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Abstract Aspirin is one of the oldest drugs for the treat-

ment of inflammation, fever, and pain. It is reported to

covalently modify COX-2 enzyme by acetylating a serine

amino acid residue. By virtue of aspirin’s acetylating

potential, we for the first time developed novel acetyl-do-

nating HDAC inhibitors. In this study, we report the

design, synthesis, in silico docking study, and biological

evaluation of acetyl-donating HDAC inhibitors. The

exposure of MDA-MB-231 cells with compound 4c sig-

nificantly promotes the acetylation of a-tubulin and histone

H3, which are substrates of HDAC6 and HDAC1, respec-

tively. In silico docking simulation also indicates that

compound 4c tightly binds to the deep substrate-binding

pocket of HDAC6 by coordinating the active zinc ion in a

bidentate manner and forming hydrogen bond interactions

with Ser531 and His573 amino acid residues. In particular,

compound 4c (GI50 = 147 lM) affords the significant

enhancement of anti-proliferative effect on MDA-MB-231

cells, compared with its parent compound 2c (GI50-
[ 1000 lM) and acetyl-donating group deficient com-

pound 6 (GI50 = 554 lM). Overall, compound 4c presents

a novel strategy for developing acetyl-donating HDAC

inhibitors.

Keywords Aspirin � Histone deacetylases � Cancers �
Alzheimer’s disease � Drug addiction

Introduction

Histone deacetylases (HDACs) have emerged as important

pharmaceutical targets for a wide range of diseases,

including cancer, Alzheimer’s disease, depression, and

drug addiction (Kazantsev and Thompson 2008; Cuadrado-

Tejedor et al. 2017; D’ydewalle et al. 2012; Golden et al.

2013; Omonijo et al. 2014; Chun 2018). The reversible

acetylation of lysine residues at the N-terminal tails of core

histones has a critical role in epigenetic regulation of gene

expression. This acetylation status is tightly regulated by

the balance of HDACs and histone acetyltransferases

(HATs) and the perturbation of this balance is closely

linked to the onset and progression of many diseases (Hong

et al. 1993; Ropero and Esteller 2007). Therefore, the

inhibition of HDACs helps in restoring the aberrant epi-

genetic changes associated with diverse disorders (Bolden

et al. 2006; Kazantsev and Thompson 2008). HDACs

catalyze the removal of e-N-acetyl groups from lysine

residues at the N-terminal tails of core histones, impeding

the accessibility of transcriptional factors to promoter

segments of DNA within the condensed chromatin (Lee

et al. 1993). HDACs substrates are not limited to histone

proteins. These enzymes also regulate the acetylation

levels of non-histone proteins such as a-tubulin, Hsp90,
p53, c-Myc, NF-jB, and E2P (Glozak et al. 2005). HDAC

inhibitors are commonly classified into four main classes

based on their chemical structure, hydroxamic acids, ben-

zamides, cyclic peptides, and short-chain fatty acids

(Nebbioso et al. 2012). To date, the U.S FDA has approved

four HDAC inhibitors as anticancer drugs and these include
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SAHA (vorinostat) (Duvic et al. 2007), FK-228 (ro-

midepsin) (VanderMolen et al. 2011), PXD101 (belinostat)

(Lee et al. 2015), and LBH589 (panobinostat) (Raedler

2016), while HBI-8000 (chidamide) (Lu et al. 2016) has

been approved by the Chinese FDA for the treatment of

cutaneous T cell lymphoma (Fig. 1). Although most

HDAC inhibitors have been primarily developed for the

hematological malignancies (Tambaro et al. 2010), an

increasing number of HDAC inhibitors are recently

investigated for the treatment of central nervous system

(CNS) diseases such as Alzheimer’s disease, depression,

and drug addiction (Kazantsev and Thompson 2008).

Aspirin (acetylsalicylic acid) is one of the oldest and

most widely used drugs for the treatment of inflammation,

fever, and pain as well as for the prevention of cardio-

vascular diseases. Like many other nonsteroidal anti-in-

flammatory drugs (NSAIDs), its basic mechanism of action

as an anti-inflammatory drug is well documented to target

cyclooxygenase-2 (COX-2). More specifically, aspirin is

reported to covalently modify COX-2 through acetylation

of Ser530 near its active site, which prevents its native

substrate from properly binding to its active site (Lei et al.

2015).

In recent years, epidemiological data and accumulating

scientific evidence have shown that aspirin can also reduce

overall risk of various types of cancers (Patrignani and

Patrono 2016). Although the precise mechanisms exerting

its anticancer effects are not yet clearly elucidated, newly

report suggests that aspirin’s ability to chemically acetylate

endogenous proteins has immense therapeutic significance

in cancers (Sonnemann et al. 2008). The unique acetylating

nature of aspirin intrigues us to investigate anticancer

effect of aspirin analogues and their therapeutic potential as

HDAC inhibitors.

Materials and methods

Chemistry

Unless otherwise noted, all reactions were performed under

argon atmosphere in oven-dried glassware. All purchased

reagents and solvents were used without further purifica-

tion. Thin layer chromatography (TLC) was carried out

using Merck silica gel 60 F254 plates. TLC plates were

visualized using a combination of UV, p-anisaldehyde,

ceric ammonium molybdate, ninhydrin, and potassium

permanganate staining. Column chromatography was

conducted under medium pressure on silica (Merck Silica

Gel 40–63 lm) or performed by MPLC (Biotage Isolera

One instrument) on a silica column (Biotage SNAP HP-Sil)

or C18 column (Biotage SNAP Ultra C18). NMR analyses

were carried out using a JNM-ECZ500R (500 MHz)

manufactured by Jeol resonance. 1H and 13C NMR chem-

ical shifts are reported in parts per million (ppm). The

deuterium lock signal of the sample solvent was used as a

reference, and coupling constants (J) are given in hertz

(Hz). The splitting pattern abbreviations are as follows: s,

singlet; d, doublet; t, triplet; q, quartet; dd, doublet of

doublets; m, multiplet. The purity of all tested compounds

was confirmed to be higher than 95% by analytical HPLC

performed with a dual pump Shimadzu LC-6AD system

equipped with VP-ODS C18 column (4.6 mm 9 250 mm,

5 lm, Shimadzu).

3-Acetoxybenzoic acid (2b)

A mixture of 3-hydroxybenzoic acid (1.0 g, 138.12 mmol)

and acetic anhydride (5 mL) in pyridine (10 mL) was

stirred at 125 �C for 2 h, equipped with a refluxing con-

denser under argon. After cooling at room temperature, the

Fig. 1 Structures of FDA-approved HDAC inhibitors
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mixture was quenched with saturated aqueous NaHCO3,

acidified with 12 N HCl to pH 2. The resulting solid was

filtered, washed with H2O (50 mL), and dried under high

vacuum to afford compound 2b in 94% yield. 1H NMR

(500 MHz, CDCl3) d 7.99 (d, J = 8.0 Hz, 1H), 7.83 (s,

1H), 7.50 (t, J = 8.0 Hz, 1H), 7.37–7.34 (m, 1H), 2.34 (s,

3H). 13C NMR (125 MHz, CDCl3) d 171.1, 169.3, 150.7,

130.8, 129.7, 127.7, 127.3, 123.5, 21.1. ESI MS (m/

e) = 179.03 [M-1]-.

4-(Hydroxycarbamoyl)phenyl acetate (2c)

A mixture of 4-hydroxybenzoic acid (1.0 g, 138.12 mmol)

and acetic anhydride (5 mL) in pyridine (10 mL) was

stirred at 125 �C for 2 h, equipped with a refluxing con-

denser under argon. After cooling at room temperature, the

mixture was quenched with saturated aqueous NaHCO3,

acidified with 12 N HCl to pH 2. The resulting solid was

filtered, washed with H2O (50 mL), and dried under high

vacuum to afford compound 2c in 66% yield. 1H NMR

(500 MHz, (CDCl3) d 8.14 (d, J = 8.6 Hz, 2H), 7.21 (d,

J = 8.6 Hz, 2H), 2.34 (s, 3H). 13C NMR (125 MHz,

CDCl3) d 171.0, 169.0, 155.0, 131.9, 126.9, 121.9, 21.3.

ESI MS (m/e) = 179.03 [M-1]-.

2-((Benzyloxy)carbamoyl)phenyl acetate (3a)

A mixture of compound 2a (0.2 g, 1.11 mmol), o-benzyl-

hydroxylamine hydrochloride (0.19 g, 1.22 mmol), EDC

(0.43 g, 2.22 mmol), and DIPEA (0.39 mL, 2.22 mmol) in

DCM (25 mL) was stirred at room temperature for 4 h. The

reaction mixture was diluted with DCM (100 mL) and

washed with 1 N HCl (100 mL) and then with brine

(100 mL), dried over Na2SO4, concentrated under reduced

pressure and purified by silica gel column chromatography

to afford compound 3a in 71% yield. Rf = 0.32 (4:6 ethyl

acetate: hexane). 1H NMR (500 MHz, CDCl3) d 8.63 (s,

1H), 7.73 (d, J = 7.4 Hz, 1H), 7.50–7.44 (m, 3H), 7.39 (q,

J = 7.3 Hz, 3H), 7.29 (t, J = 7.7 Hz, 1H), 7.09 (d,

J = 8.0 Hz, 1H), 5.03 (s, 2H), 2.10 (s, 3H). 13C-NMR

(125 MHz, CDCl3) d 169.0, 164.1, 148.1, 135.4, 132.6,

130.0, 129.3, 128.9, 128.8, 126.4, 125.3, 123.3, 78.2,

20.94. ESI MS (m/e) = 286.11 [M ? 1]?.

3-((Benzyloxy)carbamoyl)phenyl acetate (3b)

A mixture of compound 2b (0.2 g, 1.11 mmol), o-benzyl-

hydroxylamine hydrochloride (0.19 g, 1.22 mmol) with

DIPEA (0.39 mL) in DCM (25 mL) was stirred by EDC

(0.43 g, 2.22 mmol) at room temperature for 4 h. The

mixture was diluted in DCM (100 mL). The organic layer

was washed with 1 N HCl (100 mL) twice and then with

brine (100 mL), dried over Na2SO4, concentrated under

reduced pressure to afford compound 3b in 68% yield. 1H

NMR (500 MHz, CDCl3) d 8.82 (s, 1H), 7.49 (d,

J = 7.4 Hz, 1H), 7.43 (m, 3H), 7.41–7.36 (m, 4H), 7.22 (d,

J = 7.4 Hz, 1H), 5.01 (s, 2H), 2.29 (s, 3H). 13C NMR

(125 MHz, CDCl3) d 169.4, 165.4, 150.7, 135.2, 133.5,

129.8, 129.4, 128.9, 128.7, 128.4, 127.9, 125.4, 124.5,

120.8, 78.4, 21.1. ESI MS (m/e) = 286.11 [M ? 1]?.

4-((Benzyloxy)carbamoyl)phenyl acetate (3c)

A mixture of compound 2c (0.2 g, 1.11 mmol), o-benzyl-

hydroxylamine hydrochloride (0.19 g, 1.22 mmol), DIPEA

(0.39 mL) in DCM (25 mL) was stirred with EDC (0.43 g,

2.22 mmol) at room temperature for 4 h. The mixture was

diluted in DCM (100 mL). The organic layer was washed

with 1 N HCl (100 mL) twice and then with brine

(100 mL), dried over Na2SO4, concentrated under reduced

pressure to afford compound 3c in 60% yield. 1H NMR

(500 MHz, (CDCl3) d 7.69 (d, J = 8.6 Hz, 2H), 7.41–7.40

(m, 2H), 7.37–7.33 (m, 3H), 7.08 (d, J = 8.6 Hz, 2H), 4.98

(s, 2H), 2.29 (s, 3H). 13C NMR (125 MHz, CDCl3) d 169.1,
165.7, 153.5, 135.3, 129.6, 129.4, 128.9, 128.7, 128.4,

122.0, 121.6, 78.4, 21.2. ESI MS (m/e) = 286.11

[M ? 1]?.

3-(Hydroxycarbamoyl)phenyl acetate (4b)

A mixture of compound 3b (0.203 g, 1.04 mmol) and Pd/C

(0.05 g) in MeOH (12.5 mL) was stirred at room temper-

ature for 2 h under hydrogen. The resulting mixture was

diluted in MeOH (50 mL), filtered, and concentrated under

reduced pressure, and purified by MPLC (Biotage SNAP

HP-Sil column) to afford compound 4b in 45% yield. Rf-

= 0.31 (7:3 ethyl acetate: hexane) 1H NMR (500 MHz,

acetone-d6) d 7.71 (d, J = 8.0 Hz, 1H), 7.57 (s, 1H), 7.50

(t, J = 7.7 Hz 1H), 7.30–7.28 (m, 1H), 2.28 (s, 3H). 13C

NMR (125 MHz, acetone-d6) d 169.6, 164.8, 151.9, 134.6,

130.3, 130.1, 125.8, 124.8, 121.5, 20.9. ESI MS (m/

e) = 194.08 [M-1]-.

4-(Hydroxycarbamoyl)phenyl acetate (4c)

A mixture of compound 3c (0.203 g, 1.04 mmol) and Pd/C

(0.05 g) in MeOH (12.5 mL) was stirred at room temper-

ature for 2 h under hydrogen. The resulting mixture was

dissolved in MeOH (50 mL), filtered, and concentrated

under reduced pressure, and purified by MPLC (Biotage

SNAP HP-Sil column) to afford compound 4c in 39%

yield. Rf = 0.24 (7:3 ethyl acetate: hexane). 1H NMR

(500 MHz, acetone-d6) d 10.8 (s, 1H), 8.52 (s, 1H), 7.88 (d,
J = 8.0 Hz, 2H), 7.22 (d, J = 8.0 Hz, 2H), 2.28 (s, 3H). 13C

NMR (125 MHz, acetone-d6) d 168.6, 164.5, 153.5, 129.7,

128.4, 122.0, 20.2. ESI MS (m/e) = 194.08 [M-1]-.
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4-Hydroxy-N-((tetrahydro-2H-pyran-2-

yl)oxy)benzamide (5)

A mixture of 4-hydroxybenzoic acid (1.0 g, 7.24 mmol), o-

(Tetrahydro-2H-pyran-2-yl) hydroxylamine (0.93 g,

7.96 mmol), and EDC (2.78 g, 14.48 mmol) in DMF

(25 mL) was stirred by at room temperature for 12 h. The

resulting mixture was dissolved in DCM (100 mL). The

organic layer was washed with 1 N HCl (100 mL) and then

washed with brine (100 mL), dried over Na2SO4, concen-

trated under reduced pressure and purified by silica gel

column chromatography to afford compound 5 in 22%

yield. Rf = 0.53 (7:3 ethyl acetate: hexane). 1H NMR

(500 MHz, DMSO-d6) d 11.4 (s, 1H), 10.1 (s, 1H), 7.63 (d,

J = 8.6 Hz, 2H), 6.80 (d, J = 9.2 Hz, 2H), 4.94 (s, 1H),

4.06–4.02 (m, 1H), 3.51–3.48 (m, 1H), 1.70–1.53 (m, 6H).
13C NMR (125 MHz, DMSO-d6) d 164.2, 160.2, 128.8,

122.8, 114.7, 100.8, 61.2, 27.7, 24.5, 18.1. ESI MS (m/

e) = 238.18 [M ? 1]?.

N,4-dihydroxybenzamide (6)

A mixture of compound 5 (0.075 g, 0.49 mmol) in ace-

tonitrile (20 mL) and 3 N HCl (10 mL) was stirred at room

temperature for 4 h. The mixture was concentrated under

reduced pressure and purified by reverse-phase MPLC

(SNAP Ultra C18) to afford compound 6 in 10% yield. 1H

NMR (500 MHz, DMSO-d6) d 7.77 (d, J = 8.6 Hz, 1H),

7.60 (d, J = 8.6 Hz, 1H), 6.83 (d, J = 8.6 Hz, 1H), 6.79 (d,

J = 9.2 Hz, 1H). 13C NMR (125 MHz, DMSO-d6) d 167.2,

161.6, 131.5, 121.5, 115.1 ESI MS (m/e) = 152.04 [M-1]-.

Docking studies

In silico docking of 4c with the 3D coordinates of the X-ray

crystal structures of HDAC6 (PDB code: 5EF7) was

accomplished using the AutoDock program downloaded

from the Molecular Graphics Laboratory of the Scripps

Research Institute. The AutoDock program was chosen

because it uses a genetic algorithm to generate the poses of

the ligand inside a known or predicted binding site utilizing

the Lamarckian version of the genetic algorithm where the

changes in conformations adopted by molecules after

in situ optimization are used as subsequent poses for the

offspring. In the docking experiments carried out, water

was removed from the 3D X-ray coordinates while Gas-

teiger charges were placed on the X-ray structures of

HDAC6 along with 4c using tools from the AutoDock

suite. A grid box centered on the substrate binding pocket

of HDAC6 enzyme with definitions of 60_60_60 points

and 0.375 Å spacing was chosen for ligand docking

experiments. The docking parameters consisted of setting

the population size to 150, the number of generations to

27,000, and the number of evaluations to 2,500,000, while

the number of docking runs was set to 100 with a cutoff of

1 Å for the root-mean-square tolerance for the grouping of

each docking run. The docking model of HDAC6 with

compound 4c was depicted in Fig. 6 and rendering of the

picture was generated using PyMol (DeLanoScientific).

Biology

Dulbecco’s Modified Eagle’s medium (DMEM) with L-

glutamine was purchased from GenDEPOT (Barker, TX,

USA) and fatal bovine serum (FBS) and penicillin/strep-

tomycin were purchased Gibco BRL (Gaithersburg, MD,

USA). Antibodies specific for a-tubulin, Ac-a-tubulin,
histone H3, Ac-histone H3, b-actin and Ac-lysine were

purchased from Cell Signaling Technology (Boston, MA,

USA). Goat anti-rabbit IgG horseradish peroxidase conju-

gate was purchased from Santa Cruz Biotechnology (Santa

Cruz, CA, USA). Cell Titer 96 Aqueous One Solution cell

proliferation assay kit was purchased from Promega

(Madison, WI, USA). AmershamTM ECL selectTM Western

blotting detection reagent was purchased GE Healthcare.

HDAC fluorogenic assay kits (HDAC1, HDAC3, HDAC6,

and HDAC7) were purchased BPS Bioscience (San Diego,

CA, USA).

Cell culture

MDA-MB-231 cells were grown in DMEM with L-glu-

tamine supplemented with streptomycin (500 mg/mL),

penicillin (100 units/mL), and 10% fatal bovine serum

(FBS). Cells were grown to confluence in a humidified

atmosphere (37 �C, 5% CO2).

Cell proliferation assay

Cell were seeded at 2000 cells per well in a clear 96-well

plate, the medium volume was brought to 100 mL, and the

cells were allowed to attach overnight. The next day,

varying concentrations of 2a–b, 4b–c, and 6 or 0.5%

DMSO vehicle control were added to the wells. The pro-

liferation of cells was determined using the Promega Cell

Titer 96 Aqueous One Solution cell proliferation assay.

After incubation with compounds, 20 mL of the assay

substrate solution was added to the wells, and the plate was

incubated at 37 �C for an additional 1 h. Absorbance at

490 nm was then read on FLUO star� Omega (BMG

LABTECH), and values were expressed as percent of

absorbance from cells incubated in DMSO alone.
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Western blot

MDA-MB-231 cells (1 9 106/dish) were seeded in 50 nm

culture dishes, and allowed to attach overnight. Cells were

incubated with compound 2a–c, or compound 4b–c for an

additional 24 h. For comparison, cells were also incubated

with 0.5% DMSO. Cells were harvested in ice-cold lysis

buffer (23 mM Tris–HCL pH 7.6, 139 mM NaCl, 1% NP-

40, 1% sodium deoxycholate, 0.1% SDS), and 30 lg of

lysate per lane was separated by SDS-PAGE and followed

by transferring to a PVDF membrane. The membrane was

blocked with 5% skim milk in TBS-T, and then incubated

with the corresponding antibody. After binding of an

appropriated secondary antibody coupled to horseradish

peroxidase, proteins were visualized by ECL chemilumi-

nescence according to the instructions of the manufacturer.

Results

Aspirin analogues 2b–c were synthesized following the

literature procedure with slight modifications (Scheme 1)

(Zhang et al. 2014; Hrast et al. 2014). Briefly, compounds

1b–c were acetylated with acetic anhydride in pyridine to

afford 2b–c in 66–94% yield.

With compounds 2a–c in hand, we next investigated

whether aspirin (2a), meta-analogue 2b, and para-analogue

2c could promote the acetylation level of lysine e-amino

groups in MDA-MB-231 cells. Aspirin is well documented

to covalently modify COX-2 through acetylation of Ser530

near its active site and prevents its native substrate from

properly binding to its active site (Lei et al. 2015). How-

ever, there are only few studies reported about the acety-

lation capacity of aspirin on lysine residues (Hawkins et al.

1969). Therefore, we measured the acetylating capacity of

aspirin (2a), meta-analogue 2b, and para-analogue 2c on

lysine residues of whole proteins. MDA-MB-231 cells

were first treated with aspirin (2a), meta-analogue 2b, and

para-analogue 2c for 24 h and the acetylation level of

lysine residues was assessed by anti-Ac-lysine immunoblot

(Fig. 2). Interestingly, aspirin (2a) most efficiently pro-

moted the acetylation of lysine residues. Compound 2b and

2c were also capable of increasing the acetylation level of

lysine residues, compared with DMSO control. Encouraged

by the acetylating potential of compounds 2a–c, we set out

to develop a novel acetyl-donating HDAC inhibitors, uti-

lizing the scaffold of compounds 2a–c.

Most HDAC inhibitors are structurally designed to

mimic its endogenous substrate, acetyl-lysine (Fig. 3)

(Bassett and Barnett 2014). The common feature of HDAC

inhibitor pharmacophore, as exemplified by SAHA, is

characterized by three elements, a zinc-binding group

(ZBG), a linker, and a cap group. Numerous HDAC inhi-

bitors have been developed to treat a variety of human

Scheme 1 Structure of aspirin and synthesis of aspirin analogue 2b–c, 4a–c, and 6. Reagents and conditions: (a) acetic anhydride, pyridine, rt,

2 h, 94% for 2b, 66% for 2c; (b) NH2OBn, EDC, DIPEA, DCM, rt. 4 h, 71% for 3a, 68% for 3b, 60% for 3c; (c) H2, 10% Pd/C, MeOH, rt, 2 h,

45% for 4b, 39% for 4c; (d) NH2OTHP, EDC, DIPEA, DMF, rt, 12 h, 59%; (e) 3 N HCl, MeCN, rt, 4 h, 10%
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diseases and the majority of these HDAC inhibitors

incorporate hydroxamic acid as a zinc-binding group,

including clinically approved SAHA, PXD101, and

LBH589 (Bassett and Barnett 2014). At the same time, the

phenyl linker of HDAC inhibitors has been widely used in

in the development of HDAC inhibitors due to its

hydrophobic nature, well fitting into the lipophilic channel

of HDAC substrate pocket. Accordingly, we designed new

HDAC inhibitors by installing a hydroxamic acid zinc-

binding group and a phenyl linker to the structures of

aspirin, meta-analogue 2b, and para-analogue 2c, leading

to acetyl-donating HDAC inhibitors shown in Fig. 3.

The synthesis of acetyl-donating HDAC inhibitors 4a–

c is summarized in Scheme 1. We first carried out EDC-

mediated amide coupling of compound 2a–c with NH2OBn

in the presence of DIPEA to provide benzyl-protected

compound 3a–c in 60–71% yield. The removal of benzyl-

protecting group under hydrogen atmosphere in the pres-

ence of 10% palladium catalyst successfully furnished

compound 4b–c in 39–45% yield. Unfortunately, the

attempt to cleave benzyl-protecting group from 3a under

the same reaction condition did not lead to a fruitful result.

It only provided a complex mixture, indicating compound

4a was not stable and decomposed upon the removal of

protecting group unlike other analogues (4b–c).

To clarify the mode of action of acetyl donating HDAC

inhibitor, we aimed at the synthesis of compound 6 that

lacks acetyl-donating group. The synthesis began with the

coupling reaction of 1c with NH2OTHP in the presence of

EDC and DIPEA in DMF, providing compound 5 in 59%

yield. Acidic cleavage of THP-protecting group from

compound 5 using 3 N HCl in acetonitrile successfully

furnished compound 6 in 10% yield.

Upon completion of synthesis, we evaluated the anti-

proliferative activity of compound 2a–c, 4b–c, and 6

against MDA-MB-231 cell line, which is a highly aggres-

sive and invasive triple-negative breast cancer (TNBC) cell

line. It lacks estrogen receptor (ER), progesterone receptor

(PR), and human epidermal growth factor receptor (Her2).

As shown in Table 1, compound 2a (aspirin), 2b, and 2c

exhibited very poor anti-proliferative activities against

Fig. 2 Comparative acetylating capacity of aspirin (2a), meta-

analogue 2b, and para-analogue 2c on lysine residues. MDA-MB-

231 cells were treated with 5 mM of the indicated compound for 24 h

and the effect of compound 2a, 2b, and 2c on the acetylation status of

whole proteins was analyzed by western blot. DMSO (D) was used as

a negative control

Fig. 3 Design of acetyl-

donating HDAC inhibitors.

ADG, acetyl-donating group;

ZBG, zinc-binding group
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MDA-MB-231 TNBC cell line, in that GI50 values of

compound 2a and 2c were higher than 1,000 lM and GI50
value of compound 2b was 720 lM. As expected, com-

pound 4b and 4c displayed a significantly improved anti-

cancer effect against MDA-MB-231 cell line with GI50
values of 169 lM and 147 lM, compared with their parent

compound 2b and 2c. Interestingly enough, compound 6

that lacks acetyl-donating group (ADG) demonstrated a

relatively poor anticancer effect (GI50 = 554 lM), com-

pared with compound 4c (GI50 = 147 lM), clearly indi-

cating that acetyl-donating group of compound 4c played

an important role in anticancer effect. Overall, the result

strongly validates molecular design of acetyl-donating

HDAC inhibitors in the discovery of novel HDAC

inhibitors.

To examine time- and dose-dependent effect of com-

pound 4c on the growth of MDA-MB-231 cells, we treated

MDA-MB-231 cells with compound 4c at various con-

centration (1, 10, 100, and 300 lM) for 1, 2, and 3 days

and measured the cell proliferation using MTS assay

(Fig. 4). The cell proliferation assay indicated that com-

pound 4c afforded relatively good cellular efficacy against

MDA-MB-231 cells in a dose-dependent manner. The

exposure of cells with 300 lM of compound 4c displayed a

significant anticancer effect and impaired the growth of

MDA-MB-231 cells by 37, 21, and 22% for 1, 2, and

3 days, respectively.

We next assessed the comparative effect of aspirin, 4c,

and 4b on the acetylation status of a-tubulin and histone

H3, which were epigenetically removed by HDAC6 and

HDAC1 enzymes, respectively. As shown in Fig. 5, the

Table 1 Anti-proliferative

effect of compound 2a–c, 4b–c,
and 6 against breast cancer cell

line, MDA-MB-231

Compound Structure MDA-MB-231 (GI50; lM)

2a (aspirin)

OAc

O

OH

[ 1000

2b O

OH
AcO

720

2c O

OH

AcO

[ 1000

4b O

N
H

AcO OH

169

4c O

N
H

AcO

OH

147

6 554

Fig. 4 Time- and dose-dependent anti-proliferative effect of 4c on

MDA-MB-231 cells
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treatment of MDA-MB-231 cells with compound 4c sig-

nificantly promoted the acetylation of a-tubulin and histone
H3, while the reference drug, aspirin failed to induce the

acetylation of a-tubulin and histone H3. Compound 4b was

less effective on acetylating a-tubulin than compound 4c,

and incapable of acetylating histone H3. As expected, the

expression level of a-tubulin and histone H3 remain

unaffected by aspirin, 4c, and 4b. We next measured the

total acetylation status of whole proteins in MDA-MD-231

cells. Compound 4c acetylated e-amino group of lysine

residues more efficiently than the reference drug aspirin

and the other analogue 4b, evidenced by anti-Ac-lysine

immunoblot. Taken together, the result clearly demon-

strated that para-analogue 4c most significantly inhibited

HDAC1 and HDAC6 enzymes and promoted the acetyla-

tion of their substrates, histone H3 and a-tubulin,
respectively.

To assess the precise binding pose of compound 4c to

HDAC6, we carried out in silico docking simulation of

compound 4c into the substrate binding pocket of HDAC6

(PDB code: 5EF7). As shown in Fig. 6, the docking sim-

ulation indicated that compound 4c nicely occupied the

deep substrate binding pocket of HDAC6. Para-acetyl

group of compound 4c was located in the rim of the sub-

strate binding pocket and the carbonyl oxygen (C=O) of the

acetyl group formed a hydrogen bond interaction with

S531 residue. The phenyl ring of 4c projected into the

lipophilic channel of HDAC6, forming p–p interactions

with F583 and F643 residues. The hydroxamate OH and

C=O groups of compound 4c coordinated the active site

Zn2? ion in a bidentate manner. Additionally, the

hydroxamate OH group of 4c participated in a hydrogen

bond interaction with H573 residue.

Fig. 5 Comparative effect of aspirin, 4c, and 4b on the acetylation

status of a-tubulin and histone H3. MDA-MB-231 cells were treated

with 75 or 150 lM of aspirin, 4c, and 4b for 24 h and the expression

of the indicated proteins was determined by western blot. DMSO

(D) was employed as a negative control

Fig. 6 Molecular docking model of 4c in the binding pocket of

HDAC6 (PDB code: 5EF7)
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Discussion

With the aim of generating acetyl-donating HDAC inhi-

bitors, we designed, synthesized, and performed biological

evaluation of a series of aspirin derivatives. The results

revealed that aspirin (2a), together with its meta-analogue

2b and para-analogue 2c was able to promote the acety-

lation of lysine residues, establishing the proof of principle

for the strategy of developing acetyl-donating HDAC

inhibitors. By virtue of aspirin’s acetylating potential, we

developed novel acetyl-donating HDAC inhibitors by

modifying the scaffold of compound 2a–c. The biological

evaluation clearly indicated that compound 4c (GI50-
= 147 lM) afforded the significant enhancement of anti-

cancer effect on TNBC MDA-MB-231 cells, compared

with its parent compound 2c (GI50[ 1,000 lM) and ADG-

deficient analogue 6 (GI50 = 554 lM). The treatment of

MDA-MB-231 cells with compound 4c significantly pro-

moted the acetylation of a-tubulin and histone H3, which

are substrates of HDAC6 and HDAC1, respectively.

Moreover, the docking simulation demonstrated that

compound 4c tightly bound to the deep substrate-binding

pocket of HDAC6 by coordinating the active Zn2? ion in a

bidentate fashion and forming hydrogen bond interactions

with amino acid residues. Overall, this study for the first

time demonstrated the design, synthesis, and biological

evaluation of acetyl-donating HDAC inhibitors and pre-

sented the novel strategy for developing acetyl-donating

HDAC inhibitors.
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