
Abstract. Background: Combretastatin A-4 (CA-4) and its
analogs are potent inhibitors of tubulin polymerization and
display strong inhibitory activity on both solid tumor and tumor
cell growth. Since natural CA-4 is difficult to synthesize and also
isomerizes to an inactive form quite readily, a recently reported
new 3,4-diarylfuran-2-one-based series of CA-4 analogs was
investigated, in the hope of  bypassing some of these difficulties.
These analogs appear to offer a valuable tool for CA-4 research
because of their extremely facile synthesis from readily available
starting materials. Materials and Methods: The CA-4 analogs
were evaluated by MTT assay, cell cycle analysis, tubulin
polymerization and tumor-inhibiting experiments. Results:
Various benzene ring substitutions on the furan-2-one skeleton
(analogs to the two aromatic rings on the CA-4 styrene skeleton)
quickly demonstrated that the structure-activity relationships are
quite similar to previously synthesized CA-4 analogs. The most
interesting analog appears to be an anilino compound (NV-5-
9) which was also quite soluble. Analog NV-5-9 was remarkably
potent in all tested tumor cell lines and could strongly inhibit
tubulin polymerization at doses as low as 1 mM. Further
experiments with tumor-bearing mice indicated that NV-5-9 and
other potent analogs (NV-4-82 and NV-4-86) were effective in
treating human prostate PC-3 and SCLC NCI-H69 tumors at
well below an oral MTD dose of around 200 mg/kg body weight.
This suggests some bioavailability by this route. Conclusion:
These data strongly support that NV-5-9 is extremely potent,
readily synthesizable and apparently suitable for in vivo studies
employing transplanted tumors.

Combretastatin A-4 (CA-4) was originally isolated from the

South African tree Combretum caffrum (1) which displays

strong cytotoxic effects. These effects were subsequently

linked to anti-tubulin polymerization activity via binding to

the colchicine binding site. CA-4 and related analogs undergo

a high affinity binding to microtubules, resulting in dramatic

changes of endothelial cell morphology causing blockage of

blood flow and nutrients to tumors. This then causes

secondary tumor cell death (2-4). CA-4 primarily impacts

newly formed tumor blood vessels. Its actions are very similar

to those of colchicine, a classic tubulin-binding agent, but

apparently CA-4 exerts its effects at relatively non-toxic doses

(2,5) compared to colchicine. This is probably due to relative

pharmacokinetic and physicochemical properties rather than

fundamental differences in mechanisms of action.

CA-4 has potent cytotoxic activity against a wide variety of

tumor cell lines and tumors but,  unfortunately, it is highly

lipophilic which limits its aqueous solubility and results in

higher systemic toxicity (6,7). Based on that consideration

and also on the instability of CA-4-based compounds, which

readily isomerize, several new series of CA-4 analogs have

been synthesized in recent years in an effort to improve its

properties (8-10). Many of them have demonstrated an ability

to inhibit cell growth and show significant anti-tumor activity

(11,12). Notably, CA-4-P (combretastatin A-4 phosphate) has

improved aqueous solubility while retaining its original ability

to bind microtubules of capillary endothelial cells, induce

mitotic catastrophy in leukemia cells and increase tumor

necrosis (13,14). Hori and co-workers (15) reported that the

CA-4 analog AC7700 is another soluble analogue and could

effectively block tumor blood flow and inhibit tumor growth.

Both these analogs, unfortunately, retain the unstable cis-

olefinic bond (Figure 1).

Numerous studies of structure-activity relationships for

CA-4 reveal that the Z-geometry of the two aromatic rings is

the most important factor for inhibition of cancer cell growth.

Replacement of the double bond in the combretastatin

179

Correspondence to: Lichun Sun, Department of Medicine, Peptide

Research Laboratories, Tulane Health Sciences Center, Tulane

University School of Medicine, 1430 Tulane Avenue, New Orleans,

LA 70112-2699, U.S.A., e-mail: lsun@tulane.edu

Key Words: CA-4, 3,4-diarylfuran-2-one, tumors, tubulin

polymerization, MTT assay, cell cycle.

ANTICANCER RESEARCH 24: 179-186 (2004)

Abilities of 3,4-Diarylfuran-2-one Analogs of 
Combretastatin A-4 to Inhibit Both Proliferation of Tumor 
Cell Lines and Growth of Relevant Tumors in Nude Mice

LICHUN SUN, NATALYA I. VASILEVICH,

JOSEPH A. FUSELIER and DAVID H. COY

Department of Medicine, Peptide Research Laboratories, Tulane Health Sciences Center, 
Tulane University School of Medicine, 1430 Tulane Avenue, New Orleans, LA 70112-2699, U.S.A.

0250-7005/2004 $2.00+.40



structure with a heterocyclic moiety leads to Z-restricted

analogs that are stable toward the isomerization (9,16) and

these include a diarylfuranone series (Figure 2) originally

reported by Kim et al. (9). These have the particular

advantage of being very easy to synthesize and, in the present

study, we prepared a number of compounds based on this

conformationally restricted structure. We also extended the

cytotoxicity studies to include a series of different types of

tumor cell lines in vitro and inhibition of transplanted tumor

growth in nude mice. 
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Figure 1. Structures of various combretastatin-related tubulin binding agents.

Figure 2. General reaction scheme for the synthesis of 3,4-diarylfuranone compounds.



Materials and Methods

Synthesis. A general synthetic strategy for the preparation of the 3,4-

diarylfuranone analogs is shown in Figure 2. Commercially available

acetophenones were converted to phenacyl bromides via direct

bromination in ethanol or acetic acid. Bromoacetophenones were

then coupled with phenylacetic acid and DIPEA in acetonitrile.

After 1 h, the solvent was evaporated and no further purification of

the products was carried out. Cyclization, including one-pot aldol-

type condensation and subsequent dehydratation, was achieved via
treatment of coupling products with sodium hydride or sodium bis
(trimethylsilyl) amide in DMSO. Overall coupling-cyclization yields

of target compounds were rather high – in most cases 60-80%. The

anilino compound, NV-5-9, was obtained by reduction of the nitro

group on an appropriate nitro-derivative using zinc dust in glacial

acetic acid followed by conversion of the amino-analog into HCl salt. 

General procedures. Bromoacetophenones. Bromine was added

drop-wise to a stirred solution of an acetophenone (1 mM) in

ethanol (30 ml) and the solution was stirred at room temperature

for 1 h and then poured into water to form a precipitate. This was

re-crystallized from ethanol to give pure bromoacetophenone with

an 85-95% yield.

3, 4-Diarylfuranones. A solution of DIPEA (1.2 mM) in acetonitrile (3

ml) was added to a stirred solution of · bromoacetophenone (1 mM)

and phenylacetic acid (1 mM) in acetonitrile (20 ml). After 1 h, the

solvent was evaporated under reduced pressure and the residue was

dissolved in 20 ml of DMSO and a 60% suspension of sodium hydride

(1.5 mM) in mineral oil was added and stirred for 10 min. The dark

brown solution was then poured into a 1N HCl/ice mixture to give a

light yellow precipitate. The organic compound was then extracted

with ethyl acetate, washed with water and dried with Na2SO4 to give a

yellow precipitate which was recrystallized from ethyl acetate-ether or

purified chromatographically using ether as eluent. NV-5-9. 3-(3,4,5-

trimethoxyphenyl)-4-(4-methoxy-3-nitrophenyl)-furanone (1 mM),

synthesized as described above, was dissolved in 20 ml of acetic acid

and 3 g of zinc dust was added and stirred continuously for 30 min.

The zinc was filtered out and the filtrate was frozen and lyophilized

to give NV-5-9 in a quantitative yield. The latter was dissolved in 30 ml

methylene chloride and HCl gas was bubbled through the solution for

1 h. Ether was added to the cloudy solution and the precipitate was

filtered to give the HCl salt. 

Cell culture. Both AR42J and IMR32 cell lines were obtained from

Dr. Catherine Anthony (LSU Health Sciences Center, New

Orleans, LA, USA). AR42J cells were cultured in Ham’s F12K

medium (GIBCO, Rockville, MD, USA) with 10% fetal bovine

serum (FBS), 1% glutamine and 1% ITS. IMR32 cells were grown

in MEM medium (GIBCO) with 15% FBS, 1% MEM NEAA, 1%

glutamine and 1% sodium pyruvate. The remaining cell lines were

purchased from the ATCC (Manassas, VA, USA). SKNSH cells

were maintained in MEM medium (GIBCO) with 15% FBS, 1%

MEM NEAA and 1% glutamine. NCI-H69 cells were cultured in

RPMI 1640 supplemented with 10% FBS and 1% HEPES. PC-3

cells were maintained in RPMI medium with 10% FBS. MCF-7

cells were cultured in MEM supplemented with 10% FBS, 1%

glutamine, 1% MEM NEAA, 1% ITS and 1% sodium pyruvate.

GH3 cells were grown in Ham’s F12K medium with 15% horse

serum and 2.5% FBS. Hs746T cells were cultured in DMEM

medium with 10% FBS and CFPAC-1 cells were cultured in

Iscove’s MEM medium with 10% FBS. Also, all the above media

contained 1% penicillin/streptomycin and 0.5% kanamycin. All cell

lines were incubated at 37ÆC in a 5% CO2 atmosphere.

MTT assay. This assay was performed according to the procedures

of the reagent kit from Promega Corporation (Madison, WI,

USA). Fifty Ìl of medium, containing various concentrations of

analog, was added to 96-well plates, four replicates per

concentration. Cells were suspended in the relevant culture

medium and 50 Ìl of the cell suspension was added to each well,

bringing the total volume to 100 Ìl. After incubation at 37ÆC for

up to 3 days, a dye solution (15 Ìl) was added to each well and

incubation continued for 4 h. Then to each well was added 100 Ìl

of the stop solution and the plates were incubated again until the

contents in the wells were uniformly- colored solutions. The

absorbance at the 570 nm wavelength was recorded.  

Tubulin polymerization assay. Instructions for this assay were

provided with the reagent kit from Cytoskeleton (Denver, CO,

USA). Ten Ìl of a compound in G-PEM buffer plus 5% glycerol

(910 Ìl BST01, 80 Ìl BST05 and 10 Ìl BST06) were pipetted into

each well and then incubated at 37ÆC for 10 min. Tubulin

polymerization buffer (TPB) was made by mixing 910 ml BST01,

80 Ìl BST05 and 10 Ìl BST06 and kept on ice. To re-suspend

tubulin, 310 Ìl TPB was added to each vial kept at 4ÆC and mixed

by pipetting. Tubulin solution (100 Ìl) was pipetted quickly into

each designated well of a pre-warmed 96-well plate and then

placed in a Wallac 1420 reader (Perkin Elmer, Boston, MA, USA)

set at 37ÆC and recordings at 340 nm were read immediately. 

Cell cycle analysis by flow cytometry. MOLT-4 leukemia cells were

chosen for cell cycle analysis. Treated with related analogs for 24 h,

the cells were then harvested and fixed in 70% cold ethanol for 15-30

min at 4ÆC. After being washed one time with PBS buffer, the cells

were then stained following the instructions of the DNA-Prep reagent

kit (Beckman Coulter, Miami, FL, USA). One hundred Ìl DNA-prep

LPR was added to the cells and they were quickly vortexed 4 times

before adding 1000 Ìl DNA-Prep Stain and kept in the dark at room

temperature for 30 min. The treated cell samples were finally sent for

flow cytometry analysis to the Tulane Gene Therapy Center.

Oral MTD experiment. Sixty CD-1 mice (Charles River, Wilington,

MA, USA) were separated into 6 groups of 10 mice each. Each

group, including 5 males and 5 females, was treated with different

doses (500, 200, 100, 50, 25, 0 mg/kg) of NV-5-9 dissolved in

propylene glycol. Each mouse was given 0.1 ml of the solution

orally and then fed normally.  Mice were observed every day and

bodyweights were measured once a week for 2 weeks.

Tumor growth and treatment. All mice studies were pre-approved

by the Tulane Health Sciences Center Animal Care and Use

Committee under guidelines similar to those of the UKCCCR.

NCI-H69 cells (5x106) were implanted under the skin of the left

flank of 5 nude mice (Charles River). After substantial growth,

tumors were aseptically excised, cut into pieces and transplanted

into both flanks of 15 nude mice of 4-6 weeks of age on arrival.

After 5-6 weeks, tumor-bearing mice were separated into 2 groups

for oral treatment. The first group was treated once a day for a

total of 20 days with 0.1 ml of NV-4-86 at 40 mg/kg, while another
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group was treated with propylene glycol. Tumor volumes were

measured and bodyweights taken once a week for 4 weeks.

PC-3 cells (2-4x106) were injected into the left flank of 5 nude

mice (5-7 weeks old). After substantial growth, tumors were

transplanted into the left flank of 20 nude mice.  After about 2

weeks, tumor-bearing mice (6-7 per group) were separated into

different groups for oral treatment with NV-4-82 or NV-5-9. The

test group was treated orally either once a day with 0.1 ml of NV-

4-82 at 40 mg/kg (total of 15 times) or twice a week with 0.1ml of

NV-5-9 at 50 mg/kg (total of 7 times). The control group was given

0.1 ml propylene glycol. Tumor volumes and bodyweights were

measured once a week.  Administrations of NV-4-82 and NV-5-9

took place over 3 and 4 weeks, respectively.

Results

MTT assay. Analysis of the results of the MTT assay

measurements for the inhibition of cell growth gave IC50

values for the various diarylfuranone analogs in different

tumor cell lines as shown in Table I and Figure 3. With

reference to the core diaryl-trimethoxy/4-methoxy

structure, the various substitutions on the aromatic rings

caused significant effects on cytotoxicity. An amino group

(NV-5-9) or a phenolic hydroxy group added at the R3

position (NV-4-96) resulted in the most potent activity

against IMR-32 cells as compared to the unsubstituted

analog (NV-4-82). Analogs without substitutions in the R3

position also had potent inhibitory activity when only the

p-methoxy (NV-4-82) or p-methylthio groups (NV-5-5)

were present. This also applied when R4 and R5 formed

part of a methylenedioxyphenyl ring (NV-4-97) instead of a

trimethoxyphenyl substitution. The inhibition of IMR-32

cell growth was not significant at concentrations up to 10-5

M when all three positions, R1, R2 and R3, were substituted

with methoxy groups (NV-4-100) or in the absence of a p-

methoxy group (NV-5-25) (F3). In 8 other tumor cell lines,

the results were very similar (Table I) with the exception of

NV-4-97 in GH3, AR42J and SKNSH cell lines and NV-4-

86 in SKNSH cell line. The data from CA-4 and colchicine

treatments were also shown as positive controls. 

Tubulin polymerization assay. Further experiments were

carried out to verify that there was a correlation between

analog effects on cell growth and tubulin polymerization.

The most potent analog, NV-5-9, was tested in a

commercially available tubulin polymerization assay at

different concentrations (0, 1, 2, 4, 8, 12 ÌM) and the results

demonstrated that this analog almost completely inhibited

tubulin polymerization activity at 8-12 ÌM concentrations

and could partly affect the polymerization kinetics even at

1 ÌM (Figure 4). Eight more analogs were tested for their

inhibitory activities at a 10 ÌM concentration (Figure 4)

and, as was expected the analogs NV-4-100 and NV-5-25,

which did not effectively kill IMR-32 cells as seen by MTT

assay, also did not inhibit tubulin polymerization. All the

other analogs inhibited cell growth and tubulin

polymerization to varying extents (Figure 4) with NV-5-9
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Table I. IC50 values (nM) of 3,4-diarylfuranone compounds against growth of different tumor cell lines as measured by MTT assay.

Cell lines Cell types CA-4 Colchicine NV-4-82 NV-4-86 NV-4-96 NV-4-97 NV-4-100 NV-5-5 NV-5-9 NV-5-25

IMR32 Neuroblastoma 2.16 3.68 14.38 39.71 5.04 19.28 >10,000 14.81 4.55 >10,000

Hs746T Gastric Carcinoma 5.20 12.38 149.80 60.26 164.60 486.80 >10,000 44.16 4.43 >10,000 

CFPAC-1 Pancreatic Carcinoma 3.46 4.02 21.08 67.78 2.66 148.60 >10,000 31.64 2.50 >10,000  

GH3 Pituitary Tumor 43.50 63.33 6.93 >1000 >10,000 53.37 6.50 >10,000 

MCF-7 Breast Cancer 18.47 7.24 8.82 53.77 5.66 168.70 >10,000 29.57 3.36 >10,000

PC-3 Prostate Cancer 18.13 50.89 11.54 195.70 >10,000 28.74 5.32 >10,000

SKNSH Neuroblastoma 127.60 682.00 44.37 >1000 >10,000 213.40 35.60 >10,000

NCI-H69 Lung Cancer 31.00 18.17 22.43 229.30 >10,000 19.16 7.74 >10,000

AR42J Pancreatic Cancer 44.59 97.06 40.36 >1000 >10,000 64.82 19.89 >10,000

Figure 3. Ability of various 3,4-diarylfuranone compounds to inhibit
growth of Neuroblastoma IMR-32 cells in culture as measured using a
MTT assay.



displaying the strongest activity followed by NV-4-96 and

NV-4-82 and then NV-4-86, NV-5-5 and NV-4-97. The

results from the tubulin assay thus suggest a high correlation

between inhibition of tubulin polymerization and cell

proliferation.  

Cell cycle analysis. Three 3,4-diarylfuran-2-one CA-4 analogs

(NV-4-86, NV-4-100, NV-5-9) with CA-4 and colchicine were

chosen for cell cycle analysis. These compounds were used to

treat human leukemia MOLT-4 cells at concentrations of 10

nM and 100 nM for 24 h. The results in Table II show that,

compared to the untreated controls, NV-4-86 and NV-5-9 at

100 nM could result in significant arrest of cells at G2/M-

phase. The latter is demonstrated even at 10 nM. Both analogs

are consistent with their anti-proliferation and anti-tubulin

polymerization activities (Table II, Figure 3 and Figure 4). On

the other hand, analog NV-4-100 did not affect the normal

MOLT-4 cell cycle even at a 100 nM concentration, which is

consistent with its non- inhibitory activities. CA-4 showed

activity at 10 nM, but colchicine did not.

Oral MTD experiments. The most potent analog, NV-5-9,

was chosen for an examination of its systemic effects in CD-

1 mice. A dose of 500 mg/kg killed all mice during the first

week, 200 mg/kg killed 4 mice in the first week and another

4 mice the second week. No mice died at a dose of 100

mg/kg, however expected bodyweight gains were absent

during the 1-week experimental period. In the remaining

groups, bodyweights increased by about 10%. 

Tumor treatment. Analogs NV-4-82, NV-4-86 and NV-5-9

were chosen for treatment protocols employing transplanted

PC-3 and SCLC NCI-H69 tumors grown under the side-

flank skin of nude mice. NCI-H69 tumor treatment utilized

NV-4-86 at oral doses of 40 mg/kg once a day for 4 weeks.

The tumor volume of the control group changed from

182±79.28 mm3 to 2248±1099.00 mm3 (1135.16%), (see

Table III). The tumor volume of the treated group changed
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Figure 4. Effects of the newly synthesized 3,4-diarylfuranone compounds
on inhibition of tubulin polymerization in vitro: A, NV-5-9 at varying
concentrations (1, 2, 4, 8, 12 ÌM). B, all synthesized compounds at the
same concentration (10 ÌM). DMSO solution (1%) as control; increased
tubulin polymerization produced by Taxol (5 ÌM) as a positive control.

Table II. Effects of 3,4-diarylfuranone analogs of CA-4 on MOLT-4 cell
cycle progression.

Compounds Dose G1/G0-Phase S-Phase G2/M-Phase

Control ≤1ò  48.01±2.49% 41.79±2.04% 10.21±0.46%

(DMSO)

NV-4-86 10nM 51.83±0.22% 38.62±0.31% 9.55±0.16%

100nM 1.04±0.68% 4.84±2.28% 94.12±1.68%

NV-4-100 100nM 52.74±0.11% 38.37±0.52% 8.90±0.41%

NV-5-9 10nM 26.69±8.67% 24.82±1.91% 44.49±6.15%

100nM 1.98±0.39% 0.17±0.17% 97.86±0.55%

Colchicine 10nM 47.58±1.85% 39.82±0.84% 12.60±1.17%

100nM 0.95±0.67% 1.42±1.32% 97.64±1.97%

CA-4 10nM 1.88±0.63% 3.74±0.92% 94.38±1.34%

100nM 1.59±0.52% 0.01±0.01% 98.41±0.53%



from 175±84.22 mm3 to 1335±920.78 mm3 (662.52%). PC-

3 tumors were treated orally with NV-4-82 at 40 mg/kg once

a day for 4 weeks. The tumor volume increased from

466±78.26 mm3 to 719±222.15 mm3 in the control group

(54.29%) and in the treated group from 399±62.50 mm3 to

476±147.95 mm3 (19.30%) (see Table III). In PC-3 tumors

treated orally with NV-5-9 at 50 mg/kg twice a week for 4

weeks, the control volume increased from 37±6.16 mm3 to

1201.04±699.01 mm3 (3145.95%) and in the treated group

from 51±15.56 mm3 to 389±242.92 mm3 (662.75%).

However, 3 out of 7 mice died during treatment (Table III).

Discussion

CA-4 is unique among cytotoxic agents in that, upon

entering the immature endothelial cells inside tumor-

associated blood vessels, it appears to selectively alter their

shape due to their being more sensitive to CA-4 than the

mature endothelial cells inside the blood vessels of normal

tissues (2,3). One possible explanation for this observation is

that, once inside an immature endothelial cell, CA-4 is able

to disrupt the internal skeleton that gives the cell its

characteristic flat shape (2,3). CA-4 does not do this to

mature endothelial cells. Without an internal skeleton to

maintain their elongated shape, the endothelial cells change

from a flattened, streamlined profile to a rounded, bloated

one, thus obstructing the capillaries and preventing the

blood flow necessary for tumor viability (2,3,17). This theory

appeared to be confirmed (18) in phase I clinical trials of

patients bearing a variety of solid tumors in which a

statistically significant reduction in blood flow was seen

within the tumors four to six hours after the infusion.  

Despite holding great clinical potential, combretastain

itself is a less than ideal candidate for disease treatment

because of its problematic physicochemical properties, not

least of which is a propensity to isomerize to the inactive

trans-isomer upon exposure to light or prolonged storage.

The necessity of separating the biologically active cis-isomer

(Figure 2) also complicates its synthesis. These points have

spurred a growing number of attempts to design and

synthesize analogs of combretastatin that eliminate the

isomer instability problem and simplify synthetic approaches

(9,10). Among these are the heterocyclic diarylfuranone-

containing structures first described by Kim et al. (9),

showing that the cis configuration of the 2 aromatic ring

systems is locked in place with a furanone ring system.

Several of these reported structures displayed cytotoxicity

potencies comparable to combretastatin itself when used

against A549, SK-MEL-2 and MCF7 cells. We were

impressed, not only with the apparent potencies of this

series of compounds, but also with their relative ease of

synthesis and we undertook additional structure-activity

studies aimed at choosing a potent compound for testing in
vivo and for possible clinical application.

Compounds were effectively synthesized in a "one-pot"

process (Figure 2) starting from appropriate ·-

bromoacetophenone and substituted phenylacetic acid

starting materials as described by Kim et al. (9). An important

improvement in the synthetic procedure was our use of NaH

in DMSO to effect furanone ring formation cleanly without

isolation of the intermediate phenacylacetates. 

The resulting compounds were first screened in a MTT

assay employing cultured human neuroblastoma IMR-32

cells followed by a variety of representative tumor cells

(Table I). The experimental results (Table I) confirmed that

the best activity is achieved if the R4, R5 and R6 positions

are methoxy-groups. Replacement of the R4 and R5

methoxy-groups for a methylenedioxy ring in NV-4-97 leads
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Table III. Treatment of prostate and SCLC tumors grown in nude mice with several newly synthesized compounds.

Code Group Dose Oral injection Tumor Tumor size (mm3)a Tumor Mortalityb

(mg/kg) times types change(%)

Start End

NV-4-82 Control 0 15 Prostate 466±78.26 719±222.15 54.29 0/6

Treated 40 (Once a day) PC-3

tumors 399±62.50 476±147.95 19.30 0/6

NV-4-86 Control 0 20 SCLC 182±79.28 2248±1099.00 1135.16 0/4

Treated 40 (Once a day) NCI-H69 

tumors 175±84.22 1335±920.78 662.86 0/4

NV-5-9 Control 0 7 Prostate 37±6.16 1201±699.01 3145.95 0/7

Treated 50 (Twice a week) PC-3

tumors 51±15.56 389±242.92 662.75 3/7

a,  Mean±SEM

b,  Mortality: No. of dead/ No. of mice in each group



to a decrease in the activity compared to NV-4-96. Methoxy-

and methylthio- substitutions in the R2 position provide

very similar activity in the analogs NV-4-82 and NV-5-5.

These data are in agreement with the data regarding similar

analogs of combretastatin and were reported to be about

equipotent (19). The introduction of a small proton donor

group into the R3 position can enhance activity as shown by

our most active compounds, NV-4-96 and NV-5-9. The

aromatic rings of these substances are structurally very

similar to CA-4 and its most active amino-analog (CA-9).

NV-4-86 can be considered as a podophyllotoxin analog and

is about as potent. Surprisingly, compound NV-4-100

bearing additional methoxy groups (R1=R2=R3=OMe),

appeared to be completely inactive. Also, our data show

that effective analogs such as NV-5-9 are potent against

additional tumor cell lines and tumor growth. Furthermore,

results from the tubulin polymerization assay and cell cycle

analysis correlated well with those from the MTT assay. 

Moreover, data from the MTT assay indicate that NV-5-9

has very similar activity to CA-4 and colchicine (Table I),

and analysis of cell cycles show that NV-5-9 is more potent

than colchicine and slightly less than CA-4. Also, NV-5-9 is

more soluble than CA-4 due to its anilino NH2 group. Thus,

the analog NV-5-9 is good drug candidate. It was extremely

potent in all systems tested, readily synthesizable and

apparently suitable for in vivo studies employing

transplanted tumors. It was therefore decided to administer

and compare the 3 most potent compounds parenterally, in

the expectation that there would be significant bioavailability

by this route with these low molecular mass compounds. The

first model chosen employed human prostate PC3 tumors

transplanted into nude mice. In treated animals, the prostate

tumor volume was about 60% of that of controls after oral

NV-4-82 treatment. Similar results were obtained using NV-

4-86 treatment of the hSCLC NCI-H69 tumors. NV-5-9

showed more potent inhibition of prostate tumors, volumes

being about 30% of controls. The results are certainly not

dramatic and are inferior to those seen after either i.v. or i.p.
administration of CA-4 and its related compounds. The lack

of toxicity of NV-5-9 until a very high oral dose of 200 mg/kg

was achieved (data not shown) contrasts with the appreciable

levels of toxicity seen after other routes of administration

and suggests poor oral bioavailability. Since NV-5-9 has a

reactive amino group, one of the ways to solve the toxicity

problem and poor therapeutic window might be to conjugate

NV-5-9 with short peptide vectors, some of which have been

used successfully for receptor-specific targets. For instance,

NV-5-9 might be conjugated to a somatostatin or bombesin

analog. Since somatostatin and bombesin receptors are

expressed fully in various kinds of tumor tissues (20,21),

these kinds of conjugates could carry CA-4 analogs directly

to target sites and avoid injury to normal tissues or organs.

Studies are presently under way to evaluate this approach.
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