Scheme 3.1).
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Table 8. In Vitro Enzymatic 1Cso values of TM-P2-Thal and TM-P4-Thal.

I1Cs0 (UM) TM-P2-Thal TM-P4-Thal ™

SIRT1 37+£35 41+51 >83

SIRT2 Deacetylase

0.069 * 0.032 0.078 £ 0.018 0.093 £ 0.012
(with pre-incubation)
SIRT2 Deacetylase
0.12 £ 0.020 0.093 £ 0.025 0.15 + 0.036
(without pre-incubation)
SIRT2 Defatty-acylase
0.17 £ 0.044 0.11 £ 0.063 0.37 £0.031
(with pre-incubation)
SIRT2 Defatty-acylase
>83 >83 >83
(without pre-incubation)
SIRT3 >83 >83 >83
SIRTS5 >83 >83 >83
SIRT6 >83 >83 >83

3.3.2 TM-P2-Thal and TM-P4-Thal maintain SIRT2 selectivity.

In Vitro enzymatic ICsp values of TM-P2-Thal and TM-P4-Thal on the sirtuin
family members, SIRT1, SIRT2, SIRT3, SIRT5 and SIRT6, were measured to see if
the selectivity toward SIRT2 had been preserved. Each compound at different
concentrations was added to the sirtuin enzymatic reaction mixture to measure its
inhibitory activities.'” 2’ Because the tested compounds inhibit sirtuin activities
through forming a stable stalled covalent intermediate with NAD™, we have pre-
incubated these compounds with NAD* and the corresponding sirtuin enzyme, prior to
the addition of the substrate peptide. With pre-incubation time, the 1Cso of TM-P2-

Thal and TM-P4-Thal for SIRT2 deacetylase were 0.069 and 0.078 uM, respectively.
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Meanwhile, the 1Cso of TM-P2-Thal and TM-P4-Thal for SIRT1 deacetylase were 37
and 41 uM, respectively. The selectivity for SIRT2 over SIRT1 (ICso SIRT1/ICso
SIRT2) was about 500 times for both TM-P2-Thal and TM-P4-Thal. In addition, both
compounds did not show inhibitory activity on SIRT3, SIRT5, or SIRT6 (Table 8). In
addition, Compound 8, thalidomide with PEG4 linker, could not inhibit any of the
sirtuin activities (Table 9). Overall, even with the modifications on the N-terminus,
both TM-P2-Thal and TM-P4-Thal retained SIRT2 selectivity.

We have further tested TM, TM-P2-Thal and TM-P4-Thal against SIRT2
deacetylase and defatty-acylase with and without the pre-incubation time. Regardless
of the pre-incubation time, these three compounds could inhibit SIRT2 deacetylase
efficiently. However, for SIRT2 defatty-acylase without the pre-incubation, they could

not inhibit even at 83 uM. With the pre-incubation, the 1Cso for TM, TM-P2-Thal and
TM-P4-Thal were 0.37, 0.17 and 0.11 uM, respectively. This ICso difference between

with and without the pre-incubation may explain why TM could not inhibit SIRT2
defatty-acylase in cells from previous studies.?®

Table 9. In Vitro Enzymatic 1Cso values of Compound 8.

I1Cs0 (UM) Compound 8
SIRT1 Deacetylase > 83
SIRT2 Deacetylase > 83

SIRT2 Defatty-acylase > 83
SIRT3 > 83
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Figure 3.2 TM-P2-Thal and TM-P4-Thal degrade SIRT?2 selectively in cells. (A)
Immunoblots for SIRT1, SIRT2 and SIRT3 after treating with indicated concentrations
of inhibitors for 48 hours in MCF7 and BT-549 cells. (B) Immunoblot for SIRT2 after
MCEF7 cells were treated with indicated concentrations of TM-P4-Thal for 48 hours. (C)
Immunoblot for SIRT2 after MCF7 cells were treated with 10 uM of TM-P4-Thal for

the indicated incubation times.
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Figure 3.3 Additional data on SIRT2 degradation by TM-P2-Thal and TM-P4-
Thal. (A) Immunoblots for SIRT1, SIRT2, and SIRT3 after treatment with indicated
concentrations of inhibitors for 48 hours in MDA-MB-231 cells. (B) Immunoblots for
SIRT1, SIRT2, and SIRTS3 after treatment with indicated concentrations of inhibitors
for 48 hours in MDA-MB-468 cells. (C) Immunoblot for SIRT2 after treatment with
indicated concentrations of TM-P4-Thal or TM-P2-Thal at indicated time points.
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3.3.3 TM-P2-Thal and TM-P4-Thal degrade SIRT2 selectively in cells.

We next set out to check the effects of TM, TM-P2-Thal, and TM-P4-Thal on
SIRT2 protein levels in two breast cancer cell lines, MCF7 and BT549. After 48 hours
of treatment at various concentrations, TM-P2-Thal and TM-P4-Thal degraded SIRT2
selectively without changing the levels of SIRT1 and SIRT3 (Figure 3.2A). As
expected, TM did not decrease the level of SIRTZ2 in the two cell lines. In MCF7 cells,
5 uM of the PROTAC compounds degraded SIRT2 more effectively than 25 uM,
which is likely due to the mechanism of the PROTAC strategy. When excess amounts
of PROTAC compounds are introduced to the cells, CRBN and SIRT2 are each bound
by a PROTAC compound instead of forming a trimeric complex of CRBN-PROTAC-
SIRT2. Similarly, SIRT2 selective degradations were observed in MDA-MB-231 and
MDA-MB-468 cell lines (Figure 3.3A and B) in the presence of TM-P2-Thal and TM-
P4-Thal.

In MCF7 cells, we then further tested SIRT2-selective degradation with lower
than 5 uM of TM-P4-Thal for 48 hours. Even at 0.5 pM, SIRT2 level was
significantly decreased compared to that of a vehicle treated sample. Furthermore, the
decreased levels of SIRT2 at both 0.5 and 10 uM were similar, suggesting the high
efficiency of TM-P4-Thal (Figure 3.2B). Again, at 50 pM of TM-P4-Thal, SIRT2
level did not change much. This is due to the hook effect. High concentrations of
PROTAC primarily form binary complex with either E3 ligase or protein target, and
thereby preventing the ternary complex formation that is for the efficient

degradation.®
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Figure 3.4 Compound 8 and TM-P4-Thal-CH3 could not degrade SIRT2. (A)
Immunoblots of SIRT2 after treatment of 5 uM TM-P4-Thal and Compound 8 for 16
hours in MCF7 cells. (B) Immunoblots of SIRT2 after treatment of 5 uM TM-P4-Thal
and TM-P4-Thal-CH3 for 12 hours in MCF7 cells.
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Figure 3.5 MG132 rescues SIRT2 degradation by TM-P4-Thal. Immunoblots of
SIRT2 after treatment of 5 uM MG132 for 2 hours, followed with co-treatment of 5 uM
MG132 and 5 uM TM-P4-Thal for additional 16 hours in MCF7 cells.

Next, we examined the time course of TM-P4-Thal-induced SIRT2
degradation in MCF7 cells. As the incubation time increased, 10 uM of TM-P4-Thal
lowered SIRT2 even further. Thus, SIRT2 was degraded by TM-P4-Thal in a time-
dependent manner (Figure 3.2C). However, the results with 25 uM of TM-P4-Thal
was different. With 24-hour treatment, SIRT2 level decreased sharply, but as the

treatment time increased, SIRT2 level recovered (Figure 3.3C). Such recovery likely is
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due to the combined effects of new SIRT2 protein synthesis and the PROTAC
compound being degraded with longer treatment time. We also treated cells with 10
and 25 uM of TM-P2-Thal in different time points. Similar result was observed, but
the overall efficiency in the degradation of SIRT2 was lower compared to that with
TM-P4-Thal (Figure 3.3C). Thus, we mainly used TM-P4-Thal for the rest of the
study. Furthermore, we have treated MCF7 cells with Compound 8, thalidomide with
PEG4 linker, and detected SIRT2 level through immunoblotting. As expected, without
the TM moiety, Compound 8 could not degrade SIRT2 (Figure 3.4A). Also, we have
synthesized TM-P4-Thal-CH3 with a methyl group on the thalidomide, which disrupts
the overall binding to CRBN. This would further hinder PROTAC degradation.®” Like
Compound 8, TM-P4-Thal-CH3 could not degrade SIRT2 in cells, as well (Figure
3.4B).

To validate that SIRT2 degradation occurs through CRBN and ubiquitin-
proteasome system (UPS), we have tried to rescue the degradation through co-
treatment of proteasome inhibitor, MG132. MCF7 cells were pre-treated with MG132
(5 uM) for 2 hours, followed by co-treatment of TM-P4-Thal (5 uM) and MG132 (5
uM) for additional 16 hours. While the treatment with TM-P4-Thal decreased SIRT?2
level, the co-treatment with TM-P4-Thal and MG132, a proteasome inhibitor, did not
decrease SIRT2 level, suggesting that TM-P4-Thal promotes proteasome-dependent
degradation of SIRT2. (Figure 3.5).

To further validate SIRT2 degradation by TM-P4-Thal, we have performed
Tandem Mass Tag (TMT) global proteomic with HEK 293T cells treated with 5 uM

of TM-P4-Thal for 16 hours. Consistent with the immunoblots, the SIRT2 abundance
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Figure 3.6 Tandem Mass Tag (TMT) labeling with TM-P4-Thal. Tandem Mass
Tag (TMT) Labeling (TM-P4-Thal/DMSO) Abundance Ratio Values of Proteins after
treatment of 5 uM treatment of TM-P4-Thal for 16 hours in HEK 293T cells.

Table 10. Important identified proteins and corresponding abundance ratio (TM-
P4-Thal/DMSO) from Tandem Mass Tag (TMT) global proteomics.

Protein Abundance Ratio (TM-P4-Thal/DMSQO)
SIRT1 0.92
SIRT2 0.36
SIRT3 0.91
SIRT5 11
SIRT6 0.72

ratio between TM-P4-Thal and DMSO treated cells was about 0.36, suggesting
substantial degradation of SIRT2. Meanwhile, abundance ratios of other sirtuins,

including SIRTY, 3, 5 and 6, did not alter significantly after TM-P4-Thal treatment.
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Overall, the TMT global proteomic result further confirms selective SIRT2

degradation by TM-P4-Thal (Figure 3.6, Table 10).

3.3.4 TM-P4-Thal efficiently inhibits both SIRT2 deacetylation and defatty-
acylation in cells.

To assess the inhibition of SIRT2 deacetylation by TM-P4-Thal in cells,
acetylation of a-tubulin, a previously reported SIRT2 deacetylation target, was
examined by immunofluorescence after treating MCF7 cells with 5 and 10 uM of TM-
P4-Thal for 12 hours.** If SIRT2 deacetylation is inhibited, the level of acetylation
would be increased by the treatments. TM-P4-Thal or TM at 5 and 10 uM
concentrations significantly increased the acetylation of a-tubulin (Figure 3.7A).
Furthermore, quantification of the fluorescence signals indicated that at 5 uM, TM-P4-
Thal increased approximately 2.9-fold while TM increased about 2.6-fold compared to
the vehicle control (Figure 3.7B), suggesting both compounds inhibit SIRT2
deacetylase at similar efficiency.

Through robust cellular and biochemical experiments, SIRT2 was discovered
to efficiently remove long chain fatty acyl groups from K182, 184, and 185 of K-
Rasda. As such, SIRT2 knockdown consequently increased K-Ras4a lysine fatty
acylation.'® Furthermore, we also found that TM could not inhibit SIRT2’s activity on
K-Ras4a lysine fatty acylation.?® Because TM-P4-Thal degrades SIRT2, we expected
that TM-P4-Thal could effectively inhibit not only the deacetylase but also the defatty-

acylase activity of SIRT2.
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Figure 3.7 TM-P4-Thal inhibits both SIRT2 deacetylase and defatty-acylase
activities in cells. (A) Immunofluorescence images of acetyl a-tubulin (K40) in MCF7
cells treated with DMSO (control), TM-P4-Thal (5, 10 uM) and TM (5, 10 uM) for 12
hours. (B) Normalized Ac-a-tubulin fluorescence intensity level of 5 uM TM-P4-Thal
and TM for 12 hours, using ImageJ software for quantification. (C) Immunoblot with
pan-Ras antibody to show the stable overexpression of Flag-tagged K-Ras4a-G12V in
HEK 293T cells. (D) Immunoblots for SIRT1, SIRT2, and SIRT3 after treating HEK
293T cells with 1 uM of TM-P4-Thal or 10 uM of TM in the presence of 50 uM of Alk-
14 for 24 hours. (E) Alk14 labeling and in-gel fluorescence to detect lysine fatty
acylation of K-Ras4a in HEK 293T cells. Cells were treated with 1 uM of TM-P4-Thal
or 10 uM of TM in the presence of 50 uM of Alk-14. (F) Quantified relative lysine fatty

acylation level of K-Ras4a from Figure 3E, using ImageJ for quantification.
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To test this, we generated HEK 293T stably expressing Flag-tagged K-Ras4a-
G12V (Figure 3.7C). In these cells, 1 uM of TM-P4-Thal treatment for 48 hours
decreased SIRT2 level. Meanwhile, both SIRT1 and SIRT3 levels remained
unchanged upon treatment (Figure 3.7D). Next, to visualize K-Ras4a fatty acylation
levels, the cells were treated with 1 uM of TM-P4-Thal or 10 uM of TM for 42 hours
and then incubated with Alkyne-14 (Alk-14) for additional 6 hours to label fatty
acylated proteins. After immunoprecipitating the Flag-tagged K-Ras4a-G12V,
attaching a fluorescent dye through click chemistry and treating with NH.OH to
remove cysteine fatty acylation, we detected the lysine fatty acylation level by in-gel
fluorescence (Figure 3.7E, F). TM-P4-Thal increased fluorescence significantly
compared to the DMSO control, suggesting efficient inhibition of SIRT2 defatty-
acylation by TM-P4-Thal. In contrast, TM did not significantly increase the
fluorescence level of K-Rasd4a (Figure 3.7E, F). This suggests that while TM could
not inhibit SIRT2 defatty-acylation, its PROTAC-version induced degradation of

SIRT2 efficiently and inhibited the defatty-acylation activity in live cells.

3.3.5 TM-P4-Thal shows improved cytotoxicity in breast cancer cells at lower
concentrations.

After demonstrating that TM-P4-Thal can inhibit both activities of SIRT2, we
evaluated its effect on the cellular proliferation of MCF7 and MDA-MB-231 (Figure
4). In both breast cancer cell lines, we had previously observed selective SIRT2
degradation after treatment of TM-P4-Thal. In MCF7 cells, after 72 hours incubation,
TM-P4-Thal showed much stronger cytotoxicity than TM at lower concentrations.

However, towards higher concentrations, the difference between TM and TM-P4-Thal
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Figure 3.8 TM-P4-Thal shows improved cellular cytotoxicity in breast cancer cell
lines at lower concentrations. Cell viability of MCF7 and MDA-MB-231 cells after
treatment of TM, TM-P4-Thal, and thalidomide for 72 hours.

became smaller. Similar trend was observed in MDA-MB-231. However, at higher
concentrations, cytotoxicity of TM exceeded that of TM-P4-Thal (Figure 3.8). This is
likely because of inefficient SIRT2 degradation at high concentrations of TM-P4-Thal
due to the hook effect.®®

There may be some discrepancy between the SIRT2 level and the cytotoxicity.
For instance, 1 uM of TM-P4-Thal induced SIRT2 degradation but did not exert
significant cytotoxicity in the cellular proliferation assay. Depending on the degraded
target, even though there is a significant decrease in the protein level, the biological
impact may not be affected much. SIRT2 may need to be completely degraded for
longer period to see a stronger impact. Also, there could be an undiscovered reparative
biological mechanism for the deceased protein level, as well. Further biological
studies are needed to study for this difference.

To test the cellular permeabilities, after treatment of TM-P4-Thal and TM (50

uM) for 6 hours, MCF7 cells were washed with cold PBS three times, and the small
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Table 11. Calculated concentrations (ug/million cells) of TM and TM-P4-Thal
detected from MCF7 cell permeability assay. MCF7 cells were treated with 50 uM

of indicated inhibitors for 6 hours.

Calculated Concentrations

(ng/million cells)

™ .24

TM-P4-Thal .032

molecules were extracted using methanol. The extracted samples were injected into
liquid chromatography-mass spectrometer to detect the final concentration of the
compounds inside the cells. Because these compounds with poor aqueous solubility
are not suitable for traditional PAMPA assays, we have tried to measure the cellular
permeability in this way. Overall, TM-P4-Thal showed less efficient cell permeability,
which could explain the lower cytotoxicity of TM-P4-Thal than that of TM at high
concentrations (Table 11). Thalidomide did not affect cellular proliferation, suggesting
that the cytotoxicity of TM-P4-Thal did not originate from the thalidomide moiety
(Figure 3.8).

The stronger cytotoxicity of TM-P4-Thal may come from the inhibition of
SIRT2 defatty-acylase activity. As shown earlier, at the same concentrations (5 and 10
uM), TM and TM-P4-Thal inhibited SIRT2 deacetylase similarly (Figure 3.7A, B),
while only TM-P4-Thal could inhibit SIRT2 defatty-acylase. As such, the inhibition of
SIRT2 defatty-acylase activity may have led to the stronger cytotoxicity of TM-P4-
Thal, suggesting that inhibiting the defatty-acylation activity of SIRT2 could enhance

the anticancer activity of SIRT2 inhibitors.
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3.4 Conclusion

Here, we introduced two new PROTAC compounds, TM-P2-Thal and TM-P4-
Thal, which can degrade SIRT2 efficiently and selectively in living cells. In addition,
degradation of SIRT2 by TM-P4-Thal allowed inhibition of both the deacetylation and
defatty-acylation activities of SIRT2. As a comparison, previously reported traditional
SIRT2 inhibitors could not inhibit the defatty-acylation activity of SIRT2.2” As such,
this case portrays the advantage of PROTAC strategy over traditional inhibition
strategy. Furthermore, degradation of SIRT2 led to stronger cytotoxicity, suggesting
the importance of defatty-acylation activity of SIRT2 in cancer cells. Since not much
has currently been revealed about SIRT2’s defatty-acylation activity, TM-P4-Thal,
together with TM, can be utilized as useful chemical tools to further scrutinize and

understand the biological significance of SIRT2’s defatty-acylation activity.
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3.6 Methods
General experimental methods

All reagents and organic solvents used were purchased as analytical or higher
grade from commercial vendors. Unless noted, all reactions occurred under nitrogen
gas. Reported molecular weights were determined using a Shimadzu HPLC LC20-AD
and Thermo Scientific LCQ Fleet Mass spectrometer at positive ion modes, unless
specified otherwise. The column for LC-MS was Kinetex 5u EVO C18 100 A Column
(30 x 2.1 mm, 5 um), and solvents for LC-MS were HPLC-grade water with 0.1 %
HPLC-grade acetic acid and HPLC-grade acetonitrile with 0.1% HPLC-grade acetic
acid. The LC-MS monitored the UV peaks of the compounds using both 215 and 260
nm. All reported NMR spectra were collected on a Bruker 500 spectrometer. The
silica used for simple column purification for the synthesis was SiliaFlash Irregular
Silica Gel, P60, 40 — 63 um, 60 A . The analytical HPLC used for the sirtuins in vitro
enzymatic reaction was Shimadzu HPLC LC20-AD connected to Kinetex 5u EVO
C18 100 A column (100 mm x 4.60 mm, 5 um). To monitor the UV peaks of the
modified H3K9 and unmodified H3K9 peptides, 215 and 280 nm absorbance was

used. Solvents for such analytical HPLC set-up was HPLC-grade water with 0.1%
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HPLC-grade trifluoroacetic acid and HPLC-grade acetonitrile with 0.1 % HPLC-grade
trifluoroacetic acid. The compounds were eluted at 0.5 mL/min flow rate. The purities
of the compounds were confirmed to be at least 95% using a Shimadzu HPLC LC20-
AD connected to Kinetex Su EVO C18 100 A column (100 mm x 4.60 mm, 5 pm).
High Resolution Mass Spectrometry data was collected at Cornell Chemistry Mass
Spectrometry Facility, using Thermo Exactive Orbitrap ESI Mass Spectrometer.
Antibodies and plasmids

The anti-human SIRT1 antibody (D739, #2494), anti-human SIRT2 antibody
(D4050, #12650), anti-human SIRT3 antibody (D22A3, #5490), and anti-rabbit 1gG-
horseradish peroxidase (#7074) were purchased from Cell Signaling Technology. The
anti-acetyl-a tubulin (6-11B-1) (MABT868), anti-Flag-M2 conjugated to horseradish
peroxidase (A8592) and anti-Flag M2 affinity agarose gel (A2220) were purchased
from Sigma-Aldrich. The goat anti-Mouse IgG (H+L) cross-adsorbed secondary
antibody, Cyanine3 (A10521), and anti-Ras antibody (1862335) was purchased from
ThermoFisher. The anti-p-Actin (C4) conjugated to horseradish peroxidase (sc-4777)
mouse anti-rabbit IgG-horseradish peroxidase (sc-2357) were purchased from Santa
Cruz Biotechnology. Human SIRT2 with C-terminal Flag-tagged expression vector
was generated following previously reported procedure.t
Western Blots

Western blots were performed as reported previously.?* All samples for this
paper was lysed using 1% NP-40 lysis buffer (25 mM Tris-HCI pH 8.0, 150 mM
NaCl, 10% glycerol, 1% Igepal CA-630 (Substitute for NP-40)) with protease

inhibitor cocktail (Sigma).
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Cell culture and transfection

MCF-7, MDA-MB-231, MDA-MB-468, and K-Ras4a-expressing HEK 293T
cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 10 % Fetal
Bovine Serum (Invitrogen). BT-549 was cultured in Roswell Park Memorial Institute
medium (RPMI) with 10 % Fetal Bovine Serum (Invitrogen). All cells were incubated
at 37 °C with 5% CO>. To overexpress SIRT2 in cells, the pPCMV-tag-4a vector with
SIRT2 was transfected into the cells with FuGene6 (Promega) according to the
manufacturers’ protocol. Empty vector was used as a negative control.
Cloning, expression and purification of SIRT1, 2, 3, 5 and 6

Human SIRTL, 2, 3, 5 and 6 used in this paper were cloned, expressed and
purified as previously reported.t >
Analytical HPLC In vitro sirtuin deacylation 1Cso assay

In vitro ICso values of TM, TM-P4-Thal and TM-P2-Thal for SIRT1, 2, 3,5
and 6 deacylation were measured with pre-incubation, using analytic HPLC, as
previously reported.t 3
Development of HEK 293T stably overexpressing Flag-tagged K-Ras4a cells

The human K-RAS4A lentiviral vector was obtained by inserting FLAG-K-
RAS4A into pCDH-CMV-MCS-EF1-Puro vector between the EcoRI and Notl sites.
Lentiviral infection for overexpressing K-Ras4a was performed as previously
described?. Puromycin (1.5 pg/mL) was added to the cell culture media to select and
maintain cells with stable K-Ras4a expression.

Detection of sirtuins degradation in cells after treatment with inhibitors
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About 300,000 MCF7 or Flag-K-Ras4a expressing HEK 293T cells were
seeded to Corning 60 mm x 15 mm Tissue Culture Treated Polystyrene plates. After
overnight incubation, the cells were treated with indicated concentrations of TM, TM-
P2-Thal, TM-P4-Thal, Compound 8 or TM-P4-Thal-CH3 for the indicated time
periods before collection. The cells were lysed in 1% NP40 lysis buffer with protease
inhibitor cocktail and SIRT1, 2 and 3 levels were detected by the western blot using
anti-human SIRT1, SIRT2 and SIRT3 antibodies. B-Actin was used as a loading
control.

Rescue of sirtuins degradation in cells after treatment with inhibitors

About 400,000 MCF7 cells were seeded to Corning 60 mm x 15 mm Tissue
Culture Treated Polystyrene plates. After overnight incubation, the cells were treated
with 5 uM MG132 for 2 hours. Then, the cells were co-treated with 5 uM MG132 and
5 uM TM-P4-Thal for additional 16 hours. The cells were collected and lysed in 1%
NP40 lysis buffer with protease inhibitor cocktail and SIRT2 level was detected by the
western blot using anti-human SIRT2 antibodies. 3-Actin was used as a loading
control.

Inhibition of SIRT2 deacetylation activity in cells.

To 35 mm-glass bottom dishes from MatTek, 200,000 MCF7 cells were
seeded. After overnight incubation, the cells were treated with the TM (1 and 10 uM)
and TM-P4-Thal (1 and 10 uM) for 12 hours. After washing the cells with cold PBS
three times, the cells were fixed with ice-cold methanol. Then, 0.5% Triton-X in PBS
was added to cells for 10 minutes. After washing the cells with cold PBS three times,

the cells were blocked by 1% BSA in TBST buffer (10 mM Tris-HCI pH 7.4, 150 mM
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NaCl and 0.1% Tween-20) for 30 minutes. Then, the cells were incubated with Ac-a-
tubulin antibody (1:100) for 18 hours overnight at 4 °C. The cells were washed with
TBST three times. After adding Cy3 conjugated antibody (1:100) in 1% BSA in
TBST, the cells were incubated in the dark at room temperature for 1 hour. After
washing the cells with TBST three times, the cells were stained by DAPI fluoromount,
and imaged by Cytation 5 Cell Imaging Reader. The quantifications were done
through ImageJ.
Detection of K-Ras4a levels in HEK 293T cells stably overexpressing Flag-tagged
K-Ras4a

HEK 293T cells that stably overexpress Flag-tagged K-Ras4a and control HEK
293T cells were collected and lysed with 1% NP40 lysis buffer with protease inhibitor
cocktail. The levels of Flag-tagged K-Ras4a in these two cell lines were detected by
western blot using anti-Ras antibody (1862335).
Inhibition of K-Ras4a de-fatty acylation in cells

HEK 293T cells stably overexpressing Flag-tagged K-Ras4a were treated with
10 uM of TM or 1 uM of TM-P4-Thal. Control cells were treated with the same
amount of DMSO (vehicle control). After 42 hours of incubation, media was replaced
with fresh media containing 10 uM of TM or 1 uM TM-P4-Thal with 50 uM of Alk-
14 for additional 6 hours. Immunoprecipitation and click chemistry were performed as
previously reported.” 8 The quantifications were measured by ImageJ.
Protein Digestion and TMT10-plex Labeling

After checking the protein quantification using Bradford Assay, protein

processing was performed following Thermo Scientific’s TMT Mass Tagging Kits and
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Reagents Protocol (90113) with few modifications as reported.>!! A total of 60 pg
protein of each sample in the buffer (50 mM TEAB pH 8.5, 6 M urea, 2 M thiourea,
1% SDS) was reduced with 10 mM tris(2-carboxyethyl)phosphine for 1 hour at 34 °C,
alkylated with 20 mM iodoacetamide for 1 hour in the dark, and then quenched with a
final concentration of 32 mM DTT. Each sample was digested individually using S-
Trap Micro Spin column (Protifi).*? Then, 12% phosphoric acid was added to a final
concentration of 1.2%, followed by 1:7 dilution (v/v) with 90% methanol, 0.1 M
TEAB pH 8.5. The samples were placed into the spin column and centrifuged for 30
seconds at 4000 g. Then, they were washed three times with 150 pL of 90% methanol
and 0.1 M TEAB pH 8.5. Digestion was performed by adding 25 pL trypsin at 80
ng/uL (1:10 w/w) in 50 mM TEAB pH 8.5 to the top of the spin column. Digest
solution was absorbed into the hydrophilic matrix. After incubating the spin columns
overnight at 37 °C, the digested peptides were eluted off the S-trap column
sequentially with 40 uL of 50 mM TEAB pH 8.5, 0.2% formic acid, 50% acetonitrile
and 0.2% formic acid. Three eluted peptide washes were pooled together and further
dried in speed vac. Before labeling, each sample was reconstituted in 30 pL of 0.1 M
TEAB pH 8.5. The TMT 10-plex labels were reconstituted with 15 puL of anhydrous
acetonitrile before labeling and was added to each of 30 uL tryptic digest samples with
1:2 ratio. The samples were labeled for 1 hour at room temperature. Using Orbitrap
Fusion (ThermoFisher), the label incorporation was confirmed by taking 1 pL aliquots
from each sample and desalting with SCX Ziptip (Millipore). Then, the labeled
peptides from the 10 samples were pool together. The pooled peptides of each set were

then evaporated to dryness and further cleaned up with solid phase extraction of MCX
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Catridges (Waters). The eluted tryptic peptides were evaporated to dryness for high
pH reverse phase chromatography.
High pH Reverse Phase (hpRP) Fractionation

The high pH Reverse Phase (hpRP) chromatography was carried out sing a
Dionex UltiMate 3000 HPLC system with the built-in micro fraction collection option
in the autosampler and UV detection (ThermoFisher), as reported previously.® 0
Specifically, the TMT 10-plex tagged tryptic peptides were reconstituted in buffer A
(20 mM ammonium formate pH 9.5 in water) and loaded onto the Xterra MS C18
column (3.5 pm, 2.1 x 150 mm, Waters), with 20 mM ammonium formate pH 9.5 as
buffer A, and 80% acetonitrile/20% ammonium formate as buffer B. The liquid
chromatography was performed using a gradient from 10-45% of buffer B in 30
minutes at a flow rate of 200 pL/min. 48 fractions were collected at 1 minute intervals,
and pooled into 10 total fractions based on the UV absorbance at 214 nm and with
multiple fraction concatenation strategy.'® Each of the 10 fractions was dried and
reconstituted in 125 pL of 2% acetonitrile/0.5% ammonium formate for nanoLC-
MS/MS system.
Nano-scale Reverse Phase Chromatography and Tandem MS (nanoLC-MS/MS)

The nanoLC-MS/MS analysis was carried out using Orbitrap Eclipse
(ThermoFisher) equipped with a nanospray Flex lon Source using real-time search
SPS MS3 method coupled with the UltiMate3000 RSLCnano (Dionex).% * Each
reconstituted fraction (5 pL for global proteomics fractions) was injected onto a
PepMap C-18 RP nano trap column (5 pM, 100 pM x 20 mm, Dionex) at 20 pL/min

flow rate for on-line desalting, and further separated on a PepMap C-18 RP nano
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column (2 pm, 75 pm x 25 cm). The column was equilibrated with 2% acetonitrile in
0.1% aqueous formic acid (eluant A) prior to each run. The labeled peptides were
eluted in a 120 min gradient of 5% to 33% eluant B containing 95% acetonitrile in
0.1% formic acid at 300 nL/min, followed by an 8-min ramping to 90% B, a 9-min
hold and 25 min re-equilibration with 2% acetonitrile-0.1% formic acid prior to the
next run. The Orbitrap Eclipse is operated in a positive ion mode with nano spray
voltage set at 1.8 kV and source temperature at 300 °C. External calibration for FT, IT
and quadrupole mass analyzers were performed. For global proteomics fractions, the
instrument was operating using the RTS SPS MS3 workflow based on the
manufacturer’s provided template. Specifically, the RTS MS3 template contained 2.5
second “Top Speed” data-dependent CID-MS/MS scans followed by SPS of 10 MS?
product ions for subsequent MS® in FT. In RTS mode, the Homo sapiens Uniprot
database containing 20,304 entries was imported as the FASTA database with trypsin
as the enzyme for the real-time spectral database search. The search parameters
included: TMT 6-plex modifications on lysine and N-terminal amines (A mass
57.0215), and maximum 2 variable methionine oxidation per peptide, and 1 missed
cleavage. A maximum search time for 35 ms allowed for RTS MS? searching. The
MS? scan was carried out using a mass range of 100-500 m/z, an MS isolation window
of 1.1 m/z and MS? isolation window of 3.0 m/z were used. A resolving power of
50,000 with a normalized collision energy of 55% was used for peptide quantitation.
Other parameters included 500% normalized AGT target and 118 ms for maximum

injection time. Dynamic exclusion parameters were set at 1 within 50s exclusion
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duration with £10 ppm exclusion mass window. All data were acquired under
Xcalibur 4.3 operation software in Orbitrap Eclipse (ThermoFisher).
Data Processing, Protein Identification and Data Analysis

All raw MS spectra were processed and searched using the Sequest HT search
engine within the Proteome Discoverer 2.3 (PD2.3, ThermoFisher). The Homo sapiens
Uniprot database containing 20,304 entries was downloaded from Uniprot and used
for database searches. The default search settings used for 10-plex TMT quantitative
processing and protein identification in PD2.3 searching software were: two mis-
cleavage for full trypsin with fixed carbamidomethyl modification of cysteine, fixed
10-plex TMT modifications on lysine and N-terminal amines and variable
modification of methionine oxidation, deamidation on asparagine/glutamine residues
and protein N-terminal acetylation. The peptide mass tolerance and fragment mass
tolerance values were 10 ppm, 0.6 Da for MS? and 20 ppm for MS2, respectively.
Identified peptides were further filtered for maximum 1% FDR using the Percolator
algorithm in PD 2.3 along with additional peptide confidence set to high and peptide
mass accuracy < 5 ppm. The TMT10-plex quantification method within Proteome
Discoverer 2.3 software was used to calculate the reporter ion abundances in MS®
spectra that were corrected for the isotopic impurities. Both unique and razor peptides
were used to quantitation. Signal-to-noise (S/N) values were used to represent the
reporter ion abundance with a co-isolation threshold of 50% and an average reporter
S/N threshold of 10 and above required for quantitation spectra. The S/N values of
peptides from such values of the PSMs, were summed to represent the abundance of

the proteins. For the relative ratio between the two groups, normalization on total
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peptide amount for each sample was applied. The search result including ratio, p-
value, peptide abundance for each sample was output to Microsoft Excel for further

data analysis.
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Scheme 3.2 Synthesis of TM-P4-Thal-CH3
Synthesis of Acetyl-H3K9, Succinyl-H3K9 and Myristoyl-H3K9
Acetyl-H3K9, Succinyl-H3K9 and Myristoyl-H3K9 were prepared as
previously reported. The sequence was KQTAR-(Acetyl/Succinyl/Myristoyl-K)-
STGGWW.1°
Synthesis of Alk-14 probe
Alk-14 was synthesized as previously reported.®®

Synthesis of Compound 2-15, TM, TM-P2-Thal and TM-P4-Thal

Compound 2-4, 13 and TM were synthesized as previously reported*®.

tert-butyl 3-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)amino)ethoxy)ethoxy)propanoate (5).
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To tert-butyl 3-(2-(2-aminoethoxy)ethoxy)propanoate (0.211 g, 0.766 mmol)
dissolved in dimethyl formamide (DMF, 7.6 mL), diisopropylethylamine (DIPEA,
0.267 mL, 1.53 mmol) and Compound 4 (0.178 g, 0.766 mmol) were added slowly.
The reaction mixture was stirred overnight at 90 °C. DMF was removed by rotary
evaporation at 80 °C. Ethyl acetate (50 mL) was added to dissolve the residue, which
was further washed with water (40 mL) and brine (40 mL). The collected ethyl acetate
layer was dried over Na,SO4 and concentrated by rotary evaporation. The crude
residue was purified by silica gel column chromatography using hexane and ethyl
acetate to afford the final product 5 (0.112 g, 30% yield). *H NMR (500 MHz,
CDs;0OD) & 7.57 (dd, J = 8.6, 7.1 Hz, 1H), 7.09 (dd, J = 19.7, 7.8 Hz, 2H), 5.07 (dd, J =
12.6, 5.5 Hz, 1H), 3.75 — 3.68 (m, 4H), 3.68 — 3.59 (m, 4H), 3.51 (t, J = 5.3 Hz, 2H),
2.96 — 2.66 (M, 3H), 2.47 (t, J = 6.2 Hz, 2H), 2.12 (dtd, J = 13.0, 5.1, 2.3 Hz, 1H), 1.44
(s, 9H). °C NMR (126 MHz, CD30D) & 173.24, 171.47, 170.16, 169.23, 167.89,
146.83, 135.76, 132.50, 116.82, 110.57, 109.94, 80.32, 70.18, 70.09, 69.24, 66.61,
48.78, 41.85, 35.87, 30.81, 26.94, 22.41. LCMS (ESI) calcd. for [M+H-tbu]*
C20H24N30g 434.15, obsd. 434.10. Calcd. for [M] C24H31N30sg 489.21, obsd. 489.77.
Calcd. for [M+Na7] C24H31N3OgNa 512.21, obsd. 512.05.
tert-butyl 1-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-3,6,9,12-
tetraoxapentadecan-15-oate (6).

To tert-butyl 1-amino-3,6,9,12-tetraoxapentadecan-15-oate (0.367 g, 1.33
mmol) dissolved in DMF (13 mL), DIPEA (0.463 mL, 2.66 mmol) and Compound 4
(0.427 g, 1.33 mmol) were added slowly. After stirring overnight at 90 °C, DMF was

removed by rotary evaporation at 80 °C. The residue was dissolved with ethyl acetate
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(40 mL) and washed with water (30 mL) and brine (30 mL). The ethyl acetate layer
was dried over Na>SO4 and concentrated by rotary evaporation. The crude residue was
purified by silica gel column purification using hexane and ethyl acetate to afford the
final product 6 (0.333 g, 44%). *H NMR (500 MHz, CD3OD) & 7.57 (dd, ] = 8.5, 7.1
Hz, 1H), 7.09 (dd, J = 20.7, 7.8 Hz, 2H), 5.07 (dd, J = 12.5, 5.5 Hz, 1H), 3.77 — 3.50
(m, 18H), 2.95 — 2.66 (m, 3H), 2.47 (t, J = 6.2 Hz, 2H), 2.19 — 2.07 (m, 1H), 1.45 (s,
9H). 13C NMR (126 MHz, CDzOD) & 173.25, 171.39, 170.13, 169.24, 167.88, 146.82,
135.78, 132.49, 116.85, 110.59, 109.90, 80.32, 70.27, 70.25, 70.23, 70.20, 70.08,
69.98, 69.25, 66.48, 48.79, 41.86, 35.83, 30.82, 26.96, 22.42. LCMS (ESI) calcd. for
[M+H-tbu]* C24H32N3010 522.20, obsd. 522.12. Calcd. for [M] C2sH33N3010 577.26,
obsd. 577.95.
3-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)amino)ethoxy)ethoxy)propanoic acid (7).

To Compound 5 (0.109 g, 0.222 mmol) dissolved in dichoromethane (DCM,
2.2 mL), p-toluenesulfonic acid (0.0843 g, 0.444 mmol) was added. After stirring
overnight at room temperature, the reaction mixture was diluted with DCM (50 mL)
and further washed with water (40 mL) and brine (40 mL). The collected DCM layer
was dried over Na>SO4 and concentrated by rotary evaporation. The crude residue was
purified by silica gel column chromatography using DCM and methanol to afford the
final product 7 (0.0557 g, 58%). *H NMR (500 MHz, CDsOD) & 7.57 (dd, J = 8.5, 7.1
Hz, 1H), 7.09 (dd, J = 20.2, 7.8 Hz, 2H), 5.07 (dd, J = 12.6, 5.4 Hz, 1H), 3.74 (dt, J =
7.9, 5.8 Hz, 4H), 3.71 — 3.61 (m, 4H), 3.52 (t, J = 5.3 Hz, 2H), 2.92 — 2.68 (m, 3H),

2.56 (t, J = 6.3 Hz, 2H), 2.13 (dtd, J = 13.1, 5.0, 2.2 Hz, 1H). 1*C NMR (126 MHz,
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CD30OD) 6 174.18,173.28, 170.21, 169.24, 167.91, 146.82, 135.76, 132.49, 116.84,
110.57, 109.91, 70.12, 70.04, 69.22, 66.58, 48.78, 41.83, 34.56, 30.81, 22.40. LCMS
(ESI) calcd. for [M+H]" C20H24N30g 434.15, obsd. 434.12.
1-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-3,6,9,12-
tetraoxapentadecan-15-oic acid (8).

To Compound 6 (0.329 g, 0.570 mmol) dissolved in DCM (5.7 mL), p-
toluenesulfonic acid (0.217 g, 1.14 mmol) was added. After stirring overnight at room
temperature, the reaction mixture was diluted with DCM (50 mL) and washed with
water (40 mL) and brine (40 mL). The collected DCM layer was dried over Na;SO4
and concentrated by rotary evaporator. The crude residue was purified by silica gel
column chromatography using DCM and methanol to afford the final product 8 (0.136
g, 46%). *H NMR (500 MHz, CDz0OD) & 7.55 (dd, J = 8.6, 7.1 Hz, 1H), 7.08 (dd, J =
20.2, 7.8 Hz, 2H), 5.06 (dd, J = 12.4, 5.5 Hz, 1H), 3.76 — 3.48 (m, 18H), 2.92 — 2.63
(m, 3H), 2.53 (t, J = 6.3 Hz, 2H), 2.19 — 2.02 (M, 1H). 3C NMR (126 MHz, CD30D)
0 178.14,177.22, 174.10, 173.18, 171.83, 150.75, 139.73, 136.42, 120.80, 114.53,
113.83, 74.17, 74.16, 74.15, 74.11, 73.97, 73.88, 73.17, 70.44, 52.73, 45.78, 38.54,
34.75, 26.35. LCMS (ESI) C22H32N3010 calcd. for [M+H]* 522.20, obsd. 522.15.
NZ2-(tert-butoxycarbonyl)-Ne¢-tetradecanoyl-L-lysine (9).

Boc-L-lysine (10 g, 40.6 mmol) was dissolved in water (100 mL) and dioxane
(100 mL). To the mixture, NaHCO3 (10.2 g, 122 mmol) was added slowly. The
mixture was then stirred at room temperature until no precipitation is observed. After
2 — 4 hours, myristoyl chloride (12.1 mL, 44.6 mmol) was added to the mixture. After

stirring overnight at room temperature, the reaction mixture was diluted with DCM
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(150 mL) and washed with 15% citric acid (125 mL) and brine (100 mL). The
collected DCM layer was dried over Na2SO4 and concentrated using rotary
evaporation. The crude residue was purified by silica gel column chromatography
using DCM and methanol to afford the final compound 9 (11.7 g, 63%). *H NMR (500
MHz, CD3OD) § 4.06 (dd, J =9.2, 4.7 Hz, 1H), 3.17 (t, ] = 6.9 Hz, 2H), 2.16 (t,J =
7.5 Hz, 2H), 1.88 — 1.75 (m, 1H), 1.71 — 1.49 (m, 5H), 1.44 (s, 11H), 1.31 — 1.21 (m,
20H), 0.90 (t, J = 6.9 Hz, 3H). *C NMR (126 MHz, CDs0D) & 174.89, 174.83,
156.76, 79.03, 53.42, 38.63, 35.77, 31.68, 31.06, 29.40, 29.36, 29.32, 29.23, 29.07,
29.03, 28.91, 28.58, 27.34, 25.69, 22.91, 22.33, 13.03. LCMS (ESI) calcd. for [M+H-
Boc]" C20H11N203 357.30, obsd. 357.90.
NZ2-(tert-butoxycarbonyl)-N°¢-tetradecanethioyl-L-lysine (10).

To P2Ss (0.779 g, 3.50 mmol) dissolved in tetrahydrofuran (THF, 60 mL),
NaHCOs3 (0.184 g, 2.19mmol) was added. Then, the mixture was stirred for 1 — 2
hours at room temperature. To the reaction mixture, Compound 9 (2.00 g, 4.38 mmol)
was added slowly at 0 °C. After 1 hour of stirring at 0 °C, the reaction mixture was
stirred overnight at room temperature. After removing THF by rotary evaporation, the
residue was dissolved in DCM (70 mL) and washed with 15% citric acid (65 mL),
water (65 mL) and brine (70 mL). The collected DCM layer was dried over Na;SO4
and concentrated using a rotary evaporator. The crude residue was purified by column
chromatography using hexane and ethyl acetate, affording the final compound 10
(0.931 g, 45%). 'H NMR (500 MHz, CD30D) & 4.08 (dd, J = 9.1, 4.7 Hz, 1H), 3.19 (¢,
J=6.9 Hz, 2H), 2.18 (t, J = 7.5 Hz, 2H), 1.92 — 1.77 (m, 1H), 1.73 — 1.50 (m, 5H),

1.46 (s, 11H), 1.31 — 1.21 (m, 20H), 0.92 (t, J = 6.9 Hz, 3H). 3C NMR (126 MHz,
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CD30D) 6 205.06, 174.78, 156.77, 79.08, 53.35, 45.66, 45.16, 31.68, 31.11, 29.41,
29.40, 29.35, 29.31, 29.22, 29.08, 29.06, 28.53, 27.34, 26.87, 23.03, 22.34, 13.04.
LCMS (ESI) calcd. for [M+H]" C2sHasN204S 473.33, obsd. 473.06.

tert-butyl (S)-(1-oxo-1-(phenylamino)-6-tetradecanethioamidohexan-2-
yl)carbamate (11).

To Compound 10 (0.714 g, 1.51 mmol) dissolved in THF (18 mL), isobutyl
chloroformate (0.254 mL, 1.96 mmol) and DIPEA (0.790 mL, 4.53 mmol) was added
at room temperature. After 1 hour of stirring at room temperature, aniline (0.206 mL,
2.26 mmol) was added to the reaction mixture. After stirring overnight at room
temperature, THF was removed by rotary evaporation. The residue was dissolved in
ethyl acetate (70 mL) and further washed with 15% citric acid (65 mL), water (65 mL)
and brine (65 mL). The collected ethyl acetate layer was dried over Na;SO4 and
concentrated by rotary evaporation. The crude residue was purified by column
purification using DCM and methanol to afford the final product 11 (0.438 g, 53%).
'H NMR (500 MHz, CD30D) & 7.57 (d, ] = 7.9 Hz, 2H), 7.31 (t, ] = 7.8 Hz, 2H), 7.11
(t,J=7.4 Hz, 1H), 4.19 (dd, J = 8.7, 5.4 Hz, 1H), 3.62 (t, J = 7.2 Hz, 2H), 2.69 — 2.49
(m, 2H), 1.85 (m, J = 19.0, 7.5, 6.6 Hz, 1H), 1.72 (m, J = 8.8, 2.7 Hz, 5H), 1.47 (s,
11H), 1.31 — 1.21 (m, 20H), 0.95 — 0.88 (t, J = 6.9 Hz, 3H). 3C NMR (126 MHz,
CD30D) 6 205.04, 172.10, 156.52, 138.09, 128.42, 124.00, 120.06, 79.29, 55.21,
45.72,45.15, 31.92, 31.71, 29.45, 29.44, 29.39, 29.35, 29.26, 29.11, 29.08, 28.59,
27.39, 27.04, 23.04, 22.37, 13.13. LCMS (ESI) calcd. for [M+H]" C31Hs54N303S

548.38, obsd. 548.14.
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(2S)-2-(3-(2-(2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)amino)ethoxy)ethoxy)propanamido)-N-phenyl-6-
tetradecanethioamidohexanamide (TM-P2-Thal).

To Compound 11 (0.0505 g, 0.0921 mmol) dissolved in DCM (0.6 mL),
trifluoroacetic acid (0.4 mL) was added at room temperature. After stirring 2 hours at
room temperature, the reaction mixture was diluted with toluene, which was then
removed by rotary evaporation. Addition and evaporation of toluene was repeated
three more times. The reaction crude was taken to the next step without further
purification.

To Compound 7 (0.0399 g, 0.0921 mmol) dissolved in DMF (0.8 mL), N-
methylmorpholine (15.3 pL, 0.138 mmol) was added at room temperature. After 10
minutes of stirring at room temperature, isobutyl chloroformate (14.3 uL, 0.111
mmol) was added to the mixture. The reaction mixture was stirred for additional 2
hours at room temperature. To this reaction mixture, the reaction crude from above
was added. After stirring overnight at room temperature, DMF was removed by rotary
evaporation at 60 — 80 °C. The reaction mixture was diluted with ethyl acetate (40
mL) and washed with water (35 mL) and brine (35 mL). The collected ethyl acetate
layer was dried over Na,SO4 and concentrated by rotary evaporation. The crude
residue was purified by silica gel column chromatography using hexane and ethyl
acetate to afford the final product TM-P2-Thal (0.0302 g, 38%). *H NMR (500 MHz,
CD:0D) § 7.58 — 7.51 (m, 3H), 7.30 (t, J = 7.8 Hz, 2H), 7.13 — 6.96 (m, 3H), 5.15 —
5.03 (m, 1H), 4.48 (td, J = 9.0, 5.5 Hz, 1H), 3.78 (tt, J = 5.8, 2.3 Hz, 2H), 3.70 (t, J =

5.0 Hz, 2H), 3.65 (d, J = 2.8 Hz, 4H), 3.57 (t, J = 7.2 Hz, 1H), 3.47 (td, J = 5.3, 2.2 Hz,
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2H), 3.15 (t, J = 6.9 Hz, 1H), 2.95 — 2.80 (m, 1H), 2.73 (tt, J = 17.3, 6.5 Hz, 2H), 2.55
(dt, J=8.7, 6.6 Hz, 3H), 2.12 (q, J = 9.1, 8.4 Hz, 2H), 1.93 — 1.80 (m, 1H), 1.79 — 1.61
(m, 3H), 1.50 (ddg, J = 39.0, 23.8, 7.3 Hz, 4H), 1.32 — 1.26 (m, 20H), 0.90 (t, J = 6.9
Hz, 3H). 3C NMR (126 MHz, CD30D) & 205.04, 174.86, 173.23, 172.78, 171.11,
170.34, 169.35, 167.86, 146.77, 138.08, 135.82, 132.47, 128.40, 123.99, 120.01,
116.84, 110.61, 109.89, 69.97, 69.07, 66.96, 53.89, 48.80, 45.67, 45.16, 41.77, 38.62,
36.21, 35.77, 31.68, 30.81, 29.40, 29.36, 29.33, 29.22, 29.08, 29.04, 28.92, 28.67,
28.55, 26.99, 25.68, 22.76, 22.34, 13.04. LCMS (ESI) calcd. for [M+H]" C46He7NsOsS
863.47, obsd. 863.32. HRMS (ESI) calcd. for [M+H]" CasHs7NsOsS 863.4741, obsd.
863.4729.
1-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-N-((S)-1-oxo-1-
(phenylamino)-6-tetradecanethioamidohexan-2-yl)-3,6,9,12-tetraoxapentadecan-
15-amide (TM-P4-Thal)

To Compound 11 (0.428 g, 0.781 mmol) dissolved in DCM (2.4 mL),
trifluoroacetic acid (1.6 mL) was added at room temperature. After stirring 2 hours at
room temperature, the reaction mixture was diluted with toluene, which was then
removed by rotary evaporator. Addition and evaporation of toluene was repeated three
more times. The reaction crude was taken to next step without further purification.

To Compound 8 (0.408 g, 0.781 mmol) dissolved in DMF (7.8 mL), DIPEA (0.272
mL, 1.56 mmol) was added at room temperature. After 10 minutes of stirring at room
temperature, isobutyl chloroformate (0.152 mL, 1.17 mmol) was added. The reaction
mixture was stirred for additional 2 hours at room temperature. To this reaction

mixture, the reaction crude from above was added slowly. After stirring overnight at
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room temperature, DMF was removed by rotary evaporation at 60 — 80 °C. The
reaction mixture was diluted with ethyl acetate (70 mL) and washed with water (65
mL) and brine (65 mL). The collected ethyl acetate layer was dried over Na>SO4 and
concentrated by rotary evaporation. The crude residue was purified by silica gel
column chromatography using DCM and methanol to afford the final product TM-P4-
Thal (0.198 g, 27%). 'H NMR (500 MHz, CD30D) & 7.65 — 7.49 (m, 3H), 7.30 (t, J =
7.8 Hz, 2H), 7.18 — 7.02 (m, 3H), 5.06 (dd, J = 12.5, 5.5 Hz, 1H), 4.46 (dd, J = 8.6, 5.5
Hz, 1H), 3.77 — 3.49 (m, 18H), 3.22 — 3.13 (m, 2H), 2.95 — 2.65 (m, 3H), 2.53 (td, J =
6.0, 2.8 Hz, 2H), 2.26 — 2.01 (m, 3H), 1.99 — 1.83 (m, 1H), 1.81 — 1.69 (m, 1H), 1.64 —
1.39 (m, 6H), 1.32 — 1.25 (m, 20H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz,
CD30D) 6 205.01, 174.87, 173.25, 172.71, 171.16, 170.19, 169.21, 167.87, 146.82,
138.08, 135.79, 132.49, 128.41, 124.01, 120.09, 116.86, 110.60, 70.24, 70.23, 70.19,
70.16, 70.02, 69.94, 69.23, 66.89, 53.96, 48.79, 41.85, 38.63, 36.06, 35.78, 31.68,
31.52, 30.81, 29.40, 29.36, 29.33, 29.23, 29.08, 29.02, 28.93, 28.69, 25.69, 22.82,
22.43, 22.33, 13.04. LCMS (ESI) calcd. for [M+H]* CsoH75Ns010S 951.52, obsd.
951.20. HRMS (ESI) calcd. for CsoH7sNgO10S [M+H]* 951.5265, obsd. 951.5231.
tert-butyl 1-((2-(1-methyl-2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)amino)-3,6,9,12-tetraoxapentadecan-15-oate (14).

To tert-butyl 1-amino-3,6,9,12-tetraoxapentadecan-15-oate (0.0722 g, 0.225
mmol) and DIPEA (98 uL, 0.562 mmol) dissolved in DMF (1.5 ml), Compound 13
(0.0544 g, 0.187 mmol) was added slowly. After stirring overnight at 90 °C, DMF was
removed by rotary evaporator at 80 °C. Ethyl acetate (20 mL) was added to dissolve

the residue. Then, the crude mixture was washed with water (15 ml) and brine (15 ml).

166



The organic layer was dried over Na,SO4 and concentrated by rotary evaporator. The
crude residue was further purified by silica gel column chromatography using hexane
and ethyl acetate to afford the final product 14 (0.0309 g, 28% yield). *H NMR (500
MHz, CD30D) & 7.49 (dd, J = 8.5, 7.1 Hz, 1H), 7.14 — 7.05 (m, 1H), 6.93 (d, J = 8.5
Hz, 1H), 5.05 — 4.80 (m, 1H), 3.74 — 3.60 (m, 18H), 3.21 (s, 3H), 3.03 — 2.90 (m, 1H),
2.85 - 2.66 (M, 2H), 2.49 (t, J = 6.6 Hz, 2H), 2.13 — 2.04 (m, 1H), 1.44 (s, 9H). 13C
NMR (126 MHz, CD30D) 6 171.41, 171.05, 170.29, 169.59, 169.14, 146.99, 136.14,
132.71, 116.88, 111.76, 110.53, 80.68, 70.85, 70.82, 70.78, 70.76, 70.65, 70.51, 69.73,
67.05, 49.77, 42.58, 36.41, 32.10, 28.25, 27.40, 22.28. LfCMS (ESI) calcd. for
[M+H]* C29H42N3010 592.28, obsd. 592.58
1-((2-(1-methyl-2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-3,6,9,12-
tetraoxapentadecan-15-oic acid (15).

To compound 14 (0.0309 g, 0.0522 mmol) dissolved in DCM (0.7 mL), p-
toluenesulfonic acid (0.0298 g, 0.157 mmol) was added. The reaction mixture was
stirred overnight at room temperature. Then, the reaction mixture was diluted with
DCM (20 mL) and washed with water (15 mL) and brine (15 mL). The collected
organic layer was dried over Na,SO4 and concentrated by rotary evaporator. The crude
residue was purified by silica gel column chromatography using DCM and methanol
to afford the final product 15 (0.0231 g, 83%). *H NMR (500 MHz, CD30D) § 7.49
(dd, J = 8.5, 7.1 Hz, 1H), 7.10 (d, J = 7.0 Hz, 1H), 6.93 (d, J = 8.5 Hz, 1H), 4.96 — 4.86
(m, 1H), 3.81 — 3.60 (M, 18H), 3.21 (s, 3H), 3.05 — 2.87 (M, 1H), 2.79 — 2.73 (m, 2H),
2.59 (t, J = 6.0 Hz, 2H), 2.09 — 2.04 (m, 1H). 3C NMR (126 MHz, CD:0D) & 171.49,

169.66, 169.23, 167.96, 167.91, 146.96, 136.20, 132.68, 116.94, 111.80, 110.49,
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70.85, 70.72, 70.71, 70.56, 70.52, 70.21, 69.68, 66.86, 49.77, 42.46, 32.07, 27.40,
22.26, 14.27. LCMS (ESI) calcd. for [M+H]* C25H34N3010 536.22, obsd. 536.82
1-((2-(1-methyl-2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)-N-(1-
oxo-1-(phenylamino)-6-tetradecanethioamidohexan-2-yl)-3,6,9,12-
tetraoxapentadecan-15-amide (TM-P4-Thal-CH3).

To Compound 11 (0.0314 g, 0.0573 mmol) dissolved in DCM (0.4 mL),
trifluoroacetic acid (0.3 mL) was added at room temperature. After stirring 2 hours,
the reaction mixture was diluted with toluene, which was removed by rotary
evaporator. Addition and evaporation of toluene was repeated three times. The
reaction crude was taken to next step without further purification.

To Compound 15 (0.0231 g, 0.0431 mmol) dissolved in THF (0.6 mL), TEA (24 uL,
0.173 mmol) was added at room temperature. After 15 minutes of stirring at room
temperature, methyl chloroformate (5 pL, 0.0647 mmol) was added. The reaction
mixture was stirred for additional 2 hours at room temperature. To this reaction
mixture, the reaction crude from above was added slowly. After stirring overnight at
room temperature, THF was removed by rotary evaporator. Then, the reaction mixture
was diluted with ethyl acetate (20 mL) and washed with water (15 mL) and bring (15
mL). The collected organic layer was dried over Na2SO4 and concentrated by rotary
evaporator. The crude residue was purified by silica gel chromatography using DCM
and methanol to afford the final product TM-P4-Thal-CH3 (0.0124 g, 30%). *H NMR
(500 MHz, CH30D) & 7.56 (dd, J = 8.6, 7.1 Hz, 3H), 7.35 — 7.22 (m, 2H), 7.15 — 6.99
(m, 3H), 5.09 (dd, J = 12.9, 5.4 Hz, 1H), 4.46 (dd, J = 8.6, 5.6 Hz, 1H), 3.78 — 3.49 (m,

18H), 3.16 (m, 5H), 2.95 — 2.62 (M, 3H), 2.62 — 2.48 (m, 2H), 2.19 — 2.05 (m, 3H),
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1.96 — 1.83 (m, 1H), 1.74 (dtd, J = 13.6, 9.4, 5.0 Hz, 1H), 1.59 — 1.42 (m, 6H), 1.31 —
1.28 (m, 20H), 0.90 (t, 3H). 3C NMR (126 MHz, CH30D) & 176.28, 174.10, 173.68,
172.56, 171.41, 169.31, 148.27, 139.50, 137.23, 133.90, 129.82, 125.43, 121.51,
118.30, 112.03, 71.64, 71.61, 71.57, 71.44, 71.36, 70.67, 68.30, 55.37, 50.85, 49.51,
49.34, 49.17, 49.00, 48.83, 48.66, 48.49, 43.27, 40.04, 37.48, 37.19, 33.08, 32.93,
32.50, 30.80, 30.76, 30.73, 30.63, 30.48, 30.43, 30.33, 30.11, 27.36, 27.09, 24.23,
23.74, 23.08, 14.44. LCMS (ESI) cald. For [M+H]* Cs1H77NgO10S 965.53, obsd.
965.91 HRMS (ESI) calcd. for [M+H+Na]* Cs:H77NsO10SNa 988.531961 obsd.

988.5339.
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CHAPTER 4
PHARMACOLOGICAL ADVANTAGE OF SIRT2-SELECTIVE VERSUS PAN-
SIRT1-3 INHIBITORS

This is a revised version of the published paper: Hong JY, Fernandez I, Anmangandla A, Lu X, Bai JJ, Lin H.
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J.Y.H., LF. and H.L. conceived the concept. J.Y.H. designed, synthesized the inhibitors. J.Y.H. tested these
inhibitors in solubility tests, in vitro enzymatic assays, cell proliferation assays, cell permeability tests, and in-cell
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A. purified enzymes. X.L. helped mice experiments, and J. J. B. assisted cellular assays. J. Y. H., I. F., and H.L.

wrote the manuscript. All the authors have given approval to the final version of the manuscript.

4.1 Abstract

Due to wide involvement in various biological pathways, the sirtuin enzyme family
members SIRT1, SIRT2, and SIRT3 play both tumor promoting and suppressing roles
based on the context and experimental conditions. Thus, an interesting question is
whether inhibiting one of them or inhibiting all of them would be better for treating
cancers. Pharmacologically, this is difficult to address, due in part to potential off-
target effects of different compounds. Compounds with almost identical properties but
differing in SIRT1-3 selectivity will be useful for addressing this question. In this
paper, we have developed a pan SIRT1-3 inhibitor (NH4-6) and a SIRT2-selective
inhibitor (NH4-13) with very similar chemical structures, the only difference being the
substitution of an ester bond to an amide bond. Such minimal difference allows us to

accurately compare the anticancer effect of pan SIRT1-3 inhibition and SIRT2-
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selective inhibition in cellular and mouse models. NH4-6 showed stronger cytotoxicity
than NH4-13 in cancer cell lines. In mice, both inhibitors showed similar anticancer
efficacy. However, NH4-6 is toxic to mice, which hinders the use of higher dosages.
These results highlight the advantage of SIRT2-selective inhibitors as potential

anticancer therapeutics.

4.2 Introduction

The class 111 histone deacetylase, sirtuins, require nicotinamide adenine
dinucleotide (NAD") as a co-substrate. They transfer the acyl group on protein lysine
residues to NAD", forming O-acyl ADP-ribose, nicotinamide, and deacylated
proteins.1 Sirtuins have various biological functions and have been implicated in
various diseases, such as cancer, inflammation, and neurodegenerative disorders.**°
There are seven sirtuins in humans, SIRT1-7, each with unique enzymatic activities,
functions, and subcellular localizations.®*® Among them, SIRT1, 2, and 3 have been
studied extensively due to their robust deacetylase activity and biological importance
in stress response, genome stability, cell physiology, metabolism, inflammation, and
tumorigenesis.® % 12 20-23 |n terms of tumorigenesis, SIRT1, 2, and 3 have been
reported to have contradictory roles, acting as both tumor suppressors and
promoters,t2 24-26

SIRT1, predominantly located in the nucleus, is the most well-studied sirtuin.??
As a tumor suppressor, SIRT1 inactivates various tumor-promoting transcription
factors, such as NF-kB and HIF1-0.2"*° Transgenic mice with SIRT1 overexpression
had less tumor formation than wild-type mice.3" 32 In normal cells, SIRT1 promotes

genome stability through activation of high-fidelity DNA repair, which would
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suppress tumorigenesis.*2 Meanwhile, as a tumor activator, SIRT1 inhibits FOXO1-
induced apoptosis and stabilizes c-Myc, which is responsible for increased expression
levels of genes associated with cell proliferation.®® 34 However, in cancer cells, SIRT1
activated low-fidelity DNA repair, which causes increased mutation occurrences.*?
SIRT2, which is mainly cytosolic, has been reported to be a tumor suppressor
because SIRT2 knockout mice develop more tumors as they age. The reported model
is that SIRT2 regulates cell cycle by deacetylating APC/C, and the loss of SIRT2 leads
to abnormal cell division and promotes tumor formation.*® Nevertheless, more recent
reports highlighted SIRT2’s tumor-promoting role. SIRT2 deacetylates many
metabolic enzymes, transcription factors and signaling proteins to promote
tumorigenesis. For instance, similar to SIRT1, SIRT2 deactivates FOXO-1 to inhibit

apopotsis.®® Also, SIRT2 stabilizes c-Myc and Slug, thereby promoting breast cancer
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Figure 4.1 Structures of previously reported sirtuin inhibitors. (A) SIRT1 activator
and inhibitor. (B) SIRT2 inhibitors. (C) SIRT3 inhibitors (D) Pan-sirtuin inhibitors.
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cell proliferation.” 3 Through deacetylating LDH-A, which is responsible for lactate
production, SIRT2 promotes pancreatic cell proliferation.®® Through its defatty-
acylase activity on K-Ras4a, SIRT2 also regulates the transforming ability of K-
Ras4a.*

SIRT3 was initially viewed as a tumor suppressor. Mainly localized in
mitochondria, SIRT3 promotes mitochondrial metabolism, promotes ROS removal,
and suppresses the Warburg effect.?® 4t Furthermore, SIRT3 KO mice develop
mammary tumors, while SIRT3 WT mice do not.*? On the other hand, a recent report
suggested that SIRT3 is required for proliferation, survival, and metabolism of
diffusive large B cell lymphomas (DLBCL), suggesting a tumor promoting role of
SIRT3.43

Thus, due to their involvements in various biological pathways, SIRT1, 2, and 3
can have either tumor promoting or suppressing roles depending on the contexts and
conditions. Accordingly, the anticancer effect of pharmacological inhibition of sirtuins
may also be complicated and need detailed investigation in different type of cancers.

Because of the important roles of sirtuins in physiology and diseases, numerous
sirtuin modulators have been developed. Because SIRT1 was initially reported as a
tumor suppressor, several SIRT1-activating compounds (STACs) have been
synthesized and tested as anticancer agents. SRT1720 (Figure 4.1A) activated SIRT1
in vitro and effectively reduced breast and pancreatic tumors in xenograft mouse
studies.** % Yet, the compound promoted lung cancer cell migration and lung
metastasis.*® Later, the SIRT1 activation effect of SRT1720 was questioned, as the

activation effect in vitro required specific peptides.*’ Furthermore, a SIRT1-specific

175



inhibitor, EX-527 (Figure 4.1A), impaired PANC-1 cell proliferation in vitro, but
promoted its growth in vivo.*® As such, activation and inhibition of SIRT1 portrayed
conflicting results in cancer studies.

Many SIRT2 inhibitors have been developed and tested as potential anticancer
agents. SirReal2 decreased the migration and invasion of gastric cancer cells.*® °
NCO0-90/140 induced apoptosis and autophagy cell deaths against leukemia cells.>* An
NCO-90-derived Compound 53 slowed down breast cancer cell proliferation.>? A
mechanism-based SIRT2 selective inhibitor, TM, showed broad anti-cancer effects in
both cellular and animal studies partially through the degradation of c-Myc (Figure
4.1B).%® AF-8, a compound similar to TM, showed promising anti-cancer effect in
cellular and mouse models of colorectal cancer.>

As for SIRT3, only a few SIRT3 small molecule modulators have been reported.
Initially designed to be a SIRT1 activator, SRT1720 was discovered to inhibit
SIRT3.%* LC-0296 with selective SIRT3 inhibition portrayed anti-proliferative effects
against head and neck squamous cell carcinoma (HNSCC).>® Recently, YC8-02, a
mitochondrial-targeting SIRT3 inhibitor, further confirmed SIRT3’s importance in
DLBCLs (Figure 4.1A, C).*® YC8-02 also inhibits SIRT1 and SIRT2, but the
mitochondrial targeting moiety enhances its SIRT3 inhibition ability in cells.

Along with sirtuin isoform-selective inhibitors, several non-selective sirtuin
inhibitors have been synthesized as well. Given that SIRT1, SIRT2, and SIRT3 are all
connected to cancer, one interesting question is whether small molecules that inhibit
all three sirtuins will be better or worse as anticancer agents. Tenovin-6 inhibits both

SIRT1 and 2 and can significantly impair ARN8 melanoma cell proliferation in
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Figure 4.2 Chemical structures of synthesized TM analogs.

xenograft studies.®® The mechanism-based sirtuin inhibitor, JH-T4, inhibits SIRT1, 2,
and 3 and can further inhibit the defatty-acylase activity of SIRT2.% Interestingly, JH-
T4 differs from the SIRT2-selective inhibitor TM by only one oxygen atom. The non-
selective sirtuin inhibitors Tenovin-6 and JH-T4 (Figure 4.1D) displayed much
stronger cellular cytotoxicity compared to the SIRT2-specific inhibitor TM. However,
Tenovin-6 and JH-T4 are cytotoxic to both normal epithelial cells and cancer cells,
while TM’s cytotoxicity is selective toward cancer cells.®” °® These data suggest that
inhibiting multiple sirtuins (SIRTL, 2, and 3) may cause more general cytotoxicity.
However, Tenovin-6 is known to have significant off-target effect and JH-T4 may also
have off-target effect. Thus, it is not clear whether the increased general cytotoxicity
comes from off-target effects or from inhibiting multiple sirtuins. Whether inhibiting
all three sirtuins with a non-selective inhibitor will be better than an isoform-selective

inhibitor as an anticancer strategy requires further investigation.

177



Towards addressing this question, here we made two structurally similar sirtuin
inhibitors, NH4-6 and NH4-13. The only difference between these two compounds is
that NH4-6 contains an amide bond while the corresponding part in NH4-13 is an ester
bond. This minimal structural change, however, enables NH4-13 to be SIRT2-
selective while NH4-6 inhibits SIRT1, 2, and 3. Thus, NH4-6 and NH4-13 provide a
unique opportunity for us to investigate and compare the anticancer activity of

inhibiting just SIRT2 versus inhibiting SIRT1, 2, and 3.
4.3 Results and Discussion

4.3.1 Design of NH4-6 and NH4-13

TM exerted wide anti-cancer effects by selectively inhibiting SIRT2.38
However, because of its long hydrophobic thiomyristoyl chain, TM possesses poor
aqueous solubility, thereby hindering its bioavailability. Thus, we have attempted to
improve TM’s aqueous solubility in the past few years. Shortening the chain length
resulted in loss of SIRT2 selective inhibition.3 Based on the crystal structure of the
SIRT2 in complex with a glucose-conjugated TM (Glucose-TM), we found that the
main interactions of SIRT2 and TM originate from a series of hydrogen bonds with
the TM peptide backbone and the hydrophobic interaction with the thiomyristoyl
chain.>® From this, we designed two new derivatives with improved aqueous
solubility, NH4-6 and NH4-8. At the C-terminal, NH4-8 contains a methyl ester group
and inhibited SIRT2 selectively. In contrast, NH4-6, with a trimethylamine functional
group connected to the thiomyristoyl lysine via an amide bond, inhibited all three
sirtuins, SIRT1-3 (Figure 4.2). Comparing the structures of NH4-6 and NH4-8, we

hypothesized that the amide bond of NH4-6 could be crucial for the simultaneous
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inhibition of the three sirtuins. To test this hypothesis, we synthesized NH4-13,
substituting the amide bond of NH4-6 with an ester bond (Figure 4.2). The synthesis

of NH4-13 is shown in Scheme 4.1.

Table 12. In vitro enzymatic 1Cso values (uM) of NH4-6 and NH4-13.

NH4-6* NH4-13
SIRT1 3£2 >50
SIRT2 0.032+0.04 0.087 £0.01
SIRT3 2305 >50
SIRTS >83 >83
SIRT6 > 83 > 83

*Previously reported values59

4.3.2 NH4-6 inhibits SIRT1, SIRT2, and SIRT3, while NH4-13 selectively inhibits
SIRT2 in vitro.

We evaluated NH4-6 and NH4-13 against the deacetylation activities of SIRT1,
2, and 3 in vitro using reported methods.>® NH4-6 inhibited SIRT1, 2 and 3
deacetylases at 1Cso values of 3, 0.032 and 2.3 uM, respectively.* In contrast, NH4-13
only inhibited SIRT2 deacetylase with an ICsp value of 0.087 uM, comparable to that
of TM and NH4-6. Even at 50 uM, NH4-13 did not inhibit SIRT1 or SIRT3. Also,
both NH4-6 and NH4-13 could not inhibit SIRT5 and 6, even at 83 uM. Thus, a
simple substitution of NH to O transformed the non-selective inhibitor (NH4-6) into a

SIRT2-selective inhibitor (NH4-13) (Table 12).
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Figure 4.3 Solubility tests of NH4-6 and NH4-13 in PBS and DMEM. 50 mM DMSO
stock of TM, NH4-6 and NH4-13 were diluted to 10 mg/mL final concentration in 1 x
PBS and DMEM media.
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Figure 4.4 NH4-13 is less toxic than NH4-6 in several cancer cell lines. Cell viability
of MCF7, MDA-MB-231, HCT-116, and SW948 cells were measured after treatment
with TM, NH4-6, or NH4-13 for 72 hours.*

* Blue stars indicate the p-value from grouped multiple t-tests between NH4-6 and TM at the indicated
concentration (n=3, triplicate at each concentration). Orange stars indicate the p-value from grouped multiple t-tests
between NH4-13 and TM at the indicated concentration (n=3, triplicate at each concentration). For these multiple t-
tests, the four highest concentrations in the graph were used.
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Because of this simple modification, we assumed NH4-13 to possess similar
aqueous solubility as NH4-6. To test their aqueous solubilities, both compounds were
initially dissolved at 50 mM in DMSO. Then, the dissolved DMSO stock was diluted
to 10 mg mL! in phosphate buffered saline (PBS) and Dulbecco’s Modified Eagle
Media (DMEM). As expected, both dissolved solutions of NH4-6 and NH4-13
remained transparent, whereas white precipitation formed immediately in the solutions
of TM (Figure 4.3). These experiments not only confirmed the enhanced aqueous
solubilities of NH4-6 and NH4-13, but also their chemical similarities. With this
confirmation, we were able to use NH4-6 and NH4-13 to compare the functional

effects of pan-SIRT1-3 inhibition and SIRT2-selective inhibition.

4.3.3 NH4-6 shows stronger cytotoxicity than NH4-13.

We compared the effects of TM, NH4-6, and NH4-13 on cellular growth in
MCF7, MDA-MB-231, HCT-116, and SW948 cancer cells. The cells were treated
with various concentrations of the inhibitors for 72 hours, and the proliferations were
quantified using Cell-Titer Blue. In all four cell lines, at lower concentrations, TM
treatment showed stronger cytotoxicity than NH4-6 and NH4-13. However, as the
concentration increased, TM’s effect plateaued out and 50 pM of TM had similar
effects with 100 uM of TM. At 50 uM, NH4-6 exceeded TM’s effectiveness and
killed essentially all the cells at 100 uM. At 50 uM, NH4-13 exerted a weaker effect
than TM, but eventually killed all the cells at 100 uM (Figure 4.4). In addition to the
breast and colorectal cancer cell lines tested above, we have tested the cytotoxicity of

TM, NH4-6, and NH4-13 against various cancer and normal cell lines, including
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Figure 4.5 NH4-13 is less toxic than NH4-6 in cervical, lung, pancreatic cancer

cells, breast epithelial cells, and mouse embryo fibroblasts. Cell viability of HeLa,
A549, NCI-H23, MIA PaCa-2, U87, HMEL, and 3T3 cells were measured after

treatment with TM, NH4-6, or NH4-13 for 72 hours.**

**Blue stars indicate the p-values from grouped multiple t-tests between NH4-6 and TM at the indicated

concentration (n=3, triplicate at each concentration). Orange stars indicate the p-value from grouped multiple t-tests

between NH4-13 and TM at the indicated concentration (n=3, triplicate at each concentration). * p < 0.05, ** p <
0.01, *** p <0.001, n.s., not significant. For these multiple t-tests, the four highest concentrations in the graph

were used.
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cervical, lung, pancreatic, breast epithelial, and mouse embryo fibroblasts (Figure 4.5).
Similar trends were observed in these cell lines.

The observation that NH4-6 and NH4-13 showing weaker effects in lower
concentrations, but stronger effects in higher concentrations compared to TM can be
explained by their increased solubility but decreased permeability. Charged groups
often portray weaker cellular permeability. Thus, at lower concentrations, because of
the charged trimethylamine, NH4-6 and NH4-13 may not efficiently pass-through
membranes. However, at higher concentrations, with higher aqueous solubility, more

NH4-6 and NH4-13 could remain dissolved, resulting in increased cytotoxicity.

Table 13. Calculated concentrations (ug/million cells) of TM, NH4-6, and NH4-13
detected from MCF7 cells.

Calculated Concentrations (ug/million cells)

20 UM treatment 40 pM treatment
™ 0.20 0.28
NH4-6 0.092 0.23
NH4-13 0.12 0.19

To confirm this, after treating MCF7 cells with 20 and 40 pM of inhibitors for 6
hours, we carefully washed the cells and extracted small molecules from cells with
ice-cold methanol. Then, the extraction was analyzed by liquid chromatography-mass
spectrometry (LC-MS) to detect the amounts of the compounds that had entered the
cells. The amounts of TM were 0.20 and 0.28 pg/million cells after 20 and 40 pM

treatments, respectively. As the difference was quite minimal, this explained why

183



TM’s cytotoxicity flattened out with increasing concentrations. After 20 and 40 uM
treatments, 0.092 and 0.23 pg/million cells of NH4-6 and 0.12 and 0.19 pg/million
cells of NH4-13 were detected, respectively (Table 13). At 40 uM, similar
concentrations of NH4-6 and TM were detected. The cellular concentration trend of
NH4-6 and TM can explain the observed cytotoxicity trends of NH4-6 and TM. At
lower concentrations, less NH4-6 was able to pass through membranes, due to its
positively charged triethylamine, lowering its cytotoxicity. In contrast, at higher
concentrations, more NH4-6 could be dissolved and enter the cells, increasing its
cytotoxicity.

Next, we compared the cytotoxicity of NH4-6 and NH4-13 to see the differences
between the pan-SIRT1-3 and SIRT2-selective inhibitors. Generally, NH4-13 showed
weaker cytotoxicity than NH4-6. For instance, in all four cell lines (MCF7, MDA-
MB-231, HCT-116, and SW948), 50 uM of NH4-13 showed effects about twice
weaker than that of NH4-6. At 100 uM, NH4-13 could kill most of the cells, reaching
a similar efficacy level as NH4-6 (Figure 4.4). This trend was also observed in other
cell lines, as well (Figure 4.5). Interestingly, even though the cellular concentrations of
NH4-6 and NH4-13 were similar when applied at 40 uM (Table 7), the cytotoxicity of
NH4-6 was stronger than NH4-13. Given that their structures and chemical properties
are similar, we hypothesized that such cytotoxicity disparity comes from the different
sirtuin inhibitory actions. In other words, NH4-6 exerted stronger cytotoxicity because
it could concurrently inhibit all three sirtuins, SIRT1, 2, and 3. Meanwhile, NH4-13
exerted milder cytotoxicity, as it could only inhibit SIRT2. Another possibility was

that NH4-13 may be less effective at inhibiting SIRT2. However, as will be
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Figure 4.6 The stability of NH4-6 and NH4-13 in Dulbecco’s Modified Eagle
Medium (DMEM). (A) 150 uM of NH4-6 and NH4-13 in DMEM was kept shaking at
37 °C and collected at the indicated incubation time. The detection of the compound

peaks was done by high-performance liquid chromatography (HPLC).***

***Black stars indicate the p-values from grouped multiple t-tests between NH4-6 and NH4-13 at the
indicated concentration (n = 3, triplicate at each concentration). * p < 0.05, *** p < 0.001, n.s., not significant. (B)
Structure of NH4-3 and its in vitro enzymatic 1Cso values.

demonstrated below, NH4-6 and NH4-13 seemed to inhibit SIRT2 similarly based on
tubulin acetylation.

Since an ester bond is less stable and prone to hydrolysis in cells, we tested
whether the amide bond of NH4-6 and ester bond of NH4-13 affect the stability of the
compounds in Dulbecco’s Modified Eagle Medium (DMEM) media with 10% fetal
bovine serum (FBS) (Figure 4.6). NH4-6 with the amide bond maintained its structure,
even after a 4-hour incubation. However, NH4-13 with the ester bond at the 4-hour
ester bond at the 4-hour incubation was significantly hydrolyzed into NH4-3 without
the trimethylamine moiety (Figure 4.6B). This stability difference may contribute to
the lower cytotoxicity of NH4-13 compared to NH4-6 in the cell proliferation assays.

However, we believe this contribution may be minimal as we identified that the
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Figure 4.7 NH4-6 show no difference in cytotoxicity between SIRT2 WT and KO
MEF cells while NH4-13 is less cytotoxic in SIRT2 KO than WT MEF cells. (A)
Immunoblots of SIRT2, showing the Sirt2 levels in MEF SIRT2 WT and KO cells. (B)
Cell viability of SIRT2 WT and KO MEF cells were measured after treatment with
NH4-6 or NH4-13 for 72 hours.****

****Black stars indicate the p-values from grouped multiple t-tests between SIRT2** and SIRT2"- MEF at
the indicated concentration (n=3, triplicate at each concentration). *** p < 0.001, n.s., not significant. For these
multiple t-tests, the four highest concentrations in the graph were used.

hydrolysis product NH4-3 is also a selective SIRT2 inhibitor with 1Cso of 25 uM and
0.012 uM for SIRT1 and SIRT2, respectively. Thus, even if NH4-13 gets hydrolyzed
into NH4-3, SIRT2 selective inhibition will be maintained.

To further confirm whether the cytotoxicity of NH4-13 originates from single
inhibition of SIRT2, and the cytotoxicity of NH4-6 was due to pan SIRT1-3
inhibition, we treated SIRT2 wild-type and knockout mouse embryo fibroblast (MEF)
cell lines with NH4-6 and NH4-13 for 72 hours and checked the cell proliferation

using Cell-Titer Blue (Figure 4.7). For NH4-6, the pan-SIRT1-3 inhibitor, there was
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no difference in the cytotoxicity curve between the SIRT2 WT and KO MEF cell
lines, suggesting that the cytotoxicity of NH4-6 may mainly come from the
simultaneous inhibition of SIRT1 and SIRT3. In contrast, for NH4-13, there was only
a significant cytotoxicity effect in SIRT2 WT MEF cells at 100 uM. At the same
concentration, no severe cytotoxicity was observed in SIRT2 KO MEF cells. This
difference indicates that the cytotoxicity of NH4-13 mainly comes from the selective
inhibition of SIRT2 (Figure 4.7B).

We also co-incubated NH4-6 and NH4-13 with 50 uM of EX-527, a SIRT1-
selective inhibitor, and monitored the cell viability of MDA-MB-231 cells (Figure
4.8). EX-527 at 50 uM had only minor inhibition on cell viability. The co-treatment of
NH4-6 and EX-527 affected the cell viability similarly to the treatment of NH4-6
alone. As NH4-6 already inhibits SIRT1, the addition of EX-527 was expected not to
produce further effects. In contrast, the co-incubation of NH4-13 and EX-527 resulted
in stronger cytotoxicity than the incubation with only NH4-13. This increase verified
that NH4-13 only inhibits SIRT2 and the combination with EX-527 increases the
cytotoxicity. This also provided additional support that the mild cytotoxicity of NH4-

13 may come from its selective SIRT2 inhibition in cells.

4.3.4 NH4-6 inhibits SIRT1, SIRT2, and SIRT3, while NH4-13 selectively inhibits
SIRT2 in cells.
To examine sirtuin inhibition effects of these compounds in cells, we examined
acetylation levels of known substrates of SIRT1, 2, and 3. First, we looked at the

acetylation level of p53 (K382), a SIRT1 substrate.®® Because p53 can also be
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Figure 4.8 The combination of EX5-27 with NH4-13 does not increase cytotoxicity,
while combination of EX-527 with NH4-13 increases the cytotoxicity. (A) Cell
viability of MDA-MB-231 cells after treatment with different concentrations of NH4-6
and with or without 50 uM of EX-527 for 72 hours. The cell viability after treatment
with different concentrations of EX-527 was also shown as a reference. Black stars
indicate the p-value from grouped multiple t-tests between NH4-6 and EX-527+NH4-6
(n=3, triplicate at each concentration). (B) Cell viability of MDA-MB-231 cells were
measured after treatment with different concentrations of NH4-13 and with or without
50 uM of EX-527 for 72 hours. The cell viability after treatment with different

concentrations of EX-527 was also shown as a reference.*

*Black stars indicate the p-value from grouped multiple t-tests between NH4-13 and EX-527+NH4-13
(n=3, triplicate at each concentration). *** p < 0.001, n.s., not significant. For these multiple t-tests, the four
highest concentrations in the graph were used.

deacetylated by zinc-dependent HDACs, we treated MCF7 cells with Trichostatin A, a
class I and 11 HDAC inhibitor, and the indicated sirtuin inhibitors to detect the effect
of SIRT1 inhibition.%! %2 Using EX-527 as a positive control, we observed a clear
increase in acetylated p53, in accordance with previous reports.®® With an in vitro ICsg
value of 3 uM against SIRT1, 100 uM of NH4-6 increased the acetylation level of p53
in MCF7 cells. This confirmed that NH4-6 could inhibit SIRT1 in living cells.

Consistent with in vitro 1Cso values of TM (> 83 uM) and NH4-13 (50 uM) for
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SIRT1, either compound did not increase the acetylation level of p53 at 100 uM
(Figure 4.9A).

Next, we examined changes in acetylation levels of a-tubulin, a previously
reported SIRT2 target, through immunofluorescence after treating cells with TM,
NH4-6, and NH4-13 for 6 hours.®* We had chosen immunofluorescence imaging,
instead of immunoblots, because several reports failed to observe a significant
increase in acetyl-o tubulin with the treatment of SIRT2 inhibitors in cells via western
blots, but were able to detect acetylation increases via immunofluorescence.*® %° At
10, 25, and 50 uM, TM treatment increased the acetylation level of a-tubulin
significantly, compared to the DMSO control treatment. For these TM-treated
samples, we also had detected a dose-dependent increase of acetyl-a-tubulin. For both
NH4-6 and NH4-13 at 10 and 25 puM, there was no increase in the acetylation level.
However, at 50 uM, NH4-6 and NH4-13 increased tubulin acetylation levels,
equivalent to that of TM treatment (Figure 4.9B, 4.10). This is consistent with the cell
proliferation and permeability assays, in which these two compounds showed weaker
SIRT2 inhibition at lower concentrations, due to their low permeability, but their
effects increased at higher concentration due to better solubility. Based on the
increased acetylation levels of a-tubulin, NH4-6 and NH4-13 inhibited SIRT?2
similarly in cells at a high concentration.

To assess the in-cell inhibition of SIRT3, we monitored acetylation levels of
IDH2, a previously reported SIRT3 target.®® 67 We treated MDA-MB-231 cells that
express a flag-tagged IDH2 in a doxycycline-inducible manner with the inhibitors for

6 hours. Then, the flag-tagged IDH2 was pulled down by immunoprecipitation, and
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Figure 4.9 NH4-6 simultaneously inhibited SIRT1, 2 and 3 while NH4-13
selectively inhibits SIRT2 in cells. (A) Immunoblots for the acetylation of p53 (K382)
in MCF7 cells treated with control (DMSO) or indicated concentrations of EX-527, TM,
NH4-6, or NH4-13 for 6 hours. (B) Immunofluorescence detection of acetylated a-
tubulin (K40) in MCF7 cells treated with control or indicated concentrations of TM,
NH4-6, or NH4-13 for 6 hours. (C) Immunoblots for acetylated IDH2 after
immunoprecipitation of Flag-tagged IDH2 in MDA-MB-231 cells treated with indicated
concentrations of YC8-02, TM, NH4-6, or NH4-13 for 6 hours.
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the acetylation level was detected using an Ac-IDH2 antibody. NH4-13 did not
increase the acetylation level of IDH2, which is consistent with its SIRT3 deacetylase
ICso values greater than 50 uM. Meanwhile, as expected, 50 pM of YC8-02, a
previously reported mitochondria-targeting SIRT3 inhibitor, increased the acetylation
level of IDH2 in cells (Figure 4.9C). Consistent with its SIRT3 deacetylase I1Cso of 2.3
UM, NH4-6 at 100 uM inhibited SIRT3 in cells. Based on the immunoblot, 100 uM of
NH4-6 produced higher IDH2 acetylation level than 40 uM of YC8-02 (due to severe
cytotoxicity, the cells were only treated with 40 pM of YC8-02, while a higher
concentration, 100 uM, of NH4-6 was used in the experiment). Overall, the IDH2
acetylation result suggests that NH4-6 could effectively inhibit SIRT3, while NH4-13
could not.

By monitoring the acetylation levels of p53 (SIRT1), a-tubulin (SIRT2) and
IDH2 (SIRT3), we confirmed that in cells, NH4-13 inhibits SIRT2 selectively, while
NH4-6 simultaneously inhibits SIRT1, 2, and 3. Thus, the stronger toxicity of NH4-6
likely comes from its pan-sirtuin inhibition, and the milder toxicity of NH4-13 likely

comes from its SIRT2-selective inhibition.

4.3.5 NH4-6 and NH4-13 show similar anticancer effect, but NH4-6 causes over-
toxicity in mice.

Then, we assessed the bioavailability of these two compounds through
pharmacokinetics studies. After treating the mice with NH4-6 or NH4-13 (in 10%
DMSO and 90% PBS) for 30 minutes, we collected blood and extracted the
compounds for detection by LC-MS. As expected, clear traces of both NH4-6 and

NH4-13 were observed in the serum samples collected after 30 minutes (Figure
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Figure 4.10 Quantification of acetyl a-tubulin immunofluorescence intensity from
Figure 4.9. Acetyl a-tubulin fluorescence intensity was normalized by DAPI signal,
and the relative acetyl a-tubulin level of the vehicle control was set to 1.0."*

**Black stars indicate p-value from the two-tailed Student’s t-test (n=6). *** p < 0.001, **** p < 0.0005, n.s., not
significant.

4.11A). The serum concentrations of NH4-6 and NH4-13 decreased in later time
points. The clearance rate of NH4-13 was faster than that of NH4-6 (Figure 4.11B).
After confirming that NH4-6 and NH4-13 can be detected in the serum, we
tested their toxicities by daily injection of different dosages to the NSG mice for five
days and monitoring their body weights, behaviors, and physical appearances. At 30
and 50 mg/kg, NH4-6 showed severe toxicities after the first day of injection. At 50
mg/kg, all mice lost about 20% of their body weight in 24 hours. At both dosages,
most of the treated mice showed very little physical activity or grooming. After the

second and third days, most of the mice had to be sacrificed due to the severe toxicity.
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Figure 4.11 The stability of NH4-6 and NH4-13 in mice. (A) Detection of NH4-6 and
NH4-13 in mice serum collected after 30 minutes of intraperitoneal injection at 50
mg/kg injection. (B) Pharmacokinetics of NH4-6 and NH4-13 in mice. NH4-6 and NH4-
13 (dissolved in 10% DMSO, 90% PBS) was injected at 30 mg/kg. At the indicated time,
blood was taken. After isolating serum and extracting the small molecule with methanol,

the samples were injected into high-performance liquid chromatography for

+++

detection.

***Black stars indicate the p-value from grouped multiple t-tests between NH4-6 and NH4-13 at the indicated
concentration (n = 3 for each concentration). * p < 0.05, n.s., not significant.

In contrast, at 30 and 50 mg/kg dosages, NH4-13 did not cause severe weight loss or
decrease in physical activity. The toxicity discrepancy between the two compounds
could be due to the different sirtuin inhibition profile and clearance rate.

After the initial acute toxicity studies, we tested the two inhibitors’ antitumor
effects in a tumor xenograft mouse model. A colon cancer cell line, HCT-116, was
subcutaneously injected into immunocompromised male NSG mice. Once the tumors
had formed and grown to 100-200 mm?, the mice were randomly divided into two

groups and treated by IP injection of inhibitors or the control vehicle (10% DMSO,
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Figure 4.12 NH4-6 and NH4-13 significantly impaired tumor growth in HCT-116
tumor xenograft. (A) Tumor volume over time for NH4-6 and NH4-13 (30 mg/kg)
treated mice relative to vehicle treated mice. NSG mice injected with HCT-116 human
colorectal cancer cells were treated every other day for 15 days. (*** P value = 0.00074
(NH4-6), 0.000017 (NH4-13), Two-tailed Student’s t-test, n = 3 mice per group, n = 6
tumors per group). (B) Tumor images and quantification of tumor weight of HCT-116
xenograft mice treated with 30 mg/kg NH4-6, NH4-13, or vehicle control for 15 days.
(** P value = 0.0051 (NH4-6), * P value = 0.018 (NH4-13), Two-tailed Student’s t-test,
n = 3 mice per group, n = 6 tumors per group). (C) Average body weight of mice treated
with 30 mg/kg of NH4-6, NH4-13, or vehicle control for 15 days. No significant
changes in body weight over time were observed. N = 3 mice per group. *

t Data shown in Figures A, B, C, are the mean values + standard deviation.
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Figure 4.13 Effects of NH4-13 in HCT-116 tumor xenograft mice models at 0, 15,
and 50 mg/kg dosages. (A) Tumor volume over time for NH4-13 (0, 15, and 50 mg/kg)
treated mice. NSG mice injected with HCT-116 human colorectal cancer cells were
treated five times per week for 15 days. (* P value = 0.032, Two-tailed Student’s t-test,
n=3 mice per group, n=6 tumors per group). (B) Representative tumor images and
quantification of tumor weight of HCT-116 xenograft mice treated with NH4-13. (* P
value = 0.0018, Two-tailed Student’s t-test, n=3 mice per group, n=6 tumors per group).
(C) Average body weight of mice treated with different dosages of NH4-13 for 15 days.

No significant changes in body weight over time were observed. n=3 mice per group.

t1Data shown in Figures A, B, C are the mean values + standard deviation.
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90% 1X PBS). Male mice were specifically chosen, as the recent report demonstrates
higher incidence in male.®®

Due to the toxicity from NH4-6, we injected 30 mg/kg of NH4-6 or NH4-13
every other day. Mice were able to tolerate the decreased NH4-6 injection frequency
at 30 mg/kg. NH4-6 or NH4-13 treatment significantly impeded tumor progression, as
seen through tumor volumes and weights. At the end of the study, compared to that of
the vehicle-treated mice, the tumor volumes of mice treated with NH4-6 or NH4-13
were significantly reduced by ~50% (Figure 4.12A). The average tumor weights of
NH4-6 and NH4-13 treated mice were 311 and 383 mg, respectively, while the
average tumor weight for vehicle control was 662 mg (Figure 4.12B). Hence, overall
tumor size and weight were reduced in mice by NH4-6 and NH4-13. Furthermore,
between NH4-6 and NH4-13 samples, there was no clear difference in tumor volumes
or weights (Figure 4.12A, B). At this dose, we did not see any major weight loss in
either treatment group (Figure 4.12C). Based on this experiment, despite their
differences in sirtuin inhibitory characteristics and clearance rate, NH4-6 and NH4-13
portrayed similar efficacies in tumor xenograft studies at the same dosage.

Because there was no observed toxicity from the previous experiment, we
wanted to assess the efficacy of NH4-13 by injecting a higher dosage in NSG mice.
We conducted the same experimental procedure described above but used 15 and 50
mg/kg of NH4-13. We chose one lower and one higher dosage to see if the effect of
NH4-13 was dose-dependent in mice. In both dosages, we observed differences in
tumor volumes and weights. Tumor volumes and tumor weights from mice treated

with 15 mg/kg of NH4-13 were significantly reduced compared to the vehicle control

196



Vehicle NH4-6 NH4-13

Ac-p53 | B B

AC-IDHZ | e i e—

B-Actin “‘ Input

Figure 4.14 SIRT1/2/3 inhibition assessment in tumors. Immunoblots for acetylated

p53, a-tubulin, and IDH2 after immunoprecipitation (with a pan-acetyllysine antibody)
of proteins in HCT-116 tumors treated with NH4-6 and NH4-13.

(Figure 4.13). The higher dosage of 50 mg/kg of NH4-13 showed even stronger effects
in tumor growth than the lower dosage of 15 mg/kg. Compared to that of the vehicle
control, tumor volumes of the 50 mg/kg treatment were about three times smaller
(Figure 4.13A). The average tumor weight from the 50 mg/kg treatment was about 544
mg, while those from the vehicle control and the 15 mg/kg treatment were 1418 and
731 mg respectively (Figure 4.13B). Furthermore, the 15 mg/kg treatment failed to
achieve statistical significance, but the 50 mg/kg treatment did. Throughout the
xenograft experiment, the mice in both dosages looked normal (their body weights
were stable, Figure 4.13C, and there were no behavioral changes). The individual
tumor xenograft study of NH4-13 showed that pharmacological inhibition of SIRT2
specifically has strong anticancer properties in mice without much toxicity issues.

To confirm whether NH4-6 and NH4-13 inhibited SIRT1-3 in the tumors, we
homogenized the collected tumors and assessed the acetylation levels of p53 (SIRT1

substrate), a-tubulin (SIRT2 substrate), and IDH2 (SIRT3 substrate) by immunoblots
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after immunoprecipitation using pan-acetyllysine antibody beads (Figure 4.14). For
acetyl-p53, we have not observed any significant increase from tumors treated with
NH4-6 and NH4-13. This was expected as p53 is a substrate for HDACs and in
cellular studies we had to co-treat the cells with Trichostatin A, an HDAC inhibitor, to
detect the increase in acetylation level of p53 by SIRT1 inhibitors. For the tumor
xenograft, since we only treated the mice with NH4-6 and NH4-13, we expected to see
no changes in acetyl-p53. Both NH4-6 and NH4-13 had increased the acetylated levels
of a-tubulin, thereby suggesting effective SIRT2 inhibition in tumors by NH4-6 and
NH4-13. Lastly, only NH4-6 had increased the acetylation level of IDH2, while NH4-
13 did not induce any change. This indicates that only NH4-6 could inhibit SIRT3 in
tumors. Overall, these results were in accordance with the cellular data and show that
NH4-6 simultaneously inhibited SIRT2 and 3, and NH4-13 selectively inhibited

SIRT2 in the tumor xenograft mice study.

4.4 Conclusion

Overall, our comparison studies showed that NH4-6, a pan-SIRT1-3 inhibitor,
showed stronger cytotoxicity than NH4-13, a SIRT2-selective inhibitor in cancer cells.
However, in vivo, even though NH4-6 showed slightly better pharmacokinetics, both
NH4-6 and NH4-13 equivalently impaired tumor growth. Furthermore, high dosage of
NH4-6 treatments caused severe toxicity issues, which is likely due to the
simultaneous inhibition of SIRT1, 2, and 3. Thus, it would be beneficial to develop
SIRT2-selective inhibitors. Furthermore, as pan-SIRT1-3 inhibitors and SIRT2-
selective inhibitors show similar effects in vivo, the study suggests that the anticancer

effect is mainly from SIRT2 inhibition in mice. Of course, this may be cancer cell
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specific and in other cancer cell lines, such as DLBCL cells, inhibiting SIRT3
produces the beneficial anticancer effect.*® Based on our study presented here, it
would also be interesting to investigate the effects of SIRT3-selective inhibition versus
pan-SIRT1-3 inhibition in DLBCL. Our study further bolsters the need for additional
research focus on sirtuin isoform-selective inhibitors for future biological studies and

anticancer applications.
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4.6 Methods

General Experiment methods
All chemical reagents and organic solvents used for the synthesis and

biological studies were purchased as analytical or higher grades from commercial

vendors. Chemical reactions were under nitrogen gas. For mass spectrometry
characterization of compounds, Shimadzu HPLC LC20-AD and Thermo Scientific

LCQ Fleet Mass Spectrometer under positive mode was used. HPLC grade water with

0.1% HPLC-grade acetic acid (Buffer A) and HPLC-grade acetonitrile with 0.1%

acetic acid (Buffer B) were used for the LC-MS solvents. The column for LC-MS was

Kinetex 5u EVO C18 100 A Column (30 x 2.1 mm, 5 pm). The UV traces of the
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compounds were detected at 215 and 260 nm. The NMR spectra were collected by
Bruker 500 spectrometer. For the silica column purification, SiliaFlash Irregular Silica
Gel P60, 40 — 63 pm, 60 A was used. For the sirtuin in vitro enzymatic assays,
Shimadzu HPLC LC20—AD with Kinetex 5u EVO C18 100 A column (100 mm x
4.60 mm, 5 um) system was used, and the UV peaks of the peptides were monitored at
215 and 280 nm. Solvents for this HPLC enzymatic assay were HPLC-grade water
with 0.1% trifluoroacetic acid (Buffer A) and HPLC-grade acetonitrile with 0.1%
trifluoroacetic acid. The purities of the compounds were confirmed to be at least 95%
using Shimadzu HPLC 20-AD system.
Antibodies

Anti-acetyl-a-tubulin (6-11B-1) (MABT868), anti-Flag-M2 conjugated to
horseradish peroxidase (A8592) and anti-Flag M2 affinity agarose gel (A2220) were
purchased from Sigma-Aldrich. Anti-rabbit IgG-horseradish peroxidase (#7074), anti-
SIRT2 antibody (#12650), anti-acetyl-p53 antibody (K382) (#2525), and anti-p53
antibody (#2527) were purchased from Cell Signaling Technology. The goat anti-
Mouse IgG (H+L) cross-adsorbed secondary antibody, Cyanine3 (A10521) was
purchased from ThermoFisher. The anti-p-Actin (C4) conjugated to horseradish
peroxidase (sc-4777) mouse anti-rabbit 1gG-horseradish peroxidase (sc-2357) were
purchased from Santa Cruz Biotechnology. Anti-mouse-GDH (14299-1-AP) was
purchased from ProteinTech. Anti-rabbit acetyl K413 IDH2 (AC0004) was purchased
from GeneTel Lab. Acetyl lysine antibody conjugated to agarose beads (ICP0388) was
purchased from ImmuneChem.

Immunoblots
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Immunoblots were done as previously reported.® ? Collected cells were lysed
using 1% NP-40 lysis buffer (25 mM Tris-HCI pH 8.0, 10% glycerol, 150 mM NacCl,
1% Igepal CA-630) with protease inhibitor cocktail purchased from Sigma.

Cell culture and transfection

MCF7, MDA-MB-231, HEK293T, U87, MIA PaCa-2, and HelLa cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
Fetal Bovine Serum (FBS) purchased from Invitrogen. HCT-116 cells were cultured in
McCoy’s 5A Medium supplemented with 10% FBS. SW948, NCI-H23, and A549
cells were cultured in Roswell Park Memorial Institute Medium (RPMI) supplemented
with 10% FBS. 3T3, MEF SIRT2 KO, and MEF SIRT2 WT cells were cultured in
DMEM supplemented with 15% FBS and 1x non-essential amino acids (11140050,
Gibco). Cells were incubated at 37 °C with 5% CO..

Mice

The animal protocol was approved by the Cornell University Institutional
Animal Care and Use Committee. Mice were caged under pathogen-free condition at
the Association for the Assessment and Accreditation of Laboratory Animal Care
International accredited facility and cared for in compliance with the Guide for the
Care and Use of Laboratory Animals. All the mice for this study were a 12:12
light:dark cycle and received irradiated food and reverse osmosis, hyper-acidified
water.

Cloning, expression, and purification of SIRT1, 2, 3,5, and 6
Human SIRTL, 2, 3, 5 and 6 were cloned, expressed, and purified as previously

reported.®
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Analytical HPLC in vitro sirtuin deacylation 1Cso assay

The in vitro enzymatic assays of SIRTL, 2, 3, 5, and 6 deacylase were carried
out following previously reported methods.? 3
Detecting inhibition of SIRT1 deacetylation activity in cells (Immunoblots of Ac-
p53)

Initially, MCF7 cells in 10-cm dishes (70% confluency) were co-incubated
with 400 nM of Trichostatin A and indicated concentrations of EX-527, TM, NH4-6,
or NH4-13 for 6 hours. The cells were then collected and lysed. Using anti-Ac-p53
(K382) antibody, the acetylation levels of p53 was detected by immunoblotting. As
the loading control, B-Actin was blotted.

Detecting inhibition of SIRT2 deacetylation activity in cells (Immunofluorescence
of Ac-a-tubulin)

To 35 mm-glass bottom dishes from MatTek, 200,000 MCF7 cells were
seeded. After overnight incubation, the cells were treated with either DMSO control or
indicated concentrations of TM, NH4-6, or NH4-13 for 6 hours. The cells were then
carefully washed with ice-cold PBS three times, and fixed with ice-cold methanol for
10 minutes. To the fixed cells, 0.1% Triton-X in PBS was added and incubated for 10
minutes. Then, the cells were washed with PBS three times and then incubated in 1%
BSA in TBST buffer (10 mM Tris-HCI pH 7.4, 150 mM NaCl and 0.1% Tween-20)
for 30 minutes. After that, the cells were incubated with Ac-a-tubulin antibody (1:100
dilution in 1% BSA in TBST buffer) overnight on the rocker at 4 °C. After washing
the cells with TBST buffer three times, the cells were treated with Cy3 conjugated

secondary antibody (1:1000) in 1% BSA in TBST and kept in dark at room
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temperature for an hour. Again, the cells were washed with TBST three times and
stained with DAPI fluoromount. The immunofluorescence was detected using
Cytation 5 Cell Imaging Reader.
Detecting inhibition of SIRT3 deacetylation activity in cells (Immunoblots of Ac-
IDH)

pSLIK-IDH2-FLAG was a gift from Christian Metallo (Addgene plasmid #
66806; http://n2t.net/addgene:66806 ; RRID:Addgene_66806) was used to generate
tet-inducible expression of IDH2 in cells.® From HEK293T cells, the lentiviral
particles were extracted. Then, MDA-MB-231 cells were treated with viral
supernatant with 6 pg/mL of polybrene overnight, followed with hygromycin (250
ug/mL) selection. To induce the IDH2-flag overexpression, the cells were treated with
doxycycline (1 ug/mL) for 48 hours. The cells were then treated with the indicated
concentrations of YC8-02, NH4-6, or NH4-13 for 6 hours. After collection, the cells
are lysed with RIPA lysis buffer (150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 25 mM Tris HCI (pH 7.4)). With the lysates, flag
immunoprecipitation was performed, and the acetylation levels of IDH2 was detected
by immunoblotting.
Cellular proliferation assay

1000 (HCT-116), 2000 (MDA-MB-231), 3000 (MCF7) 3000 (HME1), 2000
(HeLa), 2000 (SW948), 1000 (A549), 2000 (NCI-H23), 3000 (3T3), 4000 (MEF Sirt2
WT, KO) or 3000 (MIA PaCa-2) cells suspended in 100 pL of corresponding media
were seeded to wells of a Corning Costar Flat Bottom 96-well plate. After overnight

incubation, 100 pL of inhibitors dissolved in the corresponding media at various
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concentrations was added to each well. The final concentrations of the inhibitors
ranged from 1.56 uM to 100 uM. Experiments were done in triplicated. After 72 hours
of additional incubation, CellTiter Blue purchased from Promega was added, and the
viability was measured following the manufacturer’s protocol.
NH4-6 and NH4-13 cellular permeability assay

To the MCF7 cells with 70 — 80% confluency in 10-cm plates, DMEM
containing DMSO control or 20 or 40 uM of TM, NH4-6 or NH4-13 was added. After
6 hours of incubation, the cells were washed carefully with ice-cold PBS three times
and collected. After centrifuging the cells at 4 °C, 110 pL of ice-cold methanol was
added to extract small molecules. The tubes with methanol were vortexed thoroughly
and centrifuged at 15,000g for 15 minutes. The supernatant was transferred into a 96-
well plate and 100 pL of the supernatant was injected into LC-MS for detection. The
standard curves with concentrations ranging from 2 uM to 200 uM were prepared
similarly, which was used as the reference for the calculations.
Compound solubility tests

TM, NH4-6, and NH4-13 were initially dissolved with 100 pL of DMSO to
reach 50 mM concentration. Then, the DMSO stock was diluted into the indicated
final concentrations in PBS or DMEM. The final volume of the dilution was made to 1
mL. The mixtures were vortexed before taking the images with a digital camera.
Compound stability tests in DMEM and human male serum

NH4-6 and NH4-13 were dissolved with 1 mL DMEM or human male serum
(Sigma, #H4522) to reach 150 uM. Using the 3D rocker, the tubes were shaken at

37 °C. At the indicated time, 45 pL of the sample was taken out. Then, 50 pL of 6 M
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urea and 100 pL of ice-cold acetonitrile was added. After spinning at 15,000 g for 30
minutes, 95 uL of supernatant was injected into the HPLC or LC-MS for detection.
Until the injection, all samples were kept at O © for storage.
Detection of NH4-6 and NH4-13 in mouse serum after 30 minutes of injection

To the male NSG mice from the Jackson Laboratory, indicated dosage of NH4-
6 and NH4-13 dissolved in 10% DMSO and 90% PBS were injected. After 30
minutes, 100 pL of blood were taken from the mice. The blood samples were
centrifuged at 15,000 g for 15 minutes at 4 °C, and the supernatant was transferred to
new tubes. The supernatant was centrifuged again 15,000 g for 15 minutes at 4 °C.
The supernatant was transferred to new tubes, and equal volume of methanol was
added to extract the small molecules. The tubes were vortexed thoroughly and
centrifuged at 15,000 g for 15 minutes at 4 °C. The collected supernatant was again
centrifuged at 15,000 g for 15 minutes at 4 °C. The final supernatant was loaded to the
LC-MS to detect the compounds.
Pharmacokinetics of NH4-6 and NH4-13 in mice

To the male NSG mice from the Jackson Laboratory, indicated dosage of NH4-
6 and NH4-13 dissolved in 10% DMSO and 90% PBS were injected. At the indicated
time point, 20-40 pL of blood were taken from the mice. The blood samples were
centrifuged at 15,000 g for 15 minutes at 4 °C, and 20 uL of supernatant was
transferred to new tubes. The supernatant was centrifuged again 15,000 g for 15
minutes at 4 °C. The supernatant was transferred to new tubes, and 100 pL of
methanol was added to extract the small molecules. The tubes were vortexed

thoroughly and centrifuged at 15,000 g for 15 minutes at 4 °C. The collected
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supernatant was again centrifuged at 15,000 g for 15 minutes at 4 °C. 95 uL of the
final supernatant was loaded to the HPLC to detect the compounds.
Mouse tumor xenograft experiments with HCT-116 cells

Xenotransplantation studies were performed as previously described.’ Briefly,
one million HCT-116 colon cancer cells suspended in 100 puL of PBS were
subcutaneously injected into the flanks of male NSG mice from the Jackson
Laboratory. Once the tumor size grew to 100 — 200 mm?, mice were treated by
intraperitoneal injection for 15 days with vehicle control or indicated dosages of NH4-
6 or NH4-13 dissolved in 10% DMSO and 90% PBS. The overall health, behaviors
and body weights were monitored daily. The tumor volumes were measured using a
caliper. Once the tumors reached the endpoint, mice were sacrificed by CO>
asphyxiation. The tumors were collected and weighed for the data collection.
Detecting inhibition of SIRT1/2/3 deacetylation activity in tumors

30 mg of collected tumors in 750 mL of RIPA lysis buffer (150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 25 mM Tris HCI (pH 7.4)) were
homogenized by the Qiagen Tissuelyser LT for 1 minute under 30 st three times.
After the BCA assay to normalize the loadings, proteins were immunoprecipitated
using the acetyl-lysine agarose beads (ICP0388) for overnight at 4 °C. After running
the western blot, the nitrocellulose membranes were blocked with peptone blocking
buffer (0.1 M Tris-HCI (pH 7.5), 100 mM NacCl, 1% Peptone, and 10% Tween-20) for
overnight at 4 °C. Then, the membranes were washed with TBST buffer (10 mM Tris-
HCI pH 7.4, 150 mM NaCl and 0.1% Tween-20), and incubated with primary

antibody (1:1000) in peptone antibody buffer (0.1 M Tris-HCI (pH 7.5), 100 mM
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NaCl, 0.1% Peptone, and 0.5% Tween-20). After overnight incubation in 4 °C, the
membranes were washed with TBST buffer three times, and were incubated with the
secondary antibody (1:3000) in TBST buffer. After the three washes with TBST
buffer, the membranes were imaged using Typhoon Imager.
Synthesis of Acetyl-H3K9 Peptide

Acetyl-H3K9 with the sequence of KQTAR-(Acetyl-K)-STGGWW was
prepared and synthesized as previously reported.*
Synthesis of Compound 1, 2, 3, NH4-6 and TM

Compound 1, 2 3, NH4-6 and TM were prepared and synthesized as previously

reported.® 8

\)L
P2Ss

(0] Cbz-Lys-OH NaH003
—>
MCI NaHCO,
Water
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4> -
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S (X=0) 4 s (X=0) NH4-13

Scheme 4.1 Synthesis for NH4-6 and NH4-13.
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Synthesis of 3, 2-(dimethylamino)ethyl N2-((benzyloxy)carbonyl)-Né-
tetradecanethioyl-L-lysinate (Compound 4)

To Compound 2 (0.750 g, 1.48 mmol) dissolved in THF (15 mL), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (0.369 g, 1.92 mmol), 1-
hydroxybenzotriazole hydrate (0.291 g, 1.92 mmol), 2-(dimethylamino)ethan-1-ol
(200 pL, 1.92 mmol), and N,N-diisopropylethylamine (0.733 mL, 4.44 mmol) were
added at room temperature. After stirring overnight at room temperature, THF was
removed by rotary evaporation. The residue was re-dissolved in ethyl acetate (100
mL) and further washed with 1N HCI (80 mL), saturated NaHCO3 (80 mL) and brine
(80 mL). The collected organic layer was dried over Na,SO4 and concentrated by
rotary evaporation. The crude residue was purified by column purification using
dichloromethane (DCM) and methanol to afford the final product compound 4 (0.660
g, 77%). *H NMR (500 MHz, CD30OD) & 7.51 — 7.12 (m, 5H), 5.10 (d, J = 2.0 Hz, 2H),
4.24 (ddd, J = 13.4, 9.6, 5.2 Hz, 3H), 3.59 (td, J = 7.1, 3.2 Hz, 2H), 2.74 — 2.48 (m,
4H), 2.30 (s, 6H), 1.96 — 1.79 (m, 1H), 1.79 — 1.59 (m, 5H), 1.45 (h, J = 7.7, 7.0 Hz,
2H), 1.31 (m, 20H), 0.91 (t, J = 6.8 Hz, 3H). 23C NMR (126 MHz, CDs0D) § 205.10,
173.23, 157.28, 136.79, 128.07, 127.59, 127.34, 66.24, 62.13, 60.70, 58.75, 56.98,
53.94, 45.67, 45.07, 44.30, 31.68, 30.90, 29.41, 29.36, 29.32, 29.23, 29.09, 28.52,
26.80, 22.93, 22.34, 13.05. LCMS (ESI) calcd. for [M+H]* C32Hs6N304S 578.39,
obsd. 578.18.

Synthesis of 2-((N?-((benzyloxy)carbonyl)-N6-tetradecanethioyl-L-lysyl)oxy)-

N,N,N-trimethylethan-1-aminium iodide (NH4-13)
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To compound 4 (0.660 g, 1.14 mmol) dissolved in acetone (12 mL),
iodomethane (0.142 mL, 2.28 mmol) and triethylamine (0.320 mL, 2.28 mmol) were
added at 0 °C. After overnight stirring at 0 °C, the reaction mixture was warmed up to
room temperature and the solvent was removed using a rotary evaporator. The residue
was re-dissolved in DCM (85 mL). To the flask with the residue in DCM, 40 mL of
water was added slowly. The mixture was stirred slowly for 15 minutes, and then
transferred to a separatory funnel. Without shaking, the organic layer was separated by
draining and dried over Na2SOs. The solution was concentrated by rotary evaporation
and purified by column purification using DCM and methanol to afford the final
compound NH4-13 (0.355 g, 43%). 'H NMR (500 MHz, CDz0D) § 7.48 — 7.19 (m,
5H), 5.12 (d, J = 4.4 Hz, 2H), 4.75 — 4.42 (m, 2H), 4.21 (dd, J = 9.6, 5.0 Hz, 1H), 3.88
—3.43 (m, 4H), 3.22 (d, J = 15.9 Hz, 9H), 2.60 (t, J = 7.5 Hz, 2H), 1.91 (d, J = 10.0
Hz, 1H), 1.71 (dg, J = 21.9, 7.2, 6.5 Hz, 5H), 1.48 (dp, J = 22.2, 7.3 Hz, 2H), 1.41 —
1.25 (m, 20H), 0.92 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CD30D) 5 205.15,
171.86, 157.34, 136.76, 128.15, 127.73, 127.45, 66.33, 64.63, 58.20, 55.59, 54.05,
53.14, 45.70, 44.80, 31.68, 30.19, 29.40, 29.36, 29.32, 29.23, 29.07, 28.54, 26.75,

22.77, 22.33, 13.04. LCMS calcd. for [M-1]" Ca3HsgN3O4s* 592.41 obsd. 592.80.
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CHAPTER 5
BENZODIAZAPIENEDIONE-CORE SIRT2 SELECTIVE MECHANISM-BASED
INHIBITOR WITH IMPROVED AQUEOUS SOLUBILITY AND CELLULAR
PERMEABILITY DEMONSTRATES A POTENT ANTI-CANCER EFFECT.

5.1 Abstract

SIRT2 has been an attractive target for cancer treatment, because of its tumor
growth contribution. Thus, a plethora of SIRT2 selective inhibitors has been
developed. Among them, TM had shown the most promising anti-cancer effect, but its
main drawback was low aqueous solubility. To improve this, NH4-13 with a
trimethylammonium moiety was synthesized, but it portrayed poor cellular
permeability. To overcome these issues, NH-C1-10 with a benzodiazapienedione core
and 10-carbon thiourea acyl chain was designed, and showed improved aqueous
solubility and cell permeability. Even though NH-C1-10 inhibited SIRT2 slightly
weaker than TM in vitro, NH-C1-10 had shown stronger SIRT2 inhibition and
cytotoxicity than TM in cellular studies. Moreover, NH-C1-10 had demonstrated a
broad anti-cancer effect and impaired pancreatic tumor growth in the xenograft mice
study. Overall, this study further confirms the demand for SIRT2 selective inhibitor

with improved bioavailability for treating cancers.

5.2 Introduction
As class 111 histone deacetylase, sirtuins remove various acyl groups from
protein lysine residues. Mechanistically, sirtuins use NAD™ as a co-substrate and form

O-acyl-ADP-ribose, the de-acylated protein, and nicotinamide.X* In humans, there is a
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total of seven sirtuins, SIRT1-7, with different subcellular localizations, preferred acyl
groups, and tissue expression levels.*” Through deacylation, sirtuins regulate various
cellular functions, including metabolism, DNA repair, cell proliferation, transcription,
and inflammation. As sirtuins are involved in a plethora of biological activities, they
are viewed as the key targets for treating many diseases, such as cancer,
neurodegenerative diseases, and cardiac hypertrophy.* 8-1°

Mainly localized in the cytoplasm, SIRT2 removes both short acetyl and long-
chain fatty acyl groups from proteins.* 6 Among the seven sirtuins, SIRT2 has been
closely connected to cancer, due to its active involvement in many tumorigenic
activities. By deacetylating lysine 116 of Slug, SIRT2 stimulates the growth of basal-
like breast cancer.!” SIRT2 increases the stability of c-Myc and accelerates pancreatic
cancer cell proliferation.*® SIRT2 regulates cell metabolism through deacetylating and
inhibiting LDH-A, which is overexpressed and important in tumorigenesis.*® In
addition to deacetylation, SIRT2 removes long-chain fatty acyl groups to promote
cancer growth.*® For instance, through de-fatty acylation, SIRT2 promotes
endomembrane localization of K-Ras4a and consequently enhances cellular
transformation activity.? Moreover, SIRT2 removes the fatty acyl group on lysine 3
of ARF6 to promote ARF6 membrane localization and ERK activation.?! Through its
deacetylation and defatty-acylation, SIRT2 plays a key role in promoting cancer.

Along with the emergence of SIRT2 as a tumor activator, many SIRT2
inhibitors were developed as potential anticancer drugs. In leukemia cells, NCO-
90/140 treatment stimulated apoptosis and autophagy-led cell deaths.?? Targeting

substrate-binding, NAD™ and selectivity pockets, Compound 53 based on the NCO-90
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structure impaired proliferation of MCF7 breast cancer cells.?® SirReal2 occupied the
selectivity pocket of SIRT2 and suppressed the invasion of gastric cancer cells.?* 2
Mechanism-based SIRT2 inhibitors, Compound 26 and 26-D effectively decreased
breast cancer cell motility.2

Previously, we have also reported a mechanism-based SIRT2 selective
inhibitor, named TM. The sulfur atom of its acyl chain forms a covalent 1°-S-
alkylimididate to stall the SIRT2 enzymatic activity. In cells, treatment of TM induced
degradation of C-Myc, thereby leading to effective broad anti-cancer effect.
Furthermore, in mice, TM effectively delayed breast cancer growth.?” A similar
compound to TM, AF-8 also impeded cell proliferation and tumor growth of colorectal
cancer.?® Although TM and AF-8 showed potent anti-cancer effects, both inhibitors
possess poor aqueous solubility, due to their hydrophobicity. Such poor aqueous
solubility makes cellular and animal studies practically difficult and could potentially
decrease bioavailability of the compounds. Hence, increased aqueous solubility could
potentially improve their anti-cancer potency.

The mechanism-based SIRT2 inhibitor TM has a very modular structure,
which allowed us to easily modify it to improve the aqueous solubility. We previously
synthesized NH4-6 and NH4-13 with a trimethyl quaternary ammonium group on the
C-terminus, instead of TM’s phenyl group. The trimethyl quaternary ammonium had
improved aqueous solubility. However, due to its charged state, NH4-6 and NH4-13
showed poor cell permeability. Thus, at lower concentrations, both inhibitors have low

intracellular concentrations are less efficient at inhibiting SIRT2 compared to TM.?°
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Thus, balancing the aqueous solubility and permeability are important for improving
the potency of SIRT2 inhibitors as anti-cancer drugs.

Here, we report a new benzodiazapienedione-based SIRT2 selective inhibitor,
named NH-C1-10. The simpler design of NH-C1-10 had improved the aqueous
solubility and cellular permeability. Even though NH-C1-10 inhibited SIRT2 slightly
weaker in the in vitro enzymatic assay, NH-C1-10 with its enhanced bioavailability
inhibited SIRT2 stronger in cellular experiments. Moreover, NH-C1-10 effectively
impaired cell proliferation of numerous cancer cell lines, including breast, pancreatic,
colorectal, lung, glioblastoma, and melanoma cancers. We had focused on testing
pancreatic cancer in mice, as it is the third-most common cause of death from cancer
in the United States and has a poor prognosis. In the xenograft mice studies, NH-C1-
10 potently impeded pancreatic tumor growth, which further proved that SIRT2 is a

desirable therapeutic target.
5.3 Results and Discussion

5.3.1 Design of a SIRT2 inhibitor with benzodiazapienedione core.
To improve the anticancer effect, we aimed to design a new SIRT2 selective
inhibitor with enhanced aqueous solubility and cellular permeability. Because lower

molecular weight is correlated to higher aqueous solubility and is recommended by the

“Lipinski’s Rule of 5,” we aimed to simplify the structure of TM, even at a cost of

lowering the SIRTZ2 inhibition potency. In other words, even though the new simpler

inhibitor may inhibit SIRT2 slightly weaker than TM, we hypothesized that the
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Figure 5.1 Structures of synthesized SIRT2 inhibitors.

enhanced bioavailability would increase the overall anti-cancer potency in cells and
mice.

All our previous mechanism-based SIRT2 inhibitor design focused on using
the lysine core and optimizing the thioacyl group as well as the N- and C-terminal
attachments. Here we asked whether we could replace the lysine core to obtain SIRT2
inhibitors with improved solubility and cell permeability. Based on a SIRT2 co-crystal
structure with a glycoconjuated TM, named Glucose-TM. From this structure, we
discovered that the main interactions between SIRT2 and Glucose-TM originate from
the thio-myristoyl chain occupying the hydrophobic tunnel and several hydrogen
bonds forming a [3-sheet-like interaction between the inhibitor’s peptide chain and
SIRT?2’s surface.’! Between the two main interaction points, we would like to keep
the thiomyristoyl group for the new inhibitor design, as it is the key for both the
potency and the SIRT2 selectivity (compounds with shorter thioacyl chains have much
weaker SIRT2 inhibitors and also inhibited SIRT1 and SIRT3).2" 28 To improve the
solubility and cell permeability, we decided to use a benzodiazapienedione to replace

the lysine core in TM. The benzodiazapienedione ring was previously used as a
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peptidomimetic moiety for Acyl Protein Thioesterase 1 (APT1). We thought the two
carbonyl oxygens of benzodiazapienedione may still provide the needed hydrogen
bonds to compete against natural SIRT2 substrates.®? In addition, the
benzodiazapienedione core contains rigid conformity and bridge that would increase
the stability of the inhibitor from potential hydrolysis and degradation.

Using the benzodiazapienedione core, we synthesized the NH-C1 series (NH-
C1-10, 8, and 6) with varying alkyl chain lengths (Figure 5.1). Because our objective
was to improve the aqueous solubility, we did not want to attach alkyl chains longer
than 10-carbon. Using the DataWarrior program, the simulated cLogP of NH-C1-10 is
5.64, significantly decreased from cLogP of TM (7.88). To test the importance of the
sulfur atom in the inhibition mechanism, we also synthesized NH-C1-10-0O, replacing
the sulfur of NH-C1-10 with an oxygen atom. Also, to validate the importance of the
benzodiazapienedione core, we synthesized NH-C3-10 without the core and NH-C4

series without the five-member ring of the core (Figure 5.1).

5.3.2 NH-C1-10 selectively inhibits SIRT2 in vitro.

Using the in vitro SIRT1-3 deacetylation enzymatic assays, we measured the
ICso of the newly designed inhibitors (Table 14). All NH-C1 series inhibitors could
not inhibit SIRT1 and 3 even at 83 uM. Among the three NH-C1 inhibitors, NH-C1-
10 showed the strongest SIRT2 inhibition with ICsp of 0.28 uM. NH-C1-8 inhibited
SIRT2 with ICsp of 7.2 uM, 25-fold weaker inhibition than NH-C1-10. NH-C1-6
showed the weakest SIRT2 inhibition with ICso of 39 uM, 140-fold weaker than NH-
C1-10. TM showed selective SIRTZ2 inhibition with 1Csg of 0.042 uM, which was

about 6.6-fold stronger than NH-C1-10. This is likely because SIRT2 forms fewer
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Table 14. In Vitro Enzymatic 1Cso values (n=3)

ICs0 (LM) SIRTL SIRT2 SIRT3
™ ~50 0.042 £ 0.015 >83
NH-C1-10 >83 0.28 + 0.053 >83
NH-C1-8 >83 72+212 >83
NH-C1-6 >83 39+ 8.09 >83
NH-C1-10-O > 83 7.7+3.01 > 83
NH-C3-10 ~50 5.0+ 0.42 >83
NH-C4-10 >83 1.1£0.62 >83
NH-C4-6 >83 >83 >83

hydrogen bonds with the benzodiazapienedione core of NH-C1-10 than the lysine core
in TM.

We also checked the 1Cso of NH-C1-10-O, NH-C3-10, and NH-C4 series
(Table 14). All the tested inhibitors could not inhibit SIRT1 and 3 even at 50 uM.
Since the sulfur atom is important for the mechanism-based inhibition, NH-C1-10-O
was predicted to inhibit SIRT2 weaker than NH-C1-10. As expected, the SIRT2 ICxo
of NH-C1-10-O was 7.7 uM, about 28-fold weaker inhibition than NH-C1-10.
Although NH-C1-10-O moderately inhibited SIRT2, most likely because it can bind
the substrate pocket and compete with the acetyl lysine substrate, higher SIRT2 1Cso
of NH-C1-10-0 verified the significance of NH-C1-10’s sulfur atom for strengthening

the SIRT2 inhibition.
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Figure 5.2 Detection of the stalled covalent intermediate of NH-C1-10. 100 uM of
NH-C1-10 was incubated with 200 uM SIRT2, 120 uM NAD+, and 20 mM Ammonium
Bicarbonate for 5 minutes at 37 °C. After quenching with acetonitrile, the supernatant

was injected into LC-MS for detection.

NH-C3-10, without the benzodiazapienedione core, inhibits SIRT2 with an
IC50 value of 5.0 uM, about 18-fold higher than NH-C1-10 (Table 14), suggesting
that the core is needed for the SIRT2 inhibition. The SIRT2 I1Cso of NH-C4-10 without
the five-member ring was 1.1 uM, 4-fold higher than that of NH-C1-10. The
difference between ICso of NH-C1-10 and NH-C4-10 was small, but suggests that the
five-member ring also contributes to the SIRT2 inhibition of NH-C1-10. In addition,
NH-C4-10 showed stronger SIRT2 inhibition than NH-C3-10, which was likely
because the carbonyl oxygens of the benzodiazapienedione core could form hydrogen
bonds with SIRT2. Lastly, NH-C4-6 with a six-carbon alkyl chain could not inhibit
SIRT2, even at 83 uM. This result confirmed that the shorter alkyl chain leads to loss
of SIRT2 inhibition. Also, as NH-C4-6 (without the five-member ring) inhibited

SIRT2 weaker than NH-C1-6 with the five-member ring, validating the importance of
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this ring in SIRT2 inhibition. Overall, NH-C1-10-O, NH-C3-10, and NH-C4 series
inhibitors confirmed the structural features of NH-C1-10 important for SIRT2
inhibition.

Previously, we had shown that the thiourea acyl group formed the covalent 1°-
S-alkylimidate intermediate to inhibit SIRT2.28 To confirm whether NH-C1-10 also
inhibits SIRT2 by the formation of the stalled covalent intermediate, we have
incubated NH-C1-10 and NAD" with SIRT2 for five minutes and injected the mixture
into a liquid chromatography-mass spectrometer (LC-MS). As a result, NH-C1-10—
ADP-ribose intermediate was detected. Without SIRT2, the corresponding

intermediate was not observed (Figure 5.2).

5.3.3 NH-C1-10 selectively inhibits SIRT2 in cells.

To examine whether the benzodiazapienedione inhibitors also selectively
inhibit SIRT2 in cells, we performed immunofluorescence imaging of acetylated a-
tubulin, a previously reported SIRT2 substrate (Figure 5.3A).%* MCF7 cells were
treated with 50 uM of the inhibitors for 6 hours, and immunofluorescence images
were taken using Cytation 5. The fluorescence level of NH-C1-10 treated samples had
increased about 4-fold compared to the vehicle DMSO control. Meanwhile, that of
NH-C1-8 and 6 had increased only about 2-fold and 1.2-fold, respectively (Figure
2A). This trend is consistent with the in vitro SIRT2 inhibition trend, in which NH-
C1-10 had the lowest SIRT?2 1Cso, and NH-C1-6 had the highest SIRT2 ICsqo.

We then treated MCF7 cells with different concentrations of NH-C1-10 and

measured the fluorescence level of acetyl a-tubulin (Figure 5.3B). For 10, 25, and 50
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Figure 5.3 NH-C1-10 selective inhibits SIRT2 in cells. (A) Immunofluorescence
detection of acetylated a-tubulin (K40) in MCF7 cells treated with DMSO control or 50
uM of NH-C1-10, NH-C1-8, and NH-C1-6 for 6 hours. (n=8) (B) Immunofluorescence
detection of acetylated o-tubulin (K40) in MCF7 cells with DMSO or indicated
concentrations of NH-C1-10 and TM for 6 hours. (n=6) (C) Immunoblots for the
acetylation of p53 (K382) in MCF7 cells co-treated with 200 nM of Trichostatin A and
DMSO or indicated concentration of EX-527, TM, NH-C1-10, NH-C1-8, and NH-C1-
6.
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uM of NH-C1-10, there was about 2, 4, and 5-fold increase in the fluorescence level,
respectively. As such, a dose-dependent increase in the fluorescence level was
observed. Furthermore, we compared NH-C1-10 to TM (Figure 5.3B). At 25 and 50
uM, TM treatment had only increased about 2.3 and 2.4-fold, respectively. In both
concentrations, the fluorescence increase from TM was much lower than NH-C1-10.
As such, although NH-C1-10 had higher in vitro SIRT2 ICso than TM, NH-C1-10
showed stronger SIRT2 inhibition in cells. At 10 uM, there was no significant
difference between NH-C1-10 and TM. Interestingly, for TM, the difference in the
increase between 25 and 50 uM was not significant. Because of its poor aqueous
solubility, the concentration of TM in the media could have probably reached its
maximum limit at 25 uM. These results suggested that compared to TM, the improved
bioavailability of NH-C1-10 led to increased cellular SIRT2 inhibition.

After confirming that NH-C1-10 inhibits SIRT2 in cells, we wanted to
demonstrate that it does not inhibit SIRT1. Thus, we examined the acetylation level of
p53, a reported SIRT1 substrate (Figure 5.3C).3* As HDACs also deacetylate p53, we
co-treated MCF7 cells with Trichostatin A, a class | and Il HDAC inhibitor, and
indicated a concentration of sirtuin inhibitors. The SIRT1 selective inhibitor, EX-527
had increased the acetylation level of p53, verifying the accuracy of the immunoblot
results. In contrast, TM, NH-C1-10, NH-C1-8, and NH-C1-6 did not alter the levels of
acetyl p53. This indicated that NH-C1-series inhibitors cannot inhibit SIRT1 in cells,

which is consistent with the in vitro enzymatic assay results.
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Figure 5.4 NH-C1-10 shows stronger anti-proliferative effect than TM in breast
and pancreatic cancer cells. Cell viability of MCF7, MDA-MB-231, MIA PaCa-2,
BxPC-3, and CFPAC-1 cells were measured with Cell Titer Blue after treatment of TM,
NH-C1-10, NH-C1-8, and NH-C1-6 for 72 hours. (n=3 at each concentration)

5.3.4 NH-C1-10 shows stronger anti-proliferative effect than TM.

We next tested whether the improved SIRT2 inhibition by NH-C1-10
increased the anti-cancer potency. Thus, we treated various cancer cells with the
indicated inhibitors for 72 hours and checked the cellular proliferation using Cell Titer
Blue. We first treated MCF7 and MDA-MB-231 breast cancer cells with the inhibitors
(Figure 5.4). Even though both NH-C1-10 and TM showed similar cytotoxicity at
lower concentrations, NH-C1-10 treatment had reached 0% cell viability at higher
concentrations, which TM could not. This suggests that the enhanced bioavailability of
NH-C1-10 have increased the cytotoxicity. Like the immunofluorescence of acetyl a-

tubulin, there was no significant cytotoxicity difference for TM at 25 and 50 uM. This
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Figure 5.5 NH-C1-10 shows stronger anti-proliferative effect than TM in colon,

melanoma, lung, and glioblastoma cancer cells. Cell viability of SW620, HCT-116,
B-16 FO, A549, NCI-H23, and U87 cells were measured with Cell Titer Blue after
treatment of TM, NH-C1-10, NH-C1-8, and NH-C1-6 for 72 hours. (n=3 at each

concentration)

further confirmed that the limited bioavailability of TM could have restricted its anti-

cancer potency. In these breast cancer cells, we have compared NH-C1-10 to NH-C1-

8 and NH-C1-6. NH-C1-8 showed slightly weaker cytotoxicity than NH-C1-10, while

NH-C1-6 did not have any effect. This trend also corresponds to their SIRT2 I1Csg

values, which hints that the cytotoxicity of NH-C1-10 originates from its SIRT2

inhibition. Moreover, NH-C1-8 showed weaker cytotoxicity than TM at lower

concentrations but stronger at higher concentrations. This could also be accounted for

by the improved aqueous solubility of NH-C1-8.
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Table 15. Cellular Glso values (n=3 at each concentration)

Glso (M) NH-C1-10

MCF7 12.8+1.03
Breast Cancer

MDA-MB-231 12.0+ 1.05

Breast
HME-1 245+ 1.04
Epithelial
BxPC-3 26.8 + 3.04
Pancreatic
CFPAC-1 31.8+1.08
Cancer

MIA PaCa-2 5.86 + 1.56

SW620 16.3+1.04

Colon Cancer
HCT116 15.6 £ 1.08
A549 11.3+1.06

Lung Cancer
NCI-H23 145+ 1.03
Glioblastoma us7 24.1 + 1.07
Melanoma B-16 FO 129+ 1.10

In addition to the breast cancer cell lines, we have also checked the inhibitors
against several pancreatic cancer cells (Figure 5.4). In MIA PaCa-2, NH-C1-10
showed slightly stronger cytotoxicity than TM. Also, like the breast cancer cell lines,
NH-C1-8 displayed slightly weaker cytotoxicity than NH-C1-10, and NH-C1-6 again
had minimal effect. This trend further verified the cytotoxicity of NH-C1-10 in
pancreatic cancer cells may originate from its SIRT2 inhibition. In BxPC-3 and
CFPAC-1, NH-C1-10 showed stronger cytotoxicity than TM. At 100 uM, TM could

only reach about 50% viability. In contrast, NH-C1-10 led to 0% viability at 50 uM.
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Figure 5.6 NH-C1-10-O, NH-C4-10, and NHC4-6 show weaker anti-proliferative
effect than NH-C1-10. Cell viability of MCF7 and MDA-MB-231 cells were
measured with Cell Titer Blue after treatment of TM, NH-C1-10, NH-C1-10-O, NH-
C4-10, and NH-C4-6 for 72 hours. (n=3 at each concentration)

We also had compared the cytotoxicity of TM and NH-C1-10 in colorectal
(SW620, HCT-116), melanoma (B-16 FO), lung (A549, NCI-H23), and glioblastoma
(U87) cancer cell lines (Figure 5.5). In these cancer cell lines, we had observed
stronger cytotoxicity of NH-C1-10, compared to TM. Consistent with the breast and
pancreatic cancer cells, weaker cytotoxicity of NH-C1-8 and NH-C1-6 were observed
in SW620 and HCT-116 colorectal cancer cells. We calculated the Glso values of the
NH-C1-10 against these tested cell lines (Table 15). In most of the cancer cell types,

the Glso values of NH-C1-10 were lower than 25 pM.
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To confirm whether the cytotoxicity of NH-C1-10 is from its SIRT2 inhibition,
we compared NH-C1-10-O and NH-C4 series inhibitors in MCF7 and MDA-MB-231
breast cancer cells (Figure 5.6A, B). Consistent with their worse SIRT2 1Cso, NH-C1-
10-0, NH-C4 series of compounds showed significantly weaker cytotoxicity than NH-
C1-10. This supported that the cytotoxicity of NH-C1-10 is due to its ability to inhibit
SIRT2 and verified the importance of the benzodiazapienedione core and the thio-acyl

group of NH-C1-10 for the SIRT2 inhibition.

Table 16. Calculated concentrations (ug per million cells) of TM and NH-C1-10
detected from MDA-MB-231 cells.

ng per millioncells  25uM 50 uM
™ 0.0701 0.0827
NH-C1-10 0.152 0.228

To directly test that NH-C1-10’s better cellular activity and cytotoxicity was
due to improved cellular permeabilities, we measured the amount of NH-C1-10 and
TM in cells after treatment (Table 16). MDA-MB-231 breast cancer cells were treated
with 25 and 50 uM of NH-C1-10 and TM for 6 hours. Then, the cells were carefully
washed with phosphate-buffered saline (PBS) three times, and small molecules were
extracted with ice-cold methanol. After centrifuging, the supernatant was loaded to
LC-MS for analysis. For TM, 0.070 and 0.083 ug per million cells were detected at 25
and 50 uM treatment, respectively. For NH-C1-10, 0.15 and 0.23 pg per million cells

were detected at 25 and 50 uM treatment, respectively. As shown, at both
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Figure 5.7 Detection of NH-C1-10 in serum after 30 minutes of injection. Detection
of NH-C1-10 in mice serum collected after 30 minutes of intraperitoneal injection at 30

and 50 mg/kg injection.

concentrations, more NH-C1-10 was detected in the cells than TM. For TM, the
difference between 25 and 50 uM was minimal, while there was an about 1.5-fold
increase from 25 to 50 uM of NH-C1-10. This may explain why the cellular SIRT2
inhibition and cytotoxicity of TM have plateaued at high concentrations. Meanwhile,
cellular SIRT2 inhibition and cytotoxicity of NH-C1-10 continued to increase in a
dose-dependent manner. Overall, the decreased cLogP and increased permeability of

NH-C1-10 could have led to stronger cellular SIRT2 inhibition and cytotoxicity.

5.3.5 NH-C1-10 impairs tumor growth in mice.
As NH-C1-10 showed effective cytotoxicity, we further tested its anticancer
effect in tumor xenograft mice models. Among all the tested cell types, we have

specifically chosen pancreatic cancer, because it is one of the most difficult cancers to
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Figure 5.8 NH-C1-10 significantly decreased tumor growth in BxPC-3 tumor
xenograft. (A) Tumor volume over time for NH-C1-10 (50 mg/kg) or vehicle (10%
DMSO, 90% PBS) treated mice. NSG mice injected with BXPC-3 human pancreatic
cancer cells were treated every day for 15 days. (*** P value = 0.0005, Two-tailed
Student’s t-test, n=10 tumors for vehicle, n=14 tumors for NH-C1-10). (B) Tumor
weights and representative tumor images of BXPC-3 xenograft mice treated with NH-
C1-10 (50 mg/kg) or vehicle for 15 days (** P value = 0.0096, Two-tailed Student’s t-
test, n=10 tumors for vehicle, n=14 tumors for NH-C1-10). (C) Average body weight of
mice treated with NH-C1-10 (50 mg/kg) or vehicle for 15 days. No difference in body
weight was observed between the groups. n=5 mice for vehicle and n=7 mice for NH-
C1-10. %+

1 Data shown in Figures A, B, and C are the mean values + standard deviation.
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treat and the third-most common cause of cancer death in the United States with a
poor prognosis. There is no readily used pancreatic cancer-specific chemotherapy.
Common chemotherapy agents often cause severe side effects, including nausea, hair
loss, and low white blood cells.

Before testing NH-C1-10 in tumor xenograft mice study, we assessed whether
NH-C1-10 can be detected in the mice serum after interpretational administration
(Figure 5.7). After treating the mice with NH-C1-10 (in 10% DMSO and 90% PBS)
for 30 minutes, we collected blood and isolated the serum by centrifugation. Then, we
extracted the small molecules with ice-cold methanol for detection by LC-MS. In both
30 mg/kg and 50 mg/kg dosages, clear mass traces of NH-C1-10 were detected.

After validating that NH-C1-10 can be detected in the serum, we assessed the
toxicity of NH-C1-10 by daily injection of 50 mg/kg for five days. We have monitored
their body weights, hair grooming behaviors, and physical appearances. Throughout
the experiment period, NH-C1-10 did not induce any significant weight drop, hair
loss, or lethargic behaviors.

Then, we tested NH-C1-10 in a pancreatic tumor xenograft mouse model. The
pancreatic cancer cell line, BxPC-3, was subcutaneously injected into
immunocompromised male NSG mice. Once the tumors had grown, the tumors were
cut into pieces and transplanted to other immunocompromised NSG mice for the
study. When the transplanted tumors have grown to 100-200 mm?, the mice were
divided into two s for the daily injection of NH-C1-10 and control injection of the
vehicle (10% DMSO and 90% PBS). We used male mice as pancreatic cancer is more

common in male than female.®® As seen through the tumor volume, NH-C1-10
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treatment had significantly impaired tumor growth. At the end of the study, the tumor
volume of the vehicle group was twice bigger than that of the NH-C1-10 group
(Figure 5.8A). Also, the average tumor weights of NH-C1-10 and vehicle group were
1030 and 1550 mg, respectively (Figure 5.8B). Thus, NH-C1-10 treatment decreased
both volume and weight of BXPC-3 pancreatic tumors. Throughout the study, no
significant weight loss or severe toxicity in both groups was not observed (Figure

5.8C).

5.4  Conclusion

To improve the aqueous solubility and permeability, we have designed NH-C1-
10, a simpler SIRT2 inhibitor with a benzodiazapienedione core. Although NH-C1-10
showed slightly weaker SIRT2 inhibition than TM in vitro, NH-C1-10 had displayed
stronger SIRT2 inhibition and cytotoxicity than TM in cellular studies. This
improvement could be due to the enhanced aqueous solubility and permeability of
NH-C1-10. Furthermore, NH-C1-10 had shown anti-cancer effects in breast,
pancreatic, colorectal, melanoma, lung, and glioblastoma cancer cell lines. We
anticipate that NH-C1-10 can also be used to treat other cancer cell lines. In the
pancreatic tumor xenograft mouse study, NH-C1-10 impaired the tumor growth
without any severe toxicity. Overall, this study confirms that SIRT2 inhibition serves
as a promising target for cancer therapy and developed a SIRT?2 inhibitor with

enhanced aqueous solubility, cell permeability, and cellular potency.
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Methods

General Experimental Methods

All chemical and biological reagents used for this study was purchased as
analytical or higher grades from commercial vendors. Unless specifically notified, all
chemical reactions took place under nitrogen gas balloon. SiliaFlash Irregular Silica
Gel P60, 40 — 63 pm, 60 A was used. Shimadzu HPLC LC20-AD and Thermo
Scientific LCQ Fleet Mass spectrometer with Kinetex 5u EVO C18 100 A Column
(30 x 2.1 mm, 5 um) was used for the mass spectrometry detection of compounds.
Positive-ion mode was used for the detection. For this setup, HPLC-grade water with
0.1% HPLC-grade acetic acid and HPLC-grade acetonitrile with 0.1% HPLC-grade
acetic acid were used as Buffer A and B, respectively. The UV traces of the
compounds were detected at 260 nm. The measured NMR spectra was collected by
Bruker 500 spectrometer. For sirtuin in vitro enzymatic assays, Shimadzu HPLC
L.C20-AD with Kinetex 5u EVO C18 100 A (100 mm x 4.60, 5 um) was used, and the
UV peaks were detected at 215 and 280 nm. For this instrument, HPLC-grade water
with 0.1% trifluoroacetic acid and HPLC-grade acetonitrile with 0.1% trifluoroacetic
acid were used as Buffer A and B, respectively. The synthesized compounds were
verified to be at least 95% pure using Shimadzu HPLC 20-AD system.

Antibodies
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Anti-acetyl-a-tubulin (6-11B-1) (MABT868) was purchased from Sigma-
Aldrich. Anti-rabbit IgG-horseradish peroxidase (#7074), and anti-acetyl-p53 antibody
(K382) (#2525) were purchased from Cell Signaling Technology. The goat anti-
Mouse IgG (H+L) secondary antibody, Cyanine3 (A10521) were purchased from
ThermoFisher. The anti-B-Actin (C4) conjugated horseradish peroxidase (sc-4777)
mouse anti-rabbit IgG-horseradish peroxidase (“sc-2357) were purchased from Santa
Cruz Biotechnology.

Immunoblots

Immunoblots were performed as previously reported. Collected cells were
lysed by 1% NP-40 lysis buffer (25 mM Tris-HCI, pH 8.0, 10% glycerol, 150 mM
NacL, 1% Igepal CA-630) with 1 x protease inhibitor cocktail (Sigma).

Cell culture and transfection

All cells were incubated at 37 °C with 5% CO.. MCF7, MDA-MB-231, B-16
FO, U87, and MIA PaCa-2 cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% Heat Inactivated Fetal Bovine Serum (FBS) from Invitrogen.
HCT-116 cells were cultured in McCoy’s 5A Medium with 10% FBS. SW620, A549,
NCI-H23, and BxPC-3 cells were cultured in Roswell Park Memorial Institute
Medium (RPMI) with 10% FBS. CFPAC-1 cells were cultured in Iscove’s Modified
Dulbecco’s Medium (IMEM) with 10% FBS.

Mice

The mice protocol for this study was approved by the Cornell University

Institutional Animal Care and Use Committee. The studied mice were caged under

pathogen-free condition at the Association for the Assessment and Accreditation of
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Laboratory Animal Care International accredited facility and cared for in compliance
with the Guide for the Care and Use of Laboratory Animals. All the mice for this
study were kept at 12:12 light:dark cycle and had received irradiated food and reverse
osmosis, hyper-acidified water.
Preparation of SIRTL1, 2, and 3

Human SIRT1, 2, and 3 were prepared as previously reported.®
Analytical HPLC in vitro sirtuin deacetylation 1C50 assay

Analytical HPLC in vitro SIRT1, 2, and 3 deacetylation 1C50 assays were done
by following previously reported procedures.? 3
Intermediate trapping of NH-C1-10

To the mixture of 200 pM SIRT2, 120 uM NAD+, and 20 mM Ammonium
Bicarbonate, 100 uM of NH-C1-10 was added. After 5 minutes of incubation at 37 °C,
the reaction was quenched with acetonitrile. Then, the mixture was centrifuged at 17.0
x g for 5 minutes to remove the precipitated protein, and the supernatant was injected
into LC-MS using water and acetonitrile as solvents. The intermediate was detected by
alternating detection method of positive and negative ion mode.
Assessing inhibition of SIRT1 deacetylation in cells

MCEF7 cells at 70% confluency in 10-cm plates were incubated with 400 nM of
Trichostatin A, and indicated concentrations of EX-527, TM, NH-C1-10, 8, or 6 for 6
h ours. The cells were collected and lysed with 1% NP-40 lysis buffer (50 mM Tris-
HCI pH 8.0, 150 mM NaCl, 1% NP-40, and 1 x Protease Inhibitor Cocktail). The
membrane was blotted with anti-Ac-p53 (K382) antibody to detect the acetylation

levels of p53. As the loading control, $-Actin was used.
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Assessing inhibition of SIRT2 deacetylation in cells

200,000 MCFT7 cells were seeded to 35-mm glass bottom dishes (MatTek).
After overnight incubation at 37 °C and 5% CO., the cells were treated with DMSO
control or indicated concentrations of the inhibitors (TM, NH-C1-10, 8, and 6) for 6
hours. The cells were washed with ice-cold phosphate buffered saline (PBS) three
times, and fixed with ice-cold methanol for 10 minutes. After one wash with PBS,
0.1% Triton-X in PBS was added. After 10 minutes of incubation, the cells were
washed with PBS three times, and further incubated with 1% BSA in TBST (10 mM
Tris-HCI pH 7.4, 150 mM NaCl, and 0.1% Tween-20) for 30 minutes. The cells were
then incubated with Ac-a-tubulin antibody (1:100 dilution in 1% BSA in TBST
buffer) overnight at 4 °C. Then, the cells are washed with TBST buffer three times,
and were treated with Cy3 conjugated secondary antibody (1:1000) in 1% BSA in
TBST. The cells were kept in dark at room temperature for 1 hour. The cells were
washed with TBST three times and mounted with DAPI fluoromount. The
immunofluorescence imaging was done by Cytation 5 Cell Imaging Reader.
Cellular proliferation assay

1000 (HCT-116), 2000 (MDA-MB-231, A549, SW620), 3000 (MCF7, B-16
FO, NCI-H23, U87, MIA PaCa-2), or 4000 (BxPC-3, CFPAC-1) cells in 100 pL of
media were seeded to the wells of a Corning Costar Flat Bottom 96-well plate. After
overnight incubation at 37 °C and 5% COz, 100 puL of inhibitors dissolved in media at
various concentrations was added to each well. The final inhibitor concentrations

ranged from 1.56 pM to 100 uM. At each concentration, triplicate wells were done.
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After 72 hours of incubation, CellTiter Blue from Promega was added and the cell
proliferation was detected according to the manufacturer’s protocol.
NH4-6 and NH4-13 cellular permeability assay

10 mL DMEM with DMSO or the indicated concentration of the inhibitors was
added to the MDA-MB-231 cells at 70% confluency in 10-cm plates. After 6 hours,
the cells were washed carefully with ice-cold PBS three times and collected. After
centrifuging the cells at 4 °C, 100 uL of ice-cold methanol was added to extract small
molecules. The tubes were vortexed and centrifuged at 15,0009 for 20 minutes. 100
uL of the supernatant was loaded to LC-MS for detection. The standard curves with
concentrations ranging from 2 uM to 100 uM were prepared similarly.
Detection of NH-C1-10 in mouse serum

To the male NSG mice from Jackson Laboratory, 30 mg/kg or 50 mg/kg NH-
C1-10 dissolved in 10% DMSO and 90% PBS was injected. After 30 minutes, 200 puL
of blood were taken from the mice. The collected blood were centrifuged at 15,000 g
for 20 minutes at 4 °C, and supernatant was transferred to new tubes. Then, the
supernatant was centrifuged again for 15,000 g for 20 minutes at 4 °C. 80 uL of
supernatant was transferred to new tubes, and 80 uL. methanol was added. The tubes
were vigorously vortexed and centrifuged at 15,000 g for 15 minutes at 4 °C. The
collected supernatant was loaded to the LC-MS to detect NH-C1-10.
Mouse tumor xenograft experiments with BXPC-3

Xenotransplantation studies were performed as previously described.® Four
million BXPC-3 pancreatic cancer cells suspended in 100 uL PBS were

subcutaneously injected into flanks of male NSG mice from the Jackson Laboratory.
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Once the tumor sizes grew to 100 — 200 mm?3, the transplanted tumor pieces were
collected and cut into equal sizes. Then, each piece was transplanted into flanks of
new mice. Again, once the tumor sizes grew to 100 — 200 mm?, mice were treated by
intraperitoneal injection for 15 days with vehicle (10% DMSO, 90% PBS) or 50
mg/kg NH-C1-10 (10% DMSO, 90% PBS). The overall health, behaviors, and body
weights were monitored daily. The tumor volumes were measured every other day
using a caliper. Once the tumors reached the endpoint, mice were sacrificed by CO;

asphyxiation. The tumors were collected and weighed for the data collection.
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Preparation of TM and Compound 1

TM and Compound 1 were synthesized and prepared by following a previous
report.>’
Synthesis of (R)-4-(5,11-dioxo-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-
a][1,4]diazepin-10(5H)-y)butanenitrile (2)

At -40 °C, to a solution of sodium hydride (60% in mineral oil, 0.087 g, 2.20
mmol) in THF (10 mL), Compound 1 (0.3963 g, 1.83 mmol) dissolved in THF (10
mL) was added dropwise. After stirring for 1 hour, 4-bromobutrylInitrile (0.220 mL,
2.20 mmol) was added to the mixture. The mixture was slowly warmed to room
temperature and stirred overnight. Then, the solvent was removed by the rotary

evaporator and the crude was re-dissolved in DCM (50 mL). The mixture was washed
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with water (40 mL) and brine (40 mL). The collected organic layer was dried over
Na>SO4 and concentrated by rotary evaporation. The crude residue was purified by
silica gel column chromatography (DCM: MeOH = 97:3) to afford the final product 2
(0.480 g, 93%). 'H NMR (500 MHz, CDs0D) & 7.89 (dd, J = 7.9, 1.7 Hz, 1H), 7.69
(ddd, J=8.7, 7.4, 1.7 Hz, 1H), 7.55 (d, J = 8.2 Hz, 1H), 7.50 — 7.37 (m, 1H), 4.44 (dt,
J=14.6,7.5 Hz, 1H), 4.32 — 4.16 (m, 1H), 3.95 — 3.74 (m, 2H), 3.56 (dt, J = 11.9, 8.2
Hz, 1H), 2.67 (td, J = 10.6, 9.4, 6.4 Hz, 1H), 2.51 — 2.32 (m, 2H), 2.24 — 2.02 (m, 3H),
2.01-1.74 (m, 2H). 13C NMR (126 MHz, CDs0OD) § 171.41, 167.23, 140.50, 133.93,
131.95, 130.86, 127.39, 124.29, 120.21, 58.93, 47.73, 47.61, 27.45, 24.96, 24.72,
14.88. LCMS (ESI) calcd. for [M+H]* C16H18N302 284.13, obsd. 284.37
Synthesis of tert-butyl (R)-(4-(5,11-dioxo-2,3,11,11a-tetrahydro-1H-
benzo[e]pyrrolo[1,2-a][1,4]diazepin-10(5H)-yl)butyl)carbamate (3)

To a stirred solution of Compound 2 (0.480 g, 1.69 mmol) in methanol (15
mL), nickel (I1) chloride (0.0805 g, 0.330 mmol) and di-tert-butyl dicarbonate (0.779
mL, 3.39 mmol) was added at 0 °C. Then, sodium borohydride (0.320 g, 8.50 mmol)
was added slowly in small portions to the mixture. After stirring at 0 °C for 1 hour, the
ice bath was removed. The mixture was stirred overnight at room temperature. To the
mixture, diethylenetriamine (0.183 mL, 1.69 mmol) was added. After stirring 1 hour at
room temperature, the solvents were removed by rotary evaporator, and the mixture
was re-dissolved in ethyl acetate (50 mL). The ethyl acetate layer was washed with
saturated sodium bicarbonate (40 mL) and brine (40 mL). The collected organic layer
was dried over Na,SO4 and concentrated by rotary evaporation. The crude residue was

further purified by silica gel column chromatography (Hexane: EtOAc = 1:4) to afford
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the final product 3 (0.200 g, 31%). *H NMR (500 MHz, DMSO-d6) & 7.74 (dd, J =
7.8, 1.7 Hz, 1H), 7.60 (ddd, J = 8.7, 7.2, 1.7 Hz, 1H), 7.52 (dd, J = 8.3, 1.1 Hz, 1H),
7.35(td, J =7.5, 1.1 Hz, 1H), 6.74 (t, J = 5.7 Hz, 1H), 4.17 (ddd, J = 14.7, 8.7, 6.4 Hz,
1H), 4.09 (dd, J = 7.5, 2.2 Hz, 1H), 3.73 — 3.52 (m, 2H), 3.41 (dt, J = 11.6, 8.0 Hz,
1H), 2.82 (g, J = 6.4 Hz, 2H), 2.49 — 2.42 (m, 1H), 1.97 — 1.87 (m, 3H), 1.35 (s, 13H).
13C NMR (126 MHz, DMSO-d6) 5 169.08, 164.04, 155.53, 138.87, 132.02, 130.68,
129.51, 125.45, 123.13, 77.34, 56.70, 46.50, 46.06, 28.24, 26.52, 26.20, 24.68, 23.34.
LCMS (ESI) calcd. for [M+H]* C21H30N304 388.22, obsd. 388.07. LCMS (ESI) calcd.
for [M+H-Boc]* C16H22N302 288.16, obsd. 288.36.

Synthesis of (R)-4-(5,11-dioxo-2,3,11,11a-tetrahydro-1H-benzo[e]pyrrolo[1,2-
a][1,4]diazepin-10(5H)-yl)butan-1-aminium (4)

To a stirred solution of Compound 3 (0.200 g, 0.516 mmol) in DCM (3 mL),
trifluoroacetic acid (2 mL) was added dropwise. After stirring for 2 hours, the mixture
was co-evaporated with toluene three times by rotary evaporation. The crude residue
was taken to next step without any further purification.

Synthesis of (R)-1-decyl-3-(4-(6,11-dioxo-6a,7,8,9-tetrahydro-6H-pyrido[4,3-
e]pyrrolo[1,2-a][1,4]diazepin-5(11H)-yl)butyl)thiourea (NH-C1-10)

To a stirred solution of Compound 4 (0.516 mmol) from the previous step in
THF (5 mL), 1-isothiocyanatodecane (0.205 g, 1.03 mmol) and DIPEA (0.400 mL,
2.06 mmol) was added. After stirring overnight at room temperature, the solvents were
removed by rotary evaporator. The crude was re-dissolved in ethyl acetate (60 mL)
and washed with water (40 mL x 2) and brine (40 mL). The collected organic layer

was dried over Na,SO4 and concentrated by rotary evaporation. The crude residue was
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further purified by silica gel column chromatography (Hexane: EtOAc = 1:3) to afford
the final product NH-C1-10 (0.201 g, 81%). *H NMR (500 MHz, CD30D) & 7.84 (dd,
J=7.8,1.7Hz, 1H), 7.65 (ddd, J = 8.8, 7.3, 1.7 Hz, 1H), 7.53 (dd, J = 8.4, 1.1 Hz,
1H), 7.40 (td, J = 7.5, 1.0 Hz, 1H), 4.38 (dt, J = 14.2, 7.2 Hz, 1H), 4.25 — 4.11 (m, 1H),
3.77 (dtt, J = 11.8, 8.4, 4.0 Hz, 2H), 3.59 — 3.50 (m, 1H), 3.39 (s, 4H), 2.69 — 2.56 (m,
1H), 2.16 — 1.99 (m, 3H), 1.64 — 1.39 (m, 6H), 1.33 (d, J = 11.2 Hz, 14H), 0.92 (t, J =
6.9 Hz, 3H). °C NMR (126 MHz, CDs0OD) & 182.10, 169.75, 165.96, 139.28, 132.40,
130.68, 129.27, 125.80, 123.22, 57.56, 46.27, 31.67, 29.31, 29.29, 29.06, 26.55, 26.05,
24.70, 23.38, 22.34, 13.04. LCMS (ESI) calcd. for [M+H]*C27H43N402S 487.30,
obsd. 487.21.

Synthesis of (R)-1-(4-(6,11-dioxo-6a,7,8,9-tetrahydro-6H-pyrido[4,3-
e]pyrrolo[1,2-a][1,4]diazepin-5(11H)-yl)butyl)-3-octylthiourea (NH-C1-8)

To a stirred solution of Compound 4 (0.168 mmol) in THF (1.6 mL), 1-
isothiocyanatooctane (0.0575 g, 0.336 mmol) and DIPEA (0.118 mL, 0.672 mmol)
was added. After stirring overnight at room temperature, the solvents were removed
by rotary evaporator and the residue was re-dissolved in ethyl acetate (15 mL). The
organic layer was washed with water (10 mL x 2) and brine (10 mL), and dried over
Na>SO4. After concentrating in vacuo, the crude residue was further purified by
column chromatography (Hexane: EtOAc = 1:3) to afford the final product NH-C1-8
(0.0535, 69%). 'H NMR (500 MHz, CD30D) & 7.84 (dd, J = 7.8, 1.6 Hz, 1H), 7.65
(ddd, J=8.7, 7.3, 1.7 Hz, 1H), 7.53 (dd, J = 8.3, 1.0 Hz, 1H), 7.39 (td, J = 7.6, 1.1 Hz,
1H), 4.37 (dt, J = 14.2, 7.2 Hz, 1H), 4.32 — 3.97 (m, 1H), 3.79 — 3.61 (M, 2H), 3.61 —

3.34 (m, 5H), 2.75 — 2.53 (m, 1H), 2.21 — 1.95 (m, 3H), 1.62 — 1.38 (m, 6H), 1.38 —
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1.25 (m, 10H), 0.92 (t, 3H). *C NMR (126 MHz, CD3;0D) & 183.20, 171.11, 167.33,
140.67, 133.79, 132.05, 130.67, 127.18, 124.61, 58.94, 48.37, 47.67, 32.99, 30.44,
30.39, 30.22, 27.97, 27.46, 27.31, 26.11, 24.78, 23.72, 14.45. LCMS (ESI) calcd. for
[M+H]*C25H39N402S 459.27, obsd. 459.31.

Synthesis of (R)-1-(4-(6,11-dioxo-6a,7,8,9-tetrahydro-6H-pyrido[4,3-
e]pyrrolo[1,2-a][1,4]diazepin-5(11H)-yl)butyl)-3-hexylthiourea (NH-C1-6)

To a stirred solution of Compound 4 (0.0358 mmol) in THF (0.35 mL), 1-
isothiocyanatohexane (0.0103 g, 0.0716 mmol) and triethylamine (0.0250 mL, 0.143
mmol) was added. After stirring overnight at room temperature, the solvents were
removed by rotary evaporator and the residue was re-dissolved in ethyl acetate (10
mL). The organic layer was washed with water (8 mL x 2) and brine (8 mL), and dried
over Na;SQOg4. After concentrating in vacuo, the crude residue was further purified by
column chromatography (Hexane: EtOAc = 1:3) to afford the final product NH-C1-6
(0.103 g, 67%). *H NMR (500 MHz, CDs0OD) & 7.84 (dd, J = 7.8, 1.7 Hz, 1H), 7.64
(ddd, J = 8.8, 7.4, 1.7 Hz, 1H), 7.52 (dd, J = 8.3, 1.1 Hz, 1H), 7.39 (td, J = 7.6, 1.1 Hz,
1H), 4.37 (dt, J = 14.2, 7.2 Hz, 1H), 4.26 — 4.06 (m, 1H), 3.86 — 3.68 (M, 2H), 3.65 —
3.34 (m, 5H), 2.63 (tdd, J = 9.4, 7.1, 3.1 Hz, 1H), 2.24 — 1.95 (m, 3H), 1.65 — 1.40 (m,
6H), 1.34 (dg, J = 7.0, 2.8, 2.3 Hz, 6H), 0.92 (t, 3H). 13C NMR (126 MHz, CD3s0D) &
181.32,171.17, 167.37, 140.69, 133.81, 132.08, 130.67, 127.20, 124.63, 58.96, 48.36,
47.68, 32.72, 27.65, 27.45, 26.11, 24.79, 23.67, 14.38. LCMS (ESI) calcd. for [M+H]*
C23H35N402S 431.24, obsd. 431.11.

Synthesis of (R)-1-decyl-3-(4-(6,11-dioxo-6a,7,8,9-tetrahydro-6H-pyrido[4,3-

e]pyrrolo[1,2-a][1,4]diazepin-5(11H)-y)butyl)urea (NH-C1-10-O)
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To a stirred solution of Compound 4 (0.0994 mmol) in THF (2.5 mL), 1-
isocyanatodecane (0.094 g, 0.513 mmol) and DIPEA (0.180 mL, 1.03 mmol) was
added. After stirring overnight at room temperature, the solvents were removed by
rotary evaporator and the residue was re-dissolved in ethyl acetate (20 mL). The
organic layer was washed with water (15 mL x2) and brine (15 mL), and dried over
Na.SO4. After concentrating in vacuo, the crude residue was further purified by
column chromatography (DCM: MeOH = 95:5) to afford the final product NH-C1-10-
0 (0.0342 g, 28%). 'H NMR (500 MHz, CD30D) & 7.83 (dd, J = 7.8, 1.7 Hz, 1H),
7.64 (ddd, J = 8.8, 7.3, 1.7 Hz, 1H), 7.51 (dd, J = 8.3, 1.0 Hz, 1H), 7.39 (td, J = 7.6,
1.0 Hz, 1H), 4.36 (dt, J = 13.9, 7.6 Hz, 1H), 4.28 — 4.02 (m, 1H), 3.86 — 3.66 (m, 2H),
3.66 — 3.45 (m, 1H), 3.04 (dt, J = 18.3, 6.8 Hz, 4H), 2.75 — 2.45 (m, 1H), 2.32 - 1.85
(m, 3H), 1.61 — 1.37 (m, 4H), 1.37 — 1.27 (m, 16H), 0.91 (t, J = 6.9 Hz, 3H). 3C NMR
(126 MHz, CD30D) 6 171.10, 167.35, 161.18, 140.70, 133.77, 132.09, 130.67,
127.18, 124.59, 58.94, 48.37, 47.65, 41.01, 40.30, 33.07, 31.34, 30.75, 30.71, 30.50,
30.47, 28.36, 27.96, 27.45, 26.12, 24.78, 23.74, 14.44. LCMS (ESI) calcd. for [M+H]*
C27H43N403 471.33, obsd. 471.52.

Synthesis of 1-isothiocyanatodecane (A)

To a solution of decylamine (0.382 mL, 1.91 mmol) in THF (20 mL),
thiocarbonyldiimidazole (0.408 g, 2.29 mmol) and TEA (0.798 mL, 5.72 mmol) was
added. After stirring overnight at room temperature, the solvent was removed by
rotary evaporation and the residue was re-dissolved in ethyl acetate (50 mL). The
organic layer was washed with water (40 mL) and brine (40 mL), and dried over

Na>S0Os. After concentrating in vacuo, the crude residue was further purified by
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column chromatography (Hexane: EtOAc = 4:1) to afford the final product A (0.316
g, 83%). 'H NMR (500 MHz, CDz0D) & 3.56 (t, ] = 6.5 Hz, 2H), 1.79 — 1.63 (m, 2H),
1.50 — 1.23 (m, 14H), 0.92 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CD:0D) &
131.24, 45.94, 33.06, 31.12, 30.60, 30.58, 30.42, 29.90, 27.65, 23.74, 14.45.
Synthesis of 1-isothiocyanatooctane (B)

To a solution of octylamine (0.767 mL, 4.64 mmol) in THF (40 mL),
thiocarbonyldiimidazole (0.992 g, 5.56 mmol) and TEA (1.94 mL, 13.9 mmol) was
added. After stirring overnight at room temperature, the solvent was removed by
rotary evaporation and the residue was re-dissolved in ethyl acetate (70 mL). The
organic layer was washed with water (60 mL) and brine (60 mL), and dried over
Na.SO4. After concentrating in vacuo, the crude residue was further purified by
column chromatography (Hexane: EtOAc = 4:1) to afford the final product B (0.739 g,
93%). 'H NMR (500 MHz, CD30D) & 3.56 (t, ] = 6.5 Hz, 2H), 1.78 — 1.60 (m, 2H),
1.53 — 1.20 (m, 10H), 0.99 — 0.83 (M, 3H). 13C NMR (126 MHz, CDs0D) & 131.24,
45.94, 32.90, 31.12, 30.26, 29.87, 27.66, 23.68, 14.42.

Synthesis of 1-isothiocyanatohexane (C)

To a solution of hexylamine (0.500 mL, 3.80 mmol) in THF (30 mL),
thiocarbonyldiimidazole (0.814 g, 4.56 mmol) and TEA (1.60 mL, 11.4 mmol) was
added. After stirring overnight at room temperature, the solvent was removed by
rotary evaporation and the residue was re-dissolved in ethyl acetate (40 mL). The
organic layer was washed with water (30 mL) and brine (30 mL), and dried over
Na>SOs. After concentrating in vacuo, the crude residue was further purified by

column chromatography (Hexane: EtOAc = 4:1) to afford the final product C (0.474 g,
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87%). 1H NMR (500 MHz, CD3OD) & 3.56 (t, ] = 6.5 Hz, 2H), 1.78 — 1.62 (m, 2H),
1.56 — 1.25 (m, 6H), 1.03 — 0.76 (m, 3H). 13C NMR (126 MHz, CD30D) 5 131.38,
45.94, 32.13, 31.09, 27.35, 23.56, 14.29.

Synthesis of 1-isocyanatodecane (D)

To a stirred solution of decylamine (1 mL, 5.00 mmol) and TEA (2.1 mL, 15.0
mmol) in THF (40 mL), triphosgene (1.78 g, 6.00 mmol) was slowly added at room
temperature. After stirring overnight, the solvents were removed by rotary
evaporation. The residue was re-dissolved in ethyl acetate (100 mL), and washed with
water (90 mL) and brine (90 mL). The collected organic layer was dried over Na2SO4
and concentrated by rotary evaporation. The crude residue was further purified by
silica gel column chromatography (Hexane: EtOAc = 4:1) to afford the final product
D (0.797 g, 87%). 1H NMR (500 MHz, CDs0OD) & 3.07 (t, ] = 7.1 Hz, 2H), 1.47 (t, ] =
7.0 Hz, 2H), 1.32 — 1.28 (m, 14H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz,
CD30D) 6 119.63, 41.87, 33.07, 30.98, 30.71, 30.69, 30.45, 27.84, 23.74, 14.44.
Synthesis of 1-decyl-3-(4-(dimethylamino)butyl)thiourea (NH-C3-10)

To a stirred solution of 4-dimethylaminobutylamine (0.150 mL, 1.08 mmol) in
THF (10 mL), 1-isothiocyanatodecane (0.259 g, 1.30 mmol) and DIPEA (0.377 mL,
2.17 mmol) was added at room temperature. After stirring overnight, the solvents were
removed by rotary evaporation. The crude residue was re-dissolved in ethyl acetate
(30 mL), and washed with water (25 mL) and brine (25 mL). The collected organic
layer was dried over NaxSO4 and concentrated by rotary evaporation. The crude
residue was further purified by silica gel column chromatography (DCM: MeOH = 8:2

- 75:25) to afford the final product NH-C3-10 (0.176 g, 77%). 1H NMR (500 MHz,
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CD30D) § 3.66 — 3.36 (M, 4H), 2.40 (t, J = 7.4 Hz, 2H), 2.30 (s, 6H), 1.70 — 1.49 (m,
6H), 1.48 — 1.22 (m, 14H), 0.94 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CD3s0D) &
179.22, 60.29, 45.35, 33.06, 30.71, 30.68, 30.47, 30.45, 30.26, 28.19, 27.96, 25.50,
23.73, 14.43. LCMS (ESI) calcd. for [M+H]* C17H3sH3S 316.27, obsd. 316.26.
Synthesis of 4-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione (5)

To a mixture of sarcosine (2.00 g, 22.5 mmol) in DMSO (22 mL), isatoic
anhydride (2.82 g, 17.3 mmol). After stirring overnight at 130 °C, cold water (50 mL)
was added to the mixture. Then, the aqueous layer was washed with ethyl acetate
twice (50 mL x 2). The collected organic layer was further washed with brine (80 mL)
and dried over Na»SO4. After concentrating by rotary evaporation, the crude residue
was further purified by silica gel column chromatography (DCM: MeOH 95:5) to
afford the final product 5 (1.05 g, 32%). *H NMR (500 MHz, DMSO-d6) § 10.44 (s,
1H), 7.73 (dd, J = 7.8, 1.6 Hz, 1H), 7.49 (ddd, J = 8.0, 7.2, 1.6 Hz, 1H), 7.20 (ddd, J =
8.1, 7.3, 1.2 Hz, 1H), 7.08 (dd, J = 8.2, 1.1 Hz, 1H), 3.83 (s, 2H), 3.10 (s, 3H). *C
NMR (126 MHz, DMSO-d6) 6 169.81, 166.57, 136.98, 132.00, 130.88, 126.19,
123.92, 120.72, 52.18, 35.88. LCMS (ESI) calcd. for [M+H]* C10H1:N20- 191.07,
obsd. 191.32.

Synthesis of 4-(4-methyl-2,5-dioxo-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-
1-yDbutanenitrile (6)

To a solution of sodium hydride (60% in mineral oil, 0.0644 g, 1.61 mmol) in
THF (6 mL), Compound 5 (0.255 g, 1.34 mmol) in THF (6 mL) was added dropwise
at -40 °C. After stirring for 1 hour, 4-bromobutrylnitrile (0.160 mL, 1.61 mmol) was

added to the mixture. The reaction mixture was stirred overnight at room temperature.

254



Then, the solvent was removed by the rotary evaporator and the crude was re-
dissolved in DCM (50 mL). The mixture was washed with water (40 mL) and brine
(40 mL). The collected organic layer was dried over Na.SO4 and concentrated by
rotary evaporation. The crude residue was purified by silica gel column
chromatography (DCM: MeOH = 97:3) to afford the final product 6 (0.188 g, 54%).
1H NMR (500 MHz, CDz0D) & 7.81 (dd, J = 7.8, 1.7 Hz, 1H), 7.66 (ddd, ] = 8.8, 7.3,
1.7 Hz, 1H), 7.51 (dd, J = 8.2, 1.1 Hz, 1H), 7.41 (td, J = 7.5, 1.1 Hz, 1H), 4.44 — 4.25
(m, 1H), 4.14 (d, J = 14.8 Hz, 1H), 3.87 (ddd, J = 13.9, 8.0, 5.4 Hz, 1H), 3.74 (d, J =
14.8 Hz, 1H), 3.25 (s, 3H), 2.42 — 2.32 (m, 2H), 2.00 — 1.74 (m, 2H). 13C NMR (126
MHz, CD30D) 6 170.21, 169.33, 140.72, 133.80, 131.32, 130.96, 127.50, 123.40,
120.17, 54.03, 46.44, 36.02, 24.89, 14.83.
Synthesis of tert-butyl (4-(4-methyl-2,5-dioxo-2,3,4,5-tetrahydro-1H-
benzo[e][1,4]diazepin-1-yl)butyl)carbamate (7)

To a stirred solution of Compound 6 (0.188 g, 0.729 mmol) in methanol (7
mL), nickel (I1) chloride (0.0346 g, 0.146 mmol) and di-tert-butyl dicarbonate (0.335
mL, 1.46 mmol) was added at 0 °C. Then, sodium borohydride (0.138 g, 3.64 mmol)
was added slowly in small portions to the mixture. After stirring at 0 °C for 1 hour, the
ice bath was removed. The mixture was stirred overnight at room temperature. To the
mixture, diethylenetriamine (0.0790 mL, 0.729 mmol) was added. After stirring 1 hour
at room temperature, the solvents were removed by rotary evaporator, and the mixture
was re-dissolved in ethyl acetate (40 mL). The ethyl acetate layer was washed with
saturated sodium bicarbonate (30 mL) and brine (30 mL). The collected organic layer

was dried over Na,SO4 and concentrated by rotary evaporation. The crude residue was
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further purified by silica gel column chromatography (Hexane: EtOAc = 1:4) to afford
the final product 3 (0.161 g, 61%). 1H NMR (500 MHz, CDz0D) & 7.79 (dd, J = 7.8,
1.7 Hz, 1H), 7.63 (ddd, J = 8.7, 7.4, 1.7 Hz, 1H), 7.50 (d, J = 8.3 Hz, 1H), 7.45 - 7.33
(m, 1H), 4.33 (dt, J = 14.7, 7.7 Hz, 1H), 4.12 (d, J = 14.6 Hz, 1H), 3.86 — 3.58 (m,
2H), 3.25 (s, 3H), 2.96 (t, J = 6.8 Hz, 2H), 1.59 — 1.31 (m, 13H). 13C NMR (126 MHz,
CD30D) 6 170.03, 169.46, 140.94, 133.65, 131.16, 131.08, 127.32, 123.68, 79.82,
54.12, 47.19, 40.62, 35.97, 28.76, 27.89, 25.96. LCMS (ESI) calcd. for [M+H]*
C19H28N304 362.20, obsd. 362.17.

Synthesis of 4-(4-methyl-2,5-dioxo-2,3,4,5-tetrahydro-1H-benzo[e][1,4]diazepin-
1-yDbutan-1-aminium (8)

To a stirred solution of Compound 7 (0.0520 g, 0.144 mmol) in DCM (1 mL),
trifluoroacetic acid (0.6 mL) was added dropwise. After stirring for 2 hours, the
mixture was co-evaporated with toluene three times by rotary evaporation. The crude
residue was taken to next step without any further purification.

Synthesis of 1-decyl-3-(4-(4-methyl-2,5-dioxo-2,3,4,5-tetrahydro-1H-pyrido[4,3-
e][1,4]diazepin-1-yl)butyl)urea (NH-C4-10)

To a stirred solution of Compound 8 (0.144 mmol) from the previous step in THF (1.2
mL), 1-isothiocyanatodecane (65 pL, 0.288 mmol) and DIPEA (0.101 mL, 0.575
mmol) was added. After stirring overnight at room temperature, the solvents were
removed by rotary evaporator. The crude was re-dissolved in ethyl acetate (20 mL)
and washed with water (15 mL x 2) and brine (15 mL). The collected organic layer
was dried over Na,SO4 and concentrated by rotary evaporation. The crude residue was

further purified by silica gel column chromatography (Hexane: EtOAc = 1:3) to afford
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the final product NH-C4-10 (0.0331 g, 50%). *H NMR (500 MHz, CDz0D) § 7.79
(dd, J=7.9, 1.7 Hz, 1H), 7.64 (ddd, J = 8.7, 7.3, 1.7 Hz, 1H), 7.51 (dd, J = 8.4, 1.1 Hz,
1H), 7.39 (td, J = 7.6, 1.1 Hz, 1H), 4.35 (dt, J = 14.3, 7.3 Hz, 1H), 4.12 (d, ] = 14.7
Hz, 1H), 3.88 — 3.57 (m, 2H), 3.56 — 3.34 (M, 4H), 3.25 (s, 3H), 1.62 — 1.42 (m, 6H),
1.36 — 1.29 (m, 14H), 0.91 (t, J = 6.8 Hz, 3H). 1*C NMR (126 MHz, CDs0D) &
181.03, 170.05, 169.49, 140.90, 133.69, 131.14, 131.10, 127.33, 123.74, 54.13, 47.18,
36.01, 33.07, 30.72, 30.70, 30.47, 27.96, 26.03, 23.74, 17.44, 14.44. LCMS (ESI)

calcd. for [M+H]" C2sH41N402S 461.29, obsd. 461.41.
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CHAPTER 6
CONCLUSION AND FUTURE DIRECTIONS

6.1 Conclusion and Future Directions

With the emergence of SIRT2 as a therapeutic target for cancer, we have
designed many SIRT2 inhibitors to improve anticancer potency. The current lead
SIRT2 selective inhibitor from the H. Lin group is TM.! It contains a long chain
thiomyristoyl group, which not only is the key part for SIRT2 selective inhibition but
also significantly impairs aqueous solubility. Consequently, the poor aqueous
solubility of TM may hamper the delivery of the compound in the cells and animal
studies. Furthermore, due to this characteristic of TM, obtaining a co-crystal structure
with SIRT2 was challenging. Hence, we have hypothesized that improved aqueous
solubility and bioavailability could enhance the anticancer potency of SIRT2 selective
inhibitors. Another drawback of TM is that it can only inhibit SIRT2 deacetylase, not
de-fatty acylase.? Obtaining an inhibitor that can inhibit SIRT2 de-fatty acylase can be
useful to further understand the importance of SIRT2 de-fatty acylase activity in cells.

The first strategy we tried was glycoconjugation. With glucose attached to TM,

glucose-TM had shown improved aqueous solubility, as it got dissolved in PBS at 10
mg/mL without precipitation. However, glucose-TM did not show any
antiproliferative effect.® The polar glucose moiety had ameliorated the aqueous
solubility but significantly decreased the cellular permeability. Nevertheless, we were
able to collect the co-crystal structure with glucose-TM and SIRTZ2, which revealed

that the N-terminal carboxybenzoyl and C-terminal aniline groups of TM do not
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contribute much to the interaction. Based on this finding, we had synthesized several
analogs of TM, which showed a promising anticancer effect.

To inhibit both SIRT2 deacetylase and de-fatty acylase, we have applied the
Proteolysis Targeting Chimera (PROTAC) strategy to completely degrade SIRT2.4
TM-P4-Thal with thalidomide attached to TM selectively degraded SIRT2 without
any alteration of SIRT1 and SIRT3 expression levels. In addition, TM-P4-Thal had
successfully inhibited both SIRT2 deacetylase and de-fatty acylase in cells. TM-P4-
Thal had stronger cytotoxicity than TM only at low concentrations. At higher
concentrations, we found that TM-P4-Thal had much weaker cytotoxicity. One
potential reason is that TM inhibits SIRT2 by forming a stalled covalent intermediate
with NAD*. Because TM moiety of TM-P4-Thal will eventually lose its structure, the
reusability of TM-P4-Thal will be limited. Once it degrades the target, a PROTAC
probe gets released and fetches another target nearby. The reusability of a PROTAC
probe is essential as it can lower the effective concentration to a nanomolar scale from
a micromolar scale. ® Because TM-P4-Thal has limited reusability, its cytotoxicity had
slightly improved. Thus, a design with another handle that interacts with SIRT2 could
solve this issue. A potential candidate could be NCO-90 or NCO-141 as the site where
the thalidomide and the linker can be attached has been reported.® Moreover, we have
not yet utilized TM-P4-Thal to further scrutinize the importance of SIRT2 de-fatty
acylase in cancer cells. Comparison of TM-P4-Thal and TM in cancer cells will be
intriguing to see if there is any difference from inhibiting SIRT2 de-fatty acylase.

Given that the N-terminal and C-terminal of TM can be freely changed, we had

synthesized many TM analogs to specifically improve the aqueous solubility. Among
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them, NH4-6 and NH4-13 had gained special attention from us. Both NH4-6 and
NH4-13 contain a trimethylammonium moiety on the C-terminal. [REF] However,
NH4-6 has an amide bond (NH) and NH4-13 has an ester bond (O) to connect the
trimethylammonium moiety to the lysine. This one atom difference led to a
significantly different sirtuin inhibition profile. NH4-6 with an amide bond inhibited
SIRT1, SIRT2, and SIRT3. Meanwhile, NH4-13 with an ester bond selectively
inhibited SIRT2. Comparing these two very similar inhibitors in cellular and animal
models would allow us to accurately assess the importance of SIRT2 inhibition. When
using two completely distinct inhibitors, such evaluation could be challenging, as the
inhibitors possess different bioavailability. As a result, NH4-6 showed stronger
cytotoxicity than NH4-13 in cellular proliferation assays. In HCT-116 tumor xenograft
study, interestingly NH4-6 and NH4-13 had a similar anticancer effect. However, a
higher dosage of NH4-6 caused severe weight loss and lethargic behaviors. NH4-13 at
higher dosages did not have any over-toxicity issue and induced an even stronger
anticancer effect in mice. Overall, administrating a SIRT2 selective inhibitor can be
beneficial when treating cancer, as there is no advert over-toxicity issue [REF].

To further validate this, a comprehensive toxicity measurement of NH4-6 and
NH4-13 will be desired. Measuring the maximum tolerated dosage or long-term
dosage can depict the toxicity of the two inhibitors. Additionally, investigating the
mechanism of the cytotoxicity can help us understand why there is a discrepancy in
the cellular and animal studies with NH4-6 and NH4-13. These future studies can

decipher the complex roles of SIRT1, SIRT2, and SIRT3 in tumorigenesis.
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Even though NH4-6 and NH4-13 had improved aqueous solubility, they
showed weaker cytotoxicity than TM at lower concentrations, due to the poor cell
permeability from their charged moiety. Thus, we ultimately wanted to design a
SIRT2 selective inhibitor that possesses superior aqueous solubility and permeability.
One way was to simplify the structure of TM. This strategy could lower the molecular
weight and improve bioavailability. A potential disadvantage was that a simplified
inhibitor structure can exert weaker SIRT2 inhibition. From the previous reports, the
benzodiazapienedione core structure had been used as a biomimetic for an amino
acid.” Hence, we have synthesized NH-C1-10 with a benzodiazapienedione core and a
10-carbon thiourea acyl chain. As expected, NH-C1-10 portrayed improved aqueous
solubility and inhibited SIRT2 slightly weaker than TM. In cellular proliferation assay,
NH-C1-10 showed stronger cytotoxicity than TM. This had confirmed that the
increased bioavailability of NH-C1-10 had consequently led to an enhanced anticancer
effect in cellular studies. Moreover, NH-C1-10 had shown a broad anti-cancer effect
and effectively inhibited BXPC-3 pancreatic tumor growth in the xenograft mice study.

Additional studies with NH-C1-10 are still needed. Medicinal chemistry
modification on NH-C1-10 could potentially improve the anticancer potency. With the
improved aqueous solubility, we can obtain the crystal structure of NH-C1-10 with
SIRT2, which will deepen the understanding of the inhibitory interaction. Also,
smaller modifications on the benzodiazapienedione core could additionally enhance
the bioavailability and potency of NH-C1-10. For example, adding a nitrogen atom to
the aromatic ring of the core could improve the aqueous solubility. A previous report

had shown that the thiourea acyl group is relatively unstable compared with the
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thioamide.® Hence, replacing the thiourea to a thioamide could also enhance the
structural stability in media and serum, and thereby increase the anticancer effect.

Mechanistically, examining why NH-C1-10 shows strong cytotoxicity in
pancreatic cancer cells can be interesting. NH-C1-10 showed stronger cytotoxicity in
MIA-PaCa-2 than BxPC-3 cells. Finding the reason for this sensitivity difference can
further narrow down the cancer patient types for the treatment. Hypothetically, this
difference could be related to the c-Myc degradation. Previously, a SIRT2 knockdown
in MIA-PaCa-2 cells had degraded c-Myc, an oncoprotein essential for tumor
proliferation.® As such, inhibition of NH-C1-10 could potentially degrade c-Myc in
MIA-PaCa-2 cells at a faster rate than in BXPC-3 cells. Consequently, this could have
induced the sensitivity difference. Another factor could be the mutated level of K-
Ras4a. We had demonstrated that SIRT2 removes the fatty acyl group from K-Ras4a
to promote transformation activity.’® NH-C1-10 could have impaired cell proliferation
by regulating the K-Ras4a pathway. Overall, studying the mechanism of NH-C1-10
will be crucial to understand the importance of SIRT2 in cancer. If NH-C1-10 will be
used in additional animal or preclinical studies, detailed toxicity information and
pharmacokinetics of NH-C1-10 will be needed.

Overall, my research on the SIRT2 inhibitors design had not only proposed
new structures but also confirmed the importance of SIRT2 in tumorigenesis. |
strongly anticipate that my research had contributed to the understanding and treating

cancer.
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