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Graphica Abstract

Several N-acyl colchicine analogues have been synthesized and their cytotoxicity, their effects on
inhibition of tubulin polymerization and cell cycle have been evaluated. Moreover their capacity to
downregulate some oncogenes at nontoxic dosis have been evaluated. The haloaroyl moiety enhances
oncogene down-regulation effect as regards colchicine itself. Outstanding results for m-
chlorobenzoylderivative 14 were obtained as this derivative is able to decrease the expression of

oncogenes involved in tumor aggressiveness at concentrations in which there is no antimitotic effect.

IC50 on HT-29: 1.8 nM

G2/M arrest at 20 nM: 57%

Oncogene downregulation at 1.5 nM
c-MYC gene expression: 20%
hTERT gene expression: 59%
VEGF gene expression: 30%
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Abstract:

Several colchicine analogues in which tNeacetyl residue has been replaced by haloacetyl,
cyclohexylacetyl, phenylacetyl and various aroyligties have been synthesized. The cytotoxic
activities of the synthesized compounds have besgsared on three tumor cell lines (HT-29, MCF-7
and A549) and on one non-tumor cell line (HEK-293)ese compounds exhibit high antiproliferative
activities at the nanomolar level, in many case$ &ihigher potency than colchicine itself. Some of
the compounds, particularly the haloacetyl denxestj inhibit the polymerization of tubulin in a sian
manner as colchicine. As regards the cell cycke,niost active compounds are the chlorobenzoyl and
bromobenzoyl derivatives, which cause cell cyclestrat the G2/M phase when tested at 20 nM, and
the bromoacetyl derivative, which arrests the asitle at 15 nM. In addition, these colchicine
derivatives have shown fairly active downregulatthg expression of the Mdyc, nTERTand VEGF

genes, as well as VEGF protein secretion, at \@tydoncentrations.
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ABSTRACT

Several colchicine analogues in which tNeacetyl residue has been replaced by haloacetyl,
cyclohexylacetyl, phenylacetyl and various aroyligties have been synthesized. The cytotoxic
activities of the synthesized compounds have besggsared on three tumor cell lines (HT-29, MCF-7
and A-549) and on one non-tumor cell line (HEK-293)ese compounds exhibit high antiproliferative
activities at the nanomolar level, in many case$ aihigher potency than colchicine itself. Some of
the compounds, particularly the haloacetyl denxesj inhibit the polymerization of tubulin in a slan
manner as colchicine. As regards the cell cycle,niost active compounds are the chlorobenzoyl and
bromobenzoyl derivatives, which cause cell cyclestrat the G2/M phase when tested at 20 nM, and
the bromoacetyl derivative, which arrests the asitle at 15 nM. In addition, these colchicine
derivatives have shown fairly active downregulatthg expression of the Mdyc, hTERTand VEGF
genes, as well as VEGF protein secretion, at \@mdoncentrations.
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1. Introduction
Colchicine is an alkaloid isolated from the poises@lant meadow saffro@olchicum autumnale
L. This compound has been used in the treatmergewéral inflammatory diseases such as gout,

familial Mediterranean fever, pericarditis and Bet'g;disease [1]. The primary mechanism of action o
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this natural product involves disruption of the ulib microtubules. In fact, colchicine was the ffirs
compound known to bind tubulin [2]. The microtubdisrupting action is responsible for the blockage
of migration of neutrophils to the damaged tissueréby inhibiting the inflammatory process. Some
studies have revealed that the anti-inflammatofgcefof colchicine may be mediated not only by
microtubule disruption but also by changes at ttapgonal level. In this sense, it has been fothnat
colchicine was able to supress many genes relatednty to the inflammation process but also td cel
cycle regulation. The handicap was that the comagoh of natural product required to exert this
transcriptional regulation was higher than thedpeutic dose [3].

Colchicine is not clinically used in cancer treantsedue to its relatively narrow therapeutic index.
Although a significant percentage of patients repolverse effects at daily doses when colchicine is
administered to treat the above mentioned diseas&dicine may be administered to tolerant pasient
for long periods of time without any side effec}f.[4

Many efforts have been made to find more effectind less toxic colchicine derivatives by means
of modifying its structure [5]. As a matter of factkome derivatives of colchicine, such as
thiocolchicoside (Neoflax™, Muscoril™) are beingdsas anti-inflammatory and analgesic drugs.

In this sense, we have designed, synthesized adiedtsome hybrid molecules with a colchicine
moiety and a pironetin analogue fragment. We fothat, in addition to binding to tubulin, these
compounds were able to downregulate the expresditine VEGF, hTERTand c-Myc genes. These
three genes are of paramount importance in theecageneration process. Our results pointed to the
colchicine fragment being responsible for the obs@rbiological activities, although high doses were
required (50 nM-13M). [6]

It has been reported that deregulatiorcdflyc plays a major role in the carcinogenesis of human
malignancies and very often correlates with upratjoh of VEGF and hTERTexpression [7]. It has
also been determined thaMyc upregulation is associated with low prognosis #ad inactivation of
c-Mycor downstream targets of this one, might providpartant therapeutic strategies [8].

In order to expand our research on colchicine déxies with potential utility in cancer therapy not
only as anti-mitotic compounds but also as downleggus of some oncogenes, we decided to
investigate the influence of tideacetyl group of the natural product in this latietivity. The purpose
was to get colchicine derivatives with enhancedcanter properties and lower toxicity. Thus, we
designed a set df-acyl derivatives (see Figure 1) that would letalsserve the influence of the

electronic and steric nature of this residue inclaigine derivatives. In this family of colchicine



derivatives we have includdd-haloacetyl1-4, N-cyclohexylacetyl5, N-phenylacetyl6, and N-aroyl
moieties7-18.

Colchicine R =Me

1 R=CH,F 7 R=CgHs 13 R =2-CIC¢H,
2 R=CH,CI 8 R =2-MeCgH, 14 R =3-CIC¢H,
3 R=CH,Br 9 R =3-MeCgH, 15 R = 4-CICgH,
4 R=CH,l 10 R =4-MeCgH, 16 R = 2-BrCgH,
5

R= o 11 R=4-nCsHiPh 17 R =3-BrCgH,
/\O 12 R = 4-tBuPh 18 R =4-BrCqH,

R= 3/\@

Figure 1. Structure of the colchicine analogues investigateatiis study

(2]

2. Results and discussion

2.1. Preliminary docking studies

Before starting the synthesis and biological evédneof these colchicine derivatives, we carriedl ou
docking studies in order to find out whether thdsevatives preserved the ability to bind to tubuli
at/or near the colchicine binding site, in a simdanformation to the natural product. Thus, Autddo
4.2 [9] was used to perfom molecular docking catahs and the crystal structureodf tubulin (PDB
ID 1SAO0) [10] was employed as a template. Figui®anel A) shows a superimposition of DAMA-
colchicine N-deacetyIN-(2- mercaptoacetyl)colchicine], obtained from BB ID 1SAO over the
structures of the haloacetyl derivativégl. These docking experiments suggest that derivativé
exhibit conformations very close to that of DAMAlchicine. As an example, panel B shows the
location of floruoacetyl derivativé at thef-tubulin binding site. The docking score, basedreae
energy of binding, is included in the Supplementafgrmation (Table SI-1). Structurds4 show the
same interactions that the crystallized structdr®AMA-colchicine (see 2D interactions in Figures
SI-1, SI-2 and SI-3 in Supplementary Information).



PANEL A

Figure 2. Panel A corresponds to the superimposition ofsthectures ofl (black),2 (orange)3 (red)
and4 (purple) on the co-crystallized DAMA-colchicinelp) at the colchicine binding site. Panel B
corresponds to the structure of fluoroacetyl denreal at the colchicine binding site. The andp-
tubulin subunits are coloured in yellow and greespectively.

As regards the aroyl derivatives, we selected ttenb derivativesl6-18 to perform docking
calculations. Figure 3 (Panel A) shows a superintiposof DAMA-colchicine over the structures of

these compounds.

PANEL A

Figure 3. Panel A corresponds to the superimposition ofsthectures ofl6 (black),17 (red) andl8
(purple) on the co-crystallized DAMA-colchicine (gl at the colchicine binding site. Panel B, C and
D correspond, respectively, to the structure$fl7 and18 at the colchicine binding site. The and
B-tubulin subunits are coloured in yellow and greespectively.

As shown in Figure 3 (panels B, C and D), bromokdeyivatives16-18 bind to the binding site of
the colchicine at th@-tubulin domain in a very close conformation tottbhDAMA-colchicine, with
the bromoaroyl unit pointing towards a hydrophotavity of the adjacent alpha subunit of tubulin.
The bromoaroyl derivative’-18 showed lower binding energy when compared with gaunds1-4.
An extra hydrogen bond interaction betwegksn101 and the carbonyl group of acyl residue liméxl

(see 2D interactions in Figures Sl-4 and SI-5 ip@ementary Information). Also, the aromatic rirfg o
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bromoaryl unit shows an interaction wittAla180. These extra interacions could explain theer
binding energy of compound$-18. According to the docking results, all these datixes retain the
ability to bind to tubulin at the colchicine bindjsite.

2.2. Chemistry
The trifluoroacetate salt ™-deacetyl colchicind9 [11] was used as the starting material to prepare

the N-acyl derivatives1-18 as depicted in Scheme 1. Treatment16f with the corresponding

carboxylic acid in the presence of DCC and DMAP&féd compound$-18 with fair yields. Details

about the precise reaction conditions and yiel@sirdicated in the Experimental Part together with

complete spectral data (graphical spectrgpangided in the Supporting Information) [12].

RCOOH (2 eq),

DCC (6 eq),
DMAP (2 eq)

CH,Cly, RT,
3 h (40-59%)

118

Scheme 1. Synthesis of colchicine derivativésl8.
2.3. Biological evaluation

2.3.1. Effects on the inhibition of cell prolifeiat

The MTT assay was used to measure the ability ofpoundsl-19 to inhibit cell proliferation,
expressed by means of theirs¢Cvalues towards the tumoral cell lines HT-29 (hunmion
adenocarcinoma), MCF-7 (breast adenocarcinoma) ABd9 (human alveolar lung epithelial
carcinoma cells), as well as towards the non-tumoed line HEK-293 (human embryonic kidney
cells). The results were compared with those ofldoine and are depicted in Table 1 along with the
calculated selectivity indexesSffor HT-29 cell line), S (for MCF-7 cell line) and 3l(for A549 cell
line), obtained by dividing the kg values of the non-tumoral cell line (HEK-293) those of the
corresponding tumoral cell line. The Sl value igparameter that helps to estimate the possible
selectivity of compounds for cancer cells in raatito non-cancer cells. Thus, a higher Sl index

indicates a higher therapeutic safety margin.



Table 1. IC5o values (nM) of synthetic compoundlsl9 in cancer cell lines HT-29, MCF-7 and A549,

and one non-cancer cell line HEK-293.

Compound HT-29 MCF-7 A549 HEK-293 SI®  Slg Sh
Colchicine 50 + ¢ 12 + 7 122+0. 5=1 01 04 0.4
1 4.7+1.3 7.2+12 7.83+0.1' 7.1+0F 15 1cC 0.¢
2 46+04 29+1 12.3+2.. 456+008 1.0 0.2 04
3 13.7+0.2 16.4+03 26 +E 1436+106 1.C 09 06
4 10 + 1 41+0.€ 31+° 19+1 19 46 0.€
5 8.7+0. 9+2 19.4+3.. 105+09 1.2 12 0.5
6 2.84+0.00 26+09 2.8+0.¢ 39+07 14 15 1.4
7 81+09 5+2 10 + ¢ 13+5 16 26 1.2
8 57+05 2.02+0.0¢  2.0+0.¢ 9.C+1.2 16 45 4.5
9 2.2:+0.28  5€+1E 8.7+1.1 3.1+0.¢ 14 06 0.4
10 9.C+2.2 31+8 8.8+1.: 16.1+0.€ 1.8 05 1.6
11 42+1.2 5.8+ 1.€ 1.27+04  1.6+04 04 0.2 1.2
12 32.7+2.1 24+ 4 36 +¢€ 58+ 11 1.6 24 1.€
13 2.3+ 0.4 4.5+0.€ 13 ¢ 5.93+ 0.0€ 2.6 13 05
14 1.8+0.2 3.4+0.€ 31+1.; 3.0+0.2 1.7  0.C 1.0
15 1.7¢+0.1F 6.7+ 0.4 6.6 + 1.( 10.1+ 2.4 5.6 1F 1.5
16 5.8+ 0.2 7.6+1.¢ 13 ¢ 8.5+ 2.¢ 15 1.1 0.7
17 0.56+0.0¢  0.363+0.017 14+4 1.1+0.2 2 3¢ 0.0¢
18 11.4+1.2 8.9+0.7 4.2 +1.] 7.8+1.¢ 0.7 0¢ 1.6
19 124 +1.! 155+ 1.! 16.8+0.” 25.1+0. 20 1€ 1.5

%Cs values are expressed as the compound concent(altyrthat inhibits the cell growth by 50%. Data dine
average (+SD) of three experimertSl, = ICso(HEK-293)/IGo(HT-29). °Sly = ICso(HEK-293)/IC5o(MCF-7).

SIe = ICso(HEK-293)/IG5o(A549).

The observed I§ values are all in the low nanomolar range. Ingase of the HT-29 cell line, all

compounds show a better antiproliferative activityan colchicine itself. It is worth noting that

derivativel7 exhibits in HT-29 and MCF-7 cell lines a very |d@s value situated in the picomolar

range, therefore two orders of magnitude lower thamatural product. As for the A549 cell line,sho

compounds exhibit 165 values in the same range as the natural alkdlttiekestingly, most compounds

exhibit S| values greater than colchicine. The aeddyl derivativesl-4 show lower Sl values than

those having aroyl moieties, the most selectivévdgves among the latter beirdy(2-MePh) andl5

(4-CIPh). Particularly worth mentioning is compoutid (3-BrPh), which combines a picomolar anti-

7



proliferative activity with high SI values in theTHR9 and MCF-7 cell lines. These synthetic
compounds therefore could offer the possibilityusk in cancer therapy with lower dosages than

colchicine, this resulting in less acute toxicitplplems than in the case of the natural alkaloid.

Further biological studies have been carried outoider to establish whether the observed
antiproliferative effect in cells is due to thedrdction of these colchicine derivatives with tutul

These studies are detailed hereafter.

2.3.2. Effects on tubulin assembly

With the aim of studying the effects of our derivas ontubulin self-assembly, the critical
concentration for compounds19 was determined in glycerol-assembling buffer (GABhe results
are compared with those achieved in the presenceldhicine and also of podophyllotoxin, a further
microtubule-destabilizing agent. A solution of 28 tubulin was incubated at 37°C with 27.5 pM
concentrations of colchicine, podophyllotoxin ar@mpoundsl-19. Table 2 summarizes the results

achieved.

Table 2. Critical concentration (CrC) for the assembly ofified tubulin in GAB in the presence of
colchicine, podophyllotoxin and the colchicine amples1-19.2

Compound CrC (uM)
Control 9+ 2

Colchicine 24.5+0.3

Podophyllotoxin 23.£+0.7

1 246+0.2

2 247+02

3 24.€+06

4 242+0.2

5 229+15

6 241+04

7 239+0.7

8 199+15

9 23.4+1.1

10 211+15

11 140+09

12 229+13



13 24.1£ 0.€

14 23.6+x05
15 249+04
16 195+0.€
17 235+ 1.1
18 199+14
19 202

®Data are the average (+SD) of three experiments.

All colchicine derivatives inhibit microtubule fomtion with the exception of compourdd (4-n-
PentPh), which shows very little activity. Indeelde concentration of tubulin required to produce
assembly raises fromi®M in the absence of the drugs (DMSO vehicle asrodrnib a maximum value
of 24.9uM in the presence of compout8 (4-CIPh), comparable with that showed by colcteqi24.5
uM) and podophyllotoxin (23.pM). The critical concentration values of analogde$9 (except for
11) therefore confirm that the observed antiprolifiera effect in cells is due to their interactionthwi
tubulin.

Figure 4 depicts the effects of the ligands on kheetics of tubulin self-assembly. As can be
observed, thirteen of the synthetic compounds statill inhibition of microtubule formation in the
same way as colchicine (CLC in the figure). Deiiwed 8 (2-MePh),10 (4-MePh),16 (2-BrPh) andl8
(4-BrPh) and 19 caused partial inhibition of microtubule formaticand also a delay on the

polymerization process.

0.10-
0.09+4
0.08+
0.07+
0.06+
0.054
0.044
0.03+
0.02+

CONTROL
11

AAbsorbance

8,10, 16,18,19

CLC, 1-7,9, 12-15,17
0 10 20 30 40 50 60
time (min)

Figure 4. Effects of colchicine and compountid9 on the kinetics of tubulin assembly. The lines in

the figure show the turbidity time course of polymmation of tubulin alone (black) at 25 uM,
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colchicine (red)8 (green),10 (orange),16 (gray) andl8 (purple) andl9 (pink). All compounds were
at 27.5 pM.

In order to quantify this delay of the nucleatiardalongation process, we have calculated the It
value, defined as the time needed to reach 50%efpblymerization equilibrium. Thesdtvalues
obtained for the control (DMSO) and compou&-MePh),10 (4-MePh),16 (2-BrPh) andl8 (4-
BrPh) andl9 are shown in Table 3.

Table 3. Itspof some compounds for tubulin self-assenibly.

Compound Contral 8 10 16 18 19

[ts0 (mMin) 16.5+0.8 326+0.3 28.8+1.0 34.0+0.5 27+3 275

Data are the average (+SD) of three experiments.

Compounds having a comparatively high value ofaaitconcentration with respect to the control
(lower absorbance in the stationary phase), as ageh higher 4 value with respect to the control
(increased time required for nucleation and eldongatare considered as partial inhibitors of the

polymerization of tubulin. This is the case of caupdss, 10, 16, 18 and19.

2.3.3.Effects on the cell cycle

Having established that our colchicine derivatiwesibit in vitro microtubule assembly, it was
convenient to ascertain whether they also coultbihmicrotubule polymerization inside cells caugin
cell cycle arrest, and also to characterize thié&ces on microtubules, mitoses and DNA contentstFi
of all, we selected the most active compounds fetudy of the effects on the morphology of A549
cells after 24 h treatment with different concettras of our compounds. As a matter of fact, mdst o
the A549 cells became rounded mitotic cells inghesence of colchicine, deacetylcolchicit®eand
compoundsl-4, 6-10, 13-15 and 16-18. However, the cell morphology was not significardiyected
after treatment wittb (CH,CgH11), 11 (4-n-PentPh) and?2 (4-t-BuPh), as compared with the control
cells, with only some small, round and non-adhecetls being observed. For this reason, these three

derivatives were discarded for cell cycle studidge main results are summarized in Table 4.

Table 4. Cell cycle distribution for colchicine and seletompounds.

Compound Conc. (nM) Sub GO GO0/G1 S G2/M
Control 2+1 73+3 15+6 11+4
Colchicine 50 3+1 27 £ 14 11+2 59 + 17

10



1 7.5 2+1 25+6 15+9 60 £13
2 15 2+1 22 +7 20 +3 55+9
3 15 3%1 25+3 19+3 53 +4
4 150 7+3 17+3 13+2 62 %2
6 20 5%1 19+2 16+2 60 +2
7 50 4+3 20+6 28 +10 40+ 6
8 50 8§+2 24 +£5 14+2 47 +5
9 50 16+6 20+8 10+1 45+ 1
10 50 13+5 44 £ 6 262 16+1
13 15 31 11+1 26 +10 55+1
14 20 6+1 24 +5 15+1 57+8
15 15 2%1 27+3 14+4 48 + 11
16 20 4+3 271 22+4 47 +6
17 20 4+3 29+1 16 +3 51+3
18 20 4+3 25+3 161 56+1
19 150 5*1 47 £ 6 15+3 33+2

a Conpentration in italics corresponds approximatelythe IG, value. Data are the average (xSD) of two
experiments.

The observed results show that all compounds exXde@t-MePh) andl9 (lacking any acyl group),
are able to arrest the cell cycle at the G2/M ph&sene of these derivatives have been studied at
different concentrations in order to see which #ne most active compounds at the lowest
concentration. In all cases, a sub-G1 peak, presiynmd cells undergoing apoptosis, was observed.
Ortho-, meta-andpara-chloro and bromobenzoyl derivativé3-18 cause interruption of the cell cycle
at the G2/M phase when tested at approximatelyMOHowever, at 3 nM concentration, derivatives
13-18 accumulate cells in G2/M phase in a higher peegmnthan in the control. Fluoroacetyl and
chloroacetyl derivatived and 2, respectively, arrest the cell cycle at the G2/Nage at their 16
concentration. Interestingly, the bromoacetyl datixe 3 is able to block the cell cycle at the G2/M
phase at half the value of itss§C lodoacetyl derivativel is the less active one of these series of

haloacetyl compounds.

2.3.4. Effect of selected derivatives on the exgiwasof hTERT and c-MYC genes
In order to expand our research on colchicine dékigs with potential utility in cancer therapy,
we proceeded to investigate the effect they exethe expression a-Myc hTERTandVEGF genes

as well as VEGF protein secretion on HT-29 ceklin

11



First of all, a preliminary study was carried oyt donventional PCR to qualitatively determine
which compounds were able to modify the expresefdhese three genes after 48 h of treatment in the
HT-29 cell line (data not shown). This preliminamgst let us select twelve derivatives and their
minimal active concentration (see Figure 5) fouargitative study of gene expression on the saithe ce

line.

Colchicine R =Me (10 nM and 40 nM)

1 R=CHy,F 3 nM 13 R=2-CICgH,; 1.5nM
2 R=CH,CI 3nM 14 R=3-CICgH, 1.5nM
3 R=CH,Br 10nM 15 R=4-CICgH,; 1.5nM
4 R=CHo,l 10nM 16 R=2-BrCgH; 5nM
9 R=3-MeCgHy 2nM 17 R =3-BrCgH, 0.5nM
12 R=4-tBuPh 30nM 18 R=4-BrCgH, 9nM

Figureb5. Selected compounds and concentrations for a qaawgitgene expression test

As regards the ability of our compounds for thebitton of thec-Myc gene expression, we found
that colchicine was very active at a concentratbd0 nM but has no activity when tested at 10 nM
(see Figure 6, panel A). Special attention muspdie on chloroaroyl derivative$3-15 and meta
bromoaroyl compound?, because they were able to inhibit more than 60%MY C gene expression
at very low concentration (1.5 nM for all of themcept for 17 that was 0.5 nM). Bromoacetyl
derivative 3 was also more active than colchicine itself asvats able to inhibit to 35% of gene

expression at a concentration 13 times lower thematural product.

12
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100 >100>100 100 >100>100 79

-
3

% c-Myc gene expresion _,
% hTERT gene expreslon

% VEGF gene expresion .
% VEGF proteln secretion _

Figure 6. Panel A: Expression percentage of theMyc gene after 48 h of incubation with DMSO
(control) and the selected compounidane B: Expression percentage of thEERTgene after 48 h of
incubation with DMSO (control), and the selectethpoundsPanel C: Expression percentage of the
VEGF gene after 48 h of incubation with DMSO (contrahd the selected compound?anel D:
Expression percentage of the VEGF protein sected 48 h of incubation with DMSO (control), and
the selected compounds. At least three measuremants performed in each case Gene expression
was normalized using-ACTIN as endogenous gene. Gene expression was normasizeg3-ACTIN

as endogenous gene. Percentages above 100% intiaatdne corresponding compounds were less
active than the control. Error bars indicate statdarors of the mean. The statistical significanees
evaluated using one-sampeests P <0.001).

As regards the ability of our compounds to inhibEERT gene expression, we found that
colchicine was able to inhibit to half the expressof this gene at a concentration of 40 nM but had
activity when tested at 10 nM (see Figure 6, p&)eln this casep- andm-chloroaroyl derivatived3
and 14 were the most active ones as they caused more 40%n of hTERT gene inhibition at a
concentration of 1.5 nM. The iodoacetyl derivatidewas also fairly active as it was able to

downregulate gene expression to 40% at a conciemtrat 3 nM.

13



As regards inhibition ofVEGF gene expression, we found that colchicine wasvactt a
concentration of 40 nM but had no activity whentédsat 10 nM (see Figure 6, panel C). Again,
chloroaroyl derivatived3-15 showed the best activities as they were ableltdiinmore than 70% of
VEGF gene expression at a concentration of 1.5 pANBromoderivativel8 ahowed also a good
activity at 9 nM whileo-bromoderivativel7 was able to inhibit about 40% WEGF gene expression at
0.5 nM. In this case, the bromo and iodoacetyl vdgives 3 and 4 were also more active than
colchicine itself as they were able to inhibit mdinan 50% of gene expression at a concentration 13
times lower than the natural product.

In order to check how the downregulation\GF gene expression by our derivatives affected
VEGF protein secretion in HT-29 cell line, we ewakd the amount of this protein in the culture
medium after 48 h of treatment (see Figure 6, p&8)&l This evaluation was carried out by ELISA
measurements (see experimental section). The entpyoderivativesl3-15 showed the best activities
as they were able to inhibit to the half the seéonebtf the VEGF protein at a concentration of 1\. n
p-t-Butyl and p-bromoaroylderivatived?2 and 18 showed also activity similar to that of the natura
product but at lower concentrations (30 nM and 9 rédpectively). In this case, the haloacetyl

derivativesl-4 were less active.

3. Conclusions

Colchicine analogues in which thd-acetyl residue has been replaced yhaloacetyl, N-
cyclohexylacetyl, N-phenylacetyl and N-aroyl moieties have been synthetized and their
antiproliferative activities towards the tumor deles HT-29, MCF-7 and A549 and the non-tumor cell
line HEK-293 have been measured. All derivativesnsiCsg values in the low nanomolar range, with
compoundl7 showing a picomolar anti-proliferative action, twalers of magnitude more cytotoxic
than colchicine. As regards the Selectivity Ind8X) (values, most of the synthetic derivatives eithib
Sl values greater than colchicine. Outstandingcagsge those of derivativés(2-MePh) andl5 (4-
CIPh), with high SI values in the three tumor deles assayed, and of compouhd (3-BrPh) with
high Sl values in the HT-29 and MCF-7 cell lineshe$e compounds therefore could offer the
possibility of use in cancer therapy with lower @gss than colchicine, this resulting in less acute
toxicity problems than in the case of the natulighlaid.

As regards the tubulin polymerization process, caumgl 11 (4-n-PentPh) is the only one that
showed a low ability to prevent microtubule formati Gtho- andpara-methylbenzoyl derivatives3(
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and 10) and atho- and para-bromobenzoyl derivativesl$ and 18) may be considered as partial
inhibitors of tubulin polymerization. The remainimtgrivatives behave like colchicine and can be
considered full tubulin polymerization inhibitorspmpoundl5 (4-CIPh) being the most active. The
critical concentration values of analogudsl18 (except for 11) confirm that the observed
antiproliferative effect in cells is due to theiteraction with tubulin.

It is worth mentioning that the tested derivaticasise extensive arrest of the cell cycle at théViG2/
phase with concentrations and incubation timestidanto those of colchicine at 50 nM. Fluoro and
chloroacetyl derivative4 and2, respectively, arrest the cell cycle at the G2Mage when assayed at
their 1Gso concentration. Interestingly, bromoacetyl dervat is able to block the cell cycle at the
G2/M phase at half the value of its siCconcentration.Ortho- meta- and para-chloro and
bromobenzoyl derivative$3-18 cause interruption of the cell cycle at the G2/Mage when tested at
approximately 20 nM.

These colchicine derivatives derivatives are aésdyf active downregulating the expressioncef
MYC, hTERTandVEGF genes.
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Figure 7. Percentage of the oncogene expressions and VEGE&irpgecretion in the presence of the
selected derivatives.

The most active derivatives, along with colchicimegre those with a chloroaroyl uni3-15.
These were able to downregulate the expressicAiMYC, hTERTaNndVEGF genes at 1.5 nM, a much
lower concentration than the one needed to exeangéirmitotic effect (see Table 4). The most active
was m-chloroaroylderivativé4, which reduced the expression of tiyg hTERTandVEGF genes

to 20%, 59% and 30%, respectively. In this senseisialso worth mentioning that ther
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bromoaroylderivativd7 shows activity in downregulating the selected gexgressions at 0.5 nM, the
lowest concentration observed in all these denrreati

In summary, we have found that haloaroyl moietyhis responsible for the enhanced oncogene
downregulation effect of these colchicine derivesivWe could conclude that the enhanced oncogene
downregulation effect of compound8-15, achieved at concentrations lower than thei, Nalues,
might broaden the therapeutic window of these camgs. Indeed, they could be good anti-cancer
drug candidates because they decrease the expre$sincogenes involved in tumor aggressiveness at

concentrations in which there is no antimitoticeeff

4. Experimental section
4.1. General procedures

NMR spectra were measured at 25°C. The signaleeofleuterated solvent (CD¥was taken as
the reference. Multiplicity assignments UiIC signals were made by means of the DEPT pulse
sequence. Complete signal assignment&Hirand *C NMR spectra were made with the aid of 2D
homo- and heteronuclear pulse sequences (COSY, HEB®BC). High resolution mass spectra were
run by the electrospray mode (ESMS). IR data werasured with oily films on NaCl plates (oils) and
are given only for relevant functional groups (C3@). Optical rotations were measured at 25 °C.
Experiments which required an inert atmosphere weaeied out under dry Nin flame-dried
glassware. THF was freshly distilled from sodiunmb@phenone ketyl and transferred via syringe.
Commercially available reagents were used as redeMvhere solutions were filtered through a Celite
pad, the pad was additionally washed with the ssoheent used, and the washings incorporated to the

main organic layer.
4.2. General procedure to prepare colchicine analkegil-18.

Compoundl9 (283 mg, 0.6 mmol) and the appropriate acid (In2ofh were dissolved under,Nh
dry CH,Cl, (60 mL) and treated with N,N'-dicyclohexylcarbodid®a (743 mg, 3.6 mmol) and 4-(N,N-
dimethylamino)pyridine (147 mg, 1.2 mmol). The mibd was stirred for 3 h at room temperature and
then filtered through Celite. The filtrate was evegied under reduced pressure, and the residue was
subjected to column chromatography on silica ggD&e-acetone, 8:1) to afford the desired
compoundl-18. Yields ranked between 40 and 59%.

Yields: 1, 58%:;2, 56%:;3, 51%:;4, 43%:;5, 54%;6, 52%:;7, 45%:;8, 59%:;9, 54%:;10, 54%;11,
53%;12, 46%:;13, 51%;14, 55%;15, 53%:;16, 49%;17, 51%:;18, 58%.
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4.2.1. 2-Fluoro-N-{(79)-1,2,3,10-tetramethoxy-9-ox0-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}acetamide: yellowish solid, mp 103-10%C, lit. [11a] mp 137-142C; [a], —140 (c, 1, CHG); H
NMR (CDCL) 8 7.65 (1H, br dJ ~ 6.5 Hz, NH), 7.40 (1H, s), 7.25 (1H, 8= 10.7 Hz), 6.80 (1H, d

= 10.7 Hz), 6.50 (1H, s), 4.80-4.60 (3H, m), 3.85i(s), 3.90 (3H, s), 3.87 (3H, s), 3.61 (3H, sh12
(1H, dd,J = 13.7, 6.5 Hz), 2.39 (1H, apparent dds 13.2, 6.8 Hz), 2.26 (1H, m), 1.97 (1H, Mc
NMR (CDCl) 6 179.2, 167.1 (doublet witfle_r ~ 18.5 Hz), 163.9, 153.4, 151.1, 150.3, 141.6, 136.0
133.9, 125.4 (C), 135.1, 130.6, 112.1, 107.3, KLI8), 80.0 (center point of doublet withe—r ~ 185

Hz), 36.4, 29.7 (Ch), 61.2, 61.1, 56.2, 56.0 (GH IR Vmax 3270 br (NH), 1680 (C=0) cii HR
ESMSm/z440.1485 (M+N§. Calcd. forCsH,4FNNaQ;, 440.1485.

4.2.2. 2-Chloro-N-{(79)-1,2,3,10-tetr amethoxy-9-oxo0-5,6,7,9-tetr ahydr obenzo[a]heptalen-7-yl}
acetamide: yellowish solid, mp 116-118C, lit. [11a] mp 204-206C; [a], —82 (c, 1; CHCJ); H
NMR (CDCl) 88.15 (1H, br dJ ~ 6.5 Hz, NH), 7.45 (1H, s), 7.30 (1H, 3= 10.7 Hz), 6.84 (1H, d]
=10.7 Hz), 6.51 (1H, s), 4.63 (1H, apparentldt, 11.7, 6.5 Hz), 4.04-4.00 (2H, AB systedns 14.5
Hz). 3.97 (3H, s), 3.91 (3H, s), 3.87 (3H, s), 3(BB, s), 2.51 (1H, dd]) = 13.7, 6 Hz), 2.38 (1H,
apparent tdJ = 13.2, 6.7 Hz), 2.28 (1H, m), 1.94 (1H, Mc NMR (CDCE) & 179.3, 166.0, 164.1,
153.6, 151.2, 151.0, 141.7, 136.4, 134.0, 125.5 18%.4, 130.6, 112.6, 107.4, 52.8 (CH), 42.5, 36.5

29.8 (CH), 61.5, 61.4, 56.4, 56.1 (GH IR Vmax 3270 br (NH), 1681 (C=0) ¢ty HR ESMSm/z
456.1194 (M+N8). Calcd. forCaHo,°CINNaQ;, 456.1190.

4.2.3. 2-Bromo-N-{(79)-1,2,3,10-tetramethoxy-9-0x0-5,6,7,9-tetr ahydr obenzo[a]heptalen-7-
yl}acetamide: brown-yellowish solid, mp 140-142C, lit. [11a] mp 203-206°C; [a], —81 (c, 1,
CHCly); 'H NMR (CDCE) 58.40 (1H, br dJ ~ 6.5 Hz, NH), 7.52 (1H, s), 7.34 (1H, 3= 10.7 Hz),
6.87 (1H, dJ = 10.7 Hz), 6.52 (1H, s), 4.63 (1H, apparentldt,11.7, 6.5 Hz), 3.99 (3H, s), 3.93 (3H,
s), 3.89 (3H, s), 3.95-3.85 (2H, m overlapped l&y@Me signals), 3.64 (3H, s), 2.51 (1H, dd; 13.5,

6 Hz), 2.38 (1H, apparent td,= 13, 6.5 Hz), 2.28 (1H, m), 1.90 (1H, MmJC NMR (CDCE) 5 179.3,
166.0, 164.0, 153.6, 151.4, 151.1, 141.7, 136.8,.3125.4 (C), 135.4, 130.4, 112.7, 107.4, 52.9
(CH), 36.4, 29.7, 28.7 (Ci 61.4, 61.3, 56.4, 56.1 (GH IR Vimax 3260 br (NH), 1681 (C=0) crh

HR ESMSm/z500.0684 (M+N¥). Calcd. forCyH.4 "BrNNaO;, 500.0685.
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4.2.4. 2-1odo-N-{(79)-1,2,3,10-tetr amethoxy-9-oxo0-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}acetamide: brown-yellowish solid, mp 161-16&, lit. [11a] mp 195C; [a], -85 (c, 1, CHG); H
NMR (CDCL) §8.70 (1H, br dJ ~ 7 Hz, NH), 7.64 (1H, s), 7.36 (1H, d= 10.7 Hz), 6.89 (1H, dl =
10.7 Hz), 6.51 (1H, s), 4.63 (1H, apparentddt,11.7, 6.5 Hz), 4.00 (3H, s), 3.93 (3H, s), 3I3H, s),
3.82 (1H, dJ = 10.5 Hz), 3.77 (1H, dl = 10.5 Hz), 3.65 (3H, s), 2.48 (1H, dtk 13, 6 Hz), 2.40-2.25
(2H, br m), 1.86 (1H, m)**C NMR (CDCk) & 179.5, 167.6, 164.0, 153.5, 152.2, 151.1, 141.8,8,3
134.0, 125.4 (C), 135.5, 130.5, 112.9, 107.4, %19), 36.4, 29.8, -0.1 (CH, 61.5, 61.3, 56.4, 56.1

(CHa); IR Vmax 3260 br (NH), 1675 (C=0) cth HR ESMSm/z 548.0537 (M+NJ). Calcd. for
CaoH24INNaGs, 548.0546.

4.2.5. 2-Cyclohexyl-N-{(79)-1,2,3,10-tetr amethoxy-9-ox0-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}acetamide: brown-yellowish solid, mp 226-22¢C; [a], -138 (c, 1, CHQ); 'H NMR (CDCE)
07.49 (1H, s), 7.35 (1H, br d,~ 7 Hz, NH), 7.28 (1H, d) = 10.7 Hz), 6.82 (1H, dl = 10.7 Hz), 6.49
(1H, s), 4.64 (1H, apparent dt= 11.7, 6.5 Hz), 3.96 (3H, s), 3.91 (3H, s), 38H, s), 3.63 (3H, s),
2.46 (1H, ddJ = 13, 6 Hz), 2.34 (1H, apparent &= 13.2, 6.8 Hz), 2.22 (1H, m), 2.05 (2H, apparent
d, J = 7 Hz), 1.83 (1H, m), 1.75-1.50 (6H, br m), 1200 (3H, br m), 0.87 (2H, m)C NMR
(CDCl) 6179.3,172.1, 163.9, 153.3, 152.0, 151.1, 141.6,51334.1, 125.6 (C), 135.0, 130.7, 112.4,
107.3, 52.0, 34.9 (CH), 44.1, 36.7, 33.1, 33.08226.1, 25.9, 25.8 (Gl 61.5, 61.2, 56.2, 56.0
(CH3); IR Vpax 3280 br (NH), 1656 (C=0) ¢t HR ESMSm/z 504.2364 (M+N%). Calcd. for
CagH3sNNaGs, 504.2362.

4.2.6. 2-Phenyl-N-{(79)-1,2,3,10-tetr amethoxy-9-0x0-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}acetamide: yellowish solid, mp 122-125C; [a], —99 (c, 1, CHGJ); 'H NMR (CDCk) 6 7.40-7.25
(7H, br m), 6.80 (1H, dJ = 10.7 Hz), 6.50 (1H, s), 5.90 (1H, brXy 7 Hz, NH), 4.62 (1H, apparent
dt,J=11.7, 6.5 Hz), 4.00 (3H, s), 3.94 (3H, s), 334, s), 3.66 (3H, s), 3.57 (2H, br s), 2.48 (14, d
J=13.5, 6.5 Hz), 2.38 (1H, apparentdd; 13.2, 6.5 Hz), 2.13 (1H, m), 1.65 (1H, appatdnd = 12,

7 Hz); *3C NMR (CDCk) 5 179.3, 170.6, 163.9, 153.4, 151.6, 151.1, 141.6,5,3.34.8, 134.1, 125.6
(C), 135.1, 130.6, 129.2 (x 2), 128.7 (x 2), 12112.4, 107.3, 52.2 (CH), 43.1, 36.6, 29.8 ({181.5,
61.2, 56.2, 56.0 (Ch IR Vmax 3280 br (NH), 1653 (C=0) c¢th HR ESMSm/z 476.2083 (M+H).
Calcd. forC,gH30NOg, 476.2073.
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4.2.7. N-{(79)-1,2,3,10-tetramethoxy-9-oxo-5,6,7,9-tetr ahydr obenzo[a] heptal en-7-yl}benzamide:
yellowish solid, mp 171-178C, lit. [11e] mp 150-152C; [a], —40 (c, 1.1, CHQ), lit. [15]* [a]p
-107;*H NMR (CDCk) 8 7.90 (1H, br dJ ~ 7 Hz, NH), 7.77 (2H, dJ = 7.8 Hz), 7.63 (1H, s), 7.35-
7.25 (2H, m), 7.19 (2H, f] = 7.8 Hz), 6.85 (1H, d] = 10.7 Hz), 6.53 (1H, s), 4.86 (1H, apparentldt,
=11.5, 7 Hz), 3.97 (3H, s), 3.95 (3H, s), 3.89 (38H 3.73 (3H, s), 2.49 (1H, ddi= 13, 6.5 Hz), 2.43
(1H, apparent td] = 13.5, 7 Hz), 2.40 (1H, m), 2.00 (1H, MJC NMR (CDCk) 5 179.2, 166.9, 163.9,
153.4, 152.1, 151.1, 141.6, 136.5, 134.2, 133.8,61(C), 135.2, 131.3, 130.7, 128.1 (x 2), 127.@)x
112.4, 107.3, 52.7 (CH), 36.3, 29.9 (§H61.5, 61.2, 56.2, 56.0 (GH IR Vmax 330 br (NH), 1654

(C=0) cni’; HR ESMSm/z462.1915 (M+H). Calcd. foiCo7H2sNOs, 462.1916.

4.2.8. 2-M ethyl-N-{(79)-1,2,3,10-tetr amethoxy-9-ox0-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}benzamide: yellowish solid, mp 202-205C; [a], -160 (c, 1.1; CHG); 'H NMR (CDCk) & 7.46
(QH, s), 7.40 (1H, d) = 7.5 Hz), 7.35-7.30 (2H, m), 7.20 (2H, m), 6.881(d,J = 10.7 Hz), 6.58 (1H,
S), 6.20 (1H, br dJ ~ 7 Hz, NH), 4.85 (1H, apparent dtz 11.5, 7 Hz), 4.00 (3H, s), 3.97 (3H, s), 3.93
(3H, s), 3.72 (3H, s), 2.58 (1H, ddl= 13, 6.5 Hz), 2.50 (1H, apparent §ds 13.5, 7.2 Hz), 2.38 (3H,
s), 2.35 (1H, m), 1.85 (1H, apparent s 11.7, 6.8 Hz)}*C NMR (CDCE) & 179.2, 169.3, 163.9,
153.4, 151.2, 151.0, 141.6, 136.2, 136.0, 135.8,113125.6 (C), 135.0, 130.8, 130.7, 129.7, 126.8,

125.5, 112.1, 107.3, 52.2 (CH), 36.9, 29.8 §161.4, 61.2, 56.1, 56.0, 19.7 (QHIR Vmax 3260 br
(NH), 1653 (C=0) cri; HR ESMSm/z476.2067 (M+H). Calcd. foiCsH30NOs, 476.2073.

4.2.9. 3-Methyl-N-{(79)-1,2,3,10-tetr amethoxy-9-0x0-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}benzamide: yellowish solid, mp 145-147C; [a], -48 (c, 1; CH); 'H NMR (CDCk) & 7.57 (1H,

s), 7.54 (1H, br dJ ~ 7 Hz), 7.46 (1H, s), 7.33 (1H, d= 10.7 Hz), 7.30-7.25 (2H, m) 6.83 (1H,Xk
10.7 Hz), 6.70 (1H, br dl ~ 7 Hz, NH), 6.57 (1H, s), 4.86 (1H, apparent)dt, 11.7, 7 Hz), 4.00 (3H,
s), 3.97 (3H, s), 3.92 (3H, s), 3.73 (3H, s), A9, dd,J = 13, 6.5 Hz), 2.50 (1H, apparent ids 13,

7 Hz), 2.37 (3H, s), 2.40-2.35 (1H, m), 1.95 (1dparent tdJ = 11.7, 6.8 Hz)*C NMR (CDC}) &
179.2, 166.9, 163.9, 153.4, 152.1, 151.1, 141.6,8,3136.6, 134.2, 133.2, 125.6 (C), 135.1, 132.0,
130.8, 128.0, 127.5, 124.1, 112.5, 107.3, 52.7 (@G38)4, 29.9 (ChH), 61.5, 61.3, 56.2, 56.0, 20.9
(CHs); IR Vmax 3290 br (NH), 1653 (C=0) cmi HR ESMS m/z 476.2079 (M+H). Calcd. for
Ca8H30NOs, 476.2073.
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4.2.10. 4-Methyl-N-{(79)-1,2,3,10-tetramethoxy-9-oxo-5,6,7,9-tetr ahydr obenzo[ a] heptalen-7-
yl}benzamide: yellowish solid, mp 179-181C; [a], —28 (c, 1; CHG); 'H NMR (CDCk) 5 7.67 (2H,
d,J = 7.8 Hz), 7.49 (1H, s), 7.33 (1H, 8= 10.7 Hz), 7.16 (2H, d] = 7.8 Hz) 6.90 (1H, br d] ~ 7

Hz, NH), 6.83 (1H, dJ = 10.7 Hz), 6.56 (1H, s), 4.86 (1H, apparentldt,11.7, 7 Hz), 3.99 (3H, s),
3.96 (3H, s), 3.91 (3H, s), 3.73 (3H, s), 2.57 (1H,J = 13, 6.5 Hz), 2.48 (1H, apparent & 13, 7
Hz), 2.40-2.30 (1H, m), 2.35 (3H, s), 1.95 (1H, a@mt td,J = 11.7, 6.8 Hz)*C NMR (CDCE) &
179.2, 166.8, 163.9, 153.4, 152.1, 151.2, 141.@)(x136.6, 134.2, 130.4, 125.6 (C), 135.1, 130.7,
128.8 (x 2), 127.0 (x 2), 112.4, 107.3, 52.7 (CB8H.4, 29.9 (Ch), 61.5, 61.3, 56.2, 56.0, 21.2 (gH

IR Vimax 3300 br (NH), 1652 (C=0) c¢th HR ESMSm/z 476.2070 (M+H). Calcd. forCpgHzdNOs,
476.2073.

4.2.11. 4-(n-Pentyl)-N-{(79)-1,2,3,10-tetramethoxy-9-ox0-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}benzamide: yellowish solid, mp 136-138C; [a], —20 (c, 0.96; CHG); 'H NMR (CDCk) & 7.67
(2H, d,J = 7 Hz), 7.47 (1H, s), 7.33 (1H, d= 10.7 Hz), 7.18 (2H, d] = 7 Hz), 6.82 (2H, m), 6.56
(1H, s), 4.86 (1H, apparent &= 11.7, 7 Hz), 3.98 (3H, s), 3.96 (3H, s), 3.9H,3), 3.73 (3H, 9),
2.65-2.55 (3H, br m), 2.48 (1H, apparentdd; 13, 7 Hz), 2.40-2.30 (1H, m), 1.94 (1H, appatend

= 11.5, 7 Hz), 1.65-1.55 (2H, m), 1.35-1.20 (4H, MB9 (3H, tJ = 6.5 Hz);™*C NMR (CDCE) 5
179.3, 166.9, 164.0, 153.4, 151.7, 151.2, 146.8,714136.4, 134.2, 130.8, 125.7 (C), 135.1, 130.7,
128.3 (x 2), 127.0 (x 2), 112.4, 107.4, 52.6 (C8H,7, 35.7, 31.3, 30.7, 29.9, 22.4 (gH61.6, 61.3,
56.2, 56.0, 13.9 (CH; IR Vimax 3290 br (NH), 1653 (C=0) cth HR ESMSm/z532.2705 (M+H).
Calcd. forC;,H3sNOg, 532.2699.

4.2.12. 4-(tert-Butyl)-N-{(79)-1,2,3,10-tetramethoxy-9-ox0-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}benzamide: yellowish solid, mp 163-165C; [a], —28 (c, 1; CHG); 'H NMR (CDCk) 5 7.70 (2H,
d,J =7 Hz), 7.44 (1H, s), 7.43 (2H, d= 7 Hz), 7.33 (1H, d) = 10.7 Hz), 6.82 (1H, dl = 10.7 Hz),
6.60 (1H, br dJ ~ 7 Hz, NH), 6.57 (1H, s), 4.87 (1H, apparentXdt 11.7, 7 Hz), 3.99 (3H, s), 3.97
(3H, s), 3.92 (3H, s), 3.74 (3H, s), 2.57 (1H, dd, 13, 6.5 Hz), 2.50 (1H, apparent §d= 13, 7 Hz),
2.40-2.30 (1H, m), 1.92 (1H, apparent 4= 11.5, 7 Hz), 1.33 (9H, s}*C NMR (CDCE) 5 179.3,
166.9, 163.9, 154.8, 153.4, 151.8, 151.2, 141.6,413134.2, 130.6, 125.7, 34.7 (C), 135.1, 130.7,
126.9 (x 2), 125.2 (x 2), 112.4, 107.4, 52.6 (C8H,6, 29.9 (CH), 61.6, 61.3, 56.2, 56.0, 31.0 (x 3)

(CHs); IR Vmax 3300 br (NH), 1652 (C=0) cmi HR ESMS m/z 518.2549 (M+H). Calcd. for

C31H36NOeg, 518.2543.
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4.2.13. 2-Chloro-N-{(79)-1,2,3,10-tetramethoxy-9-oxo-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}benzamide: yellowish solid, mp 153-15%C; [a], -134 (c, 1; CHG); '"H NMR (CDCk) & 7.64 (1H,
d,J=7.5Hz), 7.48 (1H, s), 7.40-7.30 (4H, br m),%@B80 (2H, m), 6.57 (1H, s), 4.87 (1H, apparent
dt,J = 11.5, 7 Hz), 3.99 (3H, s), 3.96 (3H, s), 3.98,(3), 3.72 (3H, ), 2.58 (1H, dd= 13, 6.5 Hz),
2.49 (1H, apparent td,= 13.2, 7 Hz), 2.40 (1H, m), 1.92 (1H, apparenttd 11.5, 6.5 Hz):*C NMR
(CDCl) 6179.2, 165.8, 163.9, 153.4, 151.1, 150.5, 141.6,01334.4, 134.0, 130.5, 125.6 (C), 134.9,
131.1, 131.0, 130.0, 129.8, 126.8, 112.1, 107.3% %2H), 36.8, 29.8 (C}), 61.4, 61.2, 56.1, 56.0
(CHs); IR Vmax 3250 br (NH), 1666 (C=0) cmi HR ESMS m/z 496.1523 (M+H). Calcd. for
Ca7Ha7 CINOs, 496.1527.

4.2.14. 3-Chloro-N-{(79)-1,2,3,10-tetramethoxy-9-oxo-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}benzamide: yellowish solid, mp 105-107C; [a], —15 (c, 0.92; CHG); 'H NMR (CDCk) & 7.85
(1H, br s, NH), 7.74 (1H, s), 7.62 (2H, m), 7.4H(H, J = 10.7 Hz), 7.33 (1H, d] = 7.8 Hz), 7.17
(1H, t,J = 7.8 Hz), 6.89 (1H, d] = 10.7 Hz), 6.56 (1H, s), 4.87 (1H, apparentldt,11.5, 7 Hz), 4.00
(3H, s), 3.96 (3H, s), 3.91 (3H, s), 3.73 (3H,x)7 (1H, ddJ = 13, 6.5 Hz), 2.50-2.35 (2H, br m),
2.07 (1H, apparent td,= 11.5, 6.5 Hz)**C NMR (CDCk) 5 179.2, 165.2, 164.1, 153.5, 152.4, 151.2,
141.6, 136.9, 134.8, 134.3, 130.5, 125.6 (C), 1,363.3, 130.7, 129.5, 127.5, 125.0, 112.9, 107.4,
53.0 (CH), 36.2, 29.9 (CH, 61.6, 61.3, 56.4, 56.1 (GH IR Vmax 3290 br (NH), 1662 (C=0) cth HR
ESMSm/z496.1527 (M+H). Calcd. fotC,7H,7>°CINOg, 496.1527.

4.2.15. 4-Chloro-N-{(79)-1,2,3,10-tetramethoxy-9-ox0-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}benzamide: yellowish solid, mp 122-124C; [a], +56.5 (c, 0.92; CHG); 'H NMR (CDCk) 5 7.73
(2H, d,J = 7.8 Hz), 7.62 (1H, s), 7.39 (1H, = 10.7 Hz), 7.20-7.15 (3H, m), 6.90 (1H,Xs 10.7
Hz), 6.55 (1H, s), 4.85 (1H, apparent @it 11.5, 7 Hz), 4.00 (3H, s), 3.96 (3H, s), 3.9H,3), 3.75
(3H, s), 2.60-2.55 (1H, m), 2.50-2.35 (2H, br m}L,®2.00 (1H, m)**C NMR (CDC}) 5 179.1, 165.7,
164.0, 153.5, 152.8, 151.2, 141.6, 137.4, 137.@,23131.3, 125.5 (C), 135.6, 130.4, 128.5 (x 2),
128.3 (x 2), 112.9, 107.4, 53.2 (CH), 36.0, 30.61£C61.6, 61.3, 56.3, 56.1 (GH IR Vimax 3290 br

(NH), 1662 (C=0) crit; HR ESMSm/z496.1527 (M+H). Calcd. foiCa7H,7>"CINOg, 496.1527.
4.2.16. 2-Bromo-N-{(79)-1,2,3,10-tetramethoxy-9-ox0-5,6,7,9-tetr ahydr obenzo[ a] heptalen-7-
yl}benzamide: yellowish solid, mp 174-178C; [a], —152 (c, 1, CHG); 'H NMR (CDCk) 5 7.59 (1H,
d,J=7.8Hz), 7.55 (1H, d] = 7.8 Hz), 7.50 (1H, s), 7.40-7.30 (3H, br m),5(&H, d,J = 10.8 Hz),
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6.57 (1H, s), 6.50 (1H, br d,~ 7 Hz, NH), 4.88 (1H, apparent dt= 11.3, 7 Hz), 4.00 (3H, s), 3.97
(3H, s), 3.93 (3H, s), 3.72 (3H, s), 2.58 (1H, dd; 13, 6.5 Hz), 2.50 (1H, apparent &d= 13.2, 6.5
Hz), 2.44 (1H, m), 1.90 (1H, apparent id 11.5, 6.5 Hz)'*C NMR (CDCk) & 179.2, 166.8, 163.9,
153.4, 151.1, 150.5, 141.6, 137.1, 136.1, 134.6,6,2119.1 (C), 135.0, 133.0, 131.2, 131.1, 129.6,
127.4, 112.1, 107.4, 52.6 (CH), 36.9, 29.8 {161.4, 61.2, 56.1, 56.0 (G} IR Vimax 3250 br (NH),
1665 (C=0) crm'; HR ESMSm/z540.1019 (M+H). Calcd. foiC,7H,7 "BrNOg, 540.1022.

4.2.17. 3-Bromo-N-{(79)-1,2,3,10-tetramethoxy-9-oxo-5,6,7,9-tetr ahydr obenzo[a] heptalen-7-
yl}benzamide: yellowish solid, mp 137-139C; [a], —11 (c, 0.96; CHG); 'H NMR (CDCE) & 8.50
(1H, br d,J ~ 7 Hz, NH), 7.90 (1H, br s), 7.68 (1H, s), 7.64 (1HJ = 7.8 Hz), 7.40 (1H, br d] ~ 8
Hz), 7.38 (1H, dJ = 10.7 Hz), 6.99 (1H, t] = 8 Hz), 6.90 (1H, d) = 10.7 Hz), 6.52 (1H, s), 4.85 (1H,
apparent dt) = 11.5, 7 Hz), 3.99 (3H, s), 3.95 (3H, s), 3.80,(8), 3.72 (3H, s), 2.49 (1H, ddi= 13,

6 Hz), 2.45-2.30 (2H, br m), 2.13 (1H, nfC NMR (CDC}) & 179.2, 165.2, 164.1, 153.5, 152.4,
151.2, 141.6, 136.9, 134.8, 134.3, 130.5, 125.6 18%.5, 131.3, 130.7, 129.5, 127.5, 125.0, 112.9,
107.4, 53.0 (CH), 36.2, 29.9 (G 61.6, 61.3, 56.4, 56.1 (GH IR Vinax 3290 br (NH), 1654 (C=0)
cm -, HR ESMSm/z540.1025 (M+H). Calcd. foiC,7H2;"BrNOg, 540.1022.

4.2.18. 4-Bromo-N-{(7S)-1,2,3,10-tetramethoxy-9-oxo-5,6,7,9-tetr ahydr obenzo[ a] heptalen-7-
yl}benzamide: yellowish solid, mp 154-156C; [a], +61.6 (c, 0.92; CHG]; 'H NMR (CDCk) & 7.80
(1H, br s, NH), 7.66 (2H, dl = 8 Hz), 7.57 (1H, s), 7.40-7.35 (3H, m), 6.88 (tHJ = 10.8 Hz), 6.55
(1H, s), 4.84 (1H, apparent &= 11.5, 7 Hz), 4.01 (3H, s), 3.97 (3H, s), 3.9”,3), 3.74 (3H, 9),
2.57 (1H, ddJ = 13, 6.5 Hz), 2.50-2.35 (2H, br m), 2.05-2.00 (1h); *C NMR (CDC) & 179.0,
165.7, 164.0, 153.5, 152.8, 151.1, 141.6, 137.@,213131.7, 126.0, 125.5 (C), 135.6, 131.2 (x 2),
130.3, 128.7 (x 2), 113.0, 107.3, 53.2 (CH), 3289 (CH), 61.6, 61.2, 56.3, 56.0 (GH IR Vpmax

3290 br (NH), 1654 (C=0) cth HR ESMS m/z 540.1022 (M+H). Calcd. forCy7Hz7"*BrNOs,
540.1022.

4.3. Cell culture studies

Cell culture media were purchased from Gibco (GHatahd, NY). Fetal bovine serum (FBS) was a
product of Harlan-Seralab (Belton, U.K.). Suppletseand other chemicals not listed in this section

were obtained from Sigma Chemical Co. (St. Loui§)MPlastics for cell culture were supplied by
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Thermo Scientific BioLite. All tested compounds eealissolved in DMSO at a concentration of 10
mM and stored at —20°C until use.

HT-29, MCF-7, A-549 and HEK-293 cell lines were ntained in Dulbecco’s modified Eagle’s
medium (DMEM) containing glucose (1g/L), glutamifZzemM), penicillin (50 1U/mL), streptomycin
(50 ng/mL), and amphotericin B (1.2%/mL), supplemented with 10% FBS.

4.4, MTT assays

In order to study the antiproliferative capacityooifr derivatives, we used MTT assay on HT-29,
MCF-7, A-549 or HEK-293. 5,000 cells/well were pddn 96-well microtiter plate in a total volume
of 100uL of growth media. After 24 h, they were incubatdgth serial dilutions of the tested
compounds. The 3-(4,5-dimethylthiazol-2-yl)-2,5umyltetrazolium bromide (MTT; Sigma
Chemical Co.) dye reduction assay in 96-well mitatgs was used, as previously described [26]. After
2 days of incubation (37 °C, 5% G@ a humid atmosphere), 10 of MTT (5 mg/mL in phosphate-
buffered saline, PBS) was added to each well, baglate was incubated for a further 3 h (37 °@e T
supernatant was discarded and replaced by 100 PIM&O to dissolve formazan crystals. The
absorbance was then read at 540 nm by spectrophttorfior all concentrations of compound, cell
viability was expressed as the percentage of tie batween the mean absorbance of treated cells an
the mean absorbance of untreated cells. Three émdigmt experiments were performed, and thg IC

values (i.e., concentration half inhibiting celbpferation) were graphically determined.

4.5. Tubulin self-assembly measurements

Purified tubulin was used for these measuremenibullh polymerization was carried out in a 96
well plate. In each well 50 pL of a solution of @M of tubulin in GAB buffer was added to 50 pL of
27.5 uM solution of the corresponding compound&AB buffer (20 mM sodium phosphate, 10 mM
MgClz, 1 mM EGTA, 30% glycerol) and 0.1 mM GTP at pH.56.6Then, the plate was incubated at 37

°C in Multiskan (R) and absorbance at 340 nM wgsstered every 30 seconds during 2 hours.

4.6. Cell cycle studies

Progression of the cell cycle was analysed by DNfenination by means of flow cytometry with
propidium iodide. A549 cells were fixed, treatedttwRNase and stained with propidium iodide
following instructions of BD CycletestTM DNA Kit. Aalysis was performed with a BD AccuriTM C6

flow cytometer.

23



4.7. RT-gPCR Assay

HT-29 cells at 70—-80% confluence were collected hidx 105 cells were placed in a six well plate
in 1.5 mL of medium. After 24h, cells were inculzhtgith the corresponding compounds for 48 h.
Cells were collected and the total cellular RNAnfrddT-29 cells was isolated using Ambion RNA
extraction Kit according to the manufacturer’s instions. The cDNA was synthesized by MMLV-RT
with 1-21pg of extracted RNA and oligo(dT)15 according to thenufacturer’s instructions. Genes
were amplified by use of a thermal cycler and Stegdus ™ Tagman ® probes. TagMan ® Gene
Expression Master Mix Fast containing the appraermuffer for the amplification conditions, dNTPs,
thermostable DNA polymerase enzyme and a pasdieeeree probe was used. To amplify each of the
genes the predesigned primers were used and sdldebfechnologies TagMan ® Gene Expression
Assays, Hs99999903-m1p-actin), Hs00972646-m1 (hTERT), Hs00153408-m1 (¢ and
Hs00900055-m1 (VEGF-A).

4.8. ELISA analysis

HT-29 cells at 70-80% confluence were collected hidx 16 cells were placed in a six well plate
in 1.5 mL of medium. After 24h, cells were inculshtsith the corresponding compounds for 48 h.
Culture supernatants were collected and VEGF smtrély HT-29 cells was determined using
Invitrogen Human Vascular Endothelial Growth FadEirSA Kit according to the manufacturer’s

instructions.
4.9. Molecular docking studies

Molecular docking was performed using Autodock [@]2 The crystal structure efff tubulin (PDB

ID 1SA0) was used as a template. NeverthelessCthed D subunits, stathmin, water molecules and
bound ligands were previously removed from the grotstructure in order to perform docking
simulation. The GaussView 5.0 program [13] was useduild the structures of the colchicine
derivativesl-4 and16-18. Local docking was made in such a way that the lgox covered the entire
ap-tubulin interface. The grid map was used with pdits equally in each x, y and z direction and
with grid spacing 0.247 A. The cluster was compayedhe basis of the free energy of binding. The
Lamarckian genetic algorithm (LGA) was employedhnihe default parameters; g_eval was set to
2500000 (medium) and 100 LGA runs were conductedledlilar graphics were done with the
program Visual Molecular Dynamics (VMD) [14]. Disgary Studio Visualizer program [15] has been

used to show the interaction in 2-D between thepmmds and the tubulin.
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List of captions
Figure 1. Structure of the colchicine analogues investigatdtiis study.

Figure 2. Panel A corresponds to the superimposition ofsthéctures ofl (black),2 (orange)3 (red)
and4 (purple) on the co-crystallized DAMA-colchicinelp) at the colchicine binding site. Panel B
corresponds to the structure of fluoroacetyl denreal at the colchicine binding site. The andp-

tubulin subunits are coloured in yellow and greespectively.

Figure 3. Panel A corresponds to the superimposition ofsthectures ofi6 (black),17 (red) andl8
(purple) on the co-crystallized DAMA-colchicine (gl at the colchicine binding site. Panel B, C and
D correspond, respectively, to the structure$6yfl7 and18 at the colchicine binding site. The and

B-tubulin subunits are coloured in yellow and greespectively.
Scheme 1. Synthesis of colchicine derivativ&sl8.

Table 1. ICso values (nM) of synthetic compoundsl9 in cancer cell lines HT-29, MCF-7 and A549,

and one non-cancer cell line HEK-293.

Table 2. Critical concentration (CrC) for the assemblypafified tubulin in GAB in the presence of

colchicine, podophyllotoxin and the colchicine amples1-19.2

Figure 4. Effects of colchicine and compountid9 on the kinetics of tubulin assembly. The lines in
the figure show the turbidity time course of polymation of tubulin alone (black) at 25 uM,
colchicine (red)8 (green),10 (orange)16 (gray) andl8 (purple) andl9 (pink). All compounds were
at 27.5 pM.

Table 3. Itspof some compounds for tubulin self-assenibly.
Table 4. Inhibitory Effects on Microtubule Assembly at 3786d 15 puM of tubulifi.
Figure5. Selected compounds and concentrations for a ifai@re gene expression test

Figure 6. Panel A: Expression percentage of theMyc gene after 48 h of incubation with DMSO
(control) and selected compoundanel B: Expression percentage of th€ERTgene after 48 h of
incubation with DMSO (control), and selected commisi Panel C: Expression percentage of the
VEGF gene after 48 h of incubation with DMSO (contradnd selected compoundBanel D:
Expression percentage of the VEGF protein sected 48 h of incubation with DMSO (control), and
selected compounds. At least three measurements pegformed in each case Gene expression was
normalized usingg-ACTIN as endogenous gene. Gene expression was normabmegi3-ACTIN as
endogenous gene. Percentages above 100% indieatbehcorresponding compounds were less active
than the control. Error bars indicate standardreraf the mean. The statistical significance was
evaluated using one-sampieests P <0.001).
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Figure 7. Percentage of the oncogene expressions and VEGEirpreecretion in the presence of
selected derivatives.
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PANEL A

Figure3
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RCOOH (2 eq),
DCC (6 €q9),
DMAP (2 eq)

CH,Cl,, RT,
3 h (40-59%)

Scheme 1.
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Tablel.

Compound HT-29 MCF-7 A549 HEK-293 SI®  Slg Sh
Colchicine 50 + ¢ 12+ 7 122+0. 5=1 01 04 0.4
1 4.7+1.3 7.2+12 7.83+0.1' 7.1+0F 15 1cC 0.¢
2 46+04 29+1 12.3+2.. 456+008 1.0 0.2 0.4
3 13.7+0.2 16.4+03 26 +E 1436+106 1.C 09 0.€
4 10 + 1 4.1+0.€ 31+° 19+1 19 46 0.€
5 8.740.5 9+2 19.4+3.. 105+09 1.2 12 0.5
6 2.84+0.00 26+09 2.8+0.¢ 39+07 14 15 1.4
7 81+09 5+2 10 + ¢ 13+5 16 26 1.2
8 57+05 2.02+0.0¢  2.0+0.¢ 9.C+1.2 16 45 4.5
9 2.2:+0.28  5€+1E 8.7+1.1 3.1+0.¢ 14 06 0.4
10 9.C+2.2 31+8 8.8+1.: 16.1+0.€ 1.8 05 1.6
11 42+1.2 5.8+ 1.€ 1.27+04  1.6+04 04 0.2 K
12 32.7+2.1 24+ 4 36 +¢€ 58+ 11 1.6 24 1.€
13 2.3+ 0.4 4.5+0.€ 13 ¢ 5.93+ 0.0€ 26 1.2 0.5
14 1.8+0.2 3.4+0.€ 31+1.; 3.0+0.2 1.7  0.C 1.C
15 1.8(+0.1F 6.7+ 0.4 6.6 + 1.( 10.1+ 2.4 5.6 1F 1.5
16 5.8+ 0.2 7.6+1.¢ 13 ¢ 8.5+ 2.¢ 15 1.1 0.7
17 0.56+0.0¢  0.363+0.017 14+4 1.1+0.2 2 3¢ 0.0¢
18 11.4+1.2 8.9+0.7 42+1.: 7.8+1.¢ 0.7 0¢ 1.6
19 12.4+.5 155+ 1.! 16.8+0.” 25.1+0. 20 1€ 1.5

%Cs values are expressed as the compound concent(altyrthat inhibits the cell growth by 50%. Data dine
average (+SD) of three experimerfiSly = ICso(HEK-293)/IG;o(HT-29). °Slg = ICs(HEK-293)/IC5o(MCF-7).

ISIc = ICs(HEK-293)/ICso(A549).
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Table 2.

Compound CrC (uM)
Control 9+ 2

Coalchicine 24.5+0.Z

Podophyllotoxin 23.£+0.7

1 24.€+ 0.3

2 24.7+0.2

3 24€+06

4 24.2+0.2

5 229+ 1F

6 241+04

7 239+0.7

8 19915

9 23.4+1.1

10 21.1+£1.C

11 14.0+£0.€

12 229+ 1.2

13 24.2+ 0.€

14 23.6+£ 0.5

15 249+ 0.4

16 19.5+0.€

17 235+1.1

18 19.9+14
19 202

®Data are the average (+SD) of three experiments.
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Table 3.

Compound

Control

8 10 16 18

19

Its0 (mln)

16.5+0.8

326 +0.3 288+1.0 34.0+£05

27+3

27+5

Data are the average (+SD) of three experiments.
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Table4.

Compound Conc. (nM) Sub GO G0/G1 S G2/M
Control 2+1 73+3 15+6 11+4
Colchicine 50 3x1 27 +14 11+2 59 + 17
1 7.5 2+1 25+6 15+9 60 £13
2 15 2+1 22 +7 20+3 55 +9
3 15 31 25+3 19+3 53+4
4 150 7+3 17+3 13+2 62 +2
6 20 5+1 19+2 16+2 60 +2
7 50 4+3 29+6 28 +10 40+6
8 50 8+2 24 +5 14+2 47 +5
9 50 16+6 29+8 10+1 45+1
10 50 13+5 44 +6 26 +2 16+1
13 15 31 11 +£1 26 £10 55+1
14 20 6+1 24 +5 15+1 57+8
15 15 2+1 27 +3 14 +4 48 +11
16 20 4+3 271 22 +4 47 +6
17 20 4+3 29+1 16 £3 51+3
18 20 4+3 25+3 16+1 56 +1
19 150 5+1 47+6 15+3 332
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Colchicine R=Me (10 nM and 40 nM)

1 R=CHyF 3nM 13 R=2-CICgH, 1.5nM
2 R=CH,CI 3nM 14 R=3-CICgH, 1.5nM
3 R=CH,Br 10nM 15 R =4-CICzH, 1.5nM
4 R=CHo,l 10nM 16 R=2-BrCgH, 5nM
9 R=3-MeCgHs 2nM 17 R =3-BrCgH, 0.5nM
12 R=4-1BuPh 30nM 18 R=4-BrCgH, 9nM

Figureb.
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Effects on tubulin polymerization and down-regulation of c-Myc, hTERT and
VEGF genes by colchicine haloacetyl and haloar oyl derivatives

Ana Marzo-Mas, Eva Falomir, Juan Murga, Miguel Carda and J. Alberto Marco

Highlights

» Severa N-acyl colchicine analogues have been synthesized.

» Their effect on the proliferation of several cell lines have been measured.

* Most compounds are able to inhibit in vitro tubulin polymerization.

» Some derivatives arrest cell cycle at G2/M phase at concentrations lower than colchicine.

» Some derivatives are able to downregul ate some oncogene (VEGF, c-MY C and hTERT) expression

at nontoxic concentrations.



