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Abstract Purpose: Chaetoglobosin K (ChK), a bioactive
natural product previously shown to have anti-tumor
promoting activity in glial cells and growth inhibitory
effects in ras-transformed fibroblasts, inhibited anchor-
age-dependent and anchorage-independent growth in
ras-transformed liver epithelial cells. The purpose of this
study was to identify cellular targets of ChK that
mediate its anti-tumor effects. Methods: Anchorage-
independent cell growth assays, using soft agar-coated
dishes, and anchorage-dependent growth assays were
performed on transformed WB- rasl cells. Phase/con-
trast and fluorescent microscopy were used to visualize
cell morphological changes and DAPI-stained nuclei.
Analyses of p21 Ras membrane versus cytosolic forms,
p44/42 mitogen-activated protein kinase (MAPK)
phosphorylation, Akt kinase phosphorylation and
connexin 43 phosphorylation were performed by Wes-
tern blotting. Gap junction-mediated cellular commu-
nication was measured by fluorescent dye transfer.
Results: Treatment of WB- rasl cells with a non-cyto-
toxic dose of ChK inhibited both anchorage-dependent
and anchorage-independent growth. Inhibited cells were
generally larger and less spindle-shaped in morphology
than vehicle-treated cells, many of which were multinu-
cleate. Removal of ChK induced cytokinesis and a re-
turn to predominantly single-nucleate cells, suggesting
that ChK inhibits cytokinesis. The proportion of mem-
brane-associated versus cytosolic forms of p21 Ras was
unchanged by ChK treatment, suggesting that ChK does
not act as a farnesylation inhibitor. ChK treatment de-
creased the level of phosphorylation of Akt kinase, a key
signal transducer of the Phosphatidylinositol 3-kinase
pathway. In contrast, ChK had no effect on phosphor-
ylation of p44/42 MAPK, which mediates the MAPK/
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ERK Ras effector pathway. Phosphorylation of the gap
junction protein, connexin 43, shown previously to in-
crease following treatment with other anti-Ras com-
pounds, was also not altered by ChK, which correlated
with its lack of effect on gap junction-mediated cellular
communication. Conclusions: Our results demonstrate
that ChK inhibits Akt kinase phosphorylation and
cytokinesis in ras-transformed cells, which likely con-
tribute to its ability to inhibit tumorigenic growth.
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Multinucleate

Abbreviations ANOVA: Analysis of variance -

BSA: Bovine serum albumin - ChK: Chaetoglobosin
K - Cx43: Connexin 43 - DMSO:

Dimethylsulfoxide - EtOH: Ethanol - GSK-34:
Glycogen synthase kinase-3f8 - MAPK: Mitogen-
activated protein kinase - NBT/BCIP: Nitroblue
tetrazolium/5-bromo-4-chloro-3-indoyl phosphate -
PI-3 kinase: Phosphatidylinositol 3-kinase - PBS:
Phosphate-buffered saline - PMSF:
Phenylmethylsulfonyl fluoride - PVDF: Polyvinylidene
fluoride - SDS: Sodium dodecyl sulfate

Introduction

Normal mammalian Ras proteins mediate cellular pro-
liferation, differentiation, and survival by linking signals
from the cell membrane to downstream cytoplasmic or
nuclear effectors. Ras proteins are a closely-related
group of 21 kD membrane-bound GTP/GDP exchange
proteins that are expressed in three forms, H-Ras, K-
Ras, and N-Ras [1-3]. The ras genes in normal cells are
proto-oncogenes that, when mutated, become oncoge-
nes, expressing altered p21 Ras proteins that contribute
to the transformed phenotype. Ras genes are frequently
mutated genes [2], with mutations appearing in at least
30% of human cancers [4]. Ras mutations at codons 12,
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13, 59, and 61 can result in a constitutively active state in
which Ras is not inactivated by GTPase-activating
proteins (GAPs) [5], and the GTP-bound ‘““on” state
persists. This type of mutation contributes to a tumori-
genic phenotype and is seen in a wide variety of neo-
plastic cells, such as colon, pancreas, and lung
carcinoma cells. Ras-induced cellular transformation is
mediated by interactions with three major downstream
effectors: Raf kinases, which activate MAP kinase sig-
naling pathways [4, 6]; Phosphatidylinositol 3-kinase
(PI-3 kinase), which mediates Ras-induced cytoskeletal
reorganization [7]; and RalGEFs, which potentiate [§] or
induce [4] oncogenic transformation of mammalian cells.
Ras-transformed cells exhibit phenotypic properties that
include anchorage-independent growth, changes in cell
morphology, an altered cytoskeleton, and a reduction in
gap junction-mediated intercellular communication [I,
7, 9—11]. In both normal and transformed cells, associ-
ation with the plasma membrane is required for the
biological activity of p21 Ras. Farnesylation at the
carboxy terminal CAAX motif at cysteine residue 186 of
Ras by farnesyltransferase is required for anchorage in
the plasma membrane [12-14]. Indeed, farnesylation
inhibitors have been shown to disrupt p21 Ras activity
in both normal and tumorigenic cells [1, 15, 16]. Because
of their pivotal role in growth regulation and cellular
transformation, Ras proteins have become key targets
for development of drugs to block or reverse their al-
tered function in human cancers [1, 2].

Chaetoglobosin K (ChK), an indolylcytochalasin
derived from the phytopathogenic fungus Diplodia
macrospora [17], has previously been shown to inhibit
growth of ras-transformed fibroblasts [11] and to pre-
vent tumor promoter-mediated processes [18]. This
compound was found to cap the plus-ends of F-actin,
which was proposed to contribute to its anti- ras onco-
genic activity via a PI-3 kinase-mediated pathway [11].
In the present study, we report inhibition of growth by
ChK in ras-transformed liver epithelial cells, including
anchorage-independent growth. ChK treatment pro-
moted formation of multinucleate cells via inhibition of
cytokinesis, suggesting that this may be one mechanism
for its cytostatic effects. In order to further elucidate the
mechanisms involved in the antitumor effects of this
compound, we studied its effects on p21 Ras farnesyla-
tion, the p44/42 MAPK and PI-3 kinase pathways, and
gap junction-mediated cellular communication. The low
toxicity of ChK at effective growth-inhibitory concen-
trations earmarks this compound for further studies on
its potential therapeutic use.

Materials and methods
Materials
Alpha modification of Eagle’s media, phosphate-buf-

fered saline (PBS), L-glutamine, Trypsin, HEPES, and
G418 (selective antibiotic) were purchased from Fisher

Scientific (Pittsburgh, PA, USA). Lucifer Yellow-CH,
Neutral Red solution, phenylmethylsulfonyl fluoride
(PMSF), iodoacetamide, normal goat serum, Ponceau S
Red staining solution, protease inhibitor cocktail, and
sterile dimethylsulfoxide (DMSO) were purchased from
Sigma Chemical Co. (St Louis, MO, USA). Fetal bovine
serum (FBS) was purchased from Gibco-BRL (Carlsbad,
CA, USA) or Sigma. Connexin 43 (Cx43)-specific
monoclonal antibody (MAB3086) was purchased from
Chemicon International (Temecula, CA, USA), and
fluorescent-conjugated secondary antibodies were pur-
chased from Jackson Immunoresearch Laboratories
(West Grove, PA, USA). Biotin-antimouse 1gG antibody
and alkaline phosphatase-conjugated streptavidin were
purchased from ICN Biomedicals, Inc. (Irvine, CA,
USA). Phospho-p44/p42 MAPK (Thr202/Tyr204) poly-
clonal antibodies, p44/42 MAPK polyclonal antibodies,
MAPK phosphorylation inhibitor (MEK1/2 inhibitor-
U0126), phospho-Akt (ser473 and thr308), Akt, and
phospho-GSK-3f (ser9) polyclonal antibodies were
purchased from Cell Signaling Technology (Beverly,
MA, USA). Aquapolymount was purchased from Poly-
sciences, Inc. (Warrington, PA, USA), and dieldrin was
purchased from Accustandard (Bedford, MA, USA).
Tris buffer, glycine, sodium dodecyl sulfate (SDS), non-
fat dry milk (NDM), DC protein assay kit, alkaline
phosphatase color development kit, prestained molecular
mass standards, and immunoblotting paper were pur-
chased from Biorad (Hercules, CA, USA). Polyvinylid-
ene difluoride (PVDF) membranes were purchased from
Millipore (Bedford, MA, USA) or Biorad.

Methods
Cell cultures

WB- ras and WB- neo rat liver epithelial cells, derived
from WB-F344 cells [10], were subcloned from single
colonies. The resulting subcloned cell lines, designated
WB- rasl and WB- neo3, were used between passages 6
and 20. Cells were grown in «-MEM supplemented with
5% FBS, 2 mM L-glutamine, and 400 mM G418. Cells
at 90-100% confluency were subcultured by trypsiniza-
tion, plated at 5-25% confluency, depending on the
experiment, and incubated at 37°C in an atmosphere
containing 5% CO..

Cell growth assays

Cells were plated at 5-10% confluency onto 35 mm?
dishes, culture medium (lacking G418) was added to
2 ml, and allowed to attach overnight. Cells were treated
with varying concentrations of vehicle (DMSO) or ChK
in DMSO and incubated at 37°C for varying times. The
DMSO concentration was kept below 1%. Following
the desired incubation time, medium was removed and
cells were washed twice with PBS.0.2 ml of 0.25%
trypsin solution and 0.8 ml of PBS were added until cells



detached from the dish. Medium, 1.0 ml, was then ad-
ded and cells in suspension were counted as is or after
dilution with 2-10 ml of medium, using a hemocytom-
eter to determine the number of cells per dish. Triplicate
dishes were counted for each time point except where
noted.

For growth in soft agar, 2% agar was mixed with an
equal volume of culture medium and 1.5 ml of this
mixture was plated onto each well of a 6-well culture
dish. Plates were stored overnight or up to 1 week at
4°C. WB- rasl cells were trypsinized and suspended in a
medium containing 2% agar and either vehicle (0.1%
DMSO) or 1 uM ChK and plated onto the agar base at
5-10,000 cells/well. Colonies were allowed to grow for
1 week. Medium on top of the agar was removed and
1 ml of fresh medium containing vehicle or 1 uM ChK
was added. Colonies were allowed to grow for another
week. Digital photographs of randomly chosen fields
were taken using a Leitz inverted microscope equipped
with a 10X objective lens. Colonies were counted and
diameters were measured using Image Tool 3.0 software
(UTHSCSA, San Antonio, USA).

Protein concentration assay

Protein concentrations were determined using the Bio-
rad DC protein assay. BSA was used as a standard and
absorbances were read at 750 nm using a Biotek or
Tecan plate reader.

Trypan blue staining

Cells were plated onto 35 mm? dishes at 10-15% con-
fluency and treated with varying concentrations of 0,
0.5, 1, or 2 uM ChK in DMSO for 24 h or 1 pM ChK
for 2-5 days. Cells were washed with PBS and incubated
with 0.25% trypsin in PBS to detach cells, followed by
addition of an equal volume of 0.4% Trypan blue [19]
and incubated for 4 min. Unstained (viable) and blue-
stained (non-viable) cells were counted using a hemo-
cytometer. At least three separate dishes were counted
for each ChK concentration or time point, and each dish
was counted twice. The average of the two values was
used as one determination. As a positive control for
cytotoxicity, three separate vehicle-treated dishes were
treated with 0.1% sodium azide, 1.5% methanol, and
0.5% acetic acid for 1 h.

Dye transfer assay of gap junction-mediated cellular
communication

Cells grown in 35 mm? dishes were washed once with
PBS containing 0.5 mm CaCl, and 0.5 mm mgCl, and
twice with PBS. One milliliter of 0.5 mg/ml Lucifer
Yellow in PBS was added and several areas of the cell
monolayer were scored with a surgical blade to allow
entry of Lucifer Yellow. After 90 s, the dye was removed
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and cells were washed once with Ca®>*/Mg®* PBS fol-
lowed by two washings with PBS. Cells were then fixed
with 4% formaldehyde in PBS. Fluorescence was ob-
served using a Leitz inverted microscope equipped with
a 10x objective lens. Several areas of each test plate were
digitally photographed and the number of fluorescent
cells in a defined area along the score line was counted.
Since cells along the score line were fluorescent,
regardless of their ability to communicate, the average
number of cells in fully inhibited (dieldrin-treated)
samples was subtracted from the total number of cells
counted in the various treatment groups to give a better
estimate of the number of communication-positive cells.
Statistical analyses were performed using Microsoft
Excel.

Immunoblot analysis of connexin 43

Membrane-enriched protein fractions were extracted
from RG-2 cells grown in 75 cm? flasks by lysis in
extraction buffer (0.375 ml of 10 mM Tris [pH 7.5],
10 mM iodoacetamide, and 1 mM PMSF) as previously
described [20]. Samples were alkalinized by addition of
0.55 ml NaOH, chilled on ice, and sonicated for two 15 s
pulses on a Bronson sonicator at 35% maximal power
using a microtip. Samples were centrifuged for 30 min a
microfuge (14,000 rpm), membrane-enriched pellets
were washed with 10 mM Tris (pH 7.5) and 1 mM
PMSF (Tris/PMSF buffer) and resuspended in the Tris/
PMSF buffer by sonication. Aliquots were removed for
protein assay and the remainder solubilized in Laemmli
sample buffer [21]. Following electrophoresis on 1 mm
thick, 12.5% acrylamide minigels, proteins were trans-
ferred to PVDF membranes in transfer buffer containing
0.02% SDS overnight at 20 V. Membranes were washed
with deionized H,O, stained with Ponceau S staining
solution for 2—-3 min, washed with deionized H,O, then
blocked for 1-2 h at room temperature in block buffer
[40 mM Tris (pH 7.5), 4% NDM, 0.1% Tween-20], then
incubated in block buffer containing connexin 43-spe-
cific antibodies diluted 1:3,000 for 12-24 h at 4°C on a
shaker. Membranes were washed in block buffer, incu-
bated for 1-2 h with biotinylated antimouse antibodies
diluted 1:400 in block buffer, washed, then incubated for
1 h with streptavidin-conjugated alkaline phosphatase.
After washing, immunopositive bands were visualized
using the NBT/BCIP detection system.

Immunoblot analysis of p21 ras

Cells were grown to 80-90% confluency in 25 cm?
flasks, washed with 10 ml of PBS, and extracted with
250 pl of 2% SDS and 1 mM PMSF, and 1:100 dilution
of protease inhibitor mix. Lysed cells were scraped,
suspensions were transferred to microcentrifuge tubes,
and samples were sonicated for two 15 s pulses at room
temperature. At one-fourth the final sample volume, 4x
Laemmli sample buffer was added. Equal amounts of
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protein per lane were separated on 15% acrylamide SDS
gels and transferred to PVDF membranes overnight at
20 V. Pan-Ras monoclonal primary antibody, biotin-
linked secondary antibody, and streptavidin-conjugated
alkaline phosphatase with BCIP/NBT substrates were
used to detect p21 Ras bands.

Immunoblot analysis of p44/42 MAPK
and phospho-p44/42 M APK

Cells were grown to 80-90% confluency in 25 cm? flasks
with or without (vehicle only) treatment with 1 or 2 uM
ChK for varying times and washed with 10 ml of PBS.
Cells were lysed and proteins solubilized with 250 pl of
2% SDS and 1 mM PMSF, and 1:100 dilution of pro-
tease inhibitor mix. Lysed cells were scraped, suspen-
sions were transferred to microcentrifuge tubes, and
samples were sonicated for two, 15 s pulses at room
temperature. Protein concentrations were determined by
Biorad DC assay. To equal amounts of protein/lane at
one-fourth the final sample volume, 4x Laemmli sample
buffer was added. Proteins were separated on 12.0%
acrylamide SDS gels and transferred to PVDF mem-
branes overnight at 20 V or 1 h at 180 V. Membranes
were washed with deionized H,O, stained with Ponceau
S staining solution for 2-3 min, washed again with de-
ionized H,O, scanned, and then blocked using block
buffer for 1-2 h. p44/42 MAPK or phospho-p44/42
MAPK polyclonal antibodies diluted 1:2,000 were
incubated separately with each of two identical blots in
block buffer for 2 h on a shaker at room temperature.
Immunopositive bands were detected using alkaline
phosphatase conjugated antirabbit secondary antibody
with BCIP/NBT as substrates.

Immunoblot analysis of Akt and GSK-3f phosphorylation

Cells were grown to 80-90% confluency in 25 cm? flasks
with or without (vehicle only) treatment with 1 or 2 uM
ChK for varying times, and washed with 10 ml of PBS.
Cells were lysed, proteins were solubilized, and samples
were sonicated and centrifuged as described above for
analysis of p44/42 MAPK phosphorylation. To equal
amounts of protein/lane at one-fourth the final sample
volume, 4x Laemmli sample buffer was added. Proteins
were separated on 12.0% polyacrylamide SDS gels and
transferred to PVDF membranes overnight at 20 V or
for 1 h at 180 V. Membranes were washed with deion-
ized H,O, stained with Ponceau S staining solution for
2-3 min, washed again with deionized H,O, scanned,
then blocked using block buffer for 1-2 h. Akt or
phospho-Akt (serd73 or thr308-specific) polyclonal
antibodies diluted 1:1,000 were incubated separately
with each of two identical blots in block buffer for 2 h
on a shaker at room temperature. For phospho-GSK-3p
detection, phospho-GSK-3pf(ser9-specific) polyclonal
antibodies were used at 1:1,000 dilution and processed

the same as phospho-Akt and Akt blots. Immunoposi-
tive bands were detected using alkaline phosphatase
conjugated antirabbit secondary antibody with BCIP/
NBT as substrates. For densitometric quantification,
developed blots were scanned on a HPscanjet 4400C
scanner and band intensities measured using UN-
SCAN-IT software (version 5.1) from Silk Scientific,
Inc. (Orem, UT, USA).

Quantification of multinucleate cells

Cells were plated at 10-15% confluency on 35 mm?
dishes, treated with 1 uM ChK or vehicle, and allowed
to grow for 48 h. Photographs were taken of several
areas on each dish. The total number of cells, number of
cells with a single nucleus, and number of cells with
multiple nuclei were counted in a defined area. In some
experiments, cell nuclei were stained with DAPI before
microscopic analysis. For reversibility experiments, cells
were treated with ChK for 48 h, ChK was then removed
by replacing media with media lacking ChK and cells
were observed for 24-120 h.

Time-elapsed photomicrography after removal of ChK

WB- rasl and WB- neo3 cells plated at low density (1—
2% confluency) and treated for 48 h with 1 uM ChK
were digitally photographed on a Leitz inverted micro-
scope using a 10x objective lens, and specific areas were
marked on the lower surface of the culture dish. Fol-
lowing the removal of media containing ChK, a gentle
2 ml wash with media, and replacement with 2 ml of
fresh media, cells were digitally photographed in marked
areas at varying time intervals from 1 h to 96 h in order
to monitor specific multinucleate cells.

Results

Chaetoglobosin K inhibits growth of ras-transformed
epithelial cells in culture

Figure l1a shows growth in tissue culture dishes of WB-
rasl cells in the presence and absence of 1 puM ChK.
Treatment with ChK produced significant inhibition of
cell growth as measured by a decrease in the number of
cells at 6 days post-treatment compared to vehicle-
treated cells. A small but insignificant degree of inhibi-
tion was also seen at 2 days post-treatment. Figure 1b
shows the concentration-dependent effect of ChK on
growth of WB- rasl cells. Based on these data, the ICs
for inhibition of growth is estimated to be 0.8 uM ChK.

As shown in Fig. 1c, 1 pM ChK also inhibited the
growth of WB- neo3 cells in culture dishes. The degree of
inhibition at 6 days treatment with 1 pM ChK versus a
6 day vehicle-treatment was lower for WB- neo3 cells
(40% inhibition) than for WB- rasl cells (88% inhibi-
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Fig. 1 Effect of ChK on WB- rasl anchorage-dependent cell
growth. a WB- rasl cells were grown on 35 mm~ culture dishes to
90-100% confluency over 6 days in the presence or absence of 1 uM
ChK. Cells were counted on a hemocytometer on days 0, 2, and 6.
Vehicle treated (filled diamond); ChK-treated day 0 (filled square);
data are presented as the mean = S.D. (n= 3) and are represen-
tative of two independent experiments; b Concentration dependence
of the effect of ChK on cell growth. Cells were treated with ChK or
vehicle (DMSO) for 4 days at the indicated concentrations. Data
are presented as the mean + S.D. (n= 3 or 4 at each concentra-
tion). ¢ Effect of ChK on WB- neo3 cell growth. WB- neo3 cells were
grown to 90-100% confluence over 4 days in the presence or
absence of 1 uM ChK. Cells were counted on a hemocytometer on
days 0, 2, and 6. Data are presented as the mean + S.D. (n= 3)
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tion). After 6 days of incubation with 1 uM ChK, both
WB- rasl and WB- neo3 cells increased in number
compared to day 1, suggesting that some cell division
occurred. When checked for cell viability using Trypan
blue staining, 97.6+1.2% of WB- rasl cells and
93.8+5.4% of WB- neo3 cells excluded Trypan blue
after treatment with 1 pM ChK for 24 h, compared to
96.9+1.0% in vehicle-treated WB- rasl cells and
98.1+1.3% for vehicle-treated WB- neo3 cells, suggest-
ing that ChK was not cytotoxic to cells at this concen-
tration. No significant reduction in cell viability was
observed by 2 uM ChK treatment of WB- rasl cells for
24 h compared to untreated controls, whereas 10 uM
ChK reduced WB- rasl viability to 68.2 + 0.2% (n=3
determinations for each treatment).

Chaetoglobosin K inhibits anchorage-independent
growth in soft agar

ChK also inhibited growth of WB- ras1 cells in soft agar
(Fig. 2b) compared to vehicle-treated control WB- rasl
cells (Fig. 2a). Figure 2c shows quantification of soft-
agar growth inhibition over 14 days by ChK in WB- rasl
cells. The percentage of colonies that were greater than
25 um in size was lower in the presence of 1 pM ChK
(~48%) compared to vehicle-treated controls (~85%).
The percentage of colonies greater than 50 pm in size was
also lower in ChK-treated cells (~3%) compared to
untreated cells (~40%). In contrast, the percentage of
colonies less than 25 pm in size was higher in the ChK-
treated cells (>50%) compared to vehicle-treated cells
(~15%). Thus, the mean size of the colonies was smaller
in ChK-treated cells compared to vehicle-treated cells.

Chaetoglobosin K treatment induces multinucleate cells

Treatment of WB- rasl cells with 1 pM ChK for 48 h
resulted in the appearance of cells with multiple nuclei
(Fig. 3, panel b, arrows). ChK-treated cells also ap-
peared larger and less spindle-shaped (panel b) than
vehicle-treated cells (panel a). Table 1 shows quantifi-
cation of the number of single versus multiple (2-5)
nuclei following treatment with 1 uM ChK for 48 h. In
five randomly chosen areas of ChK-treated cells grown
in culture dishes, the percentage of cells with multiple
nuclei was 77.5 versus 9.2 in control (vehicle-treated)
cells. In control cells, multi-nucleate cells never had
more than 2 nuclei, whereas ChK-treated multi-nucleate
cells had two to five nuclei. Multi-nucleate cells were
also present in WB- rasl cells after 24 h treatment with
1 uM ChK or with 2448 h treatment with 2.5 pM ChK
(data not shown). In addition, multi-nucleate cells were
detectable in WB- neo3 cultures treated with 1 pM ChK
for 48 h (Fig. 4, panel c). DAPI staining showed that
nuclei in multi-nucleate WB- rasl or WB- neo3 cells
(Fig. 4 panels d and h) were not noticeably different in
size, shape, or staining intensity than nuclei in single-
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Fig. 2 Effect of ChK onWB-
rasl anchorage-independent
growth in soft agar.
Representative image of cells
grown a in the presence of
vehicle (0.1% DMSO), or b

1 uM ChK, for 14 days. The
number and size of cell colonies
were quantified on day 14 c.
Data presented are the
percentages of colonies in each
size category for ChK-treated
(n=24) and vehicle-treated
control (n=33) wells, and are

representative of 2 independent
experiments

Percentage of Colonies o
Lh
o=
=

nucleated cells (Fig. 4, panels b and f). To determine the
fate of multi-nucleate cells, ChK was removed following
a 48 h treatment with 1 uM ChK and the cells observed
at varying time points after removal of ChK. Colonies in
which nearly all of the cells had multiple nuclei became
predominantly single- nucleate after removal of ChK for
48 h (data not shown). In addition, time-elapsed pho-
tomicrography of individual multi-nucleated WB- rasl
cells showed that, upon removal of ChK, the cells
appeared to undergo cytokinesis into daughter cells with
fewer nuclei (Fig. 5, 048 h), supporting the idea that
ChK inhibits cytokinesis.

Chaetoglobosin K does not alter the relative amount of
membrane versus cytosolic forms of p21 Ras

To determine whether ChK inhibited growth by altering
the ability of p21 Ras to associate with membranes, cells
were treated with 1 uM ChK for 4 h, 1 day, 3 days, or
5 days, hypotonically disrupted in the presence of 2%
SDS and protease inhibitors, sonicated, and the result-
ing total protein extract analyzed by electrophoresis/
Western blotting as described in “Methods®. P21 Ras
has previously been shown [22] to separate into two
bands on SDS/polyacrylamide gels; the faster migrating
band has been identified as the post-translationally
modified farneslyated membrane-attached (m) species
and the slower migrating band, the unmodified cyto-
solic-soluble (s) species. Figure 6a shows no change in
the relative amount of the slower migrating band
compared to the faster migrating band in 1 or 2 uM

<25um

EDMSO
EChK

>25um - >50pm

Colony Size

ChK-treated cells at 4 h (lanes 8 and 9), 1 day (lanes 10
and 11), or 3 days (lanes 4 and 5). A similar lack of effect
on p21 Ras forms was seen in cells treated for 5 days
with 1 or 2 uM ChK (not shown). In contrast, treatment
of WB- rasl cells with lovastatin, a known farnesylation
inhibitor that increases the relative amount of the
cytosolic p21 species, caused an increase in the relative
amount of the slower migrating band (lanes 6 and 12), as
previously reported [23]. These results indicate that ChK
does not alter the proportion of membrane versus
cytosolic forms of p21 Ras, or the total amount of p21
Ras, in WB- rasl cells at 4 h to 5 day treatment times.

Chaetoglobosin K decreases Akt phosphorylation
in WB- ras1 cells

Treatment of cells for 24 h with 1 and 2 uM ChK
reduced the level of Akt phosphorylation in WB- rasl
cells (Fig. 7a, phospho-Akt (ser473), top panel, lanes 4
and 5, compared to vehicle-treated cells, lanes 2 and 3).
Total Akt levels were similar in treated (second panel
from top, lanes 4 and 5) and untreated cells (lanes 2 and
3). Densitometric scans of the blots indicated that band
density in the top panel, lane 4 (2 pM ChK), was 63%
and band density in the top panel, lane 5 (1 uM ChK),
was 71% of the band density of top panel control lane 2
(after normalization to total Akt levels). A decrease in
Akt phosphorylation (ser473) was seen as early as 4 h
after treatment with 2 and 5 pM ChK (Fig. 7b, lanes 5-
8). Densitometric scans indicated that the average band
density of lanes 5 and 6 was 82% and the average band



Fig. 3 Effect of ChK on WB- rasl morphology. WB- rasl cells
were treated for 48 h a in the presence of vehicle (0.1%DMSO) or b
1 uM ChK and digital photomicrographs taken using an Olympus
inverted phase/contrast microscope and a 20X objective lens.
Arrows point to cells with multiple nuclei

density of lanes 7 and 8 was 68% of the average band
density of control lanes 2—4 (after normalization to total
Akt levels). Levels of phospho-Aktin 5 puM ChK-treated
cells in this experiment were similar to levels seen in WB-
neo3 cells (Fig. 7b, lane 9). Decreases in phospho-Akt
(serd73) levels were also seen in cells treated with 2 uM
ChK for 48 and 72 h (data not shown). In contrast to its
effects in WB- ras1 cells, Fig. 7c shows that 5 uM ChK

Table 1 WB- rasl cells were treated for 48 h with 1 uM ChK or
vehicle, and several areas of two separate culture dishes for each
treatment digitally photographed

Control ChK

(DMSO) (1 uM)
Number of cells with a single nucleus 416 57
Number of cells with 2-5 nuclei 42 197
Total number of cells 458 254
Cells with multiple nuclei (%) 9.20 77.50

All cells in selected areas were counted and the total number of
cells, number of cells with a single nucleus and number of cells with
multiple nuclei counted as indicated
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had no effect on serine 473 Akt phosphorylation in WB-
neo3 cells treated for 4 or 24 h (lanes 2-8). However, in
addition to its effects on phosphorylation of Akt on
serine 473 in WB- ras1 cells, ChK also decreased levels of
phosphorylation of Akt on threonine 308 (Fig. 7d).
Lanes 6 and 7 of Fig. 7d show reduced levels of phospho-
Akt (thr308) in cells treated for 48 h with 2 uM ChK,
compared to vehicle-treated control cells (lanes 2 and 3).
Reduced phosphorylation of Akt on threonine 308 was
also seen in cells treated for 24 h with 2 uM ChK (data
not shown). To determine whether ChK modulates
phosphorylation of a key effector protein of Akt, GSK-
3p, Western blot analysis of phospho-GSK-3f(ser9) was
performed. Figure 7e shows that ChK reduced phospho-
GSK-3f levels in WB- rasl cells treated for 48 h with
2 uM ChK (lanes 4 and 5) compared to vehicle-treated
control cells (lanes 2 and 3). Densitometric scans indi-
cated that the average density of the doublet bands in
lanes 4 and 5 was 72% of the average density of the
doublet bands in control lanes 2 and 3.

Chaetoglobosin K does not alter p44/42 MAPK
phosphorylation in WB- ras1 cells

Phosphorylation of p44/42 MAPK was monitored fol-
lowing treatment of WB- rasl cells with 1 or 2 uM ChK
for 4 h, 24 h, 48 h, or 5 days. Western blot analysis was
performed using antibodies specific for phosphorylated
p44/42 MAPK and compared with blots using anti-
bodies that reacted with total p44/42 MAPK protein.
Figure 8 shows that ChK had no detectable effect on the
degree of MAPK phosphorylation at 4 h (lanes 4 and 5
compared to control lane 2) and 24 h (lanes 6 and 7
compared to control lane 3) treatment. A 48 h or 5 day
treatment with 1 or 2 uM ChK also had no detectable
effect on the degree of MAPK phosphorylation in WB-
rasl cells (data not shown). However, the amount of
phosphorylated MAPK was decreased in cells treated
for 24 h with a known MAPK phosphorylation inhibi-
tor (lanes 8 and 9 compared to control lane 3).

Chaetoglobosin K does not alter gap junction-mediated
communication or connexin phosphorylation

Gap junction-mediated communication is decreased in
most tumor cells relative to non-transformed cells of the
same origin, including ras-transformed epithelial cells
[24]. A number of growth-inhibitory antitumor com-
pounds have been shown to upregulate gap junction-
mediated communication in ras-transformed cells [25,
26]. We performed fluorescent dye-transfer experiments
to determine whether ChK had a similar up-regulatory
effect on gap junction-mediated communication. Treat-
ment of WB- ras1 cells with 1 or 2 pM ChK for 1 h, 6 h,
24 h, and 6 days had no significant effect on gap junc-
tion-mediated communication compared to vehicle-
treated WB- ras1 cells (Fig. 9, graphs in top panels). The
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Fig. 4 DAPI staining of WB-
rasl and WB- neo3 cells. Cells
were treated for 72 h with 0.1%
DMSO (a, b, e, f) or 1 uM ChK
(c, d, g, h), fixed with 95%
EtOH/5% HoAc, and stained
with DAPI as described in
“Methods.” Fluorescent or
phase/contrast micrographs
were taken using a Leitz
Orthoplan microscope and a
40x objective lens

WB-neo Control

WB-neo + 1uM ChK

WB-ras Control




0 0
4 4
24 | 24
30 30
48 5 48

Fig. 5 Induction of cytokinesis by removal of ChK. WB- rasl cells
treated for 48 h with 1 pM ChK were washed once with media,
then incubated in fresh media containing no ChK for the indicated
time periods (hours). Digital photomicrographs were taken from a
Leitz Fluorovert microscope using a 25x objective lens. The two
columns show time-dependent morphological changes of two
different cells with multiple nuclei

effect of ChK on communication between WB- neo3
cells was not evaluated due to their high basal level of
communication.

To determine whether ChK altered the degree of
phosphorylation of the gap junction protein, connexin
43, an indicator of its functional state, Western blot
analysis of connexin 43 in WB- ras1 cells was performed.
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Figure 9 (bottom panels) shows that vehicle-treated
WB- rasl cells primarily expressed the P, unphosphor-
ylated band with little to no expression of the
phosphorylated P, or P, (Fig. 9, bottom panels, lanes 2
and 7). WB- neo3 cells, in contrast, expressed the Py, Py,
and P, bands (Fig. 9, bottom panels, lane 6), as previ-
ously reported [24]. A 1 h, 6 h, or 6 day treatment of
WB- rasl cells with 1 or 2 uM ChK did not substantially
alter the degree of phosphorylation of connexin 43,
compared to vehicle-treated control cells (Fig. 9, bottom
panels, lanes 2-5, left and 1-3, right).

Discussion

Our results demonstrate that a single treatment with
ChK at a non-cytotoxic concentration produced signif-
icant inhibition of anchorage-dependent WB- rasl cell
growth by day 6. The small increase in cell number
during treatment with ChK suggests that, although cells
were dividing at a slower rate than untreated cells, they
were still sufficiently viable to undergo cell division. The
concentration-dependence analysis yielded a concentra-
tion for one-half maximal inhibition of WB- rasl growth
of approximately 0.8 pM. These results are consistent
with the previously published results by Tikoo et al. [11]
that demonstrated growth inhibition of ras-transformed
fibroblasts at micromolar concentrations. In these
studies, ChK was found to induce apoptosis. However,
blockage of apoptosis using the inhibitor N1445 [11]
failed to block the ability of ChK to inhibit growth of
ras-transformed fibroblasts, suggesting that induction of
apoptosis is not the predominant mechanism for growth
inhibition by ChK. In our ras-transformed cells, we
demonstrate that a non-cytotoxic dose of ChK inhibited
growth. While ChK may have induced a low level of
apoptosis in our cells, it was not enough to cause sig-
nificant loss of cell viability in the Trypan blue exclusion
assay, compared to vehicle-treated cells. We observed
increased numbers of nuclei per cell in ChK-treated WB-
rasl cells, suggesting that one anti-proliferative mecha-
nism of ChK may be the inhibition of cytokinesis. Tikoo
et al. [11] reported that ChK inhibited actin polymeri-
zation via plus-end capping. Since cytokinesis requires
mobilization of actin filaments, it would be expected that
cells exposed to ChK display decreased cytokinesis,
resulting in cells with multiple nuclei. This explains the
ability of ChK to induce multiple nuclei and inhibit
growth in non-transformed WB- neo3 cells. Na et al. [27]
observed a similar increase in the number of nuclei per
cell in ras-transformed WB cells treated with the anti-
tumor compound ET-18-O-CHj. These authors also
proposed inhibition of cytokinesis to explain the ob-
served formation of multinucleate cells. In addition,
clonogenic assays suggested that their multinucleate cells
had lost colony-forming ability and might be terminally
differentiated. In our present study, upon removal of the
ChK, most of the multinucleate WB- rasl cells were
observed to resume cytokinesis and become predomi-
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Fig. 6 Effect of ChK on p21 Ras. WB- rasl cells were grown in 25 cm? flasks to 90-95% confluency, treated with vehicle or 1 or 2 pM
ChK for varying times as indicated and proteins extracted for Western blot analysis of soluble(s) or membrane-associated (m) p21 Ras
using a pan-Ras monoclonal antibody as described in “Methods.” Treatment groups were: molecular weight markers (lane 1); vehicle for
3 days (lanes 2 and 3, duplicates); 1 uM ChK for 3 days (lanes 4 and 5, duplicates), 4 h (lane 8) or 1 day (lane 10); 2 uM ChK for 4 h (lane
9) or 1 day (lane 11); 2 pM lovastatin for 3 days (lane 6) or 1 day (lane 12). Results are representative of at least two independent

experiments

nantly single-nucleate cells. This suggests that the cyto-
static effect of ChK is reversible, rather than permanent.
Thus, while these two antiproliferative compounds
inhibit cytokinesis, they may work through different
cellular mechanisms. This is supported by the observa-
tion that ET-18-O-CHj3 reduced phosphorylation levels
of ERK1/2 (p44/42 MAPK), while ChK did not, as
discussed further below.

Although ChK inhibited the growth of the non-
tumorigenic WB- neo3 cells, it was equally non-cytotoxic
to these cells and upon removal of ChK, the WB- neo3
cells appeared to resume their normal growth and be-
come dominated by cells with single nuclei. Thus,
induction of multinuclei by ChK also did not perma-
nently and detrimentally alter the normal epithelial WB-
neo3 cells.

In addition to inhibition of anchorage-dependent cell
growth, ChK significantly inhibited anchorage-depen-
dent growth of WB- rasl cells on soft agar. Since
anchorage-dependent growth is one key feature of most
tumor cells, these results demonstrate an important tu-
mor-specific inhibitory effect of ChK on cell growth.

In order to further characterize cellular changes that
accompany the inhibition of cell growth by ChK, we
monitored gap junction-mediated communication,
which is down-regulated in most tumor cells. A variety
of antitumor compounds up-regulate gap junctional
communication in tumor cells as they inhibit cell
growth. Our results demonstrate that a single dose of
ChK at 1 or 2 pM produced no significant change in gap
junction-mediated communication between WB- rasl
cells following a 1 h, 6 h, 24 h, or 6 day treatment.
Further experiments were performed to determine whe-
ther ChK altered connexin 43 levels in WB- rasl cells,
since previous studies demonstrated an ability of ChK to
alter connexin 43 levels in tumor promoter-treated glial

cell cultures [18] and since phosphorylation of connexin
subunits has been demonstrated to contribute to gap
junctional communication between cells [28].

Western blot analysis in the present studies demon-
strated that vehicle-treated WB- rasl cells primarily ex-
pressed the Py band with little P; and little or no P,, as
previously reported [24]. The intrinsic expression of the
P; band varies between cultures of WB- rasl cells and
may increase slightly with increasing passage number.
Treatment with ChK for 1, 6 h and 6 days at 1 and
2 uM, did not significantly alter the degree of connexin
43 phosphorylation in WB- rasl cells. These results are
in agreement with the fluorescent dye-transfer assays of
gap junction-mediated communication which showed no
effect of ChK at similar time points. In contrast, some
compounds which inhibit growth of ras-transformed
cells, such as PBA [26] and CAPE [25] up-regulate gap
junction-mediated cellular communication with a con-
comitant increase in connexin 43 phosphorylation. This
suggests that ChK targets different cellular pathway(s)
than these other anti-Ras compounds.

ChK failed to induce a change in the total amount of
p21 Ras or in the relative proportion of membrane
versus cytosolic p21 Ras at 4-72 h or 5 day treatment
times. This suggests that ChK does not act as an
inhibitor of Ras farnesylation, in contrast to lovastatin
(Fig. 6) [23].

We also tested whether MAPK or PI-3 kinase sig-
naling pathways might be a target of ChK. No effect of
ChK on p44/42 MAPK phosphorylation, a key indica-
tor of activation, was detected (Fig. 7b). Unless ChK
targets an effector downstream of p44/42 MAPK, such
as Elk-1, these results suggest that ChK does not target
this MAPK signaling pathway in WB- rasl cells. Thus,
we hypothesize that another Ras effector signaling
pathway, such as the PI-3 kinase/Akt pathway, is the



target of ChK. Tikoo et al. [11] proposed that ChK may
work through the Akt pathway, based on its effects on
Akt phosphorylation using an in vitro phosphorylation
assay. Our present results showing inhibition of Akt
phosphorylation using both ser473- and thr308-specific
phospho-Akt antibodies provide further evidence that
the PI-3 kinase/Akt pathway is a likely target of ChK.
Since Akt phosphorylation at these two sites is an
indicator of activation of this cellular survival path-
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way [29-33], inhibition by ChK is consistent with its
antitumor effects by reducing survival. Reduced phos-
phorylation by ChK of the Akt effector, GSK-3f [32], in
WB- rasl cells (Fig. 7e) provides additional evidence
that ChK targets the PI-3 kinase/Akt signaling pathway.

In contrast to WB- rasl cells, treatment of the un-
transformed WB- neo3 cells with ChK had no detectable
effect on phosphorylation of Akt on serine 473 (Fig. 7d).
This could be the basis for the reduced degree of growth

a MW 0.1% 2uM 1M p MW  0.1%DMSO  2uM ChK 5uM ChK WB-Neo
DMSO ChK ChK

| 1 171 Phospho- Akt ' | A '
Phospho-Akt (Serd473)
(Serd73)

41 kDa -
1 2 3 4 5 1 2 3 4 5 6 7 8 9
Total Akt

Total-Akt

Phospho-Akt
(Serd73)
Ponceau S Stain

Phospho-Akt
(Serd73)

Ponceau S Stain

Total-Akt
Ponceau S Stain

1 2 3 4 5

Fig. 7 Effect of ChK on Akt kinase phosphorylation. WB- rasl cells were grown in 25 cm? flasks to 90-95% confluency, treated with
vehicle or 1, 2, or 5 uM ChK, and proteins extracted for Western blot analysis using antibodies specific for total Akt or phospho-Akt. a
Phospho-Akt(serine 473) (top panel) from WB- rasl cells treated for 24 h with 1 or 2 pM ChK (lanes 4 and 5, or with vehicle (lanes 2 and
3). Lane I shows molecular weight markers. Bottom panel shows corresponding total Akt from aliquots of the same samples loaded on a
separate gel. b Phospho-Akt (ser473) (top panel) from WB- rasl cells treated for 4 h with 2 or 5 uM ChK (lanes 5-8) or with vehicle (lanes
24, triplicates). Lane 9 shows phospho-Akt level in untreated WB- neo3 cells. Lane 1 shows molecular weight markers. Center panel
shows corresponding total Akt from aliquots of the same samples loaded on a separate gel. Bottom panel shows Ponceau S staining of the
phospho-Akt blot before blocking with block buffer (non-fat dry milk). ¢ Phospho-Akt (ser 473) (top panel) from WB- neo3 cells treated
for 4 h with 5 uM ChK (lanes 4 and 5), with vehicle (lanes 2 and 3), for 24 h with 5 pM ChK (lane 8), or with vehicle (lanes 6 and 7). Lane 1
shows molecular weight markers (Blot developed longer than b, top panel). Bottom panel shows corresponding total Akt from aliquots of
the same samples loaded on a separate gel. d Phospho-Akt (thr308) (zop panel) from WB- ras1 cells treated for 48 h with 1 or 2 pM ChK
(lanes 4-7) or with vehicle (lanes 2 and 3). Lane 1 shows molecular weight markers. Center panel shows corresponding total Akt from
aliquots of the same samples loaded on a separate gel. Bottom panel shows Ponceau S staining of the phospho-Akt blot before blocking
with block buffer (non-fat dry milk). e Phospho-GSK-3p (top panel) from WB- ras] cells treated for 48 h with 2 uM ChK (lanes 4 and 5), or
with vehicle (lanes 2 and 3). Bottom panel shows Ponceau S staining of the phospho-GSK-3f blot before blocking
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Fig. 8 Effect of ChK on p44/42 MAPK phosphorylation. WB- rasl cells were grown in 25 cm? flasks to 90-95% confluency, treated with
vehicle or 1 or 2 uM ChK for varying times as indicated and proteins extracted for Western blot analysis of phosphorylated p44/42
MAPK (lanes 1-9), or total p44/42 MAPK (lanes10-18) as described in ““Methods.” Treatment groups were: vehicle (0.1% DMSO) for
4 h (lane 2) or 24 h (lane 3); 1 or 2 uM ChK for 4 h (lanes 4 and 5) or 24 h (lanes 6 and 7); MAPK phosphorylation inhibitor (50 pM) for
24 h (lanes 8 and 9, duplicates). Samples shown in lanes 10—18 were aliquots of the same samples run on a separate gel from lanes 1-9.

Lanes 1 and 10 show molecular mass standards
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Fig. 9 Effect of ChK on fluorescent dye transfer and connexin 43 phosphorylation. For fluorescent dye transfer assays of gap junction-
mediated communication (top panels, graphs), WB- rasl cells were grown on 35 mm? culture dishes to 90-100% confluency and treated
with 1 pM ChK for 1 h, 6 h, 24 h, or 6 days (solid bars). Control dishes were treated with an equal volume of DMSO (open bars). Data are
presented as the mean + S.D. for each group (n=38 quantified areas). At least three independent experiments were performed at each
treatment time. For Western blot analyses of connexin 43 phosphorylation (lower panels), WB- Rasl cells were grown in 75 cm? flasks to
90-100% confluency and treated with 1 or 2 pM ChK for 1 h (lower left panel, lanes 3 and 4) or 6 h (lane 5). For 6 day treatments WB-
rasl cells were plated at 10-15% confluency and treated for 6 days with 1 or 2 uM ChK (lanes 2 and 3, lower right panel). The 41 kD
molecular weight marker is shown in /ane I of the lower left panel. Lane 6 shows untreated WB- neo3 cells containing the

unphosphorylated Py, and phosphorylated P, and P, connexin 43

bands. These results are representative of triplicate independent

experiments. Visualization of bands was performed as described in “Methods”

inhibition by 1 uM ChK at 6 days in WB-neo3 cells
(Fig. 1b), compared to the degree of growth inhibition
measured in WB-rasl cells (Fig. 1a), and may reflect a
less dominant Akt pathway in growth regulation of
these untransformed cells.

Malik et al. [34] demonstrated that phosphorylation
of Akt on serine 473 is increased in poorly differentiated
prostate cancer cells. They further showed that phos-
phorylation on this residue is also a good predictor of
poor clinical outcome in cancer patients [35]. Thus,
agents such as ChK that decrease serine 473 Akt phos-
phorylation are prime candidates for targeted tumor
therapy for these cancers.

Ras has been shown to activate PI-3 kinase directly,
which leads to the activation of the Rho family protein,
Rac [7]. Rac then activates enzymes that produce PIP-2,
which can inactivate plus-end F actin-capping proteins
such as tensin and gelsolin, leading to uncapping and
polymerization of actin [32, 36]. Promotion of F-actin
capping by ChK, demonstrated by Yahara et al. [37],
would be expected to prevent Ras-induced actin

polymerization, and therefore inhibition of cytokinesis,
which is consistent with our observations.

In summary, a non-cytotoxic concentration of ChK
produced antitumor effects in WB- rasl cells including
the inhibition of cell growth, cytokinesis, and the PI-3
kinase/Akt survival pathway. The experiments presented
herein suggest that further evaluation of ChK in vitro
and in vivo should be conducted to fully determine its
therapeutic potential.
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