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Abstract

Multidrug resistance and toxic side effects are the major challenges in cancer treatment with
microtubule-targeting agents (MTAS), and thus, there is an urgent clinical need for new therapies.
Chalcone, a common simple scaffold found in many natural products, is widely used as a
privileged structure in medicinal chemistry. We have previously validated tubulin as the anticancer
target for chalcone derivatives. In this study, an a-methyl-substituted indole-chalcone (FC77) was
synthesized and found to exhibit an excellent cytotoxicity against the NCI-60 cell lines (average
concentration causing 50% growth inhibition = 6 nM). More importantly, several multidrug-
resistant cancer cell lines showed no resistance to FC77, and the compound demonstrated good
selective toxicity against cancer cells versus normal CD34* blood progenitor cells. A further
mechanistic study demonstrated that FC77 could arrest cells which relates to the binding to
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tubulin, and inhibit the microtubule dynamics. The National Cancer Institute COMPARE analysis
and molecular modeling indicated that FC77 had a mechanism of action similar to that of
colchicine. Overall, our data demonstrate that this indole-chalcone represents a novel MTA
template for further development of potential drug candidates for the treatment of multidrug-
resistant cancers.
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1. Introduction

Microtubules, composed of a- and B-tubulin heterodimers, are a validated druggable target
for a number of marketed antitumor drugs (Fig. 1). The drugs are classified into two
categories, microtubule-stabilizing agents (MSAs) and microtubule-destabilizing agents
(MDAs)1-3. MSAs, such as paclitaxel (Taxol®) and ixabepilone, prevent microtubules
disassembly, whereas MDAS, such as vinblastine and vincristine, inhibit microtubule
polymerization. A new MDA from marine sponges, eribulin, has recently been approved for
the treatment of breast cancer and liposarcoma®. Indeed, microtubule-targeting agents
(MTAS) represent one of the most commonly used classes of chemotherapies in the
treatment of cancer®. However, there is a high risk for cancer cells to acquire drug resistance
during MTA treatment; consequently, tumors often reveal a multidrug-resistant (MDR)
phenotype®. Cancer cells can acquire multidrug resistance via different mechanisms,
including the overexpression of ATP-binding cassette (ABC) transporters. ABC transporters
are overexpressed in ~40% of breast cancer patients, and the proportion can increase to
~70% upon chemotherapy treatment’. Toxic side effects are another challenge that limits the
clinical use of MTAs®. Therefore, there is an urgent clinical need for new MTA anticancer
agents, which would ideally be able to selectively target MDR malignancies while showing
low toxicity for normal tissues.

Since substrates for ABC transporters are typically structurally complex, such as the clinical
MTAs, anticancer agents with a simpler structure may offer a better opportunity to mitigate
the risk of multidrug resistance. Chalcone is a simple and privileged structure in medicinal
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chemistry, with diverse biological activities, including anticancer activity®-11. Recently, our
group has demonstrated, via a whole-cell-based photoaffinity labeling approach, that tubulin
is the direct cellular target of chalcones, responsible for their anticancer effects. A mass
spectrometry-based approach has revealed that a positive chalcone probe modified the
peptide N337-K350 (NSSYFVEWIPNNVK), suggesting targeting of the colchicine-binding
site (Supplementary Fig. S1), which is different from the paclitaxel- or vinblastine-binding
sites12. Molecular modeling of this probe showed that its azide group was within 2.2 A and
2.5 A of the labeled peptide (Supplementary Fig. S2). To date, no clinical MTA agents have
been reported to target the colchicine-binding site as anticancer agents.

Based on these results and our earlier structure—activity relationship (SAR) datal3, seven
indole-chalcones were developed and characterized in this study (Supplementary Table S1),
and the lead compound (FC77; Fig. 2) was evaluated for its /n vitro anticancer activity and
the mechanism of action.

Materials and methods

Chemicals and reagents

All purchased reagents and solvents were used without further purification. Silica gel
chromatography was performed on Whatman silica gel 60 A (230-400 mesh). Nuclear
magnetic resonance (NMR) spectra (*H and 13C) were recorded on a spectrometer (Bruker
Ascend 400) and calibrated using the deuterated solvent residual as an internal reference.
High-resolution mass spectrometry (HRMS) was performed using a Q-TOF micro mass
spectrometer. Compound 4 was analyzed by high-performance liquid chromatography
(HPLC; Agilent 1100) using an Agilent Eclipse Plus C18 column (4.6 x 100 mm, 3.5 pm)
and a 20-min linear gradient from 100% A (20 mM ammonium acetate, pH 6.8, in 10%
CH3CN) to 100% B (CH3CN) at a flow rate of 1 mL/min. Purities of the other compounds
were analyzed by HPLC (Agilent 1100) using an ODS-A column (YMC Pack; 10 x 250
mm, 5 um) with methanol:H,O (100:0 to 80:20 over 20 min and 80:20 thereafter) as the
mobile phase with a flow rate of 2 mL/min. The separation was monitored at wavelengths of
254 and 365 nm. The purities of all final compounds were higher than 95%.

2.2. Synthesis of indole-chalcones

The synthetic route is presented in Supplementary Scheme S1 using two patents as
references.4 15 To a solution of indole-3-carboxaldehyde (1 mmol) in ethanol (4 mL),
piperidine (1.2 mmol) and the corresponding acetophenone (0.5 mmol) were added. After
the mixture was stirred at 95 °C for 48 h, the reaction was quenched with hydrochloric acid
diluted to pH 6 and then extracted with ethyl acetate. The organic layer was washed with
aqueous NaHCO3, water, and brine, then dried over anhydrous Na,SOy4, and finally
concentrated. The residue was recrystallized in ethanol at —20 °C for 24 h to afford the target
compound FC77. Recrystallization yield: 8.2%. 1H NMR (400MHz, CDCl3): §8.71 (1H, br,
NH), 7.69 (1H, s, Ar-H), 7.64 (1H, s, =CH), 7.59 (1H, d, /= 8.0 Hz, Ar-H), 7.45 (1H, d, J=
8.0 Hz, Ar-H), 7.30 (1H, d, /= 7.2 Hz, Ar-H), 7.22 (1H, t, /= 7.5 Hz, Ar-H), 7.03 (2H, s,
Ar-H), 3.96 (3H, s, OCHs), 3.89 (6H, s, 20CH3), 2.32 (3H, s, CH3). 13C NMR (100MHz,
CDCl3): 6197.98, 152.78, 135.46, 134.52, 131.76, 127.64, 125.93, 123.37, 121.04, 118.44,
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113.31, 111.45, 106.94, 60.97, 56.26, 15.39. HRMS (ESI*) m/z Calculated for Co1H25NO4
352.1543; Observed 352.1543 (M+H"). HPLC Purity: 97.4%, Ry = 35.70 min, UV 254 nm.
The NMR, HRMS, and purity spectra are included in the Supplemental Information.

2.3. Cell lines and cell culture

Human A549, A549/T, A549/DDP, HCT-116, HCT-116/L, HL60, HL60/DOX, K562, K562/
HHT300, CCRF-CEM, and CCRF-CEM/VLB100 cells were authenticated via DNA
analysis by Genetica DNA Laboratories (Cincinnati, OH, USA) or by the University of
Arizona Genomics Core. Cells were cultured following our standard protocols!? 13, 16-20
and tested monthly for Mycoplasma contamination. De-identified mobilized peripheral
blood (MPB) was obtained after informed consent according to protocols approved by the
University of Minnesota Institutional Review Board.

K562 and K562/HHT300 cell lines were provided by Dr. Tang.2! K562/HHT300 was
developed from K562 upon chronic exposure to homoharringtonine, a protein translation
inhibitor. HL60 and HL60/DOX cell lines were provided by Dr. Ganapathi.22 HL60/DOX
was developed from HL60 upon chronic exposure to doxorubicin (a topoisomerase
inhibitor). CCRF-CEM and CCRF-CEM/VLB100 were provided by Dr. Beck?3 24, CCRF-
CEM/VLB100 was developed from CCRF-CEM upon chronic exposure to vinblastine, an
antimicrotubule agent. A549, A549/T, A549/DDP, HCT-116 and HCT-116/L were obtained
from State Key Laboratory of Oncogenes and Related Genes, Cancer Institute of Shanghai
Jiaotong University. A549/T and A549/DDP were developed from A549 upon chronic
exposure to paclitaxel and cisplatin, respectively. HCT-116/L was developed from HCT-116
upon chronic exposure to oxaliplatin. We have evaluated all the parental cell lines and the
MDR cell lines, using the names as in their original reports. Comparison has been made only
between the MDR cell line with its corresponding parental cell line.

2.4. Cell viability measurement

In vitro cytotoxicity of the compounds was assayed by determining their ability to inhibit the
growth of tumor cells. In brief, cells were plated in a 96-well plate (at a density of ~4,000
cells/well for adherent cells and ~10,000 cells/well for suspension cells). The cells were
treated with a series of dilutions of the test compounds, with the final concentration of
dimethyl sulfoxide (DMSO) of 1% in the cell medium; cells treated with medium containing
1% DMSO served as a control. After a 48- or 72-h treatment, the relative cell viability in
each well was determined using a CellTiter-Blue cell viability assay kit. The concentration
causing 50% inhibition of the cell growth (Glsg) of each candidate compound was
determined by fitting the relative cell viability to the drug concentration using a dose-
response model in the GraphPad Prism program (GraphPad Software, San Diego, CA,
USA). For the National Cancer Institute (NCI)-60 screening panel, the treatment lasted for
72 h.

2.5. Colony formation assay

Cells (100 cells per condition for leukemia cell lines or 500 cells per condition for MPB)
were treated with doxorubicin, vincristine, or FC77 for 24 h in a standard culture medium
and then harvested and plated in MethoCult H4034 optimum CFC medium (Stem Cell
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Technologies) according to the manufacturer’s recommendations. Colonies were scored after
7-14 days under an inverted microscope.

2.6. Analysis of cell-cycle distribution by flow cytometry

The cell cycle was analyzed by flow cytometry based on the DNA content following our
established procedures3: 25 with slight modifications. Briefly, HL60 cells (106 cells/mL) or
HCT116 cells (5*10° cells/mL) were treated with compounds at their corresponding Glsg
concentrations with 1% DMSO for different time points (1-12 h). The cells were then
washed twice with ice-cold phosphate-buffered saline (PBS) and resuspended in 1 mL of
PBS. The suspension was mixed with cold 70% ethanol (9 mL) and fixed at 4 °C overnight.
Cell pellets were collected by centrifugation, washed twice with PBS, then resuspended in 1
mL of a propidium iodide (PI) staining solution (50 ug/mL PI, 200 pg/mL RNase A, and
0.1% Triton X-100 in PBS), and incubated at room temperature for 30 min in the dark. The
cell-cycle distribution was then analyzed using a BD FACSCalibur flow cytometer.

2.7. Differential scanning fluorimetry assay

Briefly, a tubulin monomer was mixed with colchicine, paclitaxel, vinblastine or FC77 (50
UM) in the presence of GDP (0.1 mg/mL), and the melting temperature of tubulin was
measured using BioRad CFX96 Real-Time PCR System following established
procedures?6: 27,

2.8. Microtubule dynamics

The individual microtubule dynamics were measured in the presence of MTAs and analyzed
as described previously?8. Briefly, LLC-PK1 porcine kidney cells, stably expressing
enhanced green fluorescent protein (EGFP)-tubulin, were treated with Taxol (Sigma—
Aldrich, St. Louis, MO, USA), vincristine sulfate (Sigma), or FC77 for 30 min prior to
imaging. A total of 121 frames were collected every 0.5 s for 60 s, while the lengths of
individual microtubules were determined using the TipTracker software without
modification?°.

2.9. Statistical analysis

The /n vitro cytotoxicity assay was performed at least three times in triplicate. Comparisons
were made using a two-tailed Student’s #test. A value of p < 0.05 was considered
statistically significant.

3. Results

3.1. FC77 shows strong cytotoxicity against NCI-60 cancer cell lines

The NCI-60 human cancer cell line screening has been widely used to identify potential
anticancer drug candidates, to help elucidate the mechanism of action, and to help prioritize
the types of malignancies for the development3C. Through this screening, FC77 was found
to be a low-nanomolar inhibitor of the growth of the majority of the NCI-60 human cancer
cell lines (average Glsg: ~6 nM; Table 1 and Supplementary Fig. S4), with some preference
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toward leukemia, colon, and central nervous system cancers (Glsg < 4 nM for all 19 cell
lines), as well as toward non-small-cell lung cancers, with only one exception (HOP-92).

3.2. FC77 inhibits the growth of multiple parental and corresponding MDR cancer cells

We further explored the anticancer potential of FC77 against leukemia (HL60 vs. HL60/
DOX, K562 vs. K562/HHT300, CCRF-CEM vs. CCRF-CEM/VLB100), non-small-cell
lung cancer (A549 vs. A549/T and A549/DDP), and colon cancer (HCT-116 vs. HCT-116/L)
cell lines and their corresponding MDR counterparts.

The drug-resistant cell lines all demonstrated MDR phenotypes, as shown for paclitaxel and
vinblastine (Supplementary Fig. S5), potentially via upregulation of ABC transporters!é.
Unlike paclitaxel and vinblastine, FC77 retained its cytotoxicity against the MDR cancer
cell lines, with the Glgg values of 1-53.4 nM (Fig. 3). Although FC77 did not reveal
selectivity toward A549/T cells (Glsg = 53.4 £ 1.1 nM), it was much more potent than
paclitaxel (Glsg = 2,090 *+ 64 nM; Supplementary Fig. S5) against this cell line. For parental
CCRF-CEM and HCT-116 cells and their resistant derivatives, FC77 showed less
selectivity; however, the Glgg values were in the low nanomolar range (1-8 nM). Moreover,
K562/HHT300 and, particularly, HL60/DOX and A549/DDP cells were more sensitive to
FC77 than their parental cells, suggesting the potential of FC77 to treat MDR malignancies
as a complementary treatment to the current standard chemotherapies.

3.3. FC77 shows a safer therapeutic window and low toxic side effects

The differential anticancer activity of FC77 against HL60 and HL60/DOX cells was further
evaluated by a colony formation assay (Fig. 4), which reflects their leukemic stem cell
activity. The clonogenic potential of HL60 and HL60/DOX cells was significantly and dose-
dependently reduced upon treatment with this indole-chalcone. FC77 was more active
against drug-resistant HL60/DOX cells than against HL60 cells in the colony formation
assay. A significant difference was observed at a low drug concentration (0.01 uM). As
expected, conventional chemotherapeutic agents (doxorubicin and vincristine) were highly
active against HL60 cells but much less effective against the resistant HL60/DOX cell line.
To evaluate the potential therapeutic window of FC77, we also evaluated its effects on
colony formation by normal CD34" blood progenitor cells derived from MPB of healthy
donors31, While doxorubicin and vincristine showed a greater inhibitory effect on the colony
formation by normal MPB cells than on that by MDR HL60/DOX cells, FC77 was markedly
less toxic to normal MPB cells than to MDR HL60/DOX leukemia cells (Fig. 4), which
suggests its safer therapeutic window and translational potential.

3.4. FC77 significantly induces cell cycle arrest

We then characterized the impact of FC77 and three standard drugs (doxorubicin, paclitaxel,
and vinblastine) on the HL60 cell-cycle distribution. The concentrations of the compounds
were equal to their corresponding 48-h Glgps. The cells treated with FC77 showed a
significantly larger population in the G2/M phase than the control cells (Fig. 5A).
Vinblastine also significantly induced cell cycle arrest, while paclitaxel slightly increased the
G2/M population, consistent with their antimicrotubule mechanisms of action. Doxorubicin
showed no induction of cell cycle arrest. Given that FC77 showed the impact on cell cycle,
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we further evaluated its effects toward HL60 and HCT116 using different time points (Fig.
5B and C). FC77 can arrest these two cells in a significant time-dependent manner. The
HL60 cells showed the population of ~14-25% in the G2/M phase. HCT116 cells can be
arrested in the G2/M phase from ~25% at 1h to ~60 % at 12 h.

FC77 directly interacts with tubulin

We next explored the ability of FC77 to directly interact with tubulin by measuring its effect
on the melting temperature of tubulin by differential scanning fluorimetry2’. As shown in
Fig. 6, colchicine and vinblastine increased the melting temperature by 3 and 2 °C,
respectively, while paclitaxel increased the temperature by only 1 °C. We speculated that the
weak effect of paclitaxel could be due to its preferential interaction with microtubules,
instead of tubulin. FC77 increased the melting temperature by 4 °C, i.e., more than the three
standard MTAs, indicating its direct interaction with tubulin.

3.6. FC77 significantly blocks the dynamics of individual microtubules

3.7.

The effect of FC77 on the microtubule dynamics was characterized via direct imaging of
microtubule dynamics in intact LLC-PKZ1 porcine Kidney cells (Fig. 7). Normally,
microtubules in intact cells undergo dynamic changes via polymerization and
depolymerization, exhibiting a high assembly variance over time (DMSO control in Fig.
7A). As expected, paclitaxel and vincristine (10 nM) significantly reduced the dynamics of
individual microtubules. A similar reduction was achieved with FC77 when its
concentration was 3 nM (Fig. 7A). However, FC77 completely blocked the microtubule
dynamics when its concentration reached 10 nM (Fig. 7A, B, and D). A dose-response
quantitative analysis showed that FC77 was a more potent inhibitor than paclitaxel and
vincristine. The half-maximal inhibitory concentration (ICsq) was approximately 3 nM for
FC77 compared to 14 nM and 37 nM for paclitaxel and vincristine, respectively (Fig. 7C).

FC77 shows a similar microtubule-depolymerizing mechanism with that of colchicine

To confirm the antimicrotubule mechanism of FC77, we used the NCI COMPARE
algorithm to compare the FC77 activity profile with those of other anticancer therapeutics.
The similarity relative to FC77 was expressed using a Pearson’s correlation coefficient
(PCC). A PCC value of > 0.5 is generally considered significant32 33, Our COMPARE
analysis results showed that FC77 was similar in its mechanism of action to five
representative antimicrotubule agents (Table 2). Colchicine, in particular, showed a PCC
value of 0.658 relative to FC77, indicating a similar microtubule-depolymerizing
mechanism, while FC77 was approximately 10-fold more potent than colchicine (average
Glsg = 57.5 nM in the NCI database)3*. Additionally, colchicine was not highly active
against HL60/DOX cells (Glsg = 10.3 uM), which showed a 25-fold higher resistance than
that of parental HL60 cells (Supplementary Fig. S7).

4. Discussion

Chalcone is a privileged structure in medicinal chemistry because it shows diverse biological
activities, including anticancer activity®. Nevertheless, there is not enough convincing
evidence to confirm its anticancer binding targets. In our previous study, we have
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unambiguously confirmed B-tubulin as a direct cellular target of chalcones via whole-cell-
based photoaffinityl2. The results prompted us to investigate drug candidates based on the
chalcone scaffold and their molecular mechanisms.

FC77, an indole-chalcone derivative, was demonstrated to show marked potency against
multiple cancer cell lines by targeting microtubules. Since multidrug resistance is a major
challenge for clinical MTA cancer treatment, our findings suggest the potential of FC77 to
mitigate this clinical issue. The potential advantage of FC77 is its simple structure compared
with those of complex clinical antimicrotubule agents. Combretastatin A-4, a natural product
from Combretum caffrum® and an MTA with a simple structure similar to that of FC77,
were evaluated in parallel and found to have a similar selectivity profile and potencies
(Supplementary Fig. S6), indicating that MTAs with simple structures may be useful for
treating MDR malignancies. Moreover, it is reported that tubulin binding agents that
specifically target the colchicine binding site may circumvent the MDR36: 37_ Thus, several
experiments were then applied to support its colchicine-binding property.

The cell cycle arrest is a key feature of antimicrotubule agent-induced cytotoxicity38: 39,
Apoptosis, on the other hand, can be induced by therapeutic agents with various mechanisms
of action, making it difficult to understand the upstream mechanisms. Thus, the increased
G2/M phase population in two cell lines after treatment with FC77 suggested that FC77
induced the arrest at G2 and/or M phase. Additional data, including the melting temperature
(biochemical binding), COMPARE (correlative analysis), and molecular modeling
(Supplementary Figs. S1-S3) data, as well as our previous whole-cell-based photoaffinity
labeling datal?, collectively support this mechanism of action. A whole-cell microtubule
dynamics assay was used, instead of a tubulin polymerization/depolymerization biochemical
assay, to confirm the direct interaction of FC77 with tubulin, mainly because the
concentrations needed to induce polymerization or depolymerization could be more than
1,000-fold higher than cytotoxic concentrations and because there might be a limited
correlation, if any, between the biochemical potency and /n vitro cytotoxicity, as has been
reported for tubulysin by Fecik et al.%0. Besides, molecular modeling showed that the
compound could be well docked into the colchicine-binding site, and a good superposition
with colchicine was observed. A clear SAR (Supplemental Information), with a decent
correlation (R? = 0.70) between the Glsq values of the compounds and their activities
predicted by an atom-based QSAR model, was also obtained (Supplementary Fig. S3C). The
5-methoxyl and 1-amino functional groups of FC77 interacted with Cys241 and Asn101 of
tubulin via hydrogen bonding (Supplementary Fig. S3A and B), consistent with the potent
cytotoxicity of the compound.

There have been some concerns about the chalcone template because it contains a pan-
assay-interference-compounds (PAINS) fragment#!: 42, However, the use of PAINS as a
filter has been challenged®3: 44, Compounds with a potentially promiscuous template must
be carefully evaluated before they are excluded. In this study, the effect of FC77 on
microtubule dynamics in intact cells was characterized, and the compound was demonstrated
to completely inhibit the microtubule dynamics when its concentration reached 10 nM,
which is much lower than the typical concentrations for PAINS effects. A dose-response
quantitative analysis showed that FC77 is a more potent inhibitor of microtubule dynamics
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than are paclitaxel and vincristine. Besides, our previous data also support p-tubulin as a
direct cellular target of chalcones!2. Collectively, these studies demonstrated that the
reported compounds possess specific activities and their apparent activity is not an artifact
due to the PAINS potential.

In summary, we synthesized a series of chalcone compounds, for which a clear SAR was
demonstrated, with a good correlation with their modeled binding interactions with tubulin.
FC77 exhibited excellent cytotoxicity against the NCI-60 human cancer cell lines, with the
Glgg values in the low nanomolar range. A mechanistic study demonstrated that FC77
arrested the cell cycle which might relate to the binding to tubulin, and inhibited the
microtubule dynamics. The COMPARE analysis indicated that FC77 had a mechanism of
action similar to that of colchicine and other MTAs. These data consistently support the
antimicrotubule mechanism of action of FC77. More importantly, MDR cancer cell lines
showed no resistance to FC77, and this compound demonstrated selective cytotoxicity
against cancer cells, with less toxicity against normal CD34* blood progenitor cells. Overall,
our data show that FC77 represents a novel MTA template for drug development to treat
MDR cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Representative antimicrotubule cancer therapeutic drugs.
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Chemical structure of the novel indole-chalcone FC77.
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Fig. 3.
Comparison of cytotoxicity of FC77 against multidrug-resistant cancer cell lines and their

parental cancer cell lines. *p < 0.05, ***p < 0.001.
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Fig. 4.

Preferential cytotoxicity of FC77 to HL60/DOX cells over HL60 cells, and its therapeutic
window for CD34* MPB cells, assessed via a leukemia colony-forming cell (L-CFC) assay.
Cells (100 cells per condition for leukemia cell lines or 500 cells per condition for MPB)
were treated with doxorubicin, vincristine, or FC77 for 24 h in a standard culture medium
and then harvested and plated in MethoCult H4034 optimum CFC medium (Stem Cell
Technologies) according to the manufacturer’s recommendations. Colonies were scored after
7-14 days under an inverted microscope. *p < 0.05.
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(A) Effects of FC77 and standard therapeutic drugs on the HL60 cell cycle upon a 6-h
treatment. DOX, doxorubicin; TAX, paclitaxel; VIN, vinblastine. **p < 0.01, ***p < 0.001
versus control group. Effect of FC77 on cell cycle distribution towards HL-60 (B) and
HCT-116 cells (C) at different time points (1 h, 3 h, 6 h, 9 h, 12 h) with concentrations of
corresponding Glsgs (HL60, 2.8 nM; HCT-116, 1 nM). *p<0.05, **p<0.01, ***p<0.001
versus G2/M phase of control group. All the experiments are triplicated.
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Thermal shifts in the tubulin monomer (in the presence of GDP, 0.1 mg/mL) with colchicine,
paclitaxel, vinblastine or FC77 (50 uM), as determined by differential scanning fluorimetry.
Control: General tubulin buffer (PEM) containing 80 mM PIPES pH 6.9, 2 mM MgCl, and
0.5 mM EGTA. The melting temperatures of tubulin (°C) with different treatments are
presented in the table.
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Effects of paclitaxel, vincristine, and FC77 on the microtubule dynamics in LLC-PK1 cells.
(A) Representative plots of the changes in the microtubule length over time under different
conditions. Each trace represents an individual microtubule. (B) Mean-squared displacement
of the microtubule dynamic end per unit of time. Microtubules undergoing dynamic
instability exhibit large displacements (DMSQ), while those that are kinetically stabilized or
have lost the dynamics exhibit small displacements over time (10 nM FC77). Data are
presented as the mean + standard error of the mean. (C) Effective diffusion coefficients of
the microtubule dynamic end as a function of the concentration of paclitaxel (red),
vincristine (blue), and FC77 (black). Effective diffusion coefficients were estimated from
the mean-squared displacements of the dynamic end shown in (B). The I1Csq values were
approximately 3 nM for FC77, 14 nM for paclitaxel, and 37 nM for vincristine. The best-fit
sigmoid curves were obtained for all estimated diffusion coefficients. The diffusion
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coefficient data for paclitaxel is from our previous study?2. (D) Microtubule dynamics in the
presence of paclitaxel, vincristine, and FC77. Representative kymographs of the EGFP-
tubulin signal are shown for individual microtubules under the indicated conditions. For each
kymograph, the microtubule is aligned to the vertical axis, while time is plotted on the
horizontal axis.
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Table 1

The 72-h cytotoxicity profile of FC77 against the NCI-60 cancer cell line panel.

Page 21

cel line Glg (M)  Cell line Glg (M) Cell line Glg (M) Cdll line Glgo (NM)
L eukemia Colon cancer CNS cancer A498 25
CCRF-CEM 51 COLO 205 35 SF-268 55 ACHN 6.2
HI-60 (TB) 2.3 HCC-2998 4.3 SF-295 3.0 CAKI-1 4.2
K562 35 HCT-116 3.6 SF-539 2.8 RXF 393 N.D.
MOLT-4 55 HCT-15 3.4 SNB-19 4.1 TK-10 > 100
PRM1-8226 4.8 HT29 4.0 SNB-75 3.3 UO0-31 7.9
SR 33 KM12 3.6 U251 4.4 Prostate cancer
Non-small-cell lung cancer SW-620 42 Ovarian cancer PC-3 7.9
AB49/ATCC 41 Melanoma IGROV1 5.6 DU-145 3.8
EKVX 5.2 LOX IMVI 4.7 OVCAR-3 3.3 Breast cancer
HOP-62 5.4 MALME-3M >100 OVCAR-4 251 MCF-7 35
HOP-92 74.1 M14 3.4 OVCAR-5 85.1 MDA-MB-231/ATCC 3.9
NCI-H226 6.2 MDA-MB-435 2.3 OVCAR-8 35 HS 578T 4.8
NCI-H23 51 SK-MEL-2 12.3 NCI/ADR-RES 3.2 BT-549 5.9
NCI-H460 3.7 SK-MEL-28 17.4 SK-OV-3 7.8 T-47D N.D.
NCI-H522 2.8 SK-MEL-5 43 Renal cancer MDA-MB-468 3.3
UACC-257 >100 786-0 6.5

CNS, central nervous system; Gl5(, concentration causing 50% inhibition of the cell growth; NCI, National Cancer Institute; N.D., not determined.
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The top antimicrotubule agents with cancer cell growth inhibitory patterns similar to that of FC77.

Name PCC

Colchicine 0.658
Epothilone A 0.567
Epothilone D 0.564
Docetaxel 0.555
Vincristine 0.547

Table 2

PCC, Pearson’s correlation coefficient.
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