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A novel series of compounds containing a uracil moiety as the connection unit between a phenyl/phenylalkyl
portion and aN-hydroxy-polymethylenealkanamide or -methylenecinnamylamide group (uracil-based
hydroxamic acids, UBHASs) was tested against maize histone deacetylases (HDACs) and mouse HDAC1.
Compounds with a phenyl/benzyl ring at the uracil-C6 position and bearittgcarbon units as well as a

m- or p-methylenecinnamyl moiety as a spacer were the most potent inhibitors. In cell-based human HDAC1
and HDAC4 assays, the two UBHAS tested inhibited the HDAC1 but not HDAC4 immunoprecipitate activity.
When tested in human leukemia U937 cells, some UBHAs produced G1 phase arrest of the cell cycle.
Moreover,1j showed high antiproliferative and dose-dependent granulocytic differentiation properties. The
tested UBHAs displayed weak p?A™Y/CPlinduction in U937 cells, andd and1j showed high histone H3

and a-tubulin acetylation effects.

Introduction assays in vitro, HDACi induced growth arrest, differentiation,
L 5 S
Histone deacetylase (HDAC) is a family of enzymes highly andf/_or apéo_ptoss N car;tcer celfs: Jhﬁse _flndlrr\]gs E?Vrﬁ. bf]‘?“
involved in chromatin remodeling and epigenetic regulation of fﬁentﬁzrzpélﬁcxﬁgg:gn(t:lgn;cf)rHrB% C?i Ia?s\ﬂ\éz’flﬂl tjc:)solslgforlgcatg::%r
ene expressiotr. HDACs catalyze the hydrolysis efacetyl- )
g P y ycroly y therapy?=2°> To date, a number of HDACi have been entered

amino groups of acetylated Lys residues in H3 and H4 histone . - o ; :
tails, thus restoring the positive charges at the same residued” phase I to Il clinical trials in hematological disorders as well

and allowing their interactions with the phosphate groups of as solid tumors, ranging from short-chain faity acids (sodium
DNA. The result is a closed, hypoacetylated form of chromatin valproate, sodium phenylbutyrate) to hydroxamates (suberoyl-

: : o ; ilide hydroxamic acid (SAHA) and LAQ824), benzamides
(heterochromatin) that is transcriptionally silént.To date, four an . )
classes of mammalian HDACs are known according to their (MS-275), and cyclic peptides (FK-228) (Chart“t)Neverthe-

homology with the corresponding yeast transcriptional regula- '€S: many of them suffer from low potency, low stability, or
tors. Class | (HDAC1-3,8), lla (HDAC4,5,7,9), llb (HDACSG,- cardiovascular toxicity, and thus, the search for novel, potent
- 1 1 1 1 ] b t .. . 4'26
10), and IV (HDAC11) HDACs are Zi-dependent deacetyl- HDAC' is still a goal to pursué: _ _ _
ases, are components of multiprotein complexes containing other Since the discovery that the anti-leukemia properties of
proteins known to function in transcriptional activation/repres- trichostatin A (TSA) are due to the inhibition of HDAC
sion, and differ for their subcellular localization and tissue €nzymes/a large number of structurally different HDACi have
expressior$~19 Class Il HDACs (SIRT1-7) have NAD as been reported as novel antiproliferative and cytodifferentiating
cofactor for their catalytic activity, show no homology with the ~agents. All of them share some common features able to interact
other classes of HDACs, and preferentially deacetylate nonhis- With different portions of the catalytic tunnel of the enzyme, as
tone substrate¥. Class I/lla/llb/lV HDACs can be recruited ~ €lucidated by the reported X-ray crystal structures of TSA/and
by known repressor multiprotein complexes (containing DNA SAHA/histone deacetylase-like protein (HDLP) compleXes.
binding proteins such as Rb and Rb-like proteins, N-CoR, These common features are summarized in a general pharma-
SMRT, MEF, MeCP2, sin3A, etc.) to repress transcription and cophore model, which comprises a cap group (CAP) able to
to block the function of some tumor suppressor geAes. interact with the rim of the catalytic tunnel, often with a polar
This scenario can be reverted by the use of HDAC inhibitors connection unit (CU) linking the cap to a hydrophobic spacer
(HDACI), that activate the transcription of a small set of genes (HS), which allows the molecule to lie into the tunnel. Finally,

regulating cell proliferation and cell cycle progressi®rin the HS carries at the end a Zn-binding group (ZBG) that is able
to complex the Z#" at the bottom of the cavity (Figure 1§:2°
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Figure 1. Pharmacophore model for HDACi design. Some examples for CAP, CU, and ZBG are depicted.

Chart 1. HDAC: in Clinical Trials
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potent HDACI lack any polar units between the CAP and the describe in full the synthesis of the title derivatives and report
methylene linker chaifi243therefore, it is not known whether  the anti-maize HDAC activity of further 23 analogues showing
the presence of a polar CU is a requirement for HDAC R = phenyl, substituted benzyl, or phenethyl at the C6 position
inhibition. From these bases, we designed a new series ofof the pyrimidine ring (compound&a—d,f,g (R = phenyl),
HDACI8 bearing aryl/arylalkyl groups as a CAP, a uracil moiety 1p—t (R = substituted benzyl), antk—c',€,f ' (R = phenethyl))

as a CU, connected through a sulfur atom with the HS (C2 to and a methylenecinnamyl spacer asX<j,w—y) (Figure 2).

C7 carbon atom chains or methylenecinnamyl groups), and the Mouse HDACL1 inhibitory assay and in vivo anti-HDAC1 and
hydroxamate function as a ZBG (compouri@s-i') (Figure 2) HDAC4 assays from human leukemia U937 and breast cancer
with the aim to explore this issue. In particular, compoubals ZR75.1 cells have been performed on selected title derivatives.
g,k—v,z—i" with linear HSs can be considered as SAHA In U937 cells, the effects of some UBHAs on cell cycle,
analogues in which the anilide CU has been replaced by the

uracil moiety. Scheme &

The new uracil-based hydroxyamides (UBHAs—i' have
been tested against maize HBAD1-B (class | HDAC)546 NH aorb

NH _c NH
and HD1-A (class Il HDACY“8to determine the inhibitory I N//ks,x\n/y fom3 | N S,x\n/NHOH
activities and the putative class selectivity. TSA and SAHA H o )
have been included in the tests as reference drugs. In a 2ak d<v=oczn5 3a-g,k-v,z+' 1a-g,k-v,z+i'
preliminary communicatio® we reported the maize HDAC veon sak — = 1
inhibitory data for compoundéek—o,u,v,d',g'—i' bearing a N

. . . . : f LN
straight polymethylene chain as the HS. In this article, we 9|BriC O\/\coocsz ~—— e Q\/»COOQHS
5a-c
NH /E?k /E(ﬁ\
A x NHOH )\ -~ )\ g from4 )\ g
NS NHOH NHOH
1a-g,k-v,z-i' 1h+j,w d<Y OCHs 3h4,w-y 1h-j,w-y
Y=0H 4lq
R = H, Me, n-Pr, Ph, PhCH,, PhCH(CHy), a(a) Br-X-COOEt, kCOs, DMF, rt; (b) ethyl propiolate, TBAF, THF,
PhCH(C,Hs), PhCH(OCH3), 1-Ph-1-c-Pr, 70°C; () NH,OH-HCI, KOH, EtOH, rt; (9 2 N KOH, EtOH/HO, rt; (e)
PhCH(Ph), PhCH,CH, (i) CICOOEL, (GHs):N, THF, 0 °C, (i) NH2OC(CHy)0CHs, rt, (iii)

X'=CH=CH, (CHz)y n =27 Amberlyst 15, MeOH, rt. (f) NBS, benzoyl peroxide, GCteflux; (g)
Figure 2. Novel uracil-based hydroxamic acid (UBHA) derivatives. K,COs, DMF, rt.
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Table 1. Physical and Chemical Data for Compourids-i'

recrystn %

cpd R X mp, °C .. formula anal.”
solvent” yield
1a Ph CH=CH  144-146 a 55 CHNOS GCHN,S
1b Ph (CH,), 206-208 a 60 C,HNOS C,HN,S
1c Ph (CH,), 194-196 b 57 CHNOS C,HN,S
1d Ph (CH,), 194-196 b 54 CMHNOS CHN,S
1e Ph (CH,), 144-146 c 57 CHNOS C,HN,S
1f Ph (CH,), 157-160 a 40 C,H,NOS C,HN,S
1g Ph (CH,), 132-135 a 33 CHNOS CHN,S
1h Ph dA 230-232 a 59 CHNOS CHN,S
=
1i Ph Ej\/\ 212-214 a 52 C,HNOS C,HN,S
Z
1j Ph __ 240242 a 58 C,H)NOS CHN,S
1k PhCH, CH=CH  156-158 c 62 CHNOS CHN,S
11 PhCH, (CH,), 170-171 c 55 CHNOS C,HN,S
1m PhCH, (CH)), 129-130 c 60 CHNOS CHN,S
in PhCH, (CH,), 104-106 c 49 CHNOS CHN,S
10 PhCH, (CH,), 179-181 b 57 C,H,NOS C,HN,S
1p PhCH(CH,) (CH,), 94-96 c 63 CHNOS C,HN,S
1q PhCH(C,H,) (CH,), 85-87 d 55 CHNOS CHN,S
1r PhCH(OCH,) (CH,), 112-114 c 60 CH,NOS C,HN,S
1s ©X (CH,), 142-145 b 54 CH,NOS CHN,S
1t PhCH(Ph) (CH,), 131-134 b 47 CHNOS GCHN,S
1u PhCH, (CH,), 158-162 c 38 CHNOS C,HN,S
1v PhCH, (CH,), 139-141 c 35 C,HNOS C.HN,S
1w PhCH, d/\ 211-213 a 57 C,H,NOS C,HN,S
Z
1x PhCH, Ej\/\ 198-200 a 55 C,H,NOS C,HN,S
FZ
1y PhcH, Tl 224226 e 61 CHNOS GCHN,S
1z PhCH,CH, CH=CH  196-198 a 63 CHNOS CHN,S
1a' PhCH,CH, (CH,), 170-172 f 56 CH,NOS C,HN,S
b’ PhCH,CH, (CH,), 125-127 g 53 CMH/NOS C,HN,S
1c' PhCH,CH, (CH,), 98-100 f 43 CMHNOS GCHN,S
1d' PhCH,CH, (CH,); 118-120 g 56 CH,NOS C,HN,S
1e' PhCH,CH, (CH,), 76-78 f 30 C,HNOS C.HN,S
1f' PhCH,CH, (CH,), 58-60 g 22 C,H,NOS CHN,S
1g' H (CH,), 218-220 a 52 CHNOS CHN,S
1h' Me (CH,), 143-146 c 46 CHNOS CHN,S
1i' n-Pr (CH,) 120-122 h 60 CHNOS CHN,S

aa: methanol; b: acetonitrile/methanol; c: acetonitrile; d: benzene; e: ethanol; f: diethyl ether; g: dichloromethane/cyclohexane; h: &hyl aceta
diethyl ether? Analytic results were withint0.40% of the theoretical values.

Scheme 2 ing hydroxamateslb—g,l—o,u,v,a—f" with hydroxylamine
hydrochloride and potassium hydroxyde in ethanol. Alterna-
©/W\H/OH a Q/WWOCZHS b HN%\ @ tively, the ethyl ester8ak,p—t,z,g'—i' were hydrolyzed to the
o 0o o related carboxylic acidda—k and then treated with (i) ethy
S&'\NW lated carboxyli idda—k and th d with (i) ethyl
) X 7ab z::i chloroformate and triethylamine, (i()-(2-methoxy-2-propyl)-
W = CHOCH, ' ’ hydroxylamine3® and (i) Amberlyst 15 ion-exchange resin in
?(a) (1) CDI, MeCN, rt, (2) EtOCOCECOOK, MgCh, (CoHs)aN, methanol to give hydroxamatds,k,p—t,z,g'—i' (Scheme 1).
me}%, ", (3) 13% HCI; (b) (1) EtONa, NEESNH, EtOH, reflux, (2) 2 g0 tiveSalkylation of 2d,e with ethyl 2-, 3-, and 4-bromom-
' ethylcinnamate®a—c, previously prepared from the reaction

apoptosis induction, proliferation, and cytodifferentiation have Petween the appropriate ethyl 2-, 3-, and 4-methylcinnamates
been determined. Moreover, the increased expression of the>@ ¢*"**andN-bromosuccinimidé? furnished the methylene-
cyclin-dependent kinase inhibitor p#AFYCIPL (p21¥° and the cmngmyl ester8h—j WY, which were hydrolyzed_ in alkaline
acetylation extents of both H3 histones antlibulinf!in U937 medium to carboxylic aciddl—q and converted into related
cells have been determined as functional tests for HDACi. ~ hydroxamatedh—j,w—y through the one-pot, three-step pro-
Chemistry. For the synthesis of the UBHA derivatives cedure reported above (Scheme 1). The synthesis of the
bearing linear HSs, the properly 6-substituted 2-thiour&eitsk 2-thiouracils 2hji, key intermediate for the preparation of
(R = H (a), Me (b),n-Pr (c), Ph (df2 PhCH (e)53 PhCH- derivatives1r,s, has been accomplished by condensation of
(CHs) (f),5* PhCH(GHs) (g),5* PhCH(OCH) (h), 1-Ph-1e-Pr thiourea in alkaline medium with the appropriate ethyl 4-phenyl-
(@), PhCH(Ph) (j)3® and PhCHCH, (k)9 were treated with 3-oxobutanoatega,b, previously prepared by reacting potassium
various sizes of ethylv-bromoalkanoates in the presence of monoethylmalonate with 2-methoxyphenylacetyl- or 1-phenyl-
anhydrous potassium carbonate to afford the ethyl eSgers 1-cyclopropanecarbonylimidazolide in the presence of the
g,k—v,z—i', which were, in part, converted into the correspond- magnesium dichloride/triethylamine syst&niScheme 2).
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Table 2. Physical and Chemical Data for Compourtsi, 3a—i’, 4a—q, and7ab
recryst yield,

0, b
compd R X mp, °C solvent' % formula anal.
2h 242245 a 68 C,HNOS CHNS
2i 178-180  a 84 CHNOS CHNS
3a Ph CH=CH 195197 b 63 CHNOS CHN,S
3b Ph (CH), 196198 b 8 CHNOS CHN,S
3c Ph (CH), 120122 ¢ 56 CHNOS CHN,S
3d Ph (CH), 116118 b 49 CHNOS CHN,S
3e Ph (CH), 108110 d 45  CHNOS GCHN,S
3f Ph (CH), 125128  d 75 CHNOS CHN,S
3g Ph (CH,), 99-101 c 6 CHNOS CHN,S
3h Ph d/\ 204206 b 28 CHNOS CHN,S
a
3i Ph E:I\/\ 201203 b 25 CHNOS CHN,S
F
3 Ph O, 2426 b 34 CHNOS GCHN,S
3k PhCH, CH=CH  160-162 d 47  CHNOS GCHN,S
3l PhCH, (CH), 134137 ¢ 52 CHNOS CHN,S
3m PhCH, (CH), 124126 ¢ 66 CHNOS CHN,S
3n PhCH, (CH),  100-102 b 4 CHNOS GCHN,S
30 PhCH, (CH), 104106 b 49 CHNOS GCHN,S
3p  PhCH(CH) (CH,), 82-84 d 48 CHNOS CHN,S
3¢  PhCH(CH) (CH)), oil 57 CHNOS CHN,S
3r  PhCH(OCH)  (CH), 7375 d 6 CHNOS CHN,S
3s @X (CH), 138141 b 43 CHNOS GCHN,S
3t PhCH(Ph) (CH), 109111 b 53  CHNOS CHN,S
3u PhCH, (CH), 125129 ¢ 64 CHNOS CHN,S
3v PhCH, (CH)), 80-83 c 56 CHNOS CHN,S
3w PhCH, d/\ 175177 b 39 CHNOS CHN,S
a
3x PhCH, E:l\/\ 138-141 b £  CHNOS GCHNS
¥
3y PhCH, O 173175 b 35 CHNOS GCHN,S
32 PhCH,CH,  CH=CH 136138 ¢ 49 CHNOS GCHN,S
32 PhCHCH, (CH), 104106 ¢ 52 CHNOS CHN,S
3b'  PhCHCH, (CH)), 97-99 c 45 CHNOS GCHN,S
3¢ PhCHCH, (CH)), 92-94 c 56 CHNOS CHN,S
3d"  PhCHCH, (CH)), 52-54 c 60 CHNOS CHN,S
3¢ PhCHCH, (CH)), 63-65 c 6 CHNOS CHN,S
3 PhCH.CH, (CH)), 40-42 e 50 CHNOS CHN,S
3g' H (CH,), 84-86 e 52 CHNOS CHN,S
3h' Me (CH,), 63-65 e 40 CHNOS CHN,S
3 n-Pr (CH)), 75-77 e 6 CHNOS CHN,S
4a Ph CH=CH 200202 b 93  CHNOS CHN,S
4b PhCH, CH=CH 170172 ¢ 95 CHNOS GCHN,S
4c  PhCH(CH,) (CH), 1311133 b 9% CHNOS CHN,S
4d  PhCH(CH) (CH), 136139 b %2 CHNOS CHN,S
d4e  PhCH(OCH)  (CH), 105107  d 94 CHNOS CHN,S
af @y\ (CH), 173175 b 97 CHNOS CHN,S
4g PhCH(Ph) (CH), 149151 b 87 CHNOS CHN,S
4h PhCH,CH,  CH=CH 186190 b 91 CHNOS CHN,S
4 H (CH), 160162 b 8 CHNOS CHN,S
4 Me (CH),  148-150  f 67 CHNOS CHN,S
4K n-Pr (CH)), 85-87 e 77 CHNOS CHN,S
a Ph @i/\ 270273 a 79 CHNOS CHN,S
a
4m Ph ED\/\ 235237 b 8 CHNOS CHN,S
Z
dn Ph O 262265 b 93  CHNOS CHN,S
40 PhCH, @5/\ 190192 b 8 CHNOS CHN,S
F
4p PhCH, ED\/\ 202204 b 97 CHNOS GCHN,S
¥
4q PhCH, O, 22022 b 8 CHNOS CHNS
7a oil 88 CHO, CH
7b oil 8%  CMHO, CH

aa: ethanol; b: methanol; c: acetonitrile; d: acetonitrile/methanol; e: cyclohexane; f: toluene/acetdiimidytic results were within:0.40% of the
theoretical values.
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Table 3. Maize HD2, HD1-B, and HD1-A Inhibitory Activities of Table 4. Mouse HDAC1 Inhibitory Activity of Selected UBHAs
Compoundsla—i'a 1d.eij,0p.xy?
IC_+ SD (nM) mHDAC!
compd R X HD2 HDI-B HDI-A compd R X IC, % SD (nM)
1a Ph CH=CH NI’ NI’ NI’ o
1b Ph (CH)), 822+41.1 890 £35.6 1020 £ 51.0 1d Ph (CH,), 40+2.4
1c Ph (CH,) 27+ 1.1 31%15 56+22 1e Ph CH 39+ 16
1d Ph (CH), 8+03 10£03 10£0.3 (CH,), =
1€ Ph (CH,) 12205 19+0.8 603 .
1f Ph (CH), 38+19 48%14 11207 1i Ph E)\/\ 5717
1g Ph (CH)), 42+17 89£27 2814
1h Ph dA 367+147  780£312 458229 1 Ph /\©\¢\ 3417
- 1o PhCH, (CH)), 103 +4.1
1i Ph Ej\/\ 17207 64£19 77+38 Ip PhCH(CH,) (CH,), 121x4.8
F
. 1x PhCH 90 +4.5
1j Ph O, 23209 112£34 122249 2 Ej\/\
1K PhCH, CH=CH 9000360  13300£339 7400222
1r PhCH, (CH,), 3815 41%16 126463 1y PhCH, /\©\/\ 110£5.5
Im' PhCH, (CH,), 29+114  251£100  885+265 TSA 1.8 +0.07
In' PhCH, (CH), 125+6.2 130+ 3.9 181+10.9 SAHA 112 +4.0
10 PhCH, (CH), 18205 18+0.5 29£12
1p  PhCH(CH,) (CH,), 9104 92437 80+ 1.6 )
1q PhCH(C,H)) (CH)), 32+10 31+0.9 105 + 3.1 aData represent the mean values of at least three separate experiments.
ir  PhCH(OCH,)  (CH,), 82£33 79£39 130£6.5
Is @X (CH), 62225 47£19 0=15 2500  |pPHDACI IPIgG 1500~  |pPHDAC4 IPIgG
1t PhCH(Ph) (CH,), 52+3.1 58423 43126 mM ™
1uf PhCH, (CH), 3711 76£38 53+2.1
v PhCH, (CH), 61£3.0 193+9.6 64+19 2000 1200 Fpe
iw PhCH, Cd/\ 760380  1060+53.0  970+29.1 3 3
7 © ©
21500 2900
1x PhCH, 4112 424+17 17207 e >
& | — |
1y PheH, . 80%40 73£29 52+26 § 8
1z PhCH,CH, CH=CH 410002050 96000+ 3840 52000 % 1040 <1000 +600
1a' PhCH,CH, (CH)), 37+18 60 +2.4 2307 < <
'  PhCHCH, (CH,), 205 +10.2 170 £ 6.8 215+6.4
1c PhCH,CH, (CH), 4012 4618 11+04 500 300
14  PhCHCH, (CH,), 35+ 1.0 4819 25+ 1.0
1¢' PhCH,CH, (CH), 83+33 62+25 4020
1r PhCH,CH. CH 90+36 62£25 52£3.1 0 .
i CH,  (CH), * * * -2 1d 1 - g4
1g" H (CH,), 213+ 10.6 239+72 132166 Py I
1h" Me (CH), 11055 78423 112+45 @ »
1~ n-Pr (CH), 135+54 116 £4.6 66+323 )
TSA 7402 0.4 +0.01 0.8+0.03 Figure 3. Cell-based human HDAC1 and HDAC4 assays.
SAHA 50+ 1.0 28+ 1.0 180+ 9.0

2 Data represent the mean values of at least three separate experimentstP—t) generally decreased the anti-HDAC activity of the
b NI, no inhibition (0%) at 20.:M. ¢ Ref 38. The duplication of data is  derivatives in comparison with the unsubstituted counteduzrt

only aimed to make the SAR more easily understandable. with the exception of the methyl-substitutdgh, which was
2-fold more potent thario against HD2. The deletion of the

Chemical and physical data of tested compouhaisi’ and substituent at the pyrimidine C6 position (compouigl) as

intermediate2h,i, 3a—i', 4a—q, and7ab are reported in Table  well as the replacement of the phenyl/benzyl CAP groupex

1 and Table 2, respectively. with the smaller methyl on-propyl group (compounds$h',i’)
] ) gave up to a 22-fold reduction of the anti-HDAC activity.
Results and Discussion Hydrophobic spacer: Compounds with a linear, polymethylene

Enzyme AssaysThe novel derivative$a—i' were routinely spacer between the uracil and the hydroxamate showed the
tested against three maize deacetylases, HD2, HD1-B (class I)highest activity with the insertion of 4 to 5 carbon units (see
and HD1-A (class Il). Data in Table 3 report 4£(50% 1d,e in the 6-phenyl,10 in the 6-benzyl, andlc,d’ in the
inhibitory concentration) values for all tested derivatives in 6-phenethyl series). By increasing this number to 7 carbon units
comparison with those for TSA and SAHA used as reference as well as by introducing shorter, linear HSs in the UBHA
drugs. From the analysis of such data, we can draw the following general formula, a decrease of inhibiting activity was recorded.
structure-activity relationship (SAR). CAP group: In the Exceptions to this SAR werdl and 1d, bearing a short
UBHA general structure, the introduction of phenyl, benzyl, N-hydroxypropanamide moiety, which was endowed with high
and, to a lesser extent, the 2-phenylethyl moiety at the C6 maize HDAC inhibiting activity. Particularly, the corresponding
position of the uracil group furnished highly active derivatives unsaturated analogu#k,z failed in inhibiting HDACs. Between
endowed with 1G, values at submicromolar to single-digit the methylenecinnamyl derivativéé—j and1w-y, the ortho-
nanomolar concentrations, depending on either the size of thesubstituted analoguekh,w were scarcely active in inhibiting
linear spacer or the methylenecinnamyl regioisomer connectingthe maize deacetylases, whereasrthend, to a lesser extent,
the uracil with the hydroxamate group. Exceptions to this rule thep-methylenecinnamyl compoundgx and1j,y were highly
were the thredN-hydroxypropenamidesak,z, which showed  efficient inhibitors.
very low (1k,z) or no (&) inhibitory activity against the three From the comparison of HD1-B (class I) and HD1-A (class
maize enzymes. In the C6-benzyl series, the introduction of Il) inhibitory data (Table 3), UBHAs proved to be devoid of
various substituents at the benzylic position (compounds class selectivity in their HDAC inhibiting action; among the
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cells. The concentrations used are indicated.
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Figure 5. Granulocytic differentiation showed by selected UBHAs at
1 (A) and 5 (B)uM on U937 cells.

30 compounds synthesized and tested, 5 of theerg,v,c')
showed a class Il selectivity ratio3, whereas 31(],m,q) were
slightly class I-selective.

The mouse HDACL inhibitory assay was performed on
selected UBHA derivatives (Table 4). Thesfvalues fully

agree with those determined against maize deacetylases, the
main discrepancies showing up to a 6-fold of difference between
mammalian/maize activities. Against mouse HDAC1, the 6-phen-
yl derivativesld,e,i,j were 2-fold more potent than the 6-benzyl
analogueslop,x,y, and the compounds with linear H&d,e

and 1lo,p) showed the same potency as that of the methylene-
cinnamy! derivativedi,j and1x,y, respectively. In comparison
with the references, in the anti-mouse HDAC1 assay, UBHAs
were 20- to 50-fold less active than TSA and up to 3-fold more
potent than SAHA (Table 4).

Cell-Based Assays. Human HDAC1 and HDAC4 Inhibi-
tory Activity in Vivo. Human leukemia U937 and breast cancer
ZR-75.1 cell lysates were immunoprecipitated with antibodies
against HDAC1 (Abcam) and HDAC4 (Sigma), respectively,
and inhibitory assays were performed on these immunoprecipi-
tates (IPs) usingd and1j as UBHA prototypes in comparison
with MS-275 and SAHA as reference drugs. All compounds
were tested at BM. The data reported in Figure 3 clearly show
that1j and, to a lesser extentd were able to inhibit class |
HDAC (HDACL1) IP activity (1j = 94% of inhibition, 1d =
46% of inhibition), whereas they were ineffective in inhibiting
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Figure 6. p21 induction, and histone H3 andtubulin acetylation
assays by selected UBHAs on U937 cells.

the class Ila HDAC4 IPXj = 14% of inhibition,1d = 0% of
inhibition), thus displaying, for this aspect, a MS-275-like
behavior on HDAC1 and #

Effects on Human Leukemia U937 Cells. Cell cycle,
Apoptosis, and Granulocytic Differentiation. To evaluate the
effects of UBHA derivatives on cell cycle and apoptosis in the
human leukemia U937 cell line, cell cultures were treated with
1 and 5uM concentration of selected UBHA derivatives in
comparison with SAHA (1 and gM), and after 24 h, the cell

Mai et al.

stimulation with selected UBHAs. To this end, cell cultures were
treated with UBHA compounds at both AM and 5 uM
concentrations together with SAHA as the reference drug, and
after 48 h, the percent values of CD11c positive Pl negative
cells were determined (Figure 5). In this assay, atM, the
two p-methylenecinnamyl derivativelg and1ly gave the highest
differentiating effect among UBHA compound$j (42.5%
CD11c positive cells) being more potent than (30%) and
slightly less potent than SAHA (48%). At BM, 1j was the
most effective compound in inducing granulocytic differentiation
(46% CD11c positive cells), whereas(33%), 10 (30%), and
1y (33%) showed an effect similar to that of SAHA (32%) in
U937 cells. Note that in this condition, SAHA-treated cells
showed massive apoptosis.

p21 Induction and H3 Histones anda-Tubulin Acetylation
Assays.Taking the cyclin dependent kinase inhibitor y2/CiP1
(p21) induction as well as the acetylation extents of histone H3
anda-tubulin as markers of HDACI activity in U937 cells, we
performed Western blot analyses to test the activity of selected
UBHA derivatives. Figure 6 shows thaj, 1i, and1d weakly
increased the p21 expression. On histone H3 artdbulin
acetylation assay4j, 1i, and1d showed a hyperacetylation of
histone H3 comparable to or slightly weaker 1) than that
of SAHA (1 uM), whereas in thet-tubulin acetylation assay,
1d influenced a-tubulin acetylation to a major extent than
SAHA, 1j and1i being respectively comparable to and much
weaker than SAHA. The higle-tubulin acetylation activity
showed byld is not in contrast with the inefficiency of the
same compound to inhibit HDAC4 (see cell-based anti-HDAC1
and -HDAC4 assay) becausegubulin acetylation is a functional
test for the evaluation of HDACG activifi},a class Ilb HDAC,
whereas HDAC4 is a member of class lla HDAC. Thid,is
able to inhibit class | and Ilb but not Ila HDAC enzymes.

Conclusion

Starting from the pharmacophore model for the design of
novel HDACI, we prepared a new series of uracil-containing
hydroxamates (uracil-based hydroxamic acids, UBHPes}i'
bearing a phenyl/phenylalkyl group as the CAP, a uracil moiety

cycle analysis was determined. Apoptosis, measured as caspasas the CU, either a polymethylene or a methylenecinnamyl as
3 cleavage (data not shown) and AnnexinV/propidium iodide the hydrophobic spacer (HS), and the hydroxamate function to
(PI) double staining by FACS analyses, was checked after 48 hbind the Zn ion, crucial for the catalytic activity of the enzyme.

of treatment with selected UBHAs used at 1 and\s. While
SAHA was inducing a S/G2/M block, when used at the
concentration of %M, UBHA compounds showed a different
tendency. Indeed, at 24 h after induction, ofy(this only at
the concentration of ®M) and 1i induced a G1 arrest in the
cell cycle, whereas all of the other compounds just weakly
altered the cell cycle (Figure 4A).

Of all of the UBHAs tested at kM, the N-hydroxy-4-[3,4-
dihydro-4-oxo-6-phenyl- and thi-hydroxy-3-[3,4-dihydro-4-
0Xx0-6-benzylpyrimidin-2-ylthio]methyl cinnamylamidégand
1x showed low apoptosis induction in U937 cells (Figure 4B),
being in all cases less powerful than SAHA. A, SAHA

showed massive apoptosis (98%), whereas UBHAs did not

display an increase.

Finally, the capacity to inhibit the proliferation of selected
UBHA compounds used at/MV has been tested in U937 cells
(Figure 4C). Clearly, UBHASs1j and 1i exerted inhibitory
activities with 1j being the stronger one. Note, nevertheless,

that both SAHA and MS-275 (used as references) showed higher

proliferation inhibition.
Granulocytic differentiation of human leukemia U937 cells

Compoundsla—i' were tested against three maize histone
deacetylases, HD2, HD1-B (class I), and HD1-A (class Il), and
selected derivatives were assayed against the mouse HDAC1
enzyme. From inhibitory data (Tables 3 and 4), UBHAs with 4
to 5 methylene units showed the highest inhibitory potency, and
among the cinnamyl derivatives, the meta- and para-substituted
1ij and 1x,y were highly effective in inhibiting the maize
HDACSs. In comparison with TSA and SAHA, the most active
UBHAs were less potent than TSA and up to 30-fold more
potent than SAHA in inhibiting these enzymes. Mouse HDAC1
inhibitory data fully matched with the related anti-maize
enzymes data.

Molecular modeling studies confirmed the crucial role of the
hydroxamate and the properly sized HS for the inhibiting activity
of UBHAS, highlighting the functionality of the uracil ring in
making positive hydrogen-bonding interactions with two resi-
dues (Glu90 and Asp91) at the rim of the catalytic pocket of
the enzyme (Supporting Information).

Cell-based human HDAC1 and HDAC4 inhibitory assays
were performed on two UBHA prototypek] andlj. The tested
compounds were able to inhibit HDAC1 (class I) but not

was determined by CD11c expression level upon 48 h of HDAC4 (class lla) IP activity, thus showing a MS-275-like
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behavior for this aspect. Selected UBHAs were tested on humanmonium fluoride trihydrate (2.75 mmol, 0.87 g) was added, and
myeloid leukemic U937 cells to determine the effect on cell the resulting mixture was stirred at 7C for 8 h. After treatment
cycle, apoptosis, proliferation, and granulocyte differentiation. With cold water (100 mL), the resulting precipitate was filtered and

The majority of tested compounds after 48 h atM showed

an arrest of the cell cycle in G1 phase (data not shown), wherea

only compounddj andli were able to induce G1 arrest at 24
h. The two cinnamyN-hydroxyamideslj and 1x induced

apoptosis (8.8% and 8.0%, respectively) slightly lower than that

of SAHA (10%) when used at the concentration qiNl. At 5

S

washed to furnisBk (0.34 g), which was purified by crystallization.
IH NMR (CDCly) 6 1.32 (t, 3H, CHCHa), 3.87 (s, 2H, Ph&)),
4.24 (q, 2H, ®,CHy), 6.02 (s, 1H, G—H), 6.14 (d, 1 H, CH=
CHCO), 7.29 (m, 5H, benzene ring), 8.29 (d, 1HH€CHCO),
12.56 (s, 1H, NH). Anal. C, H, N, S.

General Procedure for the Synthesis of Ethyl Esters of 2-,
3-, and 4-(3,4-Dihydro-4-o0x0-6-substituted-2-pyrimidinylthio)-

uM, SAHA-treated cells underwent massive apoptosis (98%), methylcinnamic Acids (3h—j,w—y). Example: Ethyl Ester of
whereas with UBHAS, no increase of apoptosis induction was 3-(3,4-Dihydro-4-oxo-6-benzyl-2-pyrimidinylthio)methylcinnam-

recorded. In antiproliferative assays, aubl, 1j showed the

ic Acid (3x). A mixture of 6-benzyl-4-hydroxy-2-mercaptopyrimi-

strongest effect among the UBHAs tested on U937 cells, and it dine @€) (6.87 mmol, 1.5 g), crude ethyl 3-bromomethylcinnamate

was, however, less potent than SAHA and MS-275.
Tested as cytodifferentiating agents, atM, only 1j showed

high CD11c expression level (42.5%), again being less efficient

than SAHA. By increasing the dose £8), 1i, 10, andly were

(6b)%° (7.56 mmol, 2.2 g), and anhydrous potassium carbonate (7.56
mmol, 1.0 g) in 3 mL of anhydrous DMF was stirred at room
temperature for 1 h. After treatment with cold water (100 mL), the
aqueous phase was extracted with ethyl acetate 48 mL). The
organic phase was washed with brine X340 mL), dried, and

able to induce granulocytic differentiation with the same potency eyaporated to dryness to furnish crugle which was purified by

as that of SAHA, whereasj was more effective.

chromatography on a silica gel column, eluting with a mixture ethyl

In U937 cells, the capability of selected UBHASs to induce acetate/hexane (1:1) to give the desired product as a white solid

p21 expression as well as acetylate histone H3 @itdbulin

was also evaluated. The distinct capabilities of UBHA com-
pounds to influence the cell cycle, differentiation, proliferation,

(1.2 g).*H NMR (CDCls) ¢ 1.33 (t, 3H, CHCH3), 3.83 (s, 2H,
PhCH,), 4.26 (g, 2H, G1,CH3), 4.38 (s, 2H, CHS), 5.98 (s, 1H,
Cs—H), 6.40 (d, 1H, CH=CHCO), 7.33 (m, 9H, two benzene rings),

and apoptosis as well as the capacity of p21 induction and 7-61 (d, 1H, ®=CHCO), 13.20 (s, 1H, NH). Anal. C, H, N, S.

histone H3 andx-tubulin acetylation might be interpreted as

an advancement in the correlation between chemical modeling

and biological functions.

Experimental Section
Chemistry. Melting points were determined on a Buchi 530

General Procedure for the Synthesis oN-Hydroxy-w-(3,4-
dihydro-4-oxo-6-substituted-2-pyrimidinylthio)alkanamides (1b—
g,I-0,p,q,d—f ). Example: N-Hydroxy-6-(6-benzyl-3,4-dihydro-
4-oxopyrimidin-2-ylthio)hexanamide (10). To hydroxylamine
hydrochloride (39 mmol, 2.7 g) solution in dry ethanol (5 mL),
potassium hydroxide (39 mmol, 2.2 g) solution in dry ethanol (5
mL) was added at 48C. The mixture was cooled at®@ and then

melting point apparatus and are uncorrected. Infrared (IR) spectrafiltered, and to the clear solutio8o (4.2 mmol, 1.5 g) and well-
(KBr) were recorded on a Perkin-Elmer Spectrum One instrument. crushed potassium hydroxide (7.3 mmol, 0.4 g) were added. After
IH NMR spectra were recorded at 400 MHz on a Bruker AC 400 1 h, the mixture was diluted with water (50 mL), made neutral

spectrometer; chemical shifts are reported {{ppm) units relative
to the internal reference, tetramethylsilane (Big All compounds
were routinely checked by TLC ariti NMR. TLC was performed
on aluminum-backed silica gel plates (Merck DC, Alufolien
Kieselgel 60 ks4) with spots visualized by UV light. All solvents

with 2 N HCI, and filtered under vacuum. The solid was
collected, dried, and recrystallized by acetonitrile/methafidl.
NMR (DMSO-dg) 6 1.27 (m, 2H, G1,CH,CH,S), 1.44 (m, 2H,
CH,CH,CO), 1.50 (m, 2H, &,CH,S), 1.92 (t, 2H, CHCO), 3.01
(t, 2H, CHS), 3.72 (s, 2H, PhB,), 5.92 (s, 1H, G—H), 7.24 (m,

were reagent grade and, when necessary, were purified and driedH, benzene ring), 8.66 (s, 1H,HOH), 10.33 (s, 1H, NH®@),
by standard methods. The concentration of solutions after reactions12.45 (s, 1H, M uracil ring). Anal. C, H, N, S.

and extractions involved the use of a rotary evaporator operating  General Procedure for the Synthesis of 3-(3,4-Dihydro-4-oxo-
at reduced pressure of ca. 20 Torr. Organic solutions were dried 6-substituted-2-pyrimidinylthio)-2-propenoic Acids (4a,b,h),
over anhydrous sodium sulfate. Analytical results are within 6-(3,4-Dihydro-4-oxo-6-(un)substituted-2-pyrimidinylthio)-

+0.40% of the theoretical values. A SAHA sample for biological
assays was prepared as previously reported 15 Al.chemicals
were purchased from Aldrich Chimica, Milan (Italy) or from

hexanoic Acids (4e-g,i—k), and 2-, 3-, and 4-(3,4-Dihydro-6-
substituted-4-oxopyrimidin-2-ylthio)methylcinnamic Acids (41—
q). Example: 6-(3,4-Dihydro-4-oxopyrimidin-2-ylthio)hexanoic

Lancaster Synthesis GmbH, Milan (Italy) and were of the highest Acid (4i). A mixture of 3g (1.1 mmol, 0.3 g)2 N KOH (8.8 mmol,

purity.

General Procedure for the Synthesis of Ethyty-(3,4-Dihydro-
4-0x0-6-(un)substituted-2-pyrimidinylthio)alkanoates (3b-g,I—
g,v—d’). Example: Ethyl 6-(6-Benzyl-3,4-dihydro-4-oxopyrimidin-
2-ylthio)hexanoate (30). A mixture of 6-benzyl-4-hydroxy-2-
mercaptopyrimidineZe) (9.16 mmol, 2.0 g), ethyl 6-bromohexanoate

0.49 g), and EtOH (5 mL) was stirred at room temperature for 18
h. The solution was poured into water (50 mL) and extracted with
ethyl acetate (2« 20 mL). HCI (2 N) was added to the aqueous
layer until the pH 5, and the precipitate was filtered and recrystal-
lized to yield the title compoundi (0.23 g) as a pure solidH
NMR (DMSO-dg) 6 1.32 (m, 2H, ®,CH,CH,S), 1.49 (m, 2H,

(20 mmol, 1.8 mL), and anhydrous potassium carbonate (10 mmol, CH,CH,CO), 1.61 (m, 2H, &,CH,S), 1.93 (t, 2H, E1,CO), 3.06
1.4 g) in 3 mL of anhydrous DMF was stirred at room temperature (t, 2H, CH,S), 6.07 (s, 1H, €-H), 7.83 (s, 1H, G—H), 12.2 (s,

for 1 h. After treatment with cold water (100 mL), the obtained
precipitate was filtered and washed to furndh (1.6 g), which
was purified by crystallizationtH NMR (CDCl) 6 1.25 (t, 3H,
CH,CHs), 1.40 (m, 2H, ®1,CH,CH,CO), 1.63 (m, 4H, €l,CH,-
CO and G1,CH;,S), 2.28 (t, 2H, CHCO), 3.13 (t, 2H, CHS), 3.80
(s, 2H, Ph®,), 4.13 (q, 2H, Gi,CHg), 5.96 (s, 1H, G—H), 7.28
(m, 5H, benzene ring), 12.87 (s, 1H, NH). Anal. C, H, N, S.
General Procedure for the Synthesis of Ethyl 3-(3,4-Dihydro-
4-oxo-6-substituted-2-pyrimidinylthio)-2-propenoates (3a,k,z).
Example: Ethyl 3-(6-Benzyl-3,4-dihydro-4-oxopyrimidin-2-
ylthio)-2-propenoate (3k). To a solution of 6-benzyl-4-hydroxy-
2-mercaptopyrimidine2g) (2.29 mmol, 0.50 g) and ethyl propiolate
(2.75 mmol, 0.28 mL) in anhydrous THF (10 mL), tetrabutylam-

1H, COOH). Anal. C, H, N, S.

General Procedure for the Synthesis oiN-Hydroxy-3-(3,4-
dihydro-4-oxo-6-substituted-2-pyrimidinylthio)-2-propen-
amides (1a,k,z), N-Hydroxy-6-(3,4-dihydro-4-oxo-6-(un)sub-
stituted-2-pyrimidinylthio)hexanamides (1p—t,g'—i"), and N-
Hydroxy-2-, -3-, and -4-(3,4-dihydro-6-substituted-4-oxopyri-
midin-2-ylthio)-methylcinnamylamides (1h—j,w—y). Example:
N-Hydroxy-6-(3,4-dihydro-4-oxopyrimidin-2-ylthio)hexana-
mide (1d). To a 0°C cooled solution ofti (0.9 mmol, 0.22 g) in
dry tetrahydrofuran (5 mL), ethyl chloroformate (2.2 mmol, 0.21
mL) and triethylamine (2.3 mmol, 0.33 mL) were added, and the
mixture was stirred for 10 min. The solid was filtered off, and to
the filtrate was adde®-(2-methoxy-2-propyl)hydroxylamifg(s.4
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mmol, 0.4 mL). The resulting mixture was stirred at room
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on ice, and 1QuL of total [*H]acetate-prelabeled chicken reticu-

temperature for 1 h, then it was evaporated under reduced pressurepcyte histones (2 mg/mL) were added, resulting in a concentration

and the residue was diluted in MeOH (5 mL). Amberlyst 15 ion-
exchange resin (0.18 g) was added to the solution dDtpeotected

of 41 uM. The mixture was incubated at 3T for 1 h. The reaction
was stopped by the addition of 50L of 1 M HCI/0.4 M

hydroxamate, and the mixture was stirred at room temperature for acetylacetate and 1 mL ethyl acetate. After centrifugation at 1§ 000

1 h. Afterward, the reaction was filtered, and the filtrate was
concentrated in a vacuum to give crubg, which was purified by
crystallizationH NMR (DMSO-dg) 6 1.30 (m, 2H, G,CH,CH,S),
1.46 (m, 2H, G,CH,CO), 1.60 (m, 2H, EI,CH,S), 1.90 (t, 2H,
CH,CO), 3.02 (t, 2H, CHS), 6.10 (s, 1H, ¢-H), 7.85 (s, 1H,
Cs—H), 8.66 (s, 1H, NHOH), 10.33 (s, 1H, NH®), 12.5 (s, 1H,
uracil NH). Anal. C, H, N, S.

General Procedure for the Synthesis of thg-Oxoesters 7a,b.
Example: Ethyl 4-Phenyl-4-methoxy-3-oxobutanoate (7a)rri-
ethylamine (6.7 mL, 48.0 mmol) and magnesium chloride (3.6 g,

for 5 min, an aliquot of 60Q:L of the upper phase was counted
for radioactivity n a 3 mLliquid scintillation cocktail.

Cellular Assays. Cell Lines and Cultures.The U937 cell line
was cultured in RPMI with 10% fetal calf serum, 100 U/mL of
penicillin, 100ug/mL of streptomycin, and 250 ng/mL of ampho-
tericin-B, 10 mM HEPES and 2 mM glutamine. U937 cells were
kept at the constant concentration of 200 000 cells per milliliter of
culture medium. Human breast cancer ZR-75.1 cells were propa-
gated in DMEM medium supplemented with 10% fetal calf serum
and antibiotics (100 U/mL of penicillin, 10@g/mL of streptomycin,

37.5 mmol) were added to a stirred suspension of potassium ethyland 250 ng/mL of amphotericin-B).

malonate (5.4 g, 31.5 mmol) in acetonitrile (50 mL), and stirring
was continued at room temperature for 2 h. Then, a solution of
o-methoxyphenylacetyl imidazolide, prepared frommethoxyphe-
nylacetic acid (2.5 g, 15.0 mmol) arldN'-carbonyldiimidazole
(CDI, 2.9 g, 18.0 mmol) in acetonitrile (15 mL), was added, and
the reaction mixture was stirred overnight at room temperature.
Then, 13% HCI (90 mL) was cautiously added while keeping the
temperature below 28C, and the resulting clear mixture was stirred
for a further 15 min. The organic layer was separated from the

Ligands and Materials. SAHA was dissolved in DMSO and
used at 1 or .uM. MS-275 (kind gift from Schering AG) was
dissolved in ethanol and used au®l. UBHA compoundsld and
1j were dissolved in DMSO and used at 1 ouSl.

Cell-Based Human HDAC1 and HDAC4 AssaysCells (U937
cells for the HDAC1 assay and ZR75.1 cells for the HDAC4 assay)
were lysed in IP buffer (50 mM Tris-HCl at pH 7.0, 180 mM NacCl,
0.15% NP-40, 10% glycerol, 1.5 mM Mgg£Il mM NaMQ,, and
0.5 mM NaF) with a protease inhibitor cocktail (Sigma), 1 mM

aqueous mixture and evaporated; then, the residue was treated wittDTT, and 0.2 mM PMSF for 10 min in ice and centrifuged at 13 000
ethyl acetate (30 mL). The aqueous layer was extracted with ethyl rpm for 30 min. Then, 10009 of extracts were diluted in IP buffer

acetate (3x 30 mL), and the organic phases were combined,
washed with saturated sodium bicarbonate solutios (30 mL)
and brine (3x 30 mL), dried, and concentrated to giva as a
yellow oil. Yield: 88%; 'H NMR (CDCl) ¢ 1.22 (t, 3H,
OCH,CHg), 3.39 (s, 3H, OCH), 3.50 (m, 2H, COCHKCO), 4.13
(g, 2H, OM,CHy), 4.77 (s, 1H, GIOCHg), 7.35 (m, 5H, benzene
ring). Anal. C, H.

General Procedure for the Synthesis of the 2-Thiouracils 2h,i.
Example: 3,4-dihydro-6-(1-phenyl-1-cyclopropyl)-2-thioxopy-
rimidin-4( 3H)-one (2i). Sodium metal (0.67 g, 29.2 g-atom) was

up to 1 mL and pre-cleared by incubating with 20 of A/G plus
Agarose (Santa Cruz) for 30 mia . h on arocking table at £C.
Supernatants were transferred into a new tube, and the antibodies
(around 3 to 4ug) were added and IP was allowed to proceed
overnight at 4°C on a rocking table. The antibodies used were
HDAC1 (Abcam) and HDAC4 (Sigma). As the negative control,
the same amount of protein extracts were immunoprecipitated with
the corresponding purified 1gG (Santa Cruz). On the next day, 20
uL of A/IG and Agarose (Santa Cruz) were added to each IP, and
incubation was continued for 2 h. The beads were recovered by

dissolved in 26 mL of absolute ethanol, and thiourea (1.56 g, 20.5 brief centrifugation and washed with cold IP buffer several times.
mmol) and7b (3.40 g, 14.6 mmol) were added to the clear solution. The samples were than washed twice in PBS and re-suspended in
The mixture was heated at reflux for 12 h. After the completion of 20 uL of sterile PBS. The HDAC assay was carried out according
the reaction, the mixture was cooled, the solvent was distilled in to the supplier’s instructions (Upstate). Briefly, samples immuno-

vacuo at 46-50 °C until dry, and the residue was dissolved in a
little water (15 mL) and made acidic wit2 N HCI. The resulting

precipitated with the HDAC4 and HDACL1 or with purified 1gG
were pooled separately to homogenize all samples. Themnl D®

precipitate was filtered under reduced pressure, washed with diethylthe IP was incubated with a previously labeléd-Histone H4

ether, and vacuum dried at 8C for 12 h to give title compound
2i as a pure white solid, which was further purified by crystallization
from ethanol*H NMR (DMSO) 6 1.18 (m, 2H, c-P+CHy,), 1.32
(m, 2H, c-Pr~CH,), 5.92 (s, 1H, G—H), 7.32 (m, 5H, benzene
ring), 12.36 (s, 1H, NH), 12.41 (s, 1H, NH). Anal. C, H, N, S.
Maize HD2, HD1-B, and HD1-A Enzyme Inhibition in Vitro.

peptide linked with streptavidine agarose beads (Upstate). In detail,
120 000 CPM of the H4H-acetyl-peptide was used for each tube
and incubated in £ HDAC buffer with 10uL of the sample in

the presence or absence of HDAC inhibitors with a final volume
of 200 uL. Those samples were incubated overnight atG7in

slow rotation. On the next day, 0. of a quenching solution was

Radioactively labeled chicken core histones were used as theadded, and 100L of the samples were counted in duplicate after

enzyme substrate according to established proce@@n®@sThe

brief centrifugation in a scintillation counter. Experiments have been

enzyme liberated tritiated acetic acid from the substrate, which was carried out in quadruplicate.

quantified by scintillation counting. The kgvalues are the results
of triple determinations. A 5@L sample of maize enzyme (at 30
°C) was incubated (30 min) with 1@L of total [*H]acetate-
prelabeled chicken reticulocyte histones (2 mg/mL). The reaction
was stopped by the addition of 36 of 1 M HCI/0.4 M acetate
and 80QuL of ethyl acetate. After centrifugation (10 0§ min),

an aliquot of 600uL of the upper phase was counted for
radioactivity in 3 mL of liquid scintillation cocktail. The compounds
were tested at a starting concentration of 40, and active

Cell Cycle Analysis on U937 CellsCells (2.5x 10°) were
collected and resuspended in 500 of hypotonic buffer (0.1%
Triton X-100, 0.1% sodium citrate, 5@/mL of propidium iodide
(PI), and RNAse A). Cells were incubated in the dark for 30 min.
Samples were acquired on a FACS-Calibur flow cytometer using
the Cell Quest software (Becton Dickinson) and analyzed with
standard procedures using the Cell Quest software (Becton Dick-
inson) and the ModFit LT version 3 Software (Verity) as previously
reported®® All of the experiments were performed three times.

substances were diluted further. TSA and SAHA were used as the FACS Analysis of Apoptosis on U937 CellsApoptosis was
reference compounds, and blank solvents were used as negativeneasured with Annexin V/PI double staining detection (Roche and

controls.
Mouse HDAC1l Enzyme Assay.For the inhibition assay,
partially purified HDAC1 from mouse liver (anion exchange

Sigma-Aldrich, respectively) as recommended by the suppliers;
samples were analyzed by FACS with Cell Quest technology
(Becton Dickinson) as previously report&ds second assays, the

chromatography) was used as the enzyme source. HDAC activity caspase 3 detection (B-Bridge) was performed and quantified by

was determined as descrilSedsing PH]acetate-prelabeled chicken
reticulocyte histones as the substrate. Mouse HDAClu(50vas
incubated with different concentrations of compounds for 15 min

FACS (data not shown; Becton Dickinson).
Proliferation Assay on U937 Cells.U937 cells have been
cultured in 24 multiwells (Corning) at the initial dilution of 200 000
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cells/mL with vehicle or with HDAC inhibitors used at the indicated  (14) Stiegler, P.; De Luca, A.; Bagella, L.; Giordano, A. The COOH-
concentrations. Every 24 h, living U937 cells have been counted terminal region of pRb2/p130 binds to histone deacetylase 1
using the Trypan Blue dye (Sigma) for dead cells staining. The (HDACl), enhancing transcriptional repression of the E2F-dependent
graph shows data plotted after three days. The experiment has been __ ¢yclin A promoter.Cancer Res1998 58, 5049-5052.

carried out in triplicate. In parallel, an MTT colorimetric prolifera- ~ (+%) Nagy, L.; Kao, H.-Y.; Chakravarti, D.; Lin, R. J.; Hassig, C. A.;

. . . . Ayer, D. E.; Schreiber, S. L.; Evans, R. M. Nuclear receptor
tion assay (Promega) has been carried out in duplicate (data not repression mediated by a complex containing SMRT, mSin3A, and

shown) foIIovx{ing manuchtgrer’s instructions. . histone deacetylas€ell 1997 89, 373-380.

Granulocytic Differentiation on U937 Cells. Granulocytic (16) Alland, L.; Muhle, R.; Hou, H.; Potes, J.; Chin, L.; Schreiber-Agus,
differentiation was carried out as previously descriffeBriefly, N.; DePinho, R. A. Role for N-CoR and histone deacetylase in Sin3-
U937 cells were harvested and resuspended iml1@f phyco- mediated transcriptional repressidfature (London)L997, 387, 49—
erythrine-conjugated CD11c (CD11c-PE). Control samples were 55.
incubated with 1QuL of PE conjugated mouse IgG1, incubated  (17) Heinzel, T.; Lavinsky, R. M.; Mullen, T.-M.; Soderstrom, M;
for 30 min at 4°C in the dark, washed in PBS, and resuspended in Laherty, C. D.; Torchia, J.; Yang, W.-M; Brard, G.; Ngo, S. D.;

Davie, J. R.; Seto, E.; Eisenman, R. N.; Rose, D. W,; Glass, C. K;
Rosenfeld, M. G. A complex containing N-CoR, mSin3 and histone
deacetylase mediates transcriptional represdiaiure 1997, 387,

500uL of PBS containing PI (0.2ag/mL). Samples were analyzed
by FACS with Cell Quest technology (Becton Dickinson). Pl

positive cells have been excluded from the analysis. 43-48
Determination of p2IWAFCIPL Induction in U937 Cells. Total (18) Mai, A.; Massa, S.; Rotili, D.; Cerbara, I.; Valente, S.; Pezzi, R.;
protein extracts (100g) were separated on a 15% polyacrylamide Simeoni, S.; Ragno, R. Histone deacetylation in epigenetics: an
gel and blotted as previously descrif88® Western blots were attractive target for anticancer therapjed. Res. Re 2005 25, 261—
shown for p21 (Transduction Laboratories, dilution 1:500), and total 309.
ERKs (Santa Cruz) were used to normalize for equal loading. (19) Weidle, U. H.; Grossmann, A. Inhibition of histone deacetylases: a
Histone H3 and a-Tubulin Acetylation in U937 Cells. For new strategy to target epigenetic modifications for anticancer

treatment Anticancer Res200Q 20, 1471-1486.

determination oft-tubulin acetylation, 2&xg of total protein extracts i i '
(20) Kramer, O. H.; Gtilicher, M. G.; Heinzel, T. Histone deacetylase

were separated on a 10% polyacrylamide gel and blotted. Western ! :
blots were shown for acetylatedtubulin (Sigma, dilution 1:500), g(s)oa therapeutic targeTrends Endocrinol. Metat2001, 12, 294~
and total ERKs (Santa Cruz, dilution 1:1000) were used to (21) Marks, P. A.: Richon, V. M.; Breslow, R.; Rifkind, R. A. Histone

normalize for equal loading. For the quantification of histone H3 deacetylase inhibitors as new cancer dr@sr. Opin. Oncol 2001,
acetylation, 10Qug of total protein extracts were separated on a 13, 477483,
15% polyacrylamide gel and blotted. Western blots were shown (22) Marks, P. A.; Rifkind, R. A.; Richon, V. M.; Breslow, R.; Miller,
for acetylated histone H3 (Upstate), and total tubulin (Sigma) was T.; Kelly, W. K. Histone deacetylases and cancer: causes and
used to normalize for equal loading. therapiesNat. Re. Cancer2001, 1, 194-202.
(23) Jung, M. Inhibitors of histone deacetylase as new anticancer agents.
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