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Abstract

Development of Sirtuin and Calmodulin-Dependent Protein Kinase Inhibitors As
Anti-Cancer Therapeutics

Aaron D. Schuler

Chair of the Supervisory Committee:
Affiliate Associate Professor Julian A. Simon
Department of Chemistry

Small molecule inhibitors of the human sirtuins and calmodulin-dependent
protein kinases have shown promising anti-cancer activity in cell-based screens
and animal models. We have synthesized analogues of these compounds,
identifying more selective sirtuin inhibitors and more potent calmodulin-
dependent protein kinase inhibitors.

The sirtuins are a family of NAD -dependent deacetylases that regulate
cellular aging and gene silencing in simple organisms and appear to play
important regulatory roles in human cells that make them attractive anti-cancer
targets. We have previously identified the compound cambinol, an inhibitor of
the human sirtuins SIRT1 and SIRT2, which is selectively toxic to Burkitt’s
lymphoma cells. In order to determine which sirtuin is the relevant target, we
screened analogues of cambinol, identifying compounds that exhibited moderate
selectivity for both SIRT1 and SIRT2. The compound JP136 is ten-fold more
selective in vitro for SIRT1 over SIRT2, with respective ICsp’s of 13 uM and 125
uM, and it is far less potent against the Daudi Burkitt’s lymphoma cell line than
cambinol. Conversely, the compound ADS010, which is selective for SIRT2 in

cell-based assays, is slightly more toxic to Daudi cells than cambinol. Like



cambinol, ADS010 has been found to be toxic only to B-cell lymphomas. SIRT2
appears to be the relevant target for cambinol-induced Daudi cell toxicity.

KN-62, an inhibitor of the calmodulin-dependent protein kinases
(CaMKs), enhances the terminal differentiation of retinoic acid sensitive human
myeloid leukemia cell lines. In an effort to identify additional CaMK inhibitors
that exhibit more potent activity in triggering leukemia cell differentiation, we
synthesized 45 analogues of KN-62 and determined their ability to induce HL-60
cell differentiation. Sixteen of these novel analogues exhibited significant
differentiation-inducing activity, and one analogue, AS-004, was five times more
potent than KN-62 in inhibiting proliferation and inducing differentiation of HL-
60 cells. Such KN-62 analogues and/or related compounds may prove useful in

treating promyelocytic leukemia.
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Introduction

Cancer is a family of diseases characterized by uncontrolled proliferation
of mutated cells. There is more than one cancer death every minute in the United
States. In 2005, over 1.37 million Americans were diagnosed with cancer, and if
current trends hold, more than one-third of these people will die within five
years." We have all lost a friend or relative to this horrible disease, and despite
the best efforts of countless scientists and doctors around the world, we are still
many years away from eliminating cancer as a source of pain, suffering, and death
in the world.

My research is a small step toward the overall goal of eradicating cancer
from our lives. One of the major difficulties that we currently face in cancer
treatment is that the drugs available for treating the disease can cause as much
harm as the disease itself. Most current chemotherapy agents simply kill rapidly
proliferating cells. Since cancer cells are generally rapidly proliferating, they are
preferentially killed over the senescent, normal cells, but many healthy cells are
killed as well. I have worked to develop drugs that selectively kill cancer cells by
exploiting their genetic differences from normal cells. My efforts have produced
compounds that hold promise as potential treatments for non-Hodgkin’s

lymphoma and acute promyelocytic leukemia.



Several years ago we identified the compound cambinol as an inhibitor of
a class of enzymes called the sirtuins, which regulate gene expression in simple
organisms and appear to be involved in cancer and aging in humans.®> I
synthesized a library of cambinol analogues and found several that are selective
for particular human sirtuins. The compound that selectively targets the enzyme
SIRT2 is also selectively toxic to Burkitt’s lymphoma cells, showing promise as a
potential lead compound for the treatment of certain non-Hodgkin’s lymphoma.

The compound KN-62, an inhibitor of the Ca™/calmodulin-dependent
protein kinases (CaMKs), was shown by Steve Collins and his research group to
induce the differentiation of several acute promyelocytic leukemia cell lines,
including HL-60 and NB4. I generated a library of KN-62 analogues and
identified several compounds that induce differentiation at lower concentrations
than KN-62. As inhibitors of calmodulin-dependent protein kinase IIy, these
compounds show promise as lead compounds for the treatment of this disease.

However, it must be remembered that non-Hodgkin’s lymphoma and acute
promyelocytic leukemia accounted for less than 5% of all cancer deaths in 2005.!
There is still much work to be done, and many more drugs to be discovered. The
progress I have made is dwarfed by the pervasiveness of cancer in our society.
We are still many years from ending cancer as a source of pain and suffering in

our society, but perhaps this research has taken us a few steps closer.



Chapter One:
Selective Sirtuin Inhibitors Exhibit Variable Toxicity Against
Daudi Cells®

Introduction

The sirtuins are a family of NAD -dependent protein deacetylases with
sequence homology to SIR2 (Silent Information Regulator), the gene encoding
Sir2p, a histone deacetylase involved in silencing at the telomeres, mating-type
loci, and ribosomal DNA (tDNA) in Saccharomyces cerevisiae.* Sir2p is the only
protein that localizes to all three loci,” and since it silences at both the telomeres
and rDNA, it has been proposed that Sir2p may play a role in yeast lifespan
regulation.6 Indeed, yeast cells subjected to caloric restriction undergo a Sir2p-
dependent extension of lifespan.” Sir2p has also been shown to regulate the
segregation of oxidatively damaged proteins during cytokinesis, suggesting that it
may contribute to the fitness of daughter cells.®

Sirtuins also appear to be involved in the aging of animals. Increasing the
dosage of the sirtuin sir-2. 1 in C. elegans extends the lifespan of that organism by
up o 50%,” and deletion of D. melanogaster sir2” appears to cause a shortened
lifespan.’® In mammals the sirtuins have been linked not only to aging, but cancer
as well. There are seven sirtuins in human cells, four of which have been shown
to have in vitro NAD -dependent protein deacetylase activity: SIRT1, SIRT2,

SIRT3, and SIRT5.!!  Of the human enzymes, SIRT1 has been the most



thoroughly investigated. Localizing to the nucleus, SIRT1 deacetylates several
key proteins involved in cell cycle regulation, including p53,'%13 Ku70,"* and the
forkhead transcription factors.”> Mice homozygous for the deletion of SIR2¢, the
murine SIRT1 homologue, exhibit a high rate of postnatal mortality and
sterility.!® The primarily cytoplasmic enzyme SIRT2 is a tubulin deacetylase'’
and regulator of mitotic exit and possibly cytokinesis."® During the G,/M
transition and mitosis, SIRT2 relocalizes to the nucleus where it deacetylates
lysine 16 on histone 4." SIRT3 is a mitochondrial protein that may regulate
apoptotic proteins and reduce the rate of oncogenesis.'" It appears to be linked to

2021 and temperature regulation in fatty tissues.”?  Also

survival in old age
important for aging, SIRT6 plays a key role in base excision repair and in
maintaining genomic stability.23 Required for cell viability in mammals due to its
role as a positive regulator of RNA polymerase I transcription,”® SIRT7 is

overexpressed in thyroid carcinoma.”>*

The proto-oncogene BCL6 is
deacetylated and activated in an NAD -dependent manner, suggesting that a yet
unidentified sirtuin acts as an activator of BCL6.%” Constitutively active BCL6 is
found in most B-cell lymphomas, such as Burkitt’s lymphoma, and
downregulation of BCL6 allows normal B-cells to exit the germinal center and
differentiate.*®

The first sirtuin inhibitor, sirtinol, was identified in a chemical genetic

negative growth assay in yeast and has a reported ICsy of 68 uM for Sir2p.”



Another inhibitor of Sir2p, splitomicin,*®

was identified using a chemical genetic
positive growth assay. Several relevant sirtuin crystal structures—those of SIR2-
Afl, a sirtuin from Archaeoglobus fulgidus,> co-crystallized with NAD" and the
human homologue SIRT2,*? solved without NAD"—show divergence in the
substrate-binding pocket suggesting the possibility of developing selective
inhibitors. The compound EX-527 has been identified as a selective inhibitor of
SIRT1 with an ICs of 98 nM.>>** Using a library of splitomicin analogues, the
compound dehydrosplitomicin that inhibits the yeast sirtuin Hstlp3 > and the
compound cambinol that inhibits both SIRT1 and SIRT2® were identified.
Although cambinol has shown no activity against yeast, it has been shown to
increase acetylation of p53, BCL6, and tubulin, in human cell lines.
Furthermore, it has shown selective toxicity against Daudi, a Burkitt’s lymphoma
cell line, and in mouse xenograft studies has shown efficacy in reducing tumor
growth.2 We report the development of cambinol analogues that have modest
selectivity toward SIRT1 and SIRT2, leading to varied toxicity against Daudi
cells. Our results suggest that SIRT2 may be a significant target for the treatment

of Burkitt’s lymphoma.



Materials and Methods

Reagents and antibodies

Cambinol, ADS010, ADS012, JP136, and ADS021 were synthesized as
described below and shown in Figure 1. Compounds were purified to
homogeneity as confirmed by thin layer chromatography and liquid
chromatography-mass spectrometry. Unless otherwise noted, all reagents were
purchased from Fisher Scientific. Trichostatin A and etoposide were purchased
from Sigma. Antibodies to acetylated a-tubulin (clone 6-11B-1, Sigma, St.
Louis, MO), a-tubulin (clone DM1A, Calbiochem, San Diego, CA), acetylated
p53 (Cell Signaling, Danvers, MA), and p53 (Ab-6, Calbiochem) were obtained
from commercial sources.
Synthesis of Cambinol

The synthesis of cambinol was performed using an approach described
previously.36 Briefly, ethyl benzoylacetate (2.9 mL, Fluka) and 2-hydroxy-1-
naphthaldehyde (2.9 g, Fluka) were combined in equimolar amounts with
catalytic pyrrolidine (~10 drops, Fluka) in ethanol (10 mL) in a flame-dried
Erlenmeyer flask. After four hours, the reaction was quenched with excess glacial
acetic acid (50 mL), and the resulting precipitate was isolated by vacuum
filtration. The precipitate was recrystallized from glacial acetic acid and dried
overnight under vacuum (3.5 g, 69% yield; ESI-MS (+) m/z = 301 [M + H]").

The crystals (3 g) were dissolved in anhydrous pyridine (~30 mL, Fluka) under



argon and stirred on ice. One equivalent of sodium borohydride (380 mg, Fluka)
was added to the solution and the reaction was allowed to proceed at room
temperature. After 5 hours, the reaction was poured into excess 2 N HCl (~150
mL) and stirred vigorously. The precipitate (phenyl-p-keto lactone) was isolated
by vacuum filtration, and washing with water neutralized the solid mass, which
was dried under vacuum overnight. The B-keto lactone was recrystallized from
saturated ethanol and dried under vacuum to remove all traces of ethanol (2.6 g,
87% yield; ESI-MS () m/z=301 [M - H]).

Thiourea (972 mg, 1.4 equivalents, Fluka) was stirred in anhydrous
dimethyl sulfoxide (60 mL, Aldrich) with sodium hydride (613 mg, 2.8
equivalents, Aldrich) for 15 minutes, the 3-keto lactone (2.71 g, 1 equivalent) was
added and was stirred for 4 hours at 90°C. The reaction was poured into excess 1
N HCl (~150 mL), and the precipitate was collected by vacuum filtration,
neutralized by washing with water and dried overnight under vacuum. The
precipitate (cambinol) was recrystallized from a mixture of ethyl acetate and »-
heptane (605 mg, 19% yield; ESI-MS (-) m/z =359 [M - H).Y
Synthesis of ADS010

Methyl 3-trifluoromethylbenzoylacetate (1.231 g, Acros) and 2-hydroxy-
1-naphthaldehyde (861 mg, Fluka) were combined in equimolar amounts with

catalytic pyrrolidine (3 drops) in ethanol (3 mL) in a flame-dried vial. After four

¥ An alternate synthesis for cambinol can be found in Appendix A.



hours, the reaction was quenched with excess glacial acetic acid (5 mL), and the
resulting precipitate was isolated by vacuum filtration. The precipitate was
recrystallized overnight from ethyl acetate and dried under vacuum (1.4 g, 77%
yield). The rest of the synthesis proceeded as described above, except ADS010
was purified by silica gel chromatography (37 mg, 6% overall yield; ESI-MS (-)
m/z =427 [M - H]).
Synthesis of ADS012

Ethyl benzoylacetate (1.7 mL, Fluka) and salicylaldehyde (1.2 g, Aldrich)
were combined in equimolar amounts with catalytic pyrrolidine (6 drops) in
ethanol (6 mL) in a flame-dried Erlenmeyer flask. After four hours, the reaction
was quenched with excess glacial acetic acid (~40 ml), and the resulting
precipitate was isolated by vacuum filtration. The precipitate was recrystallized
overnight from ethanol and dried under vacuum (2.1 g, 82% yield; ESI-MS (+)
m/z =251 [M + H]"). The rest of the synthesis proceeded as described above for
cambinol (137.5 mg, 24% overall yield; ESI-MS (-) m/z =309 [M - H]").
Synthesis of JP136

The phenyl-B-keto lactone (66.7 mg) from the synthesis of cambinol was
dissolved in dimethylformamide (~1 mL, Aldrich) under argon. Hydrazine
monohydrate (13 uL, Fluka) was added, and the reaction was stirred for about 30
minutes. The volatile components were removed under vacuum and the solid was

isolated by silica gel chromatography. The solid (JP136) was recrystallized from



a mixture of ethyl acetate and n-heptane (22.3 mg, 32% yield; ESI-MS (-) m/z =
3ISM-H]).
Synthesis of ADS021

The 3-trifluoromethyl-phenyl-B-keto lactone from the synthesis of
ADS010 was subjected to the reaction described above for JP136 to yield
ADSO021 (33 mg, 42% yield; ESI-MS (-) m/z =383 [M - H] ).
HDAC Assay

Cambinol, ADS010, ADS012, JP136, and ADS021 were tested for their
ability to inhibit the in vitro activity of bacterially expressed GST-SIRT1 and
GST-SIRT2 2. The GST-SIRT? expression plasmid was a gift of Dr. D. Moazed
(Department of Cell Biology, Harvard Medical School, Boston, MA)** The
SIRT1 ¢cDNA was generously provided by Dr. E. Verdin (Gladstone Institute of
Virology and Immunology, San Francisco, CA) 17 and cloned into the pGEX-4T-1
GST expression plasmid (GE Healthcare Life Sciences), expressed in, and
purified from bacteria. The compounds were prepared as 30 mM solutions in
dimethyl sulfoxide (Sigma) and dissolved in 50% glycerol for use in the assay as
3 mM stock solutions. For deacetylation assays, chemically acetylated [*H]-
acetyl-H4 peptide3 7 was incubated with or without 500 uM NAD" and GST
enzyme in a buffer containing 50 mM Tris-HCI (Ph 8.0), 150 mM NaCl, 1 mM

DTT, and 5% glycerol. After 3 hours of incubation at 37°C, the reaction was
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quenched by the addition of 5 pLL of 1 N HCI containing 0.15 N acetic acid.

Released [*H]-acetic acid was extracted with 400 uL ethyl acetate and counted in
5 mL ScintiVerse II.
Cell culture

All cells were maintained at 37°C and 5% CO,; the appropriate medium
was supplemented with 1% L-glutamine (Gibco) and 1% penicillin-streptomycin
(Gibco). Daudi cells were cultured in RPMI 1640 (Gibco) supplemented with
20% FCS (Gibco). NCI H460 cells were cultured in RPMI plus 10% FCS. Both
cell lines were obtained from American Type Culture Collection (Manassas, VA).
Western blot analysis

NCI H460 cells were treated with the drugs for 16 hours and lysed in the
presence of drugs in a buffer containing 20 mM Tris-HCI (Ph 7.5), 150 mM NacCl,
1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1
mM B-glycerophosphate, 1 mM orthovanadate, and 1 mM phenylmethylsulfonyl
fluoride (PMSF) in the presence of Complete Mini protease inhibitors (Roche).
Cell lysates were resolved by SDS-PAGE in 10% polyacrylamide gels and
transferred onto nitrocellulose membranes. Proteins were visualized using
SuperSignal West Pico Chemilluminescent Substrate (Pierce, Rockford, IL).
Immunofluorescence

NCI H460 cells grown on coverslips for 24 hours were treated with 30 uM

cambinol, ADS010, ADS012, JP136, or ADS021 and 2.5 nM trichostatin A
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(Sigma) for 16 hours. Cells were permeabilized with 0.5% Triton X-100 in warm
microtubule stabilizing buffer [80 mM PIPES (Ph 6.8), 1 mM MgCl,, and 5 mM
EGTA] and fixed with 0.5% gluaraldehyde for 10 minutes. Primary antibodies
were targeted against a-tubulin (clone DM1A, Calbiochem) and acetylated a.-
tubulin (clone 6-11B-1, Sigma). Oregon green-conjugated anti-mouse IgG
(Invitrogen) was used as the secondary antibody. Slides were visualized on a
Nikon E800 microscope system equipped with a SPOT?2 digital camera.
Toxicity assays

Daudi toxicity was measured by three different methods to fully elucidate
the effects of the drugs. To compare with our previous work, cambinol and
ADSO010 were tested in a modified [*H]-thymidine incorporation assay as

described previously.>*®

All compounds were also tested using the CellTiter-
Glo® Luminescent Cell Viability Assay (Promega), in which cells are lysed, and
the concentration of ATP is measured in each well. Cells plated in a 96-well
microplate were treated with drugs for 72 hours (3 days) after which the
CellTiter-Glo® reagent was added, lysing the cells and binding the released ATP
with a luminescent substrate. The luminescence was quantified in a luminometer.
Each drug was tested in triplicate. All compounds were also grown in 6-well

plates and counted by trypan blue staining. Cells plated in a 6-well plate were

treated with drugs for 72 hours (3 days) after which time an aliquot of cells was
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removed and mixed with trypan blue stain and counted in triplicate with a

haemocytometer.

Results and Discussion

To explore the structural determinants of the histone deacetylase
inhibitory activity of cambinol,” we synthesized and screened simple analogues
for their activity against SIRT1 and SIRT2 in vitro. Most of the twenty-six
compounds were inactive against the sirtuins or did not behave differently than
cambinol. Thus, we selected four compounds for further exploration: ADS010,
ADSO012, JP136, and ADS021 (Figure 1).

As mentioned previously,2 ADSO012 is inactive in vitro against both SIRT1
and SIRT2 (Figure 2), making it a useful negative control. ADSO010 behaves
similarly to cambinol in vitro (Figure 2). JP136 showed apparent selectivity for
SIRT1 over SIRT2 (Table 1), with a selectivity index of 9.6. ADS021, which
combines structural elements of ADS010 and JP136 (Figure 1), behaves like a
combination of the two, with comparable in vitro ICs¢s against SIRT1 with JP136
and against SIRT2 with ADS010 (Figure 2 and Table 1).

ADS010 Does Not Inhibit Cellular SIRT1, But ADS012 Does

Inhibition of cellular SIRT1 is measured by monitoring the acetylation

state of p53, since it is the enzyme primarily responsible for p53 deacetylation.2

To measure inhibition of cellular SIRT1, the cambinol analogues were incubated



overnight with etoposide-treated NCI H460 cells and analyzed by immunoblotting
using acetyl-p53- and p53-specific antibodies. Etoposide treatment induces DNA
damage, increasing the overall p53 content in the cells (first and last lanes of
Figure 3A). However, most of this p53 is non-acetylated. When cambinol or its
analogues are added to the cells, there is an increase in pS53-acetylation
proportional to the compound’s activity. It appears that in cell-based assays, the
compounds are active below their in vitro ICsps. The maximum enhancement of
pS3 acetylation occurs at concentrations below the in vifro 1Csgs. Cambinol
induces p53 acetylation at 30 and 60 uM, as does JP136 and ADS021.
Surprisingly, ADS010, which is active in vitro, fails to induce p53
acetylation at 30 and 60 uM, suggesting that it is not active against cellular
SIRT1. It is unclear why it is not active in the cell-based assay, however, lack of
activity against SIRT1 is not due to poor cellular uptake (see below). ADS012,
on the other hand, has moderate activity at both concentrations, suggesting that it
has some activity against cellular SIRT1. This activity is not totally unexpected.
We have previously shown that when the naphthyl group on splitomicin is
changed to phenyl, in vivo yeast Sir2p inhibition is retained.*® Furthermore,
dihydrocoumarin was shown to inhibit both SIRT1 (ICsy = 208 uM) and SIRT2
(ICsp = 295 uM), and it increases heterochromatin silencing at concentrations
similarly to splitomicin in yeast.3 ° The large discrepancy between in vitro and in

vivo activity is paralleled by splitomicin.3 O Since yeast media has an acidic pH,
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mammalian tissue culture medium is neutral, and the in vitro histone deacetylase
assay is performed at basic pH, the activity may simply be pH-dependent.
Cambinol and ADS010 Inhibit SIRT2, But the Other Analogues Do Not
Inhibition of cellular SIRT2 is best measured by monitoring the
acetylation state of tubulin in the presence of low concentrations of trichostatin
A>"  The most straightforward and convincing method to ascertain the
acetylation state of tubulin is through indirect immunofluorescence with specific
antibodies against tubulin and acetyl-tubulin. An increase in acetyl-tubulin
fluorescence, without a corresponding increase in overall tubulin fluorescence,
reflects inhibition of SIRT2. As shown in Figure 3B, only cambinol and ADS010
appear to demonstrate any substantial increase in acetyl-tubulin acetylation,
suggesting that they are the only compounds that inhibit cellular SIRT2. ADS012
does not have activity against SIRT2, as expected from the in vitro assay. It does
not appear to be generally active in the cell-based assays, only gaining activity
against SIRT1. Both JP136 and ADS021 are selective for SIRT1 in the cell-based
assays, aligning with the in vitro data. Therefore, at the concentrations used in
these experiments, JP136 and ADSO021 are selective in vivo for SIRT1 and

ADSO010 is selective in vivo for SIRT2.
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Cambinol and ADS010 Are Selectively Toxic for Burkitt’s Lymphoma Cells
in Multiple Assays

Cambinol has been shown to be toxic to several Burkitt’s lymphoma cell
lines, such as Daudi and Namalwa.” In testing the new analogues, only ADS010
was consistently toxic to Daudi cells (Table 2°). The three compounds that did
not inhibit cellular SIRT2 (ADSO012, JP136, and ADS021) showed marginal
activity against the lymphoma line, as measured by trypan blue exclusion, ATP
level measurements, and a modified [*H]-thymidine incorporation assay. On the
other hand, although ICses and inhibition levels varied between the three assays,
cambinol and ADSO010 both consistently killed the Daudi cells. Although other
targets cannot be ruled out, it seems likely that SIRT2 is the relevant target in
Daudi cells. Certainly, based on the results for JP136 and ADS021, SIRT1 does
not appear to be a valid drug target in Burkitt’s Iymphoma cells. As with
cambinol, ADS010 is only toxic to Burkitt’s lymphoma cells,” suggesting that a
more potent selective inhibitor of SIRT2 could be a useful and selective anti-

cancer therapeutic.

® The graphs of the [*H]-thymidine incorporation assays and ATP content measurements used to
generate the data in Table 2 can be found in Appendices B and C.

€ [°H]-Thymidine incorporation assays for ADS010 against non-Burkitt’s lymphoma cell lines are
shown in Appendix B.
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Figure 1: Synthesis of cambinol and analogues. (A) Synthetic scheme for the preparation of
cambinol (1, R = H), ADS010 (1, R = CF;), JP136 (2, R = H), ADS021 (2, R = CF;). (B)
Synthetic scheme for the preparation of ADS012 (3).
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Figure 3: Activity of cambinol and analogues in cell-based assays. (A) SIRT! inhibition is
measured by monitoring the acetylation state of p53. Darker bands in the upper blot represent
increased inhibition of SIRT1. (B) SIRT2 inhibition is measured by monitoring the acetylation
state of tubulin in intact NCI H460 cells. Cells are treated with 2.5 nM TSA and 30 uM of the
appropriate cambinol analogue for 16 hours, fixed, stained with antibodies against acetyl-tubulin
and tubulin, and visualized with Oregon Green fluorescent antibody. The cells stained with
acetyl-tubulin were exposed for 1.2 seconds, and cells stained with tubulin were exposed for 500
ms. A strong signal in the acetyl-tubulin stained cells indicates inhibition of SIRT2.
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Table 1: In vitro ICsps of cambinol and analogues against SIRT1 and SIRT2
Analogue SIRT1 (uM) SIRT2 (uM) Ratio”

Cambinol 56 +2' 59 £ 4/ 1.1
ADS010 40+5 7911 2
ADS012 N/A N/A N/A
JP136 13+3 125+ 25 9.6
ADS021 2142 90 + 11 4.3

" Selectivity for SIRT1 over SIRT2, as determined dividing the SIRT2 ICsp by the
SIRT1 ICso. ! From Heltweg et al., ref. 2.

Table 2: Viability of Daudi cells treated with cambinol and analogues

Analogue Haemocytometer’ ATP Level” ATP Level! (uM) Thymidine' (uM)

Cambinol 58+6% 65+3% 413 8+3
ADSO010 44 +£3% 55+4% 365 5+4
ADSO012 78 £10 % 92+4% N/A N/A

JP136 787 % 101£11% 551 ND
ADS021 82+10% 1124 % N/A ND

* % of DMSO control at 15 uM. ** %% of DMSO control at 30 UM. “ICso values.
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Chapter Two:
KN-62 Analogues As Potent Differentiating Agents of HL-60
Cells®

Introduction

The retinoic acid receptors (RARS) are transcription factors involved in
regulating myeloid differentiation.*’ Most cases of human acute promyelocytic
leukemia (APL) are associated with the presence of the t(15;17) chromosome
translocation, which results in the generation of the leukemogenic PML-RAR«a
fusion protein. This aberrant RARa fusion protein likely acts as a dominant
negative to inhibit the normal role of the RARs in enhancing myeloid cell

42,43

differentiation. Treatment of APL patients with relatively high,

pharmacological doses of retinoic acid (RA) appears to overcome this
differentiation block and has had a remarkably beneficial therapeutic effect.***
However, some 20-30% of patients with APL still relapse despite optimal RA
therapy.*>*¢ Agents that enhance the activity of retinoic acid and the RARs may
be of therapeutic benefit in enhancing the cure rate for this type of human
leukemia.

Calmodulin-dependent protein kinases (CaM kinases or CaMKs) are a
family of ubiquitous proteins that are expressed in a variety of tissues and are

involved in regulating tissue growth, development, and function.*’ These

enzymes are regulated by changes in intracellular Ca™ concentration, which in
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turn regulate levels of the Ca™ /calmodulin (CaM) complex. Ca™/CaM binds to
the CaMKs and enhances their enzymatic activity. The most widely studied
CaMKs include CaMKs I, II, and IV and their different isoforms, and these
distinct CaMKs regulate the development and activity of multiple different cell
types. We have previously observed that CaMKlo and CaMKIIy are the CaMKs
that are predominantly expressed in myeloid cells, and these enzymes may have a
regulatory role in blood cell differentiation.*®

We have recently observed that KN-62, a small molecule inhibitor of the
CaMKs, enhances RARa transcriptional activity and induces the differentiation
of the RA-sensitive HL-60 human myeloid leukemia cell line 8 In addition, this
compound markedly enhances the effect of low dose RA to trigger the
differentiation of the NB4 promyelocytic leukemia cell line. KN-62 blocks the
binding of Ca™"/CaM to the CaMKs and thus acts as a general CaMK inhibitor
exhibiting 1Cses of 0.8 uM, 0.8 uM, and 3 uM, against CaM kinases I, II, and IV
respectively.*”* In exploring the molecular basis for the activity of this CaM
kinase inhibitor to regulate leukemia cell differentiation, we observed that the
CaMKs have opposing activities in regulating RARa transcriptional activity.
Indeed CaMKI-mediated phosphorylation of RARa enhances RAR

transcriptional activity while CaMKIl-mediated phosphorylation of RARa

inhibits its activity. Thus, although KN-62 can inhibit both CaMXKI and 1, its role
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in enhancing RAR activity and triggering myeloid cell differentiation likely
results from inhibiting the activity of CaMKII.

In the present study, we synthesized a variety of structural analogues of
KN-62 and investigated whether any of them have increased differentiation-
inducing activity against HL-60 cells compared with the parental KN-62
compound. The analogues displayed a wide range of activity in inducing HL-60
differentiation, and one (AS-004) was five times more potent than KN-62 in

inhibiting proliferation and inducing differentiation of HL-60.

Materials and Methods

Synthesis of KN-62 analogues
All reactions were carried out with dry solvents under an inert atmosphere,

following synthetic procedures described previously.so’51

The basic synthesis
procedures are summarized in Figure 4. Briefly, Boc-N-Me-tyrosine (1; most
analogues) or Boc-N-Me-D-tyrosine (1; AS-044, AS-045, AS-046) (1.0 eq) was
stirred at room temperature with EDC (1.1 eq), HOBt (1.1 eq), and secondary
amine (1.1 eq) in dimethylformamide. After 24 hours, volatile materials were
removed under vacuum, and the resulting residue was resuspended in ethyl
acetate/water (2:1), and the layers were separated. The organic layer was washed

with brine, dried over sodium sulfate, and passed through a plug of silica. The

flow-through was collected and evaporated to dryness under vacuum. The



product (2) was dissolved in dichloromethane/methanol (3:1) and divided equally
into glass vials, one for each sulfonic ester. After evaporating the solvent from
each vial, each aliquot was used for a different subsequent synthesis. In these
syntheses, the starting material 2) was dissolved in
tetrahydrofuran/dichloromethane (1:1), treated with NaH (1.2 eq), and coupled
with the appropriate sulfonyl chloride (2 eq). After 18 hours, excess amounts of
two scavenger resins, PS-Trisamine and MP-Carbonate (Argonaut), were added
with additional dichloromethane. After 3 hours, resins were filtered off and
washed with dichloromethane and tetrahydrofuran. The organic washes were
evaporated to dryness and dissolved in ethyl acetate/saturated sodium bicarbonate
(2:1). The organic layer was removed, dried over sodium sulfate, filtered, and
evaporated to dryness. The sulfonic esters (3) were treated with either ethyl
acetate/concentrated hydrochloric acid (3:1) or dichloromethane/trifluoroacetic
acid (1:1),”" depending on the reactivity of the sulfonic ester, to remove the Boc
protecting group. The deprotected compounds were divided up as described
above, one for each sulfonamide. In the final reaction to make the sulfonamides
(4), the free amine precursors were stirred in dichloromethane and triethylamine
(1 eq), followed by addition of the appropriate sulfonyl chloride (2 eq). After 18
hours, excess amounts of two scavenger resins, PS-Trisamine and MP-Isocyanate
(Argonaut), were added with additional dichloromethane. After 90 minutes, the

resins were filtered off and washed with dichloromethane and
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dimethylformamide. The organic washings were evaporated to dryness and
dissolved in 200 pL of dimethylsulfoxide. The crude products (4) were purified
by preparative HPLC (Agilent) and confirmed by ESI-MS (Agilent). Final
products were prepared as 5 mM stock solutions in DMSO for biological assays.
Cell Culture

HL-60 and other myeloid leukemia cell lines were cultured in RPMI 1640
with 5% heat-inactivated fetal calf serum (Hyclone) at 37°C in an atmosphere
with 5% carbon dioxide. The newly synthesized analogues were dissolved in
dimethylsulfoxide (DMSO) and added to the culture media to give a constant
DMSO concentration of no higher than 0.2%, a concentration that does not alter
HL-60 proliferation/differentiation.
Cell Proliferation Assay

HL-60 cells were seeded at a concentration of 5 x 10 cells/mL in 12 well
plates and incubated for 5 days with each compound. Compounds were initially
screened at concentrations of 0.5, 1, 2, 5, and 10 uM. After 5 days, cells were
counted by trypan blue staining and the proliferation/viability of the treated cells
was compared with cells treated with 0.2% DMSO alone. Any compound that
appeared to have an ICsy of 10 uM or lower was again screened in triplicate at
each concentration. The triplicate data was plotted in Excel (Microsoft) to
calculate ICsy values for each active compound. A particularly potent compound,

AS-004, was tested at concentrations of 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5,
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and 10 pM in triplicate. KN-62 was examined in parallel with all experiments as
an internal control.
Morphological assessment

10° cells were deposited onto a glass microscope slide, using a Shandon 3
Cytospin (Thermo Electron), air dried, and stained with Wright-Giemsa stain.
Measurement of CD11b Expression

Compound-treated cells (10°/mL) were incubated with PE labeled anti-
CD11b antibody (Becton Dickinson Biosciences) and propidium iodide (Sigma)
in PBS that contained 2% human antibody serum (Gemini Biotech). After a brief
incubation on ice, the cells were rinsed in buffer and subjected to fluorescent-
activated cell sorter (FACS) analysis on a Becton Dickinson FACS SCAN. The
percent of cells expressing CD11b was plotted in Excel (Microsoft) to determine
the concentration at which the cells have at least 30% CD11b expression.
Western blots

Western blots on HL-60 total cell lysates were performed as previously
detailed.”? Antibodies utilized in these Western blots included anti-CaMKIIy and

anti-phosphospecific CaMKII (T286), both from Santa Cruz Biotechnology.
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Results
Synthesis of KN62 related analogues

KN-62 (Figure SA) consists of a tyrosine core (Figure 5B) to which three
different chemical groups have been attached at distinct sites (designated R1, R2,
and R3) (Figure 5C). As detailed in Materials and Methods and Figure 4, we
used a combinatorial approach to synthesize structural analogues of KN-62,
incorporating different chemical groups at the R1, R2, and R3 positions (Figures
5D and E). We synthesized and purified 45 different KN-62 analogues and
compared their activity with KN-62 in inhibiting proliferation and inducing
differentiation of HL-60 myeloid leukemia cells.
Effect of KN-62 analogues on HL-60 proliferation and differentiation

Since the terminal differentiation of HL-60 cells is associated with their
reduced proliferation, we first screened the KIN-62 analogues for their ability to
inhibit HL-60 proliferation. In contrast to KN-62, 26 of the 45 compounds did
not exhibit growth inhibitory activity against HL-60 cells (Table 3) indicating that
the biological activity of this compound class is dependent upon the specific
combination of R1, R2 and R3 structural elements. However, the other 19

analogues inhibited HL-60 cell proliferation with an ICsy of 10 uM or less, and

eight compounds exhibited an ICsg that was lower than KN-62 (Table 4™). The

™ The graph used to generate the proliferation ICs, values can be found in Appendix D.
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most potent of these compounds, AS-004, (Figure 6) has an ICsq approximately 5
times lower than KN-62 (0.38 vs. 1.6 uM) (Table 4).

The surface antigen CD11b is a convenient marker to quantify and
compare HL-60 cell differentiation since CD11b is minimally expressed on
immature promyelocytes, but its expression is enhanced as the cells terminally
differentiate to neutrophils. Therefore, to ascertain whether the KN-62 analogues
were stimulating HL-60 differentiation in addition to inhibiting their proliferation,
we measured the CD11b levels in the analogue-treated HL-60 cells. For each
compound, we identified the concentration at which treated cells exhibited 30%
CD11b expression or higher. Several of the compounds appeared to be
particularly potent and induced CD11lb expression at significantly lower
concentrations than KN-62 (Table 4%). Again AS-004, which proved most potent
in inhibiting HL-60 proliferation (Table 4), also exhibited the greatest potency in
inducing CD11b expression. Most of the compounds that reduced proliferation of
HL-60 cells also increased CD11b expression on these same cells at comparable
concentrations (Figure 7). The enhanced CD11b expression induced by AS-004
was consistent with the marked morphological changes induced by this
compound. Indeed AS-004 induced banded and segmented neutrophils in HL-60

cell cultures at significantly lower concentrations than KN-62 (Figure 8).

® The graph used to generate the 30% CD11b expression values can be found in Appendix E.
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Inhibition of CaMKII autophosphoryation by the different KN-62 analogues

The binding of the Ca /calmodulin complex to CaMKII triggers
autophosphorylation of the CaMKII holoenzyme that markedly enhances its
enzymatic activity.” Since KN-62 likely acts as a CaMK inhibitor by inhibiting
Ca™"/calmodulin binding to the regulatory region of the CaMKs, we would predict
that KN-62 as well as the KN-62-related analogues that trigger HL-60
differentiation would also inhibit this CaMKII autophosphorylation. We used
anti-phosphospecific CaMKII antibodies to assess the autophosphorylation of
CaMKII in HL-60 cells treated with different KN-62 analogues and observed a
direct correlation between the activity of these analogues in inducing HL-60
differentiation and inhibiting CaMKII autophosphorylation. Both KN-62 and AS-
004, which are active HL-60 differentiation inducers, markedly reduced CaMKII
autophosphorylation (Figure 9). In contrast, AS-038, an analogue without
differentiation inducing activity (Table 3), did not exhibit activity in inhibiting
CaMKII autophosphorylation (Figure 9).
Effect of AS-004 on other myeloid leukemia cell lines

The above studies identified AS-004 as the most potent KN-62 analogue
in inhibiting proliferation and inducing differentiation of HL-60 cells. We also
determined whether this compound induces the differentiation of other myeloid
leukemia cell lines. We did not observe any effect of this compound on the

proliferation/differentiation of a number of different ATRA-unresponsive human
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myeloid leukemia cell lines including K562, KCL-22, KG-1 and THP-1 (data not
shown). In contrast, in the NB4 cell line, which was derived from a patient with
M3 APL and harbors the PML-RAR« fusion gene that characterizes APL* AS-
004 enhanced CD11b surface antigen expression in a dose dependent manner
(Figure 10, columns 1-4). Moreover, the addition of small, physiological
concentrations of all-trans retinoic acid (ATRA) (1 nM) markedly enhanced the
differentiative response of the NB4 cells to AS-004 (Figure 10, columns 5-8).
These in vitro observations suggest that AS-004 might be of therapeutic benefit in

the treatment of ATRA-sensitive subsets of human myeloid leukemia.

Discussion

Differentiation therapy plays an important role in treating certain human
myeloid leukemia, particularly APL. We recently observed that the general CaM
kinase inhibitor KN-62 markedly enhances the differentiation of retinoic acid-
sensitive human myeloid leukemia cell lines. We undertook the present study in
an attempt to synthesize structurally similar analogues of KN-62 that exhibit more
potent activity in inducing leukemia cell differentiation. Our combinatorial
chemistry approach to the synthesis of these analogues involved substituting
different chemical groups at three sites (designated R1, R2, and R3) of a core
tyrosine-related scaffold (Figure 5C) and gave us insight into which structural

motifs were important for maximum differentiation inducing ability. Our
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observations suggest that KN-62 is not the optimal inducer of leukemia cell
differentiation. Nevertheless, there are particular elements of the KN-62 structure
that are important for mediating this activity.

Examination of the different KN-62 analogues and their activity in
inducing HL-60 differentiation indicates that the basic modular structure of the
molecule appears to be very important, as does the tyrosine core. For example,
changing the chirality of the tyrosine (R1=D-PP instead of PP, Figure 5D) to yield
compounds AS-044, AS-045, and AS-046 (Tables 3 and 4) greatly abrogated their
differentiation-inducing activity compared with KN-62 with only AS-044
showing even minimal activity (Table 4). Groups present at the sulfonamide
position of KN-62 (R3) also appear critical in mediating the differentiation-
inducing potency of these compounds. AS-004, which differs from KN-62 by
substituting 4-benzothiadiazole (BTD-4) for S-isoquinoline (5-IsoQ) at the R3
position (Figure 6), was the most active compound tested, exhibiting a five fold
greater differentiation-inducing potency than KN-62. BTD-4 at the R3 position
led to activity in all of the analogues containing the L-tyrosine core (Table 4). On
the other hand, the sulfonic ester position (R2) does not appear to be as relevant to
the activity of the compounds as R3. For example, many of the active analogues
harbored different chemical groups at the R2 position (Table 4). Furthermore,
there is a relatively poor correlation between activity and the groups present at the

R2 position. For example, AS-004 is the most potent compound in both of our



assays, and it has 5-isoquinoline in the sulfonic ester position. Replacing this
group with BTD-4 (AS-029, Table 4) slightly reduces its activity. However, the
second most active compound in our proliferation assay (AS-047) has BTD-4 in
the sulfonic ester position, but changing the group to 5-isoquinoline (AS-048)
reduces rather than increases its activity. Taken together these results suggest that
the R2 position does not play as critical a role in compound activity. Finally,
groups present at the secondary amine position (R1) appear to be important for
the activity of the analogues. For example, compounds with phenylpiperazine
(PP) in that position were generally more active than compounds containing
benzylpiperazine (BP). Moreover, the two morpholine analogues (AS-047, AS-
048) were quite potent in the proliferation assay, suggesting that further
optimization of the secondary amine position could lead to even better
compounds.

We have previously observed that CaMKla and CaMKIIy are the CaMKs
preferentially expressed in myeloid cells and that CaMKI enhances while CaMKII
suppresses RAR activity.48 Thus a KN-62 analogue that preferentially inhibits
CaMKII vs. CaMKI should exhibit enhanced activation of RAR and enhanced
myeloid differentiation compared with an analogue that inhibits CaMKI and II
equally well. However, our experimental efforts to determine whether AS-004 is
a more potent inhibitor of CaMKI vs. CaMKII than KN-62 have not revealed

significant differences in the activity of these compounds (data not shown).
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While AS-004 is more potent than KN-62 in inducing HL-60
differentiation, there are potential problems with it being a viable drug candidate
for the treatment of human leukemia. It is a large molecule (MW=728), which
might potentially be cleared rapidly from serum. However, if more drug-like
CaM kinase Ily inhibitors can be developed, our data suggests that they could be
potent anti-leukemic agents particularly in boosting activity of retinoic acid in

treating promyelocytic leukemia.
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Figure 8: Morphological appearance of KN-62 vs. AS-004 treated HL-60 cells. Wright-Giemsa
stained HL-60 cells treated for five days with (A) 1 uM KN-62; (B) 2 uM KN-62; (C) 5 uM KN-
62; (D) 1 uM AS-004; (E) 2 uM AS-004; (F) 5 uM AS-004.

KN-62 (M) - 5 1 - - - -
AS-004 (UM) - - - 5 1 - -
AS-038 (UM) -~ - — - - 5 1

0-pCaMKII(T286) -...-

a-CaMKII "

Figure 9: CaMKII phosphorylation in HL-60? cells treated with KN-62,‘ AS-004, and AS-038.
Western blots using the indicated CaMKII or phospho-specific CaMKII antibodies were
performed on HL-60 total cell lysates treated for five days with the indicated compounds.
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Table 3: KN-62 analogues that do not inhibit HL-60 cell proliferation

Analogue R1" R2" R3"
AS-002 PP 5-IsoQ 8-Quin
AS-003 PP 5-Is0Q Dansyl
AS-006 BP BTD-4 5-IsoQ
AS-008 BP BTD-4 Dansyl
AS-010 BP BTD-4 BTD-5
AS-012 BP BTD-5 8-Quin
AS-013 BP BTD-5 Dansyl
AS-015 BP BTD-5 BTD-5
AS-016 BP 5-IsoQ 5-Is0Q
AS-017 BP 5-IsoQ 8-Quin
AS-021 BP 8-Quin 5-IsoQ
AS-022 BP 8-Quin 8-Quin
AS-023 BP 8-Quin Dansyl
AS-025 BP 8-Quin BTD-5
AS-026 PP BTD-4 5-IsoQ
AS-027 PP BTD-4 8-Quin
AS-028 PP BTD-4 Dansyl
AS-030 PP BTD-4 BTD-5
AS-031 PP BTD-5 5-Is0Q
AS-032 PP BTD-5 8-Quin
AS-035 PP BTD-5 BTD-5
AS-038 PP Dansyl Dansyl
AS-041 PP Tosyl Dansyl
AS-045 D-PP 8-Quin BTD-4
AS-046 D-PP BTD-4 BTD-4

"R1, R2, and R3 groups are defined in Figure 5.
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Table 4: Effect of KN-62 analogues on HL-60 cell proliferation and
differentiation

Analogue R1" R2" R3"  ICso (uM)| 30% CD11b (uM)’
KN-62 PP 5-1s0Q  5-IsoQ 1.6 2.25
AS-004 PP 5-Is0Q BTD-4 0.38 1.2
AS-005 PP 5-Is0Q  BTD-5 1.5 2.05
AS-007 BP BTD-4  8-Quin 10 ND
AS-009 BP BTD-4 BTD-4 6.5 3.95
AS-014 BP BTD-5 BTD-4 8 ND
AS-019 BP 5-Is0Q BTD-4 2.5 7
AS-024 BP 8-Quin  BTD-4 1.3 2.6
AS-029 PP BTD-4 BTD-4 1.1 2.2
AS-033 PP BTD-5  Dansyl 10 ND
AS-034 PP BTD-5 BTD-4 4 3.3
AS-036 PP 8-Quin  BTD-4 1.1 2.5
AS-037 PP 8-Quin  BOD-4 3.1 5.9
AS-039 PP Dansyl BTD-4 1.4 1.8
AS-040 PP Dansyl BOD-4 2.5 2.6
AS-042 PP Tosyl  BTD-4 1.5 1.7
AS-043 PP Tosyl  BOD-4 3.2 2.6
AS-044 D-PP  5-IsoQ BTD-4 5 6.05
AS-047 Morph  BTD-4 BTD-4 0.92 2.8
AS-048 Morph  5-IsoQ  BTD-4 2 4.5

* R1, R2, and R3 groups are defined in Figure 5. d ICso values were determined
by the cell proliferation assay described in the text. #30% CD11b is the
concentration at which 30% of HL-60 cells are expressing CD11b on their surface
as described in the text.



(M

)

)

(4)

©)

(6)

™

®)

)

(10)

40

End Notes

American Cancer Society. Cancer Facts and Figures 2005; American
Cancer Society: Atlanta, 2005.

Heltweg, B.; Gatbonton, T.; Schuler, A. D.; Posakony, J.; Li, H. et al.
Antitumor activity of a small-molecule inhibitor of human silent
information regulator 2 enzymes. Cancer Res 2006, 66, 4368-4377.

Schuler, A. D.; Posakony, J. J.; Bedalov, A.; Simon, J. A. Selective Sirtuin
Inhibitors Exhibit Variable Toxicity Against Daudi Cells. Manuscript in
preparation.

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

Smith, J. S.; Brachmann, C. B.; Pillus, L.; Boeke, J. D. Distribution of a
limited Sir2 protein pool regulates the strength of yeast rDNA silencing
and is modulated by Sirdp. Genetics 1998, 149, 1205-1219.

Guarente, L. Sir2 links chromatin silencing, metabolism, and aging. Genes
Dev 2000, /4,1021-1026.

Lin, S. J.; Defossez, P. A.; Guarente, L. Requirement of NAD and SIR2
for life-span extension by calorie restriction in Saccharomyces cerevisiae.
Science 2000, 289, 2126-2128.

Aguilaniu, H.; Gustafsson, L.; Rigoulet, M.; Nystrom, T. Asymmetric
inheritance of oxidatively damaged proteins during cytokinesis. Science
2003, 299, 1751-1753.

Tissenbaum, H. A.; Guarente, L. Increased dosage of a sir-2 gene extends
lifespan in Caenorhabditis elegans. Nature 2001, 410, 227-230.

Astrom, S. U.; Cline, T. W.; Rine, J. The Drosophila melanogaster sir2+
gene is nonessential and has only minor effects on position-effect
variegation. Genetics 2003, 163, 931-937.



(1)

(12)

(14)

(15)

(16)

(17)

(18)

(19)

41

Schwer, B.; North, B. J.; Frye, R. A.; Ott, M.; Verdin, E. The human silent
information regulator (Sir)2 homologue hSIRT3 is a mitochondrial

nicotinamide adenine dinucleotide-dependent deacetylase. J Cell Biol
2002, 158, 647-657.

Vaziri, H.; Dessain, S. K.; Ng Eaton, E.; Imai, S. I.; Frye, R. A. et al.
hSIR2(SIRT1) functions as an NAD-dependent p53 deacetylase. Cell
2001, /07, 149-159.

Luo, J.; Nikolaev, A. Y.; Imai, S.; Chen, D.; Su, F. et al. Negative control
of p53 by Sir2alpha promotes cell survival under stress. Cel/ 2001, 107,
137-148.

Cohen, H. Y.; Lavu, S.; Bitterman, K. J.; Hekking, B.; Imahiyerobo, T. A.
et al. Acetylation of the C terminus of Ku70 by CBP and PCAF controls
Bax-mediated apoptosis. Mol Cell 2004, 13, 627-638.

Brunet, A.; Sweeney, L. B.; Sturgill, J. F.; Chua, K. F.; Greer, P. L. et al.
Stress-dependent regulation of FOXO transcription factors by the SIRT1
deacetylase. Science 2004, 303, 2011-2015.

McBurney, M. W.; Yang, X.; Jardine, K.; Hixon, M.; Boekelheide, K. et
al. The mammalian SIR2alpha protein has a role in embryogenesis and
gametogenesis. Mol Cell Biol 2003, 23, 38-54.

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

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

Vaquero, A.; Scher, M. B.; Lee, D. H.; Sutton, A.; Cheng, H. L. et al.
SirT2 is a histone deacetylase with preference for histone H4 Lys 16
during mitosis. Genes Dev 2006, 20, 1256-1261.



(20)

e2y)

(22)

(23)

24)

(25)

(26)

@7)

(28)

29)

42

Bellizzi, D.; Rose, G.; Cavalcante, P.; Covello, G.; Dato, S. et al. A novel
VNTR enhancer within the SIRT3 gene, a human homologue of SIR2, is
associated with survival at oldest ages. Genomics 2005, 85, 258-263.

Rose, G.; Dato, S.; Altomare, K.; Bellizzi, D.; Garasto, S. et al. Variability
of the SIRT3 gene, human silent information regulator Sir2 homologue,
and survivorship in the elderly. Exp Gerontol 2003, 38, 1065-1070.

Shi, T.; Wang, F.; Stieren, E.; Tong, Q. SIRT3, a mitochondrial sirtuin
deacetylase, regulates mitochondrial function and thermogenesis in brown
adipocytes. J Biol Chem 2005, 280, 13560-13567.

Mostoslavsky, R.; Chua, K. F.; Lombard, D. B.; Pang, W. W.; Fischer, M.
R. et al. Genomic instability and aging-like phenotype in the absence of
mammalian SIRT6. Cell 2006, 124, 315-329.

Ford, E.; Voit, R.; Liszt, G.; Magin, C.; Grummt, I. et al. Mammalian Sir2
homolog SIRT7 is an activator of RNA polymerase I transcription. Genes
Dev 2006, 20, 1075-1080.

de Nigris, F.; Cerutti, J.; Morelli, C.; Califano, D.; Chiariotti, L. et al.
Isolation of a SIR-like gene, SIR-T8, that is overexpressed in thyroid
carcinoma cell lines and tissues. Br J Cancer 2002, 86, 917-923.

De Nigris, F.; Cerutti, J.; Morelli, C.; Califano, D.; Chiariotti, L. et al.
Isolation of a SIR-like gene, SIR-T8, that is overexpressed in thyroid
carcinoma cell lines and tissues. Br J Cancer 2002, 87, 1479.

Bereshchenko, O. R.; Gu, W.; Dalla-Favera, R. Acetylation inactivates the
transcriptional repressor BCL6. Nat Genet 2002, 32, 606-613.

Cattoretti, G.; Chang, C. C.; Cechova, K.; Zhang, J.; Ye, B. H. et al. BCL-
6 protein is expressed in germinal-center B cells. Blood 1995, 86, 45-53.

Grozinger, C. M.; Chao, E. D.; Blackwell, H. E.; Moazed, D.; Schreiber,
S. L. Identification of a class of small molecule inhibitors of the sirtuin

family of NAD-dependent deacetylases by phenotypic screening. J Biol
Chem 2001, 276, 38837-38843.



(30)

G

(32)

(33)

€L

(33)

(36)

(37

(38)

(39)

43

Bedalov, A.; Gatbonton, T.; Irvine, W. P.; Gottschling, D. E.; Simon, J. A.
Identification of a small molecule inhibitor of Sir2p. Proc Natl Acad Sci U
SA42001, 98, 15113-15118.

Min, J.; Landry, J.; Sternglanz, R.; Xu, R. M. Crystal structure of a SIR2
homolog-NAD complex. Cell 2001, 105, 269-279.

Finnin, M. S.; Donigian, J. R.; Pavletich, N. P. Structure of the histone
deacetylase SIRT2. Nat Struct Biol 2001, 8, 621-625.

Napper, A. D.; Hixon, J.; McDonagh, T.; Keavey, K.; Pons, J. F. et al.
Discovery of indoles as potent and selective inhibitors of the deacetylase
SIRT1. J Med Chem 2005, 48, 8045-8054.

Solomon, J. M.; Pasupuleti, R.; Xu, L.; McDonagh, T.; Curtis, R. et al.
Inhibition of SIRT1 catalytic activity increases p53 acetylation but does
not alter cell survival following DNA damage. Mol Cell Biol 2006, 26, 28-
38.

Hirao, M.; Posakony, J.; Nelson, M.; Hruby, H.; Jung, M. et al.
Identification of selective inhibitors of NAD-+-dependent deacetylases
using phenotypic screens in yeast. J Biol Chem 2003, 278, 52773-52782.

Posakony, J.; Hirao, M.; Stevens, S.; Simon, J. A.; Bedalov, A. Inhibitors
of Sir2: evaluation of splitomicin analogues. J Med Chem 2004, 47, 2635-
2644,

Bedalov, A.; Hirao, M.; Posakony, J.; Nelson, M.; Simon, J. A. NAD+-
dependent deacetylase Hst1p controls biosynthesis and cellular NAD+
levels in Saccharomyces cerevisiae. Mol Cell Biol 2003, 23, 7044-7054.

Lamb, J. R.; Goehle, S.; Ludlow, C.; Simon, J. A. Thymidine
incorporation is highly predictive of colony formation and can be used for
high-throughput screening. Biotechnigques 2001, 30, 1118-1120, 1122,
1124.

Olaharski, A. J.; Rine, J.; Marshall, B. L.; Babiarz, J.; Zhang, L. et al. The
flavoring agent dihydrocoumarin reverses epigenetic silencing and inhibits
sirtuin deacetylases. PLoS Genet 2005, 1, €77.



(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

44

Schuler, A. D.; Si, J.; Mueller, L.; Simon, J. A.; Collins, S. J. KN-62
Analogues As Potent Differentiating Agents of HL-60 Cells. Leukemia
Research 2006, in press.

Collins, S. J. The role of retinoids and retinoic acid receptors in normal
hematopoiesis. Leukemia 2002, 16, 1896-1905.

He, L. Z.; Guidez, F.; Tribioli, C.; Peruzzi, D.; Ruthardt, M. et al. Distinct
interactions of PML-RARalpha and PLZF-RARalpha with co-repressors
determine differential responses to RA in APL. Nat Gener 1998, 18, 126-
135.

Lin, R. J.; Nagy, L.; Inoue, S.; Shao, W.; Miller, W. H., Jr. et al. Role of

the histone deacetylase complex in acute promyelocytic leukaemia. Nature
1998, 391, 811-814.

Huang, M. E.; Ye, Y. C.; Chen, S. R.; Chai, J. R.; Lu, J. X. et al. Use of
all-trans retinoic acid in the treatment of acute promyelocytic leukemia.
Blood 1988, 72, 567-572.

Tallman, M. S.; Nabhan, C.; Feusner, J. H.; Rowe, J. M. Acute

promyelocytic leukemia: evolving therapeutic strategies. Blood 2002, 99,
759-767.

Muindi, J.; Frankel, S. R.; Miller, W. H., Jr.; Jakubowski, A.; Scheinberg,
D. A. et al. Continuous treatment with all-trans retinoic acid causes a
progressive reduction in plasma drug concentrations: implications for

relapse and retinoid "resistance" in patients with acute promyelocytic
leukemia. Blood 1992, 79, 299-303.

Hook, S. S.; Means, A. R. Ca(2+)/CaM-dependent kinases: from
activation to function. Annu Rev Pharmacol Toxicol 2001, 41, 471-505.

Si, J.; Mueller, L.; Collins, S. J. personal communication, 2006.

Tokumitsu, H.; Chijiwa, T.; Hagiwara, M.; Mizutani, A.; Terasawa, M. et
al. KN-62, 1-[N,O-bis(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-4-
phenylpiperazi ne, a specific inhibitor of Ca2+/calmodulin-dependent
protein kinase II. J Biol Chem 1990, 265, 4315-4320.



(0

D

(52)

(33)

(4

45

Morikawa, A.; Sone, T.; Asano, T. 5-Isoquinolinesulfonamide derivatives.
1. Synthesis and vasodilatory activity of N-(2-guanidinoethyl)-5-
isoquinolinesulfonamide derivatives. J Med Chem 1989, 32, 42-46.

Baraldi, P. G.; del Carmen Nunez, M.; Morelli, A.; Falzoni, S.; Di
Virgilio, F. et al. Synthesis and biological activity of N-arylpiperazine-
modified analogues of KN-62, a potent antagonist of the purinergic P2X7
receptor. J Med Chem 2003, 46, 1318-1329.

Si, J.; Collins, S. J. IL-3-induced enhancement of retinoic acid receptor
activity is mediated through Stat5, which physically associates with
retinoic acid receptors in an IL-3-dependent manner. Blood 2002, 100,
4401-4409.

Lou, L. L.; Lloyd, S. J.; Schulman, H. Activation of the multifunctional
Ca2+/calmodulin-dependent protein kinase by autophosphorylation: ATP
modulates production of an autonomous enzyme. Proc Natl Acad Sci U S
A 1986, 83, 9497-9501.

Lanotte, M.; Martin-Thouvenin, V.; Najman, S.; Balerini, P.; Valensi, F. et
al. NB4, a maturation inducible cell line with t1(15;17) marker isolated
from a human acute promyelocytic leukemia (M3). Blood 1991, 77, 1080-
1086.



46

Bibliography

Adams, R.; Geissman, T. A.; Edwards, J. D. Gossypol, a pigment of cottonseed.
Chem Rev 1960, 60, 555-74.

Aguilaniu, H.; Gustafsson, L.; Rigoulet, M.; Nystrom, T. Asymmetric inheritance
of oxidatively damaged proteins during cytokinesis. Science 2003, 299,
1751-3.

Ahn, N. G.; Resing, K. A. Cell biology. Lessons in rational drug design for
protein kinases. Science 2005, 308, 1266-7.

Ali, M. M.; Sana, S.; Tasneem; Rajanna, K. C.; Saiprakash, P. K. Ultrasonically
Accelerated Vilsmeier Haack Cyclisation and Formylation Reactions.
Synthetic Communications 2002, 32, 1351-1356.

Alvarez-Gonzalez, R.; Eichenberger, R.; Loetscher, P.; Althaus, F. R. A new
highly selective physicochemical assay to measure NAD+ in intact cells.
Anal Biochem 1986, 156, 473-80.

Alvi, K. A. Discovery of antitumor and enzyme inhibitors from natural products.
Trends in Organic Chemistry 2001, 9, 69-96.

American Cancer Society. Cancer Facts and Figures 2005; American Cancer
Society: Atlanta, 2005.

Anderson, R. M.; Bitterman, K. J.; Wood, J. G.; Medvedik, O.; Cohen, H.; Lin, S.
S.; Manchester, J. K.; Gordon, J. I.; Sinclair, D. A. Manipulation of a

nuclear NAD+ salvage pathway delays aging without altering steady-state
NAD-+ levels. J Biol Chem 2002, 277, 18881-90.

Anderson, R. M.; Latorre-Esteves, M.; Neves, A. R.; Lavu, S.; Medvedik, O.;
Taylor, C.; Howitz, K. T.; Santos, H.; Sinclair, D. A. Yeast life-span
extension by calorie restriction is independent of NAD fluctuation.
Science 2003, 302, 2124-6.

Anderson, R. M.; Bitterman, K. J.; Wood, J. G.; Medvedik, O.; Sinclair, D. A.
Nicotinamide and PNC1 govern lifespan extension by calorie restriction in
Saccharomyces cerevisiae. Narure 2003, 423, 181-5.

Antonioletti, R.; Bovicelli, P.; Malancona, S. A new route to 2-alkenyl-1,3-
dicarbonyl compounds, intermediates in the synthesis of dihydrofurans.



47

Tetrahedron 2002, 58, 589-596.

Aparicio, O. M.; Gottschling, D. E. Overcoming telomeric silencing: a trans-
activator competes to establish gene expression in a cell cycle-dependent
way. Genes Dev 1994, 8, 1133-46.

Araki, T.; Sasaki, Y.; Milbrandt, J. Increased nuclear NAD biosynthesis and
SIRT1 activation prevent axonal degeneration. Science 2004, 305, 1010-3.

Astrom, S. U.; Cline, T. W.; Rine, J. The Drosophila melanogaster sir2+ gene is
nonessential and has only minor effects on position-effect variegation.
Genetics 2003, 163, 931-7.

Avalos, J. L.; Celic, I.; Muhammad, S.; Cosgrove, M. S.; Boeke, J. D.;
Wolberger, C. Structure of a Sir2 enzyme bound to an acetylated p53
peptide. Mol Cell 2002, 10, 523-35.

Avalos, J. L.; Boeke, J. D.; Wolberger, C. Structural basis for the mechanism and
regulation of Sir2 enzymes. Mol Cell 2004, 13, 639-48.

Bae, N. S.; Swanson, M. J.; Vassilev, A.; Howard, B. H. Human histone
deacetylase SIRT2 interacts with the homeobox transcription factor
HOXAU10. J Biochem (Tokyo) 2004, 135, 695-700.

Baraldi, P. G.; del Carmen Nunez, M.; Morelli, A.; Falzoni, S.; Di Virgilio, F.;
Romagnoli, R. Synthesis and biological activity of N-arylpiperazine-
modified analogues of KN-62, a potent antagonist of the purinergic P2X7
receptor. J Med Chem 2003, 46, 1318-29.

Basha, A.; Lipton, M.; Weinreb, S. M. A Mild, General Method for Conversion of
Esters to Amides. Tetrahedron Letters 1977, 48, 4171-4174.

Bedalov, A.; Gatbonton, T.; Irvine, W. P.; Gottschling, D. E.; Simon, J. A.
Identification of a small molecule inhibitor of Sir2p. Proc Natl Acad Sci U
S 42001, 98, 15113-8.

Bedalov, A.; Hirao, M.; Posakony, J.; Nelson, M.; Simon, J. A. NAD+-dependent
deacetylase Hstlp controls biosynthesis and cellular NAD+ levels in
Saccharomyces cerevisiae. Mol Cell Biol 2003, 23, 7044-54.

Bedalov, A.; Simon, J. A. Sir2 flexes its muscle. Dev Cell 2003, 5, 188-9.

Bedalov, A.; Simon, J. A. Neuroscience. NAD to the rescue. Science 2004, 305,



48

954-3.

Bell, S. D.; Botting, C. H.; Wardleworth, B. N.; Jackson, S. P.; White, M. F. The
interaction of Alba, a conserved archaeal chromatin protein, with Sir2 and
its regulation by acetylation. Science 2002, 296, 148-51.

Bellizzi, D.; Rose, G.; Cavalcante, P.; Covello, G.; Dato, S.; De Rango, F.; Greco,
V.; Maggiolini, M.; Feraco, E.; Mari, V.; Franceschi, C.; Passarino, G.; De
Benedictis, G. A novel VNTR enhancer within the SIRT3 gene, a human
homologue of SIR2, is associated with survival at oldest ages. Genomics
2005, 85, 258-63.

Benguria, A.; Hernandez, P.; Krimer, D. B.; Schvartzman, J. B. Sir2p suppresses
recombination of replication forks stalled at the replication fork barrier of
ribosomal DNA in Saccharomyces cerevisiae. Nucleic Acids Res 2003, 31,
893-8.

Bereshchenko, O. R.; Gu, W.; Dalla-Favera, R. Acetylation inactivates the
transcriptional repressor BCL6. Nat Genet 2002, 32, 606-13.

Bitterman, K. J.; Anderson, R. M.; Cohen, H. Y.; Latorre-Esteves, M.; Sinclair,
D. A. Inhibition of silencing and accelerated aging by nicotinamide, a

putative negative regulator of yeast sir2 and human SIRT1. J Biol Chem
2002, 277, 45099-107.

Blander, G.; Olejnik, J.; Krzymanska-Olejnik, E.; McDonagh, T.; Haigis, M.;
Yaffe, M. B.; Guarente, L. SIRT1 shows no substrate specificity in vitro. J
Biol Chem 2005, 280, 9780-5.

Boger, D. L.; Yohannes, D. Studies on the Total Synthesis of Bouvardin and
Deoxybouvardin: Cyclic Hexapeptide Cyclization Studies and
Preparation of Key Partial Structures. Journal of Organic Chemistry 1987,
53, 487-499.

Bordone, L.; Guarente, L. Calorie restriction, SIRT1 and metabolism:
understanding longevity. Nat Rev Mol Cell Biol 2005, 6, 298-305.

Bordone, L.; Motta, M. C.; Picard, F.; Robinson, A.; Jhala, U. S.; Apfeld, J.;
McDonagh, T.; Lemieux, M.; McBurney, M.; Szilvasi, A.; Easlon, E. J.;
Lin, S. J.; Guarente, L. Sirtl regulates insulin secretion by repressing
UCP2 in pancreatic beta cells. PLoS Biol 2006, 4, €31.

Borra, M. T.; O'Neill, F. J.; Jackson, M. D.; Marshall, B.; Verdin, E.; Foltz, K. R.;



49

Denu, J. M. Conserved enzymatic production and biological effect of O-
acetyl-ADP-ribose by silent information regulator 2-like NAD+-dependent
deacetylases. J Biol Chem 2002, 277, 12632-41.

Borra, M. T.; Langer, M. R.; Slama, J. T.; Denu, J. M. Substrate specificity and
kinetic mechanism of the Sir2 family of NAD-+-dependent histone/protein
deacetylases. Biochemistry 2004, 43, 9877-87.

Borra, M. T.; Smith, B. C.; Denu, J. M. Mechanism of human SIRT1 activation
by resveratrol. J Biol Chem 2005, 280, 17187-95.

Bouras, T.; Fu, M.; Sauve, A. A.; Wang, F.; Quong, A. A.; Perkins, N. D.; Hay,
R. T.; Gu, W.; Pestell, R. G. SIRT1 deacetylation and repression of p300
involves lysine residues 1020/1024 within the cell cycle regulatory
domain 1. J Biol Chem 2005, 280, 10264-76.

Bradbury, C. A.; Khanim, F. L.; Hayden, R.; Bunce, C. M.; White, D. A.;
Drayson, M. T.; Craddock, C.; Turner, B. M. Histone deacetylases in
acute myeloid leukaemia show a distinctive pattern of expression that

changes selectively in response to deacetylase inhibitors. Leukemia 2005,
19,1751-9.

Brunet, A.; Sweeney, L. B.; Sturgill, J. F.; Chua, K. F.; Greer, P. L.; Lin, Y.;
Tran, H.; Ross, S. E.; Mostoslavsky, R.; Cohen, H. Y.; Hu, L. S.; Cheng,
H. L.; Jedrychowski, M. P.; Gygi, S. P.; Sinclair, D. A.; Alt, F. W;
Greenberg, M. E. Stress-dependent regulation of FOXO transcription
factors by the SIRT1 deacetylase. Science 2004, 303, 2011-5.

Buck, S. W.; Sandmeier, J. J.; Smith, J. S. RNA polymerase I propagates
unidirectional spreading of rDNA silent chromatin. Cel/ 2002, 771, 1003-
14.

Caddick, S. Microwave Assisted Organic Reactions. Tetrahedron 1995, 51,
10403-10432.

Campbell, J. B.; Firor, J. W. Synthesis of Pyrrolopyrimidones by a Chromous Ion-
Mediated Reductive Cyclization. Journal of Organic Chemistry 1995, 60,
7687-7689.

Cattoretti, G.; Chang, C. C.; Cechova, K.; Zhang, J.; Ye, B. H.; Falini, B.; Louie,
D. C.; Offit, K.; Chaganti, R. S.; Dalla-Favera, R. BCL-6 protein is
expressed in germinal-center B cells. Blood 1995, 86, 45-53.



50

Chen, J.; Zhou, Y.; Mueller-Steiner, S.; Chen, L. F.; Kwon, H.; Yi, S.; Mucke, L.;
Gan, L. SIRT1 protects against microglia-dependent beta amyloid toxicity
through inhibiting NF-kappa B signaling. J Biol Chem 2005.

Chen, D.; Steele, A. D.; Lindquist, S.; Guarente, L. Increase in activity during
calorie restriction requires Sirtl. Science 2008, 310, 1641.

Cheng, H. L.; Mostoslavsky, R.; Saito, S.; Manis, J. P.; Gu, Y.; Patel, P.;
Bronson, R.; Appella, E.; Alt, F. W.; Chua, K. F. Developmental defects
and p53 hyperacetylation in Sir2 homolog (SIRT1)-deficient mice. Proc
Natl Acad Sci US 42003, 100, 10794-9.

Chua, K. F.; Mostoslavsky, R.; Lombard, D. B.; Pang, W. W.; Saito, S.; Franco,
S.; Kaushal, D.; Cheng, H. L.; Fischer, M. R.; Stokes, N.; Murphy, M. M;
Appella, E.; Alt, F. W. Mammalian SIRT1 limits replicative life span in
response to chronic genotoxic stress. Cell Metab 2005, 2, 67-76.

Cockell, M. M.; Perrod, S.; Gasser, S. M. Analysis of Sir2p domains required for
rDNA and telomeric silencing in Saccharomyces cerevisiae. Genetics
2000, /54, 1069-83.

Cohen, H. Y.; Miller, C.; Bitterman, K. J.; Wall, N. R.; Hekking, B.; Kessler, B.;
Howitz, K. T.; Gorospe, M.; de Cabo, R.; Sinclair, D. A. Calorie
restriction promotes mammalian cell survival by inducing the SIRT1
deacetylase. Science 2004, 305, 390-2.

Cohen, H. Y.; Lavuy, S.; Bitterman, K. J.; Hekking, B.; Imahiyerobo, T. A.; Miller,
C.; Frye, R.; Ploegh, H.; Kessler, B. M.; Sinclair, D. A. Acetylation of the
C terminus of Ku70 by CBP and PCAF controls Bax-mediated apoptosis.
Mol Cell 2004, 13, 627-38.

Cohen, M. S.; Zhang, C.; Shokat, K. M.; Taunton, J. Structural bioinformatics-

based design of selective, irreversible kinase inhibitors. Science 2005, 308,
1318-21.

Collinge, M. A.; Althaus, F. R. Expression of human poly(ADP-ribose)
polymerase in Saccharomyces cerevisiae. Mol Gen Genet 1994, 245, 686-
93.

Collins, S. J. The role of retinoids and retinoic acid receptors in normal
hematopoiesis. Leukemia 2002, 16, 1896-905.

Comell, N. W.; Veech, R. L. Enzymatic measurement of ethanol or NAD in acid



51

extracts of biological samples. Anal Biochem 1983, 132, 418-23.

Couzin, J. Research on aging. Gene links calorie deprivation and long life in
rodents. Science 2004, 304, 1731.

Cuperus, G.; Shafaatian, R.; Shore, D. Locus specificity determinants in the
multifunctional yeast silencing protein Sir2. Embo J 2000, 19, 2641-51.

de Nigris, F.; Cerutti, J.; Morelli, C.; Califano, D.; Chiariotti, L.; Viglietto, G.;
Santelli, G.; Fusco, A. Isolation of a SIR-like gene, SIR-TS, that is

overexpressed in thyroid carcinoma cell lines and tissues. Br J Cancer
2002, 86, 917-23.

Defossez, P. A.; Prusty, R.; Kaeberlein, M.; Lin, S. J.; Ferrigno, P.; Silver, P. A.;
Keil, R. L.; Guarente, L. Elimination of replication block protein Fob1
extends the life span of yeast mother cells. Mol Cell 1999, 3, 447-55.

Denu, J. M. Linking chromatin function with metabolic networks: Sir2 family of
NAD(+)-dependent deacetylases. Trends Biochem Sci 2003, 28, 41-8.

Denu, J. M. The Sir 2 family of protein deacetylases. Curr Opin Chem Biol 2005,
9, 431-40.

Dion, M. F.; Altschuler, S. J.; Wu, L. F.; Rando, O. J. Genomic characterization
reveals a simple histone H4 acetylation code. Proc Natl Acad Sci U S A
2005, 102, 5501-6.

Dryden, S. C.; Nahhas, F. A.; Nowak, J. E.; Goustin, A. S.; Tainsky, M. A. Role
for human SIRT2 NAD-dependent deacetylase activity in control of
mitotic exit in the cell cycle. Mol Cell Biol 2003, 23, 3173-85.

Dunstan, H. M.; Ludlow, C.; Goehle, S.; Cronk, M.; Szankasi, P.; Evans, D. R.;
Simon, J. A.; Lamb, J. R. Cell-based assays for identification of novel
double-strand break-inducing agents. J Nat! Cancer Inst 2002, 94, 88-94.

Dutnall, R. N.; Pillus, L. Deciphering NAD-dependent deacetylases. Cell 2001,
105, 161-4.

Fabian, M. A.; Biggs, W. H., 3rd; Treiber, D. K.; Atteridge, C. E.; Azimioara, M.
D.; Benedetti, M. G.; Carter, T. A.; Ciceri, P.; Edeen, P. T.; Floyd, M.;
Ford, J. M.; Galvin, M.; Gerlach, J. L.; Grotzfeld, R. M.; Herrgard, S.;
Insko, D. E.; Insko, M. A.; Lai, A. G.; Lelias, J. M.; Mehta, S. A.;
Milanov, Z. V.; Velasco, A. M.; Wodicka, L. M.; Patel, H. K.; Zarrinkar,



52

P. P.; Lockhart, D. J. A small molecule-kinase interaction map for clinical
kinase inhibitors. Nat Biotechnol 2005, 23, 329-36.

Finnin, M. S.; Donigian, J. R.; Pavletich, N. P. Structure of the histone
deacetylase SIRT2. Nat Struct Biol 2001, 8, 621-5.

Flachsbart, F.; Croucher, P. J.; Nikolaus, S.; Hampe, J.; Cordes, C.; Schreiber, S.;
Nebel, A. Sirtuin 1 (SIRT1) sequence variation is not associated with
exceptional human longevity. Exp Gerontol 2005.

Ford, E.; Voit, R.; Liszt, G.; Magin, C.; Grummt, I.; Guarente, L. Mammalian
Sir2 homolog SIRT7 is an activator of RNA polymerase I transcription.
Genes Dev 2006, 20, 1075-80.

Friedman, L.; Shechter, H. Dimethylformamide as a Useful Solvent in Preparing
Nitriles from Aryl Halides and Cuprous Cyanide; Improved Isolation
Techniques. Journal of Organic Chemistry 1961, 26, 2522-2524.

Frye, R. A. Characterization of five human ¢cDNAs with homology to the yeast
SIR2 gene: Sir2-like proteins (sirtuins) metabolize NAD and may have
protein ADP-ribosyltransferase activity. Biochem Biophys Res Commun
1999, 260, 273-9.

Frye, R. A. Phylogenetic classification of prokaryotic and eukaryotic Sir2-like
proteins. Biochem Biophys Res Commun 2000, 273, 793-8.

Fulco, M.; Schiltz, R. L.; Iezzi, S.; King, M. T.; Zhao, P.; Kashiwaya, Y.;
Hoffman, E.; Veech, R. L.; Sartorelli, V. Sir2 regulates skeletal muscle

differentiation as a potential sensor of the redox state. Mol Cell 2003, 2,
51-62.

Gan, L.; Han, Y.; Bastianetto, S.; Dumont, Y.; Unterman, T. G.; Quirion, R.
FoxO-dependent and -independent mechanisms mediate SirT1 effects on
IGFBP-1 gene expression. Biochem Biophys Res Commun 2005, 337,
1092-6.

Giannakou, M. E.; Partridge, L. The interaction between FOXO and SIRT1:
tipping the balance towards survival. Trends Cell Biol 2004, 14, 408-12.

Gottschling, D. E.; Aparicio, O. M.; Billington, B. L.; Zakian, V. A. Position
effect at S. cerevisiae telomeres: reversible repression of Pol 11
transcription. Cell 1990, 63, 751-62.



53

Grozinger, C. M.; Chao, E. D.; Blackwell, H. E.; Moazed, D.; Schreiber, S. L.
Identification of a class of small molecule inhibitors of the sirtuin family

of NAD-dependent deacetylases by phenotypic screening. J Biol Chem
2001, 276, 38837-43.

Guarente, L. Sir2 links chromatin silencing, metabolism, and aging. Genes Dev
2000, 74, 1021-6.

Guarente, L.; Kenyon, C. Genetic pathways that regulate ageing in model
organisms. Nature 2000, 408, 255-62.

Guarente, L. Calorie restriction and SIR2 genes--towards a mechanism. Mech
Ageing Dev 2008, 126, 923-8.

Guarente, L.; Picard, F. Calorie restriction--the SIR2 connection. Cell 2005, 120,
473-82.

Hageman, G. J.; Stierum, R. H. Niacin, poly(ADP-ribose) polymerase-1 and
genomic stability. Mutat Res 2001, 475, 45-56.

Hahn, W. C.; Weinberg, R. A. Rules for making human tumor cells. N Engl J
Med 2002, 347, 1593-603.

He, L. Z.; Guidez, F.; Tribioli, C.; Peruzzi, D.; Ruthardt, M.; Zelent, A.; Pandolfi,
P. P. Distinct interactions of PML-RARalpha and PLZF-RARalpha with
co-repressors determine differential responses to RA in APL. Nat Genet
1998, 18, 126-35.

He, S.; Bauman, D.; Davis, J. S.; Loyola, A.; Nishioka, K.; Gronlund, J. L.;
Reinberg, D.; Meng, F.; Kelleher, N.; McCafferty, D. G. Facile synthesis
of site-specifically acetylated and methylated histone proteins: reagents for
evaluation of the histone code hypothesis. Proc Natl Acad Sci U S 4 2003,
100, 12033-8.

Heilbronn, L. K.; Civitarese, A. E.; Bogacka, I.; Smith, S. R.; Hulver, M.;
Ravussin, E. Glucose tolerance and skeletal muscle gene expression in
response to alternate day fasting. Obes Res 2005, 13, 574-81.

Hekimi, S.; Guarente, L. Genetics and the specificity of the aging process.
Science 2003, 299, 1351-4.

Heltweg, B.; Dequiedt, F.; Marshall, B. L.; Brauch, C.; Yoshida, M.; Nishino, N.;
Verdin, E.; Jung, M. Subtype selective substrates for histone deacetylases.



54

J Med Chem 2004, 47, 5235-43.

Heltweg, B.; Gatbonton, T.; Schuler, A. D.; Posakony, J.; Li, H.; Goehle, S;
Kollipara, R.; Depinho, R. A.; Gu, Y.; Simon, J. A.; Bedalov, A.
Antitumor activity of a small-molecule inhibitor of human silent
information regulator 2 enzymes. Cancer Res 2006, 66, 4368-77.

Henikoff, S. Histone modifications: combinatorial complexity or cumulative
simplicity? Proc Natl Acad Sci U S A 2005, 102, 5308-9.

Hirao, M.; Posakony, J.; Nelson, M.; Hruby, H.; Jung, M.; Simon, J. A.; Bedalov,
A. Identification of selective inhibitors of NAD+-dependent deacetylases
using phenotypic screens in yeast. J Biol Chem 2003, 278, 52773-82.

Hiratsuka, M.; Inoue, T.; Toda, T.; Kimura, N.; Shirayoshi, Y.; Kamitani, H.;
Watanabe, T.; Ohama, E.; Tahimic, C. G.; Kurimasa, A.; Oshimura, M.
Proteomics-based identification of differentially expressed genes in human
gliomas: down-regulation of SIRT2 gene. Biochem Biophys Res Commun
2003, 309, 558-66.

Hisahara, S.; Chiba, S.; Matsumoto, H.; Horio, Y. Transcriptional regulation of
neuronal genes and its effect on neural functions: NAD-dependent histone
deacetylase SIRT1 (Sir2alpha). J Pharmacol Sci 2008, 98, 200-4.

Hoelz, A.; Nairn, A. C.; Kuriyan, J. Crystal structure of a tetradecameric
assembly of the association domain of Ca2+/calmodulin-dependent kinase
II. Mol Cell 2003, 11, 1241-51.

Hogberg, T.; Strom, P.; Ebner, M.; Ramsby, S. Cyanide as an Efficient and Mild
Catalyst in the Aminolysis of Esters. Journal of Organic Chemistry 1987,
52,2033-2036.

Holmes, S. G.; Rose, A. B.; Steuerle, K.; Saez, E.; Sayegh, S.; Lee, Y. M.;
Broach, J. R. Hyperactivation of the silencing proteins, Sir2p and Sir3p,
causes chromosome loss. Genetics 1997, 145, 605-14.

Hook, S. S.; Means, A. R. Ca(2+)/CaM-dependent kinases: from activation to
function. Annu Rev Pharmacol Toxicol 2001, 41, 471-505.

Howitz, K. T.; Bitterman, K. J.; Cohen, H. Y.; Lamming, D. W.; Lavu, S.; Wood,
I. G.; Zipkin, R. E.; Chung, P.; Kisielewski, A.; Zhang, L. L.; Scherer, B.;
Sinclair, D. A. Small molecule activators of sirtuins extend
Saccharomyces cerevisiae lifespan. Nature 2003, 425, 191-6.



55

Huang, M. E.; Ye, Y. C.; Chen, S. R.; Chai, J. R.; Lu, J. X.; Zhoa, L.; Gu, L. J,;
Wang, Z. Y. Use of all-trans retinoic acid in the treatment of acute
promyelocytic leukemia. Blood 1988, 72, 567-72.

Huang, J.; Moazed, D. Association of the RENT complex with nontranscribed
and coding regions of rDNA and a regional requirement for the replication
fork block protein Fobl in rDNA silencing. Genes Dev 2003, 17, 2162-76.

Hwu, J. R.; Jain, M. L.; Tsay, S.-C.; Hakimelahi, G. H. Ceric Ammonium Nitrate

in the Deprotection of tert-Butoxycarbonyl Group. Tetrahedron Letters
1996, 37, 2035-2038.

Iwasaki, H.; Han, Y. W.; Okamoto, T.; Ohnishi, T.; Yoshikawa, M.; Yamada, K.;
Toh, H.; Daiyasu, H.; Ogura, T.; Shinagawa, H. Mutational analysis of the
functional motifs of RuvB, an AAA+ class helicase and motor protein for
holliday junction branch migration. Mol Microbiol 2000, 36, 528-38.

Johnson, B. S.; Mueller, L.; Si, J.; Collins, S. J. The cytokines IL-3 and GM-CSF
regulate the transcriptional activity of retinoic acid receptors in different in
vitro models of myeloid differentiation. Blood 2002, 99, 746-53.

Kaeberlein, M.; Andalis, A. A.; Fink, G. R.; Guarente, L. High osmolarity extends
life span in Saccharomyces cerevisiae by a mechanism related to calorie
restriction. Mol Cell Biol 2002, 22, 8056-66.

Kaeberlein, M.; Kirkland, K. T.; Fields, S.; Kennedy, B. K. Sir2-independent life
span extension by calorie restriction in yeast. PLoS Biol 2004, 2, E296.

Kaeberlein, M.; McDonagh, T.; Heltweg, B.; Hixon, J.; Westman, E. A.;
Caldwell, S. D.; Napper, A.; Curtis, R.; DiStefano, P. S.; Fields, S.;
Bedalov, A.; Kennedy, B. K. Substrate-specific activation of sirtuins by
resveratrol. J Biol Chem 2005, 280, 17038-45.

Karpf, M.; Trussardi, R. New, azide-free transformation of epoxides into 1,2-
diamino compounds: synthesis of the anti-influenza neuraminidase
inhibitor oseltamivir phosphate (Tamiflu). J Org Chem 2001, 66, 2044-51.

Kees, K. L.; Caggiano, T. J.; Steiner, K. E.; Fitzgerald, J. J., Jr.; Kates, M. J.;
Christos, T. E.; Kulishoff, J. M., Jr.; Moore, R. D.; McCaleb, M. L.
Studies on new acidic azoles as glucose-lowering agents in obese, diabetic
db/db mice. J Med Chem 1995, 38, 617-28.

Kitamura, Y. I.; Kitamura, T.; Kruse, J. P.; Raum, J. C.; Stein, R.; Gu, W.; Accili,



56

D. FoxO1 protects against pancreatic beta cell failure through NeuroD and
MafA induction. Cell Metab 2005, 2, 153-63.

Kloting, N.; Bluher, M. Extended longevity and insulin signaling in adipose
tissue. Exp Gerontol 2005, 40, 878-83.

Kobayashi, Y.; Furukawa-Hibi, Y.; Chen, C.; Horio, Y.; Isobe, K.; Ikeda, K.;
Motoyama, N. SIRT1 is critical regulator of FOXO-mediated transcription
in response to oxidative stress. Int J Mol Med 2005, 16, 237-43.

Kornfeld, E. C.; Jones, R. G.; Parke, T. V. The Structure and Chemistry of
Actidione, an Antibiotic from Streptomyces Griseus. Journal of the
American Chemical Society 1949, 71, 150-159.

Kurth, M. J.; Ahlberg Randall, L. A.; Chen, C.; Melander, C.; Miller, R. B.
Library-Based Lead Compound Discovery: Antioxidants by an

Analogous Synthesis\Deconvolutive Assay Strategy. Journal of Organic
Chemistry 1994, 59, 5862-5864.

Kustatscher, G.; Hothorn, M.; Pugieux, C.; Scheffzek, K.; Ladurner, A. G.
Splicing regulates NAD metabolite binding to histone macroH2A. Nat
Struct Mol Biol 2008, 12, 624-5.

Kuzmichev, A.; Margueron, R.; Vaquero, A.; Preissner, T. S.; Scher, M,;
Kirmizis, A.; Ouyang, X.; Brockdorff, N.; Abate-Shen, C.; Farnham, P.;
Reinberg, D. Composition and histone substrates of polycomb repressive
group complexes change during cellular differentiation. Proc Natl Acad
Sci US A 2008, 102, 1859-64.

Kyrylenko, S.; Kyrylenko, O.; Suuronen, T.; Salminen, A. Differential regulation
of the Sir2 histone deacetylase gene family by inhibitors of class I and II
histone deacetylases. Cell Mol Life Sci 2003, 60, 1990-7.

Lamb, J. R.; Goehle, S.; Ludlow, C.; Simon, J. A. Thymidine incorporation is
highly predictive of colony formation and can be used for high-throughput
screening. Biotechniques 2001, 30, 1118-20, 1122, 1124.

Langley, E.; Pearson, M.; Faretta, M.; Bauer, U. M.; Frye, R. A.; Minucci, S.;
Pelicci, P. G.; Kouzarides, T. Human SIR2 deacetylates p53 and
antagonizes PML/p53-induced cellular senescence. Embo J 2002, 21,
2383-96.

Lanotte, M.; Martin-Thouvenin, V.; Najman, S.; Balerini, P.; Valensi, F.; Berger,



57

R. NB4, a maturation inducible cell line with t(15;17) marker isolated
from a human acute promyelocytic leukemia (M3). Blood 1991, 77, 1080-
6.

Lemieux, M. E.; Yang, X.; Jardine, K.; He, X.; Jacobsen, K. X.; Staines, W. A_;

Harper, M. E.; McBurney, M. W. The Sirtl deacetylase modulates the

insulin-like growth factor signaling pathway in mammals. Mech Ageing
Dev 2005, 126, 1097-105.

Lennerz, V.; Fatho, M.; Gentilini, C.; Frye, R. A.; Lifke, A.; Ferel, D.; Wolfel, C.;

Lin, R.

Lin, S.

Lin, S.

Lin, S.

Lin, S.

Lin, S.

Huber, C.; Wolfel, T. The response of autologous T cells to a human
melanoma is dominated by mutated neoantigens. Proc Natl Acad Sci U S
A2005, 102, 16013-8.

J.; Nagy, L.; Inoue, S.; Shao, W.; Miller, W. H., Jr.; Evans, R. M. Role of
the histone deacetylase complex in acute promyelocytic leukaemia. Nature
1998, 391, 811-4.

J.; Defossez, P. A.; Guarente, L. Requirement of NAD and SIR2 for life-

span extension by calorie restriction in Saccharomyces cerevisiae. Science
2000, 289, 2126-8.

J.; Kaeberlein, M.; Andalis, A. A.; Sturtz, L. A.; Defossez, P. A.; Culotta,
V. C.; Fink, G. R.; Guarente, L. Calorie restriction extends Saccharomyces
cerevisiae lifespan by increasing respiration. Nature 2002, 418, 344-8.

J.; Guarente, L. Nicotinamide adenine dinucleotide, a metabolic regulator
of transcription, longevity and disease. Curr Opin Cell Biol 2003, 15, 241-
6.

I.; Ford, E.; Haigis, M.; Liszt, G.; Guarente, L. Calorie restriction extends
yeast life span by lowering the level of NADH. Genes Dev 2004, 18, 12-6.

J.; Guarente, L. Increased life span due to calorie restriction in respiratory-
deficient yeast. PLoS Genet 2006, 2, e33; author reply e34.

Liszt, G.; Ford, E.; Kurtev, M.; Guarente, L. Mouse Sir2 homolog SIRT6 is a

nuclear ADP-ribosyltransferase. J Biol Chem 2005, 280, 21313-20.

Llorente, B.; Dujon, B. Transcriptional regulation of the Saccharomyces

cerevisiae DALS gene family and identification of the high affinity
nicotinic acid permease TNA1 (YGR260w). FEBS Lett 2000, 475, 237-41.



58

Loewith, R.; Smith, J. S.; Meijer, M.; Williams, T. J.; Bachman, N.; Boeke, J. D;
Young, D. Pho23 is associated with the Rpd3 histone deacetylase and is
required for its normal function in regulation of gene expression and
silencing in Saccharomyces cerevisiae. J Biol Chem 2001, 276, 24068-74.

Lou, L. L.; Lloyd, S. I.; Schulman, H. Activation of the multifunctional
Ca2+/calmodulin-dependent protein kinase by autophosphorylation: ATP
modulates production of an autonomous enzyme. Proc Natl Acad Sci U S

41986, 83, 9497-501.

Luo, J.; Nikolaev, A. Y.; Imai, S.; Chen, D.; Su, F.; Shiloh, A.; Guarente, L.; Gu,
W. Negative control of p53 by Sir2alpha promotes cell survival under
stress. Cell 2001, 107, 137-48.

Machida, S.; Booth, F. W. Increased nuclear proteins in muscle satellite cells in
aged animals as compared to young growing animals. Exp Gerontol 2004,
39, 1521-5.

Mai, A.; Massa, S.; Lavu, S.; Pezzi, R.; Simeoni, S.; Ragno, R.; Mariotti, F. R,;
Chiani, F.; Camilloni, G.; Sinclair, D. A. Design, synthesis, and biological
evaluation of sirtinol analogues as class III histone/protein deacetylase
(Sirtuin) inhibitors. J Med Chem 20085, 48, 7789-95.

Marcotte, P. A.; Richardson, P. R.; Guo, J.; Barrett, L. W.; Xu, N.; Gunasekera,
A.; Glaser, K. B. Fluorescence assay of SIRT protein deacetylases using

an acetylated peptide substrate and a secondary trypsin reaction. Anal
Biochem 2004, 332, 90-9.

Martin, G. M. Keynote: mechanisms of senescence--complificationists versus
simplificationists. Mech Ageing Dev 2002, 123, 65-73; discussion 75-9.

McBurney, M. W.; Yang, X.; Jardine, K.; Bieman, M.; Th'ng, J.; Lemieux, M.
The absence of SIR2alpha protein has no effect on global gene silencing in
mouse embryonic stem cells. Mol Cancer Res 2003, 1, 402-9.

McBurney, M. W.; Yang, X.; Jardine, K.; Hixon, M.; Boekelheide, K.; Webb, J.
R.; Lansdorp, P. M.; Lemieux, M. The mammalian SIR2alpha protein has
a role in embryogenesis and gametogenesis. Mol Cell Biol 2003, 23, 38-
54.

McGovern, S. L.; Helfand, B. T.; Feng, B.; Shoichet, B. K. A specific mechanism
of nonspecific inhibition. J Med Chem 2003, 46, 4265-72.



59

Meador, W. E.; Means, A. R.; Quiocho, F. A. Modulation of calmodulin plasticity

in molecular recognition on the basis of x-ray structures. Science 1993,
262,1718-21.

Michishita, E.; Park, J. Y.; Burneskis, J. M.; Barrett, J. C.; Horikawa, 1.
Evolutionarily Conserved and Nonconserved Cellular Localizations and
Functions of Human SIRT Proteins. Mol Biol Cell 2005, 16, 4623-35.

Min, J.; Landry, J.; Sternglanz, R.; Xu, R. M. Crystal structure of a SIR2
homolog-NAD complex. Cell 2001, 105, 269-79.

Miyazaki, K.; Arold, F. H. Exploring nonnatural evolutionary pathways by
saturation mutagenesis: rapid improvement of protein function. J Mol Evol
1999, 49, 716-20.

Mojtahedi, M. M.; Saidi, M. R.; Shirzi, J. S.; Bolourtchian, M. Microwave
Promoted Efficient Synthesis of Substituted Uracils and Thiouracils Under
Solvent-Free Conditions. Synthetic Communications 2002, 32, 851-855.

Morikawa, A.; Sone, T.; Asano, T. 5-Isoquinolinesulfonamide derivatives. 1.
Synthesis and vasodilatory activity of N-(2-guanidinoethyl)-5-
isoquinolinesulfonamide derivatives. J Med Chem 1989, 32, 42-6.

Morikawa, A.; Sone, T.; Asano, T. 5-Isoquinolinesulfonamide derivatives. 2.
Synthesis and vasodilatory activity of N-(2-aminoethyl)-5-
isoquinolinesulfonamide derivatives. J Med Chem 1989, 32, 46-50.

Morris, B. J. A forkhead in the road to longevity: the molecular basis of lifespan
becomes clearer. J Hypertens 2005, 23, 1285-309.

Mostoslavsky, R.; Chua, K. F.; Lombard, D. B.; Pang, W. W.; Fischer, M. R.;
Gellon, L.; Liu, P.; Mostoslavsky, G.; Franco, S.; Murphy, M. M.; Mills,
K. D.; Patel, P.; Hsu, J. T.; Hong, A. L.; Ford, E.; Cheng, H. L.; Kennedy,
C.; Nunez, N.; Bronson, R.; Frendewey, D.; Auerbach, W.; Valenzuela,
D.; Karow, M.; Hottiger, M. O.; Hursting, S.; Barrett, J. C.; Guarente, L.;
Mulligan, R.; Demple, B.; Yancopoulos, G. D.; Alt, F. W. Genomic
instability and aging-like phenotype in the absence of mammalian SIRT6.
Cell 2006, 124, 315-29.

Motta, M. C.; Divecha, N.; Lemieux, M.; Kamel, C.; Chen, D.; Gu, W.; Bultsma,
Y.; McBurney, M.; Guarente, L. Mammalian SIRT1 represses forkhead
transcription factors. Cell/ 2004, 116, 551-63.



60

Moynihan, K. A.; Grimm, A. A.; Plueger, M. M.; Bernal-Mizrachi, E.; Ford, E.;
Cras-Meneur, C.; Permutt, M. A.; Imai, S. Increased dosage of
mammalian Sir2 in pancreatic beta cells enhances glucose-stimulated
insulin secretion in mice. Cell Metab 2005, 2, 105-17.

Muindi, J.; Frankel, S. R.; Miller, W. H., Jr.; Jakubowski, A.; Scheinberg, D. A.;
Young, C. W.; Dmitrovsky, E.; Warrell, R. P., Jr. Continuous treatment
with all-trans retinoic acid causes a progressive reduction in plasma drug
concentrations: implications for relapse and retinoid "resistance" in
patients with acute promyelocytic leukemia. Blood 1992, 79, 299-303.

Muthalif, M. M.; Hefner, Y.; Canaan, S.; Harper, J.; Zhou, H.; Parmentier, J. H.;
Acebersold, R.; Gelb, M. H.; Malik, K. U. Functional interaction of
calcium-/calmodulin-dependent protein kinase II and cytosolic
phospholipase A(2). J Biol Chem 2001, 276, 39653-60.

Nagami, K.; Kawashima, Y.; Kuno, H.; Kemi, M.; Matsumoto, H. In vitro
cytotoxicity assay to screen compounds for apoptosis-inducing potential
on lymphocytes and neutrophils. J Toxicol Sci 2002, 27, 191-203.

Nakaya, K.-i.; Tanaka, T.; Shirataki, Y.; Shiozaki, H.; Funabiki, K.; Shiabata, K.;
Matsui, M. 4-(2-Aminoethylamino)-7H-benz[de]benzimidazo[2,1-
alisoquinoline-7-one as a Highly Sensitive Fluorescent Labeling Reagent
for Carnitine. Bulletin of the Chemical Society of Japan 2001, 74, 173-
177.

Napper, A. D.; Hixon, J.; McDonagh, T.; Keavey, K.; Pons, J. F.; Barker, J.; Yau,
W. T.; Amouzegh, P.; Flegg, A.; Hamelin, E.; Thomas, R. J.; Kates, M.;
Jones, S.; Navia, M. A.; Saunders, J. O.; DiStefano, P. S.; Curtis, R.
Discovery of indoles as potent and selective inhibitors of the deacetylase
SIRT1. J Med Chem 2005, 48, 8045-54.

Nemoto, S.; Fergusson, M. M.; Finkel, T. Nutrient availability regulates SIRT1
through a forkhead-dependent pathway. Science 2004, 306, 2105-8.

Nemoto, S.; Fergusson, M. M.; Finkel, T. SIRT1 functionally interacts with the

metabolic regulator and transcriptional coactivator PGC-1{alpha}. J Bio/
Chem 2005, 280, 16456-60.

Newman, B. L.; Lundblad, J. R.; Chen, Y.; Smolik, S. M. A Drosophila
homologue of Sir2 modifies position-effect variegation but does not affect
life span. Genetics 2002, 162, 1675-85.



61

North, B. J.; Marshall, B. L.; Borra, M. T.; Denu, J. M.; Verdin, E. The human
Sir2 ortholog, SIRT2, is an NAD+-dependent tubulin deacetylase. Mol
Cell 2003, 11, 437-44.

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

Olaharski, A. J.; Rine, J.; Marshall, B. L.; Babiarz, J.; Zhang, L.; Verdin, E.;
Smith, M. T. The flavoring agent dihydrocoumarin reverses epigenetic
silencing and inhibits sirtuin deacetylases. PLoS Genet 2005, 1, €77.

Onyango, P.; Celic, I.; McCaffery, J. M.; Boeke, J. D.; Feinberg, A. P. SIRT3, a
human SIR2 homologue, is an NAD-dependent deacetylase localized to
mitochondria. Proc Natl Acad Sci U S A4 2002, 99, 13653-8.

Ota, H.; Tokunaga, E.; Chang, K.; Hikasa, M.; Iijima, K.; Eto, M.; Kozaki, K.;
Akishita, M.; Ouchi, Y.; Kaneki, M. Sirtl inhibitor, Sirtinol, induces
senescence-like growth arrest with attenuated Ras-MAPK signaling in
human cancer cells. Oncogene 2005.

Pagans, S.; Pedal, A.; North, B. J.; Kaehlcke, K.; Marshall, B. L.; Dorr, A.;
Hetzer-Egger, C.; Henklein, P.; Frye, R.; McBurney, M. W.; Hruby, H.;
Jung, M.; Verdin, E.; Ott, M. SIRT1 regulates HIV transcription via Tat
deacetylation. PLoS Biol 2005, 3, e41.

Parsons, X. H.; Garcia, S. N.; Pillus, L.; Kadonaga, J. T. Histone deacetylation by
Sir2 generates a transcriptionally repressed nucleoprotein complex. Proc
Natl Acad Sci U S A 2003, 100, 1609-14.

Picard, F.; Kurtev, M.; Chung, N.; Topark-Ngarm, A.; Senawong, T.; Machado
De Oliveira, R.; Leid, M.; McBurney, M. W.; Guarente, L. Sirt] promotes
fat mobilization in white adipocytes by repressing PPAR-gamma. Nature
2004, 429, 771-6.

Porcu, M.; Chiarugi, A. The emerging therapeutic potential of sirtuin-interacting
drugs: from cell death to lifespan extension. Trends Pharmacol Sci 2005,
26, 94-103.

Posakony, J.; Hirao, M.; Bedalov, A. Identification and characterization of Sir2
inhibitors through phenotypic assays in yeast. Comb Chem High
Throughput Screen 2004, 7, 661-8.

Posakony, J.; Hirao, M.; Stevens, S.; Simon, J. A.; Bedalov, A. Inhibitors of Sir2:



62

evaluation of splitomicin analogues. J Med Chem 2004, 47, 2635-44.

Pruitt, K.; Zinn, R. L.; Ohm, J. E.; McGarvey, K. M.; Kang, S. H.; Watkins, D.
N.; Herman, J. G.; Baylin, S. B. Inhibition of SIRT1 reactivates silenced
cancer genes without loss of promoter DNA hypermethylation. PLoS
Genet 2006, 2, ¢40.

Ray, A.; Hector, R. E.; Roy, N.; Song, J. H.; Berkner, K. L.; Runge, K. W. Sir3p
phosphorylation by the Slt2p pathway effects redistribution of silencing
function and shortened lifespan. Nat Genet 2003, 33, 522-6.

Revollo, J. R.; Grimm, A. A.; Imai, S. The NAD biosynthesis pathway mediated
by nicotinamide phosphoribosyltransferase regulates Sir2 activity in
mammalian cells. J Biol Chem 2004, 279, 50754-63.

Rodgers, J. T.; Lerin, C.; Haas, W.; Gygi, S. P.; Spiegelman, B. M.; Puigserver, P.
Nutrient control of glucose homeostasis through a complex of PGC-1alpha
and SIRT1. Nature 2005, 434, 113-8.

Rose, G.; Dato, S.; Altomare, K.; Bellizzi, D.; Garasto, S.; Greco, V.; Passarino,
G.; Feraco, E.; Mari, V.; Barbi, C.; BonaFe, M.; Franceschi, C.; Tan, Q.;
Boiko, S.; Yashin, A. I.; De Benedictis, G. Variability of the SIRT3 gene,
human silent information regulator Sir2 homologue, and survivorship in
the elderly. Exp Gerontol 2003, 38, 1065-70.

Rosenberg, M. L.; Parkhurst, S. M. Drosophila Sir2 is required for
heterochromatic silencing and by euchromatic Hairy/E(Spl) bHLH
repressors in segmentation and sex determination. Cell 2002, 109, 447-58.

Rosowsky, A.; Forsch, R. A.; Moran, R. G. (6R,65)-5,8,10-trideaza-5,6,7,8-
tetrahydrofolate and 6(R,6S)-5,8,10-trideaza-5,6,7,8-tetrahydropteroyl-L-
ornithine as potential antifolates and antitumor agents. J Med Chem 1989,
32,709-15.

Sakamoto, J.; Miura, T.; Shimamoto, K.; Horio, Y. Predominant expression of
Sir2alpha, an NAD-dependent histone deacetylase, in the embryonic
mouse heart and brain. FEBS Lett 2004, 556, 281-6.

Sandmeier, J. J.; Celic, I.; Boeke, J. D.; Smith, J. S. Telomeric and rtDNA
silencing in Saccharomyces cerevisiae are dependent on a nuclear NAD(+)
salvage pathway. Genetics 2002, 160, 877-89.

Sauve, A. A.; Schramm, V. L. Sir2 regulation by nicotinamide results from



63

switching between base exchange and deacetylation chemistry.
Biochemistry 2003, 42, 9249-56.

Sawano, A.; Miyawaki, A. Directed evolution of green fluorescent protein by a
new versatile PCR strategy for site-directed and semi-random
mutagenesis. Nucleic Acids Res 2000, 28, E7S.

Schuler, A. D.; Si, J.; Mueller, L.; Simon, J. A.; Collins, S. J. KN-62 Analogues
As Potent Differentiating Agents of HL-60 Cells. Leukemia Research
2006, in press.

Schuler, A. D.; Posakony, J. J.; Bedalov, A.; Simon, J. A. Selective Sirtuin
Inhibitors Exhibit Variable Toxicity Against Daudi Cells. Manuscript in
preparation.

Schwer, B.; North, B. J.; Frye, R. A.; Ott, M.; Verdin, E. The human silent
information regulator (Sir)2 homologue hSIRT3 is a mitochondrial

nicotinamide adenine dinucleotide-dependent deacetylase. J Cell Biol
2002, 158, 647-57.

Seidler, J.; McGovern, S. L.; Doman, T. N.; Shoichet, B. K. Identification and

prediction of promiscuous aggregating inhibitors among known drugs. J
Med Chem 2003, 46, 4477-86.

Senawong, T.; Peterson, V. J.; Avram, D.; Shepherd, D. M.; Frye, R. A.; Minucci,
S.; Leid, M. Involvement of the histone deacetylase SIRT1 in chicken
ovalbumin upstream promoter transcription factor (COUP-TF)-interacting
protein 2-mediated transcriptional repression. J Biol Chem 2003, 278,
43041-50.

Senawong, T.; Peterson, V. J.; Leid, M. BCL11A-dependent recruitment of
SIRT1 to a promoter template in mammalian cells results in histone
deacetylation and transcriptional repression. Arch Biochem Biophys 2005,
434,316-25.

Shankaranarayana, G. D.; Motamedi, M. R.; Moazed, D.; Grewal, S. L. Sir2
regulates histone H3 lysine 9 methylation and heterochromatin assembly
in fission yeast. Curr Biol 2003, 13, 1240-6.

Sharpless, N. E.; DePinho, R. A. p53: good cop/bad cop. Cell 2002, 110, 9-12.

Sherman, J. M.; Stone, E. M.; Freeman-Cook, L. L.; Brachmann, C. B.; Boeke, J.
D.; Pillus, L. The conserved core of a human SIR2 homologue functions



64

in yeast silencing. Mol Biol Cell 1999, 10, 3045-59.

Shi, T.; Wang, F.; Stieren, E.; Tong, Q. SIRT3, a mitochondrial sirtuin
deacetylase, regulates mitochondrial function and thermogenesis in brown
adipocytes. J Biol Chem 2008, 280, 13560-7.

Si, J.; Collins, S. J. IL-3-induced enhancement of retinoic acid receptor activity is
mediated through StatS, which physically associates with retinoic acid
receptors in an [L.-3-dependent manner. Blood 2002, 100, 4401-9.

Si, J.; Mueller, L.; Collins, S. J. personal communication, 2006.

Simon, J. A.; Szankasi, P.; Nguyen, D. K.; Ludlow, C.; Dunstan, H. M.; Roberts,
C.J.; Jensen, E. L.; Hartwell, L. H.; Friend, S. H. Differential toxicities of
anticancer agents among DNA repair and checkpoint mutants of
Saccharomyces cerevisiae. Cancer Res 2000, 60, 328-33.

Simon, J. A. Yeast as a model system for anticancer drug discovery. Expert Opin
Ther Targets 2001, 5, 177-95.

Simon, J. A.; Bedalov, A. Yeast as a model system for anticancer drug discovery.
Nat Rev Cancer 2004, 4, 481-92.

Sinclair, D. A.; Guarente, L. Extrachromosomal rDNA circles--a cause of aging in
yeast. Cell 1997, 91, 1033-42.

Sinclair, D. A.; Lin, S. J.; Guarente, L. Life-span extension in yeast. Science
2006, 372, 195-7; author reply 195-7.

Singer, M. S.; Gottschling, D. E. TLC1: template RNA component of
Saccharomyces cerevisiae telomerase. Science 1994, 266, 404-9.

Singh, M. V.; Weil, P. A. A method for plasmid purification directly from yeast.
Anal Biochem 2002, 307, 13-7.

Smith, J. S.; Boeke, J. D. An unusual form of transcriptional silencing in yeast
ribosomal DNA. Genes Dev 1997, 11, 241-54.

Smith, J. S.; Brachmann, C. B.; Pillus, L.; Boeke, J. D. Distribution of a limited
Sir2 protein pool regulates the strength of yeast rDNA silencing and is
modulated by Sirdp. Genetics 1998, 149, 1205-19.

Smith, J. S.; Caputo, E.; Boeke, J. D. A genetic screen for ribosomal DNA



65

silencing defects identifies multiple DNA replication and chromatin-
modulating factors. Mol Cell Biol 1999, 19, 3184-97.

Smith, J. S.; Brachmann, C. B.; Celic, I.; Kenna, M. A.; Muhammad, S.; Starai,
V. J.; Avalos, J. L.; Escalante-Semerena, J. C.; Grubmeyer, C.; Wolberger,
C.; Boeke, J. D. A phylogenetically conserved NAD+-dependent protein
deacetylase activity in the Sir2 protein family. Proc Natl Acad Sci U S A
2000, 97, 6658-63.

Smith, J. S.; Boeke, J. D. Transcription. Is S phase important for transcriptional
silencing? Science 2001, 291, 608-9.

Smith, J. Human Sir2 and the 'silencing' of p53 activity. Trends Cell Biol 2002,
12, 404-6.

Smith, J. S.; Avalos, J.; Celic, I.; Muhammad, S.; Wolberger, C.; Boeke, J. D.
SIR2 family of NAD(+)-dependent protein deacetylases. Methods
Enzymol 2002, 353, 282-300.

Solomon, J. M.; Pasupuleti, R.; Xu, L.; McDonagh, T.; Curtis, R.; DiStefano, P.
S.; Huber, L. J. Inhibition of SIRT1 catalytic activity increases p53
acetylation but does not alter cell survival following DNA damage. Mo/
Cell Biol 2006, 26, 28-38.

Stadtman, E. R. Protein oxidation and aging. Science 1992, 257, 1220-4.

Stahl, G.; Walter, R.; Smith, C. General procedure for the synthesis of mono-N-
acylated 1,6-diaminohexanes. Journal of Organic Chemistry 1978, 43,
2285-2286.

Starai, V. J.; Celic, L.; Cole, R. N.; Boeke, J. D.; Escalante-Semerena, J. C. Sir2-
dependent activation of acetyl-CoA synthetase by deacetylation of active
lysine. Science 2002, 298, 2390-2.

Starai, V. J.; Takahashi, H.; Boeke, J. D.; Escalante-Semerena, J. C. Short-chain
fatty acid activation by acyl-coenzyme A synthetases requires SIR2

protein function in Salmonella enterica and Saccharomyces cerevisiae.
Genetics 2003, 163, 545-55.

Still, W. C.; Kahn, M.; Mitra, A. Rapid Chromatographic Technique for
Preparative Separations with Moderate Resolution. Journal of Organic
Chemistry 1978, 43,2923-2925.



66

Suzuki, E.; Kojima, N.; Yoshimura, K.; Uyemura, K.; Obata, K.; Akagawa, K.
Cloning and sequence analysis of cDNA for a possible DNA-binding
protein SES in the nervous system. J Biochem (Tokyo) 1995, 118, 122-8.

Takata, T.; Ishikawa, F. Human Sir2-related protein SIRT1 associates with the
bHLH repressors HES1 and HEY?2 and is involved in HES1- and HEY2-
mediated transcriptional repression. Biochem Biophys Res Commun 2003,
301, 250-7.

Tallman, M. S.; Andersen, J. W.; Schiffer, C. A.; Appelbaum, F. R.; Feusner, J.
H.; Woods, W. G.; Ogden, A.; Weinstein, H.; Shepherd, L.; Willman, C.;
Bloomfield, C. D.; Rowe, J. M.; Wiernik, P. H. All-trans retinoic acid in
acute promyelocytic leukemia: long-term outcome and prognostic factor
analysis from the North American Intergroup protocol. Blood 2002, 100,
4298-302.

Tallman, M. S.; Nabhan, C.; Feusner, J. H.; Rowe, J. M. Acute promyelocytic
leukemia: evolving therapeutic strategies. Blood 2002, 99, 759-67.

Tang, B. L. Alzheimer's disease: channeling APP to non-amyloidogenic
processing. Biochem Biophys Res Commun 2008, 331, 375-8.

Tervo, A. J.; Kyrylenko, S.; Niskanen, P.; Salminen, A.; Leppanen, J.; Nyronen,
T. H.; Jarvinen, T.; Poso, A. An in silico approach to discovering novel
inhibitors of human sirtuin type 2. J Med Chem 2004, 47, 6292-8.

Tissenbaum, H. A.; Guarente, L. Increased dosage of a sir-2 gene extends lifespan
in Caenorhabditis elegans. Nature 2001, 410, 227-30.

Tokumitsu, H.; Chijiwa, T.; Hagiwara, M.; Mizutani, A.; Terasawa, M.; Hidaka,
H. KN-62, 1-[N,O-bis(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-4-
phenylpiperazi ne, a specific inhibitor of Ca2+/calmodulin-dependent
protein kinase II. J Biol Chem 1990, 265, 4315-20.

Tokumitsu, H.; Inuzuka, H.; Ishikawa, Y.; Ikeda, M.; Saji, I.; Kobayashi, R. STO-
609, a specific inhibitor of the Ca(2+)/calmodulin-dependent protein
kinase kinase. J Biol Chem 2002, 277, 15813-8.

Tokumitsu, H.; Inuzuka, H.; Ishikawa, Y.; Kobayashi, R. A single amino acid
difference between alpha and beta Ca2+/calmodulin-dependent protein
kinase kinase dictates sensitivity to the specific inhibitor, STO-609. J Biol
Chem 2003, 278, 10908-13.



67

Toyn, J. H.; Gunyuzlu, P. L.; White, W. H.; Thompson, L. A.; Hollis, G. F. A
counterselection for the tryptophan pathway in yeast: S-fluoroanthranilic
acid resistance. Yeast 2000, 16, 553-60.

Travers, H.; Spotswood, H. T.; Moss, P. A.; Turner, B. M. Human CD34+
hematopoietic progenitor cells hyperacetylate core histones in response to
sodium butyrate, but not trichostatin A. Exp Cell Res 2002, 280, 149-58.

Tyner, S. D.; Venkatachalam, S.; Choi, J.; Jones, S.; Ghebranious, N.; Igelmann,
H.; Lu, X.; Soron, G.; Cooper, B.; Brayton, C.; Hee Park, S.; Thompson,
T.; Karsenty, G.; Bradley, A.; Donehower, L. A. p53 mutant mice that
display early ageing-associated phenotypes. Nature 2002, 415, 45-53.

van der Horst, A.; Tertoolen, L. G.; de Vries-Smits, L. M.; Frye, R. A.; Medema,
R. H.; Burgering, B. M. FOX04 is acetylated upon peroxide stress and
deacetylated by the longevity protein hSir2(SIRT1). J Biol Chem 2004,
279, 28873-9.

Vaquero, A.; Scher, M.; Lee, D.; Erdjument-Bromage, H.; Tempst, P.; Reinberg,
D. Human SirT1 interacts with histone H1 and promotes formation of
facultative heterochromatin. Mol Cell 2004, 16, 93-105.

Vagquero, A.; Scher, M. B.; Lee, D. H.; Sutton, A.; Cheng, H. L.; Alt, F. W;
Serrano, L.; Sternglanz, R.; Reinberg, D. SirT2 is a histone deacetylase

with preference for histone H4 Lys 16 during mitosis. Genes Dev 2006,
20, 1256-61.

Vaziri, H.; Dessain, S. K.; Ng Eaton, E.; Imai, S. .; Frye, R. A.; Pandita, T. K.;
Guarente, L.; Weinberg, R. A. hSIR2(SIRT1) functions as an NAD-
dependent p53 deacetylase. Cell 2001, 107, 149-59.

Vergnes, B.; Sereno, D.; Tavares, J.; Cordeiro-da-Silva, A.; Vanhille, L.;
Madjidian-Sereno, N.; Depoix, D.; Monte-Alegre, A.; Ouaissi, A.
Targeted disruption of cytosolic SIR2 deacetylase discloses its essential
role in Leishmania survival and proliferation. Gene 2005, 363, 85-96.

Voelter-Mahlknecht, S.; Ho, A. D.; Mahlknecht, U. FISH-mapping and genomic
organization of the NAD-dependent histone deacetylase gene, Sirtuin 2
(Sirt2). Int J Oncol 2008, 27, 1187-96.

Wang, J.; Zhai, Q.; Chen, Y.; Lin, E.; Gu, W.; McBurney, M. W.; He, Z. A local
mechanism mediates NAD-dependent protection of axon degeneration. J



68

Cell Biol 2008, 170, 349-35.

Wang, C.; Wang, M. W.; Tashiro, S.; Onodera, S.; Ikejima, T. Roles of SIRT1
and phosphoinositide 3-OH kinase/protein kinase C pathways in
evodiamine-induced human melanoma A375-S2 cell death. J Pharmacol
Sci 2005, 97, 494-500.

Warner, H. R. Recent progress in understanding the relationships among aging,
replicative senescence, cell turnover and cancer. In Vivo 2002, 16, 393-6.

Wood, J. G.; Rogina, B.; Lavu, S.; Howitz, K.; Helfand, S. L.; Tatar, M.; Sinclair,
D. Sirtuin activators mimic caloric restriction and delay ageing in
metazoans. Nature 2004, 430, 686-9.

Yamaza, H.; Chiba, T.; Higami, Y.; Shimokawa, I. Lifespan extension by caloric
restriction: an aspect of energy metabolism. Microsc Res Tech 2002, 59,
325-30.

Yang, Y. H.; Chen, Y. H.; Zhang, C. Y.; Nimmakayalu, M. A.; Ward, D. C.;
Weissman, S. Cloning and characterization of two mouse genes with
homology to the yeast Sir2 gene. Genomics 2000, 69, 355-69.

Yang, Y.; Hou, H.; Haller, E. M.; Nicosia, S. V.; Bai, W. Suppression of FOXO1
activity by FHL2 through SIRT1-mediated deacetylation. Embo J 2008,
24,1021-32.

Yeung, F.; Hoberg, J. E.; Ramsey, C. S.; Keller, M. D.; Jones, D. R.; Frye, R. A;
Mayo, M. W. Modulation of NF-kappaB-dependent transcription and cell
survival by the SIRT1 deacetylase. Embo J 2004, 23, 2369-80.

Yu, T. T.; Mcintyre, J. C.; Bose, S. C.; Hardin, D.; Owen, M. C.; McClintock, T.
S. Differentially expressed transcripts from phenotypically identified
olfactory sensory neurons. J Comp Neurol 2005, 453, 251-62.

Zhang, J. Are poly(ADP-ribosyl)ation by PARP-1 and deacetylation by Sir2
linked? Bioessays 2003, 25, 808-14.

Zhao, K.; Chai, X.; Clements, A.; Marmorstein, R. Structure and autoregulation
of the yeast Hst2 homolog of Sir2. Nar Struct Biol 2003, 10, 864-71.

Zhao, K.; Chai, X.; Marmorstein, R. Structure of the yeast Hst2 protein
deacetylase in ternary complex with 2'-O-acetyl ADP ribose and histone
peptide. Structure 2003, 11, 1403-11.



69

Zhao, X.; Sternsdorf, T.; Bolger, T. A.; Evans, R. M.; Yao, T. P. Regulation of
MEF?2 by histone deacetylase 4- and SIRT1 deacetylase-mediated lysine
modifications. Mol Cell Biol 2005, 25, 8456-64.

Zhu, W.; Fan, L.; Yao, R.; Wu, F.; Tian, H. Naphthalimide incorporating
oxadiazole: potential electroluminescent materials with high electron
affinity. Synthetic Metals 2003, 137, 1129-1130.



70

Appendix A:
Alternate Synthesis of Cambinol

Unlike the synthesis shown in the text, this synthesis can be scaled up for
the production of tens of grams of cambinol. Put phenyl-f-keto-lactone (4.93
mmol) into vacuum-purged, argon-filled round bottom flask and dissolve in
toluene (8 mL). Add piperidine (5.45 mmol), and heat solution to reflux with
stirring, azeotropically removing water into a Dean-Stark trap. After one hour,
remove reaction from heat and remove solvent under vacuum. Dissolve solids in
toluene/diglyme (1:1), and add thiourea (9.95 mmol). Return solution to
dehydrating reflux, and after about 2.5 hours, add DBU (1 mmol) to catalyze
conversion to cambinol. After 18 hours of additional reflux under dehydrating
conditions, cool reaction to room temperature and pour into 50 mL 1 M HCL
After 5 hours of stirring, add ethyl acetate to the acidic solution, and isolate the
organic layer. Wash the organic layer twice with water and once with brine, then
dry it over sodium sulfate. Transfer the solution to a dry flask through a cotton
plug and remove solvent under vacuum.

The crude cambinol is initially purified by silica gel chromatograpy. The
fractions containing cambinol are pooled, and the solvent is removed under
vacuum. The mostly pure cambinol is recystallized twice from ethyl acetate/n-

heptane to yield pure (93% as confirmed by HPLC) white crystals.
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Appendix B:
[3H]-Thymidine Incorporation Assays
ADS010 (like Cambinol) kills Daudi cells as measured by [°H]-thymidine
incorporation, but it does not kill non-Burkitt’s lymphoma cell lines. The cpm

(%) is measured as described in Chapter One, Materials and Methods.
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Appendix C:
Effect of Cambinol Analogues on Daudi ATP Content

Daudi Cell Viability

Cambinol
ADS010
ADS012
IP136
ADS021

O O e o

Concentration (uM)



150

125

=3
[=3

Cell Proliferation (% of Control)
~X
w

50

25

73

Appendix D:
Effect of KN-62 Analogues on HL-60 Proliferation
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Appendix E:
Effect of KN-62 Analogues on HL-60 Differentation
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