353

Histone Deacetylase Inhibitors

Inhibitors of Histone Deacetylase Suppress the Growth of MCF-7
Breast Cancer Cells
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Summary acetyltransferases or deacetylai?e%S']. In several cases
aberrant chromatin acetylation could be linked to malignant
disease® 79l

Inhibitors of histone deacetylase are attracting increasing interesqn, the course of our studies to synthesize simple inhibitors

due to their influence on transcription, differentiation, and apopyf histone deacetylase and the exploration of their potential

histone deacetylase andihe naiural productinhibitor richostatin 97 CANCET therapy and chemoprevention we have found
Jpromising lead substancé®!. Among them were com-

for their ability to suppress the growth of MCF-7 breast canc
cells and here present complete and improved synthetic prooggundSS and4 constructed from structural elements of the

dures. The compounds show a dose dependent inhibition of grow@$tablished natural product inhibitors trapoxin(B and

with activities in the low micromolar and nanomolar range.trichostatin A(2) (Scheme 144,

Trichostatin shows cytocidal effects at 100 nM and still has activity Whereas the impact of inhibitors of histone deacetylase on

comparable to cisplatin (OBV) at 10 nM. Whereas the synthetic leukaemic cells has been studied at length comparatively little

inhibitor 3 has cytocidal activity at 1AM compound4 shows a  is known about their influence on cell lines derived from solid

maximum of 40% growth suppression at that concentration.  tumors. Just recently it has been shown that the anticancer
drug cisplatin is crosslinking nuclear proteins to the DNA in
MCF-7 breast cancer cells and it was suggested that its
clinical activity is linked partly to that effect. Among those

Introduction nuclear proteins were the estrogen receptor and histone

Reversible acetylation af~amino groups of highly con- deacetylase HDACI&Z]' So we studied the growth inhibition

. : . : . . by reference histone deacetylase inhibitor trichostat{@)A

served Iys.|ne're5|dues in the N-'germmal tails of'hlstones hé‘%d of our synthetic lead structurggnd4 on that human

a modulating impact on chromatin structure. This affects k?%east cancer cell line

nuclear processes such as DNA replication, transcription, '

differentiation, and apoptos[i’s]. This modification is estab-

lished and maintained by histone acetyltransferases and Results and Discussion

tone deacetylases, enzymes which have been identified as

homologs 31;I%gulators Qf transcription and nucleolar ph,og“hemistry

phoprotein . Increasing evidence shows that transcrip

tion factors involved in the regulation of proliferation and As described previousl and 4 are accessible in four

differentiation exert their function by recruitment of histoneynthetic steps using standard peptide coupling methodology.

ﬂH—(O
e} N o o} 0

Scheme Ihhibitors of histone deacetylase.
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Scheme Bynthesis of Inhibitor8 and4.

As the target compounds are very polar we chose a stratddgreover, a patient with multi-resistent acute promyelocytic
where no chromatography is required after the last synthelukaemia was found to respond again to retinoid treatment
step. Thus a benzyl-protected hydroxylamine is employdy combination with the unspecific histone deacetylase in-
that allows for chromatographic purification of the protectetibitor phenylbutyrate. Six months after treatment RT-PCR
hydroxamate. After hydrogenation the compounds can bié not show any mRNA of the oncogenically transformed
purified by precipitation from methanolic solutions. The useetinoid receptors that recruit histone deacetylase to suppress
of BOP-CI in all coupling steps in the synthesis3déd to transcription, thus indicating absence of residual disease.
increased yields compared to the water-soluble carbodiimidgain no severe side effects were obseF/8dThus this first
EDC. Ford we had already proven that the use of BOP-Cl iseport of the growth inhibition of MCF-7 breast cancer cells
crucial in the first coupling step as mixed anhydride dsy potentinhibitors of histone deacetylase adds to the mount-
carbodiimide methods failed due to the inactivating effect afig evidence that this class of compounds possesses great

the para-dimethylamino grou;ﬁlo] (Scheme 2). potential for the treatment of cancer. Additionally it supports
the use ofn-vitro assays of histone deacetylase activity as
Biological Activities screening tools in drug discovei# 2% Further investiga-

tions that involve differences in response depending on estro-
The impact of the different inhibitors of histone deacetylasgen receptor status of the cell and combination with other
on MCF-7 cells was studied in our standard microtiter assaptineoplastic agents are part of ongoing studies.
using crystal violet staining to measure total biomass relative
to control over a prolonged period of exposure to the antineg-
plastic agen&13]. Cisplatin was used as areference compoundp
(Figure 1). M. Jung wishes to thank Prof. Unterhalt, Minster for his support and
Trichostatin A2)and nhibtoare able toreach oytocdal , s 1 o, sesiures, P b e P o
effects at 100_n|\/|20 and 1QuM (3), respectlv_ely. In contrast, wuchs im Stifterverbar;d fur die Deutsche Wissenschatft, the Férderergesell-
compoundi did not exceed 40% suppression of cell growtBchart der westfalischen wilhelms-Universitat and the Deutsche
even at 1QM. Even at 10 nM2 still has an activity compa- Forschungsgemeinschaft is gratefully acknowledged. We thank ASTA
rable to cisplatin at 500 nM. This difference betw8eand Medica AG, Frankfurt, for gifts of 6-aminocaproic acid @nd
our inhibitors reflects the potency in th@vitro enzyme
inhibition assay (g 2: 3 M, 3: 500 M, 4: 100 nM)[4] Ehxperimental Part
After approximately 60 h there was an increase in cell growt
in some of the experiment® &t 10 nM,3 at 10pM, 4 at Melting point: uncorrected.— Elemental analysis: Perkin EImer.— IR: Shi-

: : adzu 470.XH-NMR: Varian Gemini 200 (200 MHz) 23C-NMR: Varian
10 M) which may reflect hydrolysis of the hydroxamates t{gT=0% (50.29 MHz).— MS: Varian MAT 44S, Finnigan MAT 312.—
the inactive carboxylic acids.

.Flash chromatography (FC): silica gel 60, 230-400 mesh (Merck).— Dichlo-
Although the dose response curves are rather steep itolethane was dried over molecular sieves (3A).

encouraging that inhibitors of histone deacetylase can sup-

press the growth of breast cancer cells and even show cytthemistry

cidal effects in some cases. It has been shown recently that

thIS enzyme can indeed be |nh|b|ted Safely in humans. Tb@nerm Procedure for Amide Formation

gepstlpe_{atlde FdR 9?.1'228 Whl(;.h .\tNaS ch%s_en for CI:jm;:aLmalsTo a solution_ or suspen_sion of the acid in dryzCIj_(S mL/mmol) was

. UFT' ,O s gc_)o anuiumor activi y_WaS Iscovere ,0, € 3fded one equivalent of triethylamine (TEA) under nitrogen and the mixture
inhibitor of histone deacetylaglé]- First results from clinical \as stirred for 10 min. Then 1.1 equivalents of BOP-CI, one equivalent of
phase | studies showed encouragingly low toxi@rﬁ}. the amine or hydroxylamine hydrochloride, and another three equivalents of

knowledgements
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Figure 1. Growth inhibition of MCF-7 breast cancer cells by inhibitors of histone deacetylase.
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TEA were added. After stirring overnight most of the2CHwas removed 36.63, 34.89, 32.21, 28.30, 28.11 and 24.97 (Ghie resonance is ob-
under reduced pressure and 100 mL ethyl acetate and 50 mL of 3% Neured).— Anal. (€&H26N205) 350.46: C, H, N.

HCQOs solution were added. The organic phase was separated and washed

consecutively with 50 mL each water and sat. brine. The organic layer wWagthy| 6-(4-Dimethylaminobenzoylamino)caproate

dried over NaSQy and the solvent was evaporated. ) ) ) )
General method for amide formation: 1.65 g (10 mmol) 4-dimethylamino

benzoic acid, 1.39 mL (1.01 g, 10 mmol) TEA, 2.80 g (11 mmol) BOP-CI,

1.82 g (10 mmol) methyl 6-aminocaproate hydrochloride, 4.17 mL (3.03 g,
General method for amide formation: 1.99 g (10 mmol) monomethy0 mmol) TEA. The crude was purified by FC using ethyl acetate/hexane

suberate, 1.39 mL (1.01 g, 10 mmol) TEA, 2.80 g (11 mmol) BOP-CI, 1.60(8:1). Yield 1.70 g (58%) colorless crystals.— Mp 71 °C.— IR (KBrx

(10 mmol) O-benzylhydroxylamine hydrochloride, 4.17 mL (3.03 g,3275s, 2935s, 1730s, 1590s.— MS (70 el (%) = 292 (18) [M], 219

30 mmol) TEA. The organic phase was also washed with 2 M HCI. Thgo), 148 (100),_1|-| NMR (CDCh): & = 7.70-7.65 (m, 2 H,"sH, 6-H),

resulting oil was purified by FC using ethyl acetate/hexane (1:1). Yield 5.28970-6.64 (m, 2 H,'&H, 5-H), 6.12 (bs, 1 H, NH), 3.66 (s, 3 H, OgH

(95%) colorless oil.— IR (KBr)v = 3200s, 2940s, 1740s, 1660s.— MS (703.48-3.38 m (m, 2 H, CONEHy), 3.01 (s, 6 H, NMg), 2.37-2.30 (m, 2 H,

eV); m/z(%) = 170 (1), 106 (12), 91 (100).2H NMR (CDCk): 8= 7.47 CHCOOMe), 1.71-1.55 (m, 4 H, NHGBH2CH2CHy), 1.47-1.35 (m, 2

(bs, 1 H, NH), 7.38-7.34 (m, 5 H, Ar-H), 4.88 (s, 2 H, QE13.66 (s, 3H, H, NHCHCH2CHz).— °C NMR (CDCh): = 174.07 (COOMe), 167.49

OMe), 2.34-2.27 (m, 2 H, GHi 1-99—1-1838 (m, 2H, C4), 1.67-1.60 (M, 4 (CONH), 152.47 (MeNC), 128.36 (C-3 C-5), 121.76 CCONH), 111.17

H, CHp), 1.38-1.26 (m, 4 H, Chl— C NMR (CDCh): 3 = 174.20 (C-2, C-6), 51.46 (OCH), 40.14 (CONKHz), 39.61 (NMe), 33.94

(COOMe), 129.18 (Ar-CH), 128. 73 (Ar-1), 128.60 (Ar-CH), 78.26 (GCH (CH.COOMe), 29.53, 26.51 and 24.58 (§H

51.44 (OMe), 33.95, 32.99, 32.80, 28.71, 25.00 and 24.73)(CH

Methyl N-Benzyloxysuberoylamide

6-(4-Dimethylaminobenzoylamino)caproic A¢&)
N-Benzyloxymonosuberoylami
yioxy ylami) 1.17 g (4 mmol) of methyl 6-(4-dimethylaminobenzoylamino)caproate

2.77 g (10 mmol) of methy-benzyloxysuberoylamideere dissolved in  were dissolved in 10 mL of THF and 4 mL (8 mmol) of a 1 M LiOH solution
10 mL of THF and 10 mL (20 mmol) of a 1 M LiOH solution were addedwere added. The mixture was stirred for 4 h at room temperature. 10 mL of
The mixture was stirred for 4 h at room temperature. 10 mL of 0.5 M NaO${5 M NaOH and 50 mL of ethyl acetate were added. The aqueous phase was
and 50 mL of ethyl acetate were added. The aqueous phase was acidifiedted with 2 M HCI to pH 6—7 and some of the acid precipitated. The mother
with 2 M HCI (pH 3) and extracted three times with 50 mL portions of ethyliquor was evaporated to dryness and dried ov&sPAn a desiccator
acetate. The organic phase was dried oveiSRaand evaporated. The overnight. The resulting solid was sufficiently pure for the next coupling step.
resulting solid was sufficiently pure for the next coupling step. Yield 1.78 ghe spectral data was taken form the precipitated pure acid.— Mp 165 °C.—
(68%) colorless crystals.— Mp 73 °C.— IR (KBv)= 3240s, 2940s, 1695s, IR (KBr): v = 3380s, 2910s, 1700s, 1600s.— MS (70 eV}(%) = 278 (36)
1655s.— MS (70 eV)m/z (%) = 105 (26), 91 (100), 77 (28)'H NMR  [M*], 219 (19), 148 (100)2H NMR (CD:OD): 3= 7.71-7.66 (m, 2 H, 2H,
(CDCly): 5=28.29 (bs, 1 H, NH), 7.37 (s, 5 H, Ar-H), 4.89 (bs, 2H, @CH @'-H,), 6.75-6.70 (m, 2 H, 3, 5-H), 3.37-3.28 (m, 2 H, CONEHy), 3.01
2.35-2.27 (m, 3 H, C4), 2.03 (bs, 1 H, Cb), 1.60-1.57 (m, 4 H, CH. (s, 6 H, NMe), 2.34-2.27 (m, 2 HCH2COOH), 1.80-1.55 (m, 4 H,
1.32-1.27 (m, 4 H, CH.—*%C NMR (CDCE): 3= 178.74 (COOH), 129.23 NHCHoCH2CHoCHy), 1.48-1.35 (m, 2 H, NHCKCH.CH2).— °C NMR
(Ar-CH), 128. 82 (Ar-1), 128.65 (Ar-CH), 78.39 (O@H 33.94, 32.71, (DMSO-d6):3=174.32 (COOH), 165.97 (CONH)51.94 (MeNC), 128.34
28.70, 28.62, 24.72 and 24.51 (§H (C-3, C-5), 121.48 CCONH), 110.71 (C-2 C-6), 39.65 (NMe), 38.81

(CONHCHy), 33.59 CH2COOMe), 29.02, 26.02, 24.23 (GH Anal.

N-Benzyloxy-N[1-(S)-methoxycarbonyl-2-phenylethyl]suberoylbisamide (CisH18N203) 278.32: C, H, N.

General method for amide formation; 1.11 g (4 mrBp0).5 mL (0.41 g,
4 mmol) TEA, 0.86 g (4 mmol) L-phenylalanine methyl ester hydrochlorid
1.12 g (4.4 mmol) BOP-CI, 1.68 mL (1.21 g, 12 mmol) TEA. The organic General method for amide formation; combifeohd crude saponification
phase was also washed with 2 M HCI. The crude was chromatographed ugifigiuct, 0.56 mL (0.41 g, 4 mmol) TEA, 0.64 g (4 mn@Benzylhydroxy-
ethyl acetate/hexane (5:1). Yield 1.25 g (71%) colorless crystals.— Mamine hydrochloride, 1.12 g (4.4 mmol) BOP-CI, 1.68 mL (1.21 g,

A\I-Benzyloxy-e-(4-dimethylaminobenzoylamino)capramide

86 °C.— IR (KBr):v = 3050s, 1730s, 1640s.— MS (70 eM)z(%) = 440 (3)
[M*], 274 (14), 162 (100).2H NMR (CDCh): 5= 8.79 (bs, 1 H, NOCHy),

12 mmol), TEA. The crude was chromatographed using ethyl acetate with
1% diethylamine. Yield (from the ester in two steps): 1.06 g (69%) colorless

7.37 (s, 5 H, OCEPH), 7.33-7.22 (m, 3 H, Phe-H), 7.11~7.06 (m, 2 H.crystals.— Mp 128 °C.— IR (KBr) = 3350s, 3150s, 2925s, 1660s, 1605s.—~

Phe-H), 6.02 (J = 7.53 Hz, 1 H, Phe-NH), 4.89-4.81 (m, 3 H, GGHd

CHCOOMe), 3.71 (s, 3 H, OMe), 3.19-3.02 (m, 2 H,@H4Ph), 2.17-2.09
(m, 2 H, CH), 2.02 (bs, 2 H, Ch), 1.63-1.49 (m, 4 H, C#, 1.27-1.24 (m,
4 H, CHy).— **C NMR (CDCB): & = 172.70 COOMe), 172.31 (CONH),

MS (70 eV)miz(%) = 383 (7) [M], 212 (49), 148 (100)2H NMR (CDCh):
5=7.62-7.57 (m, 2 H,H, 6-H), 7.30 (s, 5 H, Ph), 6.60-6.55 (m, 2 418
5-H), 4.81 (s, 2 H, OCH), 3.38-3.29 (m, 2 H, CONEHy), 2.93 (s, 6 H,
NMez), 2.01 (bs, 2 HCH2CO), 1.68-1.45 (m, 4 H, NHGIEHCH2CH?),

135.99 (Phe-1), 135.00 (OGE), 129.22, 129.18, 128.70, 128.60 and 127.14) 36-1.25 (m, 2 H, NHCHCH>CHy).— 1°C NMR (CDCh): & = 167.61

(Ar-CH), 78.33 (OCH), 53.06 (OMe), 52.27QHCOOMe), 37.94, 36.18,
32.70, 28.48, 25.20 and 24.82 (HAnal. (CesHaaN20s) 440.59: C, H, N.

N-Hydroxy-N-[1-(S)-methoxycarbonyl-2-phenylethyl]suberoylbisani&je
1.00 g (2.27 mmol)N-benzyloxyN'-[1-(S)-methoxycarbonyl-2-

(CONHCHy), 152.50 (MeNC), 129.16 (Ar-CH), 128.67 (OCIE), 128.58
(Ar-CH), 128.37 (Ar-CH), 121.58JCONHCH;), 111.18 (C-2 C-8), 78.35
(OCHpy), 40.11 (CONHKCH2), 39.50 (NMe), 32.81 CH2CO), 29.40, 26.27
and 24.51 (CH).

phenylethyl]-suberoylbisamide was dissolved in 15 mL of methanol any Hydroxy-6-(4-dimethylaminobenzoylamino)caprantite

100 mg 10% palladium on charcoal were added. The mixture was treate883 mg (1 mmol) ofN-benzyloxy-6-(4-dimethylaminobenzoylamino)-
with hydrogen under atmospheric pressure for 6 h and subsequently filteregpramide were dissolved in 15 mL of methanol and 40 mg 10% palladium
The product was evaporated, redissolved in 5 mL of methanol, and precipit charcoal were added. The mixture was treated with hydrogen under
tated with diethyl ether. Yield 510 mg (64%) colorless crystals.— Mpatmospheric pressure for 6 h and was subsequently filtered. The product was
105 °C.— IR (KBr):v = 3200m, 1730s, 1620s.— MS (70 elfyz(%) = 350 evaporated, redissolved in 5 mL of methanol, and precipitated with diethyl
(9) [M], 162 (75), 120 (100)_l|-| NMR (CDCh): 5 = 7.34-7.23 (m, 3 H, ether. The last step was repeated once. Yield 0.16 g (56%) white powder.—
Ar-H), 7.14-7.10 (m, 2 H, Ar-H), 6.33 (f‘ﬂ =7.59 Hz, Phe-NH), 4.89-4.83 Mp 170 °C.— IR (KBr)v = 3365s, 3160s, 1650m, 1600s.— MS (70 &V,

(m, 1 H, GHCOOMe), 3.74 (s, 3 H, OMe), 3.22-3.00 (m, CHpPh), (%) = 293 (5) [M], 164 (19), 148 (100).2H NMR (DMSO-D6):3 = 10.33
2.20-2.07(m,4H,C}),1.71-1.48(m, 4H, Chl, 1.36-1.21 (m, 4 H,ChHl— (s, 1 H, CONHOH), 8.67 (s, 1 H, CONBH), 8.07 (t, 1 H2J = 5.45 Hz,

3¢ NMR (CDs0D): 6=172.19 (CO), 169.06 (CO), 137.28 (Phe-1), 128.95LONHCH), 7.71-7.65 (m, 2 H,H, 6-H,), 6.69-6.65 (m, 2 H,/34, 5-H),

and 128.11 (Phe-2,3,5,6), 126.41 (Phe-4), 53.31 (OMe), HOQOMe),  3.23-3.13 (m, 2 H, CONEHy), 2.94 (s, 6 H, NMg, 1.97-1.90 (m, 2 H,

Arch. Pharm. Pharm. Med. Chem. 332, 353-357 (1999)
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CH,CO), 1.53-1.42 (m, 4 H, NHGEH,CH,CHy), 1.30-1.22 (m, 2 H, [3]
NHCHZCH,CHz).—*C NMR (DMSO-D6):3 = 169.08 (CONHOH), 166.01 [
(CONHCH;), 151.96 (MeNC), 128.39 (C-3 C-5), 121.42 CCONHCHy),
110.74 (C-2 C-6), 39.72 (NMe), 38.66 (CONKCHy), 32.24 CH2CO),
29.11, 26.14 and 24.92 (G} Anal. (GsH2aN30s) 293.41: C, H, N. (5]
. _ [6]
Biological Methods

[7]
Cell Culture

The human MCF-7 breast cancer cell line was obtained from the American
Type Culture Collection (ATCC, Rockville, Md.; USA). Cell line banking
and quality control were performed according to the seed stock concék
reviewed by Ha);Zl]. The MCF-7 cells were maintained as a monolayer
culture at 37 °C in a humidified 95% air, 5% g£&@mosphere in T-75 flasks
using L-glutamine containing Eagle’s MEM supplemented with BCS
(100mL/L) as growth medium. The cell line was weekly passaged aftfg]
treatment with trypsin/EDTA.

In Vitro Chemosensitivity Assay (10]

Thein vitro testing of the inhibitors of histone deacetylase for antitumo
activity was carried out on MCF-7 cells according to a previously publish &1]
microtiter assa)us]. Briefly, 100uL of a cell suspension at 500 cells/mL [12]
culture medium were plated into each well of a 96-well microtiter plate and
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incubated at growing conditions (see above) for three days. Then eﬁimgé G. Bernhardt, H. Reile, H. Birnbdck, T. SpruR, H. Schonenbedger,

substance was added in three concentrations. After the proper incubation

the medium was removed, the cells were fixed with a glutardialdehyde
solution and stored at 4 °C. Cell biomass was determined by a crystal vidlkt]
staining technique as described eafféf?. The effectiveness (cytostatic [15]
effect) of the compounds is expressed as:
T/Ccorr [%] = [(T —Co) / (C —Co)] x 100 [16]
whereT (test) andC (control) are the optical densities at 590 nm of the crystal
violet extract of the cells in the wells (i.e. the chromatin-bound crystal violgt 7]
extracted with ethanol 70%), a@d is the optical density of the cell extract
immediately before treatment. Cytocidal effect: (18]

Teorr [%] = [(T — Co) / Co] x 100. [19]

For the automatic estimation of the optical density of the crystal violet extra[%to
in the wells the Microplate Photometer Labsystem Multi€®ins was used. |

[21]
[22]
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