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Abstract: Background: In the last years, many efforts have been made to find colchicine derivatives
with reduced toxicity. Additionally, the deregulation of amino acids uptake by cancer cells provides an
opportunity to improve anticancer drug effectiveness. Objective: To design new colchicine derivatives
with reduced cytotoxicity and enhanced selectivity by means of introducing aminoacyl groups. Method:
34 colchicine analogues bearing L- and D-amino acid pendants were synthetized and characterized by
NMR, IR and MS techniques. Cytotoxicity and antimitotic properties were assessed by
spectrophotometry and cell cycle assays. Oncogene downregulation was studied by RT-qPCR whereas
in vivo studies were performed in SCID mice. Results: Compounds exhibit high antiproliferative
activities at the nanomolar level while being, in general, less cytotoxic than colchicine. Most compounds
inhibit the polymerization of tubulin in a way similar to colchicine itself, with L-amino acid derivatives
being the most active in the inhibition of tubulin polymerization. All selected compounds caused cell
cycle arrest at the G2/M phase when tested at 1 pM. More specifically, Boc-L-proline derivative 6
arrested half of the population and showed one of the highest Selectivity Indexes. Derivatives 1 (Boc-
glycine), 27 (D-leucine) and 31 (Boc-glycine-glycine) proved fairly active in downregulating the
expression of the c-Myc, hTERT and VEGF oncogenes, with compound 6 (Boc-L-proline) having the
highest activity. This compound was shown to exert a potent anti-tumor effect when administered
intraperitoneally (LDso > 100 mg/kg for 6, compared with 2.5 mg/kg for colchicine). Conclusion:
Compound 6 offers an opportunity to be used in cancer therapy with less toxicity problems than

1

colchicine.
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1. INTRODUCTION

The mitotic spindle is the biological structure generated in
eukaryotic cells during the mitosis process. This cytoskeletal
structure separates chromatids into daughter cells during cell
division. The spindle is constituted of hundreds of proteins,
being tubulin one of the most important. Tubulin is a
heterodimeric protein formed by the non-covalent binding of
two very similar globular proteins called a- and B-tubulin. The
polymerization process of tubulin generates the microtubules,
which are tubular structures in a continuous state of formation
and disruption. This complex dynamic behavior let the cell to
quickly assemble or disassemble microtubule structures and is
essential to pull apart eukaryotic chromosomes [1].
Antimitotic drugs disrupt microtubule dynamics and activate
the spindle assembly checkpoint, arresting cell cycle
progression in the mitosis phase, with subsequent cell death.
Drugs that bind to the vinca and colchicine sites at B-tubulin
are classified as destabilizing drugs, as they inhibit the
polymerization of microtubules [2].

Colchicine is a fat-soluble natural alkaloid derived from
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plants such as Colchicum autumnale and Gloriosa superba
[3]. It is used as a medicine in the treatment of acute and
recurrent gouty arthritis, familial Mediterranean fever and
secondary amyloidosis among other diseases [4]. Its anti-
inflammatory effects may be, among others, due to its
antimitotic capacity by interfering in the assembly of the
cytoskeleton through the reversible and selective binding to
tubulin [5]. Moreover, recent studies have pointed out that the
anti-inflammatory effect of colchicine may be also due by
changes at transcriptional level. In this sense, Ben-Chetrit
found that colchicine was able to suppress many genes related
to the inflammation process and many others related to cell
cycle regulation. The handicap was that colchicine cannot
clinically be used in cancer treatments due to its relatively
narrow therapeutic index [6]. Many efforts have been made to
find more effective and less toxic colchicine derivatives by
modifying its structure so some derivatives of colchicine, such
as thiocolchicoside (Neoflax™, Muscoril™) are being used as
anti-inflammatory and analgesic drugs. Another example is
the benzyl derivative depicted in Figure 1, which involves the
formal substitution of the colchicine acetyl group by the 3,4-
difluorobenzyl group. This structural change provides
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improved biological activity in vitro against sensitive and
resistant cancer cells [7].
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Figure 1. Colchicine derivatives.

This lack of selectivity for cancer cells versus healthy ones
is not exclusive of colchicine but occurs in most
antiproliferative agents used in cancer chemotherapy. In fact,
in the last years, the emphasis in anticancer drug development
has been shifting from cytotoxic nonspecific agents to
targeted compounds towards one or more of the ten hallmarks
of cancer cells [8]. Many biomolecules are endowed with
these hallmarks, for example upregulation of c-MYC, a
transcription factor that plays a major role in the increased
proliferative activity. Moreover, deregulation of ¢-MYC
correlates with upregulation of VEGF, which is involved in
angiogenesis, and with hTERT expression, which is related to
telomerase activation [9].

Recently, not only targeting but also delivery have been
receiving special attention in order to enhance anticancer drug
efficacy. One of the hallmarks of cancer cells is the
deregulation of cellular metabolism so that among these
cancer-associated metabolic changes, deregulated uptake of
amino acids and use of opportunistic modes of nutrient
acquisition stand out.

For the last five years we have been working in the search
of anticancer agents with selective cotargeting of multiple
cancer hallmarks. In this sense, we designed, synthesized and
studied some hybrid molecules with a colchicine moiety and
a pironetin analogue fragment. We found that, in addition to
binding to tubulin, these compounds were able to
downregulate the expression of some oncogenes such as c-
MYC, hTERT and VEGF. These three genes are of paramount
importance in the cancer generation process. Our results
pointed to the colchicine fragment being responsible for the
observed biological activities, even though high doses were
required in certain cases (50 nM-15 uM) [10].

Since colchicine is not only able to target tubulin but also
to downregulate some oncogene expression, we decided to

design new colchicine derivatives with reduced cytotoxicity
and enhanced selectivity. One of our strategies was to take
advantage of the deregulation of amino acid uptake in cancer
cell to conjugate the amino group of deacetylcolchicine with
different amino acids [11]. To extend our research on
colchicine derivatives with potential utility in cancer therapy
and based on the aforementioned aspects, we have prepared
the aminoacyl derivatives depicted in Schemes 1 and 2, in
which the N-acetyl residue of colchicine has been replaced by
various aminoacyl moieties.

Our purpose was to assess the effects on biological activity
caused by the introduction of these aminoacyl groups.

2. MATERIALS AND METHOD
2.1. Synthetic Work

The trifluoroacetate salt of N-deacetyl colchicine (I) [12]
was used as starting material to prepare the aminoacyl
derivatives. Scheme 1 depicts the preparation of colchicine
derivatives with L-amino acid pendants. Thus, treatment of I
with the corresponding N-Boc protected L-amino acid in the
presence of EDCI-HCI and DMAP in DMF afforded N-Boc
protected derivatives 1-10, with fair to good yields [13].
Reaction of these N-Boc derivatives with Amberlyst-15 resin
[14], followed by treatment with methanolic ammonia, gave
rise to aminoacyl derivatives 11-20. Scheme 1 also depicts the
preparation of aminoacyl derivatives bearing D-amino acid
pendants by means of using the same synthetic route as before.
In addition, we have also prepared Gly-Gly and Gly-Gly-Gly
derivatives depicted in Scheme 2. Details about the precise
reaction conditions are indicated in the Supplementary
Material as well as the analytical NMR data and graphical
spectra.
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14 R=CH,CH(CH,),, R'=H(84%)
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17 R=CH,OH, R'=H (75%)
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20 R=(CH,),SCH; R'=H (97%)

OMe

26 R=CH(CHy,),, R'=H (97%)
27 R=CH,CH(CH,), R'=H (86%)
28 R=CH,Ph, R'=H (99%)

29 R,R'=(CH,); (74%)

30 R=CH,(C¢H,OH), R'=H (58%)

Scheme 1. Reagents and conditions: (a) (L)- or (D)-RCH(NHBoc)COOH, EDCI-HCI, DMAP, DMF, from 0°C to rt. (b) Amberlyst 15 resin,

CH2Cly, rt, 24 h, then 4M NH3 in MeOH, 1 h, rt.

31 R=Boc (80%)
32 R=COCH,NHBoc (72%)

33R=H (80%) (ggo
34 R=COCH,NH, (68%)

Scheme 2. Reagents and conditions: (a) Boc-Gly-Gly-OH or Boc-Gly-Gly-Gly-OH, EDCI-HCI, DMAP, DMF, from 0°C to rt. (b) Amberlyst
15 resin, CH2Cly, rt, 24 h, then 4M NH3 in MeOH, 1 h, rt.

2.2. Biological Assays
2.2.1. Cell Culture

Cell culture media were purchased from Gibco (Grand
Island, NY). Fetal bovine serum (FBS) was obtained from
Harlan-Seralab (Belton, U.K.). Supplements and other
chemicals not listed in this section were obtained from Sigma
Chemical Co. (St. Louis, MO). Plastics for cell culture were
supplied by Thermo Scientific BioLite. All tested compounds
were dissolved in DMSO at a concentration of 10 mM and
stored at —20°C until use. HT-29, MCF-7, A549 and HEK-
293 cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing glucose (1 g/L),
glutamine (2 mM), penicillin (50 pg/mL), streptomycin (50
pg/mL), and amphotericin B (1.25 pg/mL), supplemented
with 10% FBS.

2.2.2. Cell Proliferation Assay

In 96-well plates 5 x 10° HT-29, MCF-7, A549 or HEK-
293 cells per well were incubated with serial dilutions of the
tested compounds in a total volume of 100 pL of growth
media. The  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT; Sigma Chemical Co.) dye
reduction assay in 96-well microplates was used, as
previously described [15]. After 2 days of incubation (37 °C,
5% CO; in a humid atmosphere), 10 pL of MTT (5 mg/mL in
phosphate-buffered saline, PBS) was added to each well, and
the plate was incubated for a further 3 h (37 °C). Then, the
supernatant was discarded and replaced by 100 pL of DMSO
to dissolve formazan crystals. The absorbance was then read
at 540 nm by spectrophotometry. For all concentrations of
compound, cell viability was expressed as the percentage of
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the ratio between the mean absorbance of treated cells and the
mean absorbance of untreated cells. Three independent
experiments were performed, and the I1Gso values (i.e.,
concentration half inhibiting cell proliferation) were
graphically determined using GraphPad Prism 4 software.

2.2.3. Tubulin Self-assembly Measurements

Purified tubulin was used for these measurements. Tubulin
polymerization was carried out in a 96 well plate. In each well
50 pL of a solution of 25 uM of tubulin in GAB buffer was
added to 50 pL of 27.5 uM solution of the corresponding
compounds in GAB buffer (20 mM sodium phosphate, 10 mM
MgCl,, 1 mM EGTA, 30% glycerol) and 0.1 mM GTP at pH
= 6.5. Then, the plate was incubated at 37 °C in Multiskan®
and absorbance at 340 nM was registered every 30 seconds
for 2 hours.

2.2.4. Cell Cycle Analysis

Progression of the cell cycle was analysed by means of
flow cytometry with propidium iodide. After incubation with
compounds for 24 h, A549 cells were fixed, treated with
RNase and stained with propidium iodide following
instructions of BD Cycletest™ DNA Kit. Analysis was
performed with a BD Accuri™ C6 flow cytometer.

2.2.5. RT-qPCR Assay

HT-29 cells at 70-80% confluence were collected and 1.5
x 10° cells were placed in a six well plate in 1.5 mL of
medium. After 24 h, cells were incubated with the
corresponding compounds for 48 h. Cells were collected and
the total cellular RNA from HT-29 cells was isolated using
Ambion RNA extraction Kit according to the manufacturer's
instructions. The cDNA was synthesized by MMLV-RT with
1-21 pg of extracted RNA and oligo(dT) 15 according to the
manufacturer's instructions. Genes were amplified by use of a
thermal cycler and StepOnePlus ™ Taqman® probes.
TagMan® Gene Expression Master Mix Fast containing the
appropriate buffer for the amplification conditions, dNTPs,
thermostable DNA polymerase enzyme and a passive
reference probe was used. To amplify each of the genes the
predesigned primers were used and sold by Life Technologies
TagMan® Gene Expression Assays, Hs99999903-m1 (j-
actin), Hs00972646-m1 (hTERT), Hs00153408-m1 (c-MYC)
and Hs00900055-m1 (VEGF-A).

2.2.6. In Vivo Studies

Human metastatic breast cancer xenografts were
established as previously described [16]. The luciferase-
positive LM2 lung metastatic cell line (MDA-MB-231 clone
4715) was a kind gift of Prof. Massagué [17]. Female severe
combined immunodeficient (SCID) mice were used at the age
of 8 weeks. LM2 cells (10°) were suspended in 50% matrigel
(BD Biosciences) in PBS and injected in the mammary fat pad
of anesthetized SCID mice. When tumors were around 100
mm? in size, compound 6 was injected intraperitoneally (i.p.)
at 75 mg/kg in PBS containing 5% DMSO and 20%

Ana Marzo-Mas et al.

cremophor. Control mice received only 5% DMSO, 20%
cremophor in PBS. Tumor growth was measured with an IVIS
Spectrum imaging system (Caliper Life Sciences, Hopkinton,
MA, USA). Before imaging, mice were anesthetized and
injected subcutaneously with 150 mg/kg luciferin. Images
were recorded every 2 minutes and maximum radiance values
(photons/sec) were retained. Lung metastasis was determined
after shielding the primary tumor with a black paper. Tumor
size was measured using a digital caliper and calculated with
the following formula: tumor volume (mm?) = 0.5 X a X b?,
where a is the longest diameter and b is the shortest diameter.

2.2.6. Statistics studies

The statistical significance was evaluated using one-
sample t-tests (P < 0.01) using GraphPad® software.

3. RESULTS AND DISCUSSION
3.1. Inhibition of Cell Proliferation

The MTT assay was used to establish the capacity of
compounds 1-34 to inhibit cell proliferation by means of their
1Gso values towards the tumor cell lines HT-29 (human colon
adenocarcinoma), MCF-7 (breast adenocarcinoma), A549
(human alveolar lung epithelial carcinoma cells) as well as
towards the non-tumor cell line HEK-293 (human embryonic
kidney cells). The results were compared with those of
colchicine and are depicted in Table 1 along with the
calculated selectivity indexes SIa (for HT-29 cell line), Sl
(for MCF-7 cell line) and Slc (for A549 cell line), obtained by
dividing the IGs values of the non-tumor cell line (HEK-293)
by those of the corresponding tumor cell line. The SI is a
calculated parameter that helps to estimate the possible
selectivity of compounds for cancer cells vs. non cancer ones.
Thus, a higher SI value indicates a higher therapeutic safety
margin.

The majority of N-aminoacyl derivatives of colchicine
present 1Gso values in the medium to low nanomolar range in
the tumor cell lines. In the HT-29 cell line, compounds 1, 12,
16, 27, 28 and 31 display a higher antiproliferative activity
than colchicine itself. In the MCF-7 cell lines derivatives 1, 3,
16, 22 and 27 are those showing higher antiproliferative
capacities. As for the A549 cell line, none of the derivatives
reaches the high antiproliferative capacity shown by the
natural alkaloid. Interestingly, the majority of the synthetic
derivatives exhibit SI (selectivity indexes) values greater than
colchicine with L-proline derivative 16, D-Boc-valine 21, D-
Boc-leucine 22, D-leucine 27 and D-phenylalanine 28
showing the highest SI values. Indeed, the most selective
derivatives are 16 (L-Proline) and 27 (D-Leucine), which
present a SIg value higher than 100 and 200, respectively, thus
more than 200 times higher than colchicine. These synthetic
compounds therefore could offer the possibility for use in
cancer therapy with lower dosages and less acute toxicity
problems than in the case of colchicine.
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Table 1. IGso values (nM) of synthetic compounds 1-34 in cancer cell lines HT-29, MCF-7 and A549 and one non-cancer cell line HEK-293.
IGso values are expressed as the compound concentration (nM) that inhibits the cell growth by 50%. Data are the average (+SD) of three
experiments. *SIa = IGso (HEK-293)/ 1Gso (HT-29). *SIs = IGso (HEK-293)/ IGso (MCF-7). SIc = IGso (HEK-293)/ 1Gso (A549).

Compound HT-29 MCF-7 A549 HEK-293 SIa? SIgP SIc®
Colchicine 50+3 12+7 122 +£0.7 S5+1 0.1 0.4 0.4
1 85+0.8 88+09 21.0+2.2 13.6 £0.5 1.6 1.6 0.6
2 139 +25 37+4 61 +24 45+7 0.3 1.2 0.7
3 61+5 1.2+0.1 105+ 16 0.8+0.1 0.01 0.7 0.01
4 238 £21 1600 £ 300 800 + 160 240 + 30 1 0.2 0.3
5 100+ 13 1150 + 40 770 + 14 15+4 0.2 0.01 0.02
6 80+3 44+6 38+3 150+ 10 2 3 4
7 62+3 67.6+1.4 60+ 15 63.4+0.3 1 1 1

8 100£5 161 +11 230 + 80 170 £40 2 1 1

9 7169 +0.5 300 + 30 550 + 50 2600 + 300 4 9 5
10 81+3 160 + 30 69+5 150+ 12 2 1 2
11 94 +6 67+ 14 365 +24 300 +30 3 5 1
12 41+3 55+3 52+4 131.0+0.5 3 2 3
13 84 +8 85+12 204 +4 398 £25 5 5 2
14 278 + 14 400 + 32 120 +30 980 + 60 4 2 8
15 181+43 240+ 51 370+23 470 + 30 3 2 1
16 23+4 33+03 110+ 19 790 + 30 34 239 7
17 166 +7 1140 + 60 1419+4 2900 + 80 17 2 2
18 138 + 11 340 + 40 1107 £ 12 1510+ 6 10 4 1
19 116 +20 86+ 18 750 + 80 1600 £ 100 14 14 2
20 50+£5 139+ 19 130+ 30 272+ 24 5 2 2
21 238+ 10 30+4 280 + 70 2000 + 1000 9 67 7
22 125+7 55+1.1 230+ 30 360 + 30 3 65 2
23 158 +24 1920 + 30 220 + 60 660 + 40 4 0.3 3
24 114.6 +£2.3 63+12 82 +26 110+ 10 1 2 1
25 458 £3 790 £ 70 900 + 200 1660 =110 4 2 2
26 295 + 38 80+ 10 430 + 40 20+3 0.1 0.2 0.05
27 31+3 33+03 106+ 13 390+ 30 13 118 4
28 10.3+£2.5 82.0+2.0 230 +90 350 +30 34 4 2
29 112.1+2.1 88 +21 250 + 60 690 £ 50 6 8 3
30 460 + 10 1100 £+ 300 690 + 40 3400 + 300 7 3 5
31 39+5 519+1.2 70+ 19 150 + 40 4 3 2
32 129+38 341+ 17 710 + 40 415+24 3 1 1
33 531+23 2400 £210 2000 +400 | 810+40 2 0.3 0.4
34 480 + 50 460 + 60 1900+ 100 | 610+ 60 1 1 0.3

3.2. Effect on Tubulin Assembly

The effects of our derivatives on tubulin self-assembly
was established by means of the critical concentration, that is
the concentration of tubulin in the equilibrium stage. Thus,
microtubule formation was carried out in glycerol-assembling
buffer (GAB) in the presence of compounds 1-34, as well as
colchicine and podophyllotoxin, as a positive control

inhibitors. A solution of 25 uM tubulin was incubated at 37°C
with 27.5 uM concentrations of colchicine, podophyllotoxin
and compounds 1-34. Table 2 displays the results achieved.

Table 2. Critical Concentration (CrC) for the assembly of purified
tubulin in GAB in the presence of colchicine, podophyllotoxin and
the colchicine analogues 1-34. Data are the average (£SD) of three
experiments.
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Compound CrC (uM) Compound | CrC (pM)
Control 9+2 17 23+1
Colchicine 24 +1 18 23+1
Podophyllotoxin | 23 £1 19 22+1
1 23+ 1 20 23+1
2 24+ 1 21 22+1
3 21+2 22 21+2
4 17+5 23 21+1
5 22+1 24 16+1
6 13+1 25 22+1
7 23+1 26 21+3
8 23+1 27 2241
9 21+1 28 22+1
10 24+ 1 29 14+1
11 23+1 30 20+1
12 23+1 31 6+2
13 23+1 32 18+1
14 2142 33 24 +1
15 23+1 34 23+1
16 21+1

As expected, colchicine and podophyllotoxin, both well-
known microtubule-destabilizing agents, increase the critical
concentration value from 9 pM in the absence of the drugs
(DMSO vehicle) to a value of 24.5 pM for colchicine and 23.5
uM for podophyllotoxin. All derivatives, except for
compound 31 (Boc-Glycine-Glycine), inhibit the formation of
microtubules as they are able to increase the critical
concentration of tubulin. Indeed, these critical concentration
values of analogues 1-34 (except for 31) confirm that the
observed antiproliferative effect in cells is due to their
interaction with tubulin.

Figure 2 depicts the effects of the L-a-amino acids
derivatives on the kinetics of tubulin self-assembly. As it can
be observed, the majority of the synthetized compounds
showed a full inhibition of microtubule formation, as does
colchicine (CLC hereafter).

L-a-amino acids derivatives

0.100+
CONTROL

0.075+

0.050+

AAbsorbance

0.025- 2

o e eS|, 1-3, 5, 7-20
0.000F—= m————
0 1

0 20 30 40 50 60
time (min)

Figure 2. Effects of colchicine and compounds 1-20 on the kinetics
of tubulin assembly. The lines in the figure show the turbidity time
course of polymerization of tubulin alone (black) at 25 pM,
colchicine (red) and all the compounds such as 4 (blue) and 6 (green).
All compounds were at 27.5 pM.
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In general terms, it may be concluded that L-a-amino acids
derivatives are the most active drugs. Within this subgroup,
compounds having a small hydrophobic residue (1, 2, 11 and
12) or a polar group (7, 8, 10, 17, 18 and 20) show critical
concentration values close to those of colchicine. However,
derivatives having a large bulky residue (4 and 6) can be
classified as partial inhibitors of tubulin polymerization.

The effects of the D-a-amino acids derivatives and the
dipeptide and tripeptide of glycine derivatives on the kinetics
of tubulin self-assembly are summarized in Figure 3.

D-a-amino acids and Gly-Gly and Gly-Gly-Gly derivatives

0.100+ 31

0.0754

0.050+

AAbsorbance

0.0254 / g 30,32

0 10 20 30 40 50 60
time (min)

Figure 3. Effects of colchicine and compounds 21-34 on the kinetics
of tubulin assembly. The lines in the figure show the turbidity time
course of polymerization of tubulin alone (black) at 25 uM,
colchicine (red) and all the compounds such as 24 (blue), 29 (pink),
30 (orange), 31 (grey) and 32 (deep blue). All compounds were at
27.5 uM.

The majority of drugs are able to inhibit the tubulin
polymerization process, as does colchicine. As indicated
above, compound 31 scarcely affects the tubulin
polymerization process. Interestingly, derivatives having a
large bulky residue (24, 29, 30 and 32) caused partial
inhibition of microtubule formation and also a delay on the
polymerization process.

In order to quantify this delay of the nucleation and
elongation process, we have calculated the Itso values in each
case, which is defined as the time needed to reach 50% of the
polymerization equilibrium. Mathematically, the Itso value
coincides with the inflection point of the sinusoidal curve that
comes from the kinetics of tubulin assembly in each case. The
Itso values obtained for the control (DMSO) and compounds
24 (D-Boc-proline), 29 (D-proline), 30 (D-phenylalanine) and
32 (Boc-Gly-Gly-Gly), along with derivatives 4 (L-Boc-
leucine) and 6 (L-Boc-Proline), are shown in Table 3.

Table 3. Itso of selected N-aminoacyl derivatives for tubulin self-
assembly. Data are the average (£SD) of three experiments.

Compound | Itso (min)
Control 161
4 29+9
6 2241
24 261
29 24 +1
30 27+3
32 32+1

Compounds having a comparatively high value of critical
concentration with respect to the control (lower absorbance in
the stationary phase) and a higher Itso value with respect to the
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control (increased time required for nucleation and
elongation) are considered as partial inhibitors of the
polymerization of tubulin.

3.3. Effect on the Cell Cycle

As all but one (compound 31) of our colchicine derivatives
prevent in vitro microtubule assembly, it was convenient to
establish whether they also could inhibit microtubule
polymerization inside cells causing cell cycle arrest and to
characterize their effects on microtubules, mitosis and DNA
content. First of all, we performed a selection of the most
active compounds by studying the effects on the morphology

Medicinal Chemistry, 2019, Vol. 15, No. 0 7

of the cells after 24 h treatment with different concentrations
of our compounds. In the presence of colchicine and
compounds 1, 7, 15, 17 and 21, most of the A549 cells became
rounded mitotic cells as compared with the control cells [18],
which were spread epithelial-like adherent cells with few
mitotic cells. This effect was not observed in the presence of
compounds 2-5, 8, 9-11, 13, 18, 20, 23-26, 30, 32 and 33,
hence, they were discarded. Next, in order to establish the cell
cycle distribution into the different phases, A549 cells were
treated for 24 hours with colchicine and the aforementioned
compounds. The main results are summarized in Table 4.

Table 4. Cell cycle distribution for colchicine and selected compounds. Data are the average (+SD) of three experiments.

Compound Conc. (uM) | Sub G1 G1 S G2/M
Control 2+1 73+3 15+6 11+4
Colchicine 0.050 3+1 27+ 14 11+2 59+17
1 1 8+1 25+1 16 +1 50+1
6 0.1 3+1 35+2 15+2 47 +5
7 1 10+1 21+2 10+1 51+1
9 0.5 1.0+04 50+7 4+1 45 +2
12 0.05 4+1 56+3 16 +4 24 +5
14 0.1 3+1 56+2 7+2 39+3
15 1 6+1 19+1 11+1 62+3
16 0.1 1.0£0.5 66 +4 15+5 23+6
17 15 3+2 31+16 18+3 47 +15
19 0.5 2+1 45+5 17+4 36+3
21 0.5 6+3 30+2 14+3 49 +2
22 0.1 1.0+£0.2 29+6 10+2 60+8
27 0.1 3+1 34+2 18+5 44 +7
28 0.2 2+1 33+4 11+3 54+9
29 0.2 5+£2 56+6 14+2 25+5
31 0.1 3+1 44 +7 20+ 6 33+2

The observed results show that all compounds are able
to arrest the cell cycle at the G2/M phase, as expected for
colchicine derivatives. In all cases, a sub-Gl peak,
presumably of cells undergoing apoptosis, appeared. Some of
these derivatives have been studied at different concentrations
in order to set the most active compounds at the lowest
concentration. Compounds 1, 7 and 15 cause interruption of
the cell cycle at the G2/M phase when tested at approximately
1 uM. However, at 0.2 pM concentration, derivative 1 started
to accumulate cells in G2/M phase in a higher percentage than
in the control situation. Interestingly, derivatives 6 (Boc-L-
Proline) and 21 (Boc-D-valine) at 0.1 uM and 0.5 uM
concentration respectively, caused mitotic arrest in half of the
cell population, while presenting some of the highest SIc (4.0
and 7.2, respectively). Thus, compounds 6 and 21 could offer
the possibility to be used in cancer therapy with lower dosages
and thus less acute toxicity problems than colchicine.

3.4. Effect on the Expression of ¢-MYC, hTERT and
VEGF Genes

In order to extend our research on colchicine derivatives
with potential utility in cancer therapy, we proceeded to
investigate the effect they exert on the expression of c-Myc,
hTERT and VEGF genes. First of all, a preliminary study was
carried out by conventional PCR to qualitatively determine
which compounds were able to modify the expression of these
three genes after 48 h of treatment in HT-29 cell line (data not
shown). This preliminary test let us select four derivatives and
their minimal active concentration (see Figure 4) for a
quantitative study of gene expression on the same cell line.
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Me 27 (25 nM) 31 (40 n)

Figure 4. Selected compounds and concentrations for a quantitative
gene expression test.

As regards the ability of our compounds for the inhibition
of the c-Myc gene expression, we found that colchicine was
very active at a concentration of 40 nM but has no activity
when tested at 10 nM, while compound 6, at 80 nM, was able
to downregulate c-Myc expression to the half. In relation to
hTERT gene expression, colchicine was able to inhibit the
expression of the mentioned gene to 50% at a concentration
of 40 nM, with no activity when tested at 10 nM. In this case,
again compound 6 was the most active one, with 1 and 31, at
9 and 40 nM respectively, being still more active than
colchicine itself. In reference to VEGF gene expression,
colchicine was active at a concentration of 40 nM but inactive
at 10 nM. Again, compound 6 at 80 nM was found to be the
most active one in inhibiting VEGF gene expression, with a
higher activity than the natural product itself. (See Figure 5).

-
o

% c-Myc gene expression
g
% h-TERT gene expression

% VEGF gene expression

Figure 5. Expression percentage of c-Myc, hTERT and VEGF genes
after 48 h of incubation with DMSO (control), and selected
compounds (at least three measurements were performed in each
case). Gene expression was normalized using [-actin as endogenous
gene. Percentages above 100% indicate that the corresponding
compounds were less active than the control. Error bars indicate
standard errors of the mean. The statistical significance was
evaluated using one-sample t-tests (P <0.01).
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3.5. Colchicine Derivative 6 inhibits primary tumor
growth in mice

Given the good in vitro results obtained with compound 6,
we decided to carry out an in vivo study to determine its
pharmacological action in a more complex biological system.
To determine the in vivo antitumor activity of compound 6 in
SCID mice, the LDsy value was first determined and then
compared with the corresponding value for colchicine. The
result was very promising as LDso for compound 6 was >100
mg/kg while LDso for colchicine was 2.5 mg/kg. Then, a
breast cancer model was established as previously described
[15]. LM2 breast cancer cells were engrafted in the mammary
fat pad of SCID mice. Compound 6 was injected
intraperitoneally (i.p.) at 75 mg/kg at day 17, when tumours
were around 100 mm? in size, at day 21 and at day 25. Tumor
growth was significantly retarded after treatment with
compound 6 as measured by bioluminescence imaging
(Figure 6 A) and calliper measurement (Figure 6 D).
Interestingly, already 2 hours after treatment a significant
decrease in BLI was observed which is typically caused by the
shutdown of blood flow after VDA treatment (Figure 6 B).
This decrease was even more pronounced after 24 hours. By
day 20, 72 hours after treatment with compound 6, tumors had
slightly regrown (Figure 6 B). After removal of the tumors, it
was noted that the treated tumors were smaller and less
vascularized (Figure 6 E). Thus, compound 6 exerts a potent
antitumor effect when administered i.p.

To assess the effect of compound 6 on metastasis, the
primary tumors were covered with black paper and the BLI
from the lungs was measured (Figures 6 F, E). No significant
difference between control and compound 6 was observed at
day 34. Thus, compound 6 has no effect on the dissemination
of cancer cells from the primary tumor towards the lungs.
Previous reports already showed that micrometastatic tumors
are resistant to anti-angiogenic therapy because no tumor
vasculature is established yet and tumor cells can benefit from
existing vasculature [18].

Tumor growth was measured by in vivo imaging until day
35. By day 18, 24 h hours after start of treatment, a dramatic
decrease in luminescent signal was noted in the compound 6-
treated group whereas control tumors continued to grow
(Figure 6 A). By day 20, compound 6 tumors had slightly
regrown but were significantly smaller than control tumors (p
< 0.001, Figures 6 A, C). At day 35 after cell inoculation,
primary tumors were removed and the measurement of tumor
size also revealed a difference between control and treated
groups (Figures 6 B, D). Thus, in an early stage of tumor
development, compound 6 exerts a potent anti-tumor effect
when administered i.p.
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Figure 6. Intraperitoneal compound 6 impairs tumor growth but not metastasis. LM2 cells were orthotopically injected in the mammary fat pad
of SCID mice. Mice were treated i.p. with compound 6 or vehicle at day 17, 21 and 25. A, B: Graphical representation of BLI signal over time
emitted from the primary tumor. C: Representative bioluminescence images at day 34 are shown. D: Graphical representation of primary tumor
volume evolution. E: At day 35 mice were sacrificed and pictures of dissected tumors are shown. F, G: Lung metastasis at day 34 was quantified
after shielding the primary tumor. All data are mean + STDEV, n= 5. * p < 0.05, ** p < 0.01 (multiple t-test). Arrows indicate compound

administration.
CONCLUSION

Colchicine analogues in which the N-acetyl residue has
been replaced by some amino acid moieties have been
synthetized and their antiproliferative activities towards the
tumor cell lines HT-29, MCF-7 and A549 and the non-tumor
cell line HEK-293 have been measured. All derivatives show
IGso values in the nanomolar range, being, in general, less
cytotoxic than colchicine (see Table 1). In HEK-293 and A-
549 cell lines all compounds exhibited IGso values higher than
the natural product. In HT-29 cell line, only some non-polar
amino acids derivatives such as 1 (Boc-Glycine), 12 (L-
Valine), 16 (L-Proline), 27 (D-Leucine), 28 (D-
Phenylalanine) and 31 (Boc-Glycine-Glycine) exhibit lower
IGso values than the natural product. As regards MCF-7 cell
line, again only some non-polar amino acids derivatives such
as 1 (Boc-Glycine), 3 (Boc-L-Valine), 16 (L-Proline), 22
(Boc-D-Leucine) and 27 (D-Leucine) exhibit lower 1Gso
values than colchicine itself.

As regards the Selectivity Index (SI) values, the majority
of the synthetic derivatives exhibit SI values greater than
colchicine (see Figure 7). We have observed that, in general,
SI values of L-Boc-amino acid derivatives are the lowest ones
though they are greater than in colchicine. On the other hand,
D-amino acid derivatives exhibit the highest SI. We have also
observed that the glycine, leucine, proline and tyrosine
derivatives exhibit the lowest toxicity values.
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Figure 7. Sla indexes for all colchicine derivatives.

In relation to the tubulin polymerization process, in
general terms, it may be concluded that L-o-amino acids
derivatives are the most active drugs. Within this subgroup,
compounds having a small hydrophobic residue (1, 2, 11 and
12) or a polar group (7, 8, 10, 17, 18 and 20) show critical
concentration values closer to that of colchicine. However,
derivatives having a bulky residue (4 and 6) can be classified
as partial inhibitors of tubulin polymerization.

On the other hand, the effects of the D-o-amino acid
derivatives and Gly-Gly and Gly-Gly-Gy derivatives are also
able to inhibit the tubulin polymerization process, as
colchicine does. Compound 31 (Boc-Glycine-Glycine)
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scarcely affects the tubulin polymerization process.
Interestingly, derivatives having a large bulky residue (24, 29,
30 and 32) caused partial inhibition of microtubule formation
and also a delay on the polymerization process.

The tested derivatives cause arrest of the cell cycle at the
G2/M phase with concentrations higher than colchicine at 50
nM. All the selected compounds cause interruption of the cell
cycle at the G2/M phase. For example, at 0.1 pM
concentration derivative 6 (Boc-L-Proline) caused the arrest
of cell cycle at the half of the population, while presenting one
of the highest Sl¢ (4.0).

As regards the effect of these compounds on the
expression of oncogenes ¢c-MYC, hTERT and VEGEF, the
most active derivatives were 1 (Boc-Glycine), 6 (Boc-L-
Proline), 27 (D-Leucine) and 31 (Boc-Glycine-Glycine).
Among them, derivative 6 is particularly outstanding as it is
able to enhance the colchicine effect on the oncogene
expression.

Thus, compound 6 could offer the possibility to be used in
cancer therapy with less acute toxicity problems than in the
case of colchicine, because it exerts a decrease in the
expression of oncogenes involved in tumor aggressiveness at
concentrations in which there is no antimitotic effect. The
results we have obtained in the in vivo study demonstrate its
antitumor efficacy and, what is even more outstanding for a
colchicine derivative, its low toxicity. The deregulation of the
uptake of amino acids in cancer cells plays a crucial role in
the lower toxicity of amino acid conjugated colchicine
derivatives, as this effect leads to a greater uptake of the
derivative by the tumor cells compared to healthy ones.

LIST OF ABBREVIATIONS

A549 = human lung adenocarcinoma cell line

BLI = bioluminescence imaging

CrC = critical concentration

DMAP = 4-dimethylaminopyridine

DMEM = dubelcco’s modified eagle’s medium

DMF = dimethylformamide

DMSO = dimethyl sulfoxide

FBS = fetal bovine serum

GAB = glycerol-assembling buffer

GTP = guanosine triphosphate

HT-29 = human colorectal adenocarcinoma cell
line

IGso = half cell growth inhibitory concentration

LDsy = median lethal dose

LM2 = fibroblastoid mammary carcinoma cell
line

MCF-7 = human breast adenocarcinoma cell line

MDA-MB-231 = human breast adenocarcinoma cell line

MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

NMR = nuclear magnetic resonance

PBS = phosphate buffered saline
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RT-qPCR = real time quantitative polymerase chain
reaction

SCID = severe combined immunodeficiency

VDA = vascular disrupting agent

VEGF = vascular endothelial growth factor

receptor
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