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Background and purpose. Pectenotoxins are macrocyclic lactones found in dinoflagellates of the genus Dinophysis, which
induce severe liver damage in mice after i.p. injection. Here, we have looked for the mechanism(s) underlying this
hepatotoxicity.

Experimental approach. Effects of pectenotoxin (PTX)-1, PTX-2, PTX-2 seco acid (PTX-2SA) and PTX-11 were measured in a
hepatocyte cell line with cancer cell characteristics (Clone 9) and in primary cultures of rat hepatocytes. Cell morphology was
assessed by confocal microscopy; F- and G-actin were selectively stained and cell viability measured by Alamar Blue
fluorescence.

Key results. Clone 9 cells and primary hepatocytes showed a marked depolymerization of F-actin with PTX-1, PTX-2 and PTX-
11 (1-1000 nM) associated with an increase in G-actin level. However, morphology was only clearly altered in Clone 9 cells.
PTX-2SA had no effect on the actin cytoskeleton. Despite the potent F-actin depolymerizing effect, PTX-1, PTX-2 or PTX-11 did
not decrease the viability of Clone 9 cells after 24-h treatment. Only prolonged incubation (>48 h) with PTXs induced a fall in
viability, and under these conditions, morphology of both Clone 9 and primary hepatocytes was drastically changed.
Conclusions and implications. Although the actin cytoskeleton was clearly altered by PTX-1, PTX-2 and PTX-11 in the
hepatocyte cell line and primary hepatocytes, morphological assessments indicated a higher sensitivity of the cancer-like cell
line to these toxins. However, viability of both cell types was not altered.
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Introduction

Pectenotoxins (PTXs) are toxic compounds first isolated
from the Japanese scallop, Patinopecten yessoensis (Yasumoto
et al., 1984). Initially, they were classified as DSP toxins in
accordance with their origin (dinoflagellates from the genus
Dinophysis). On the basis of the lack of diarrhoea-like
symptoms in mice after oral administration of PTX-2,
pectenotoxin-2 seco acid (PTX-2SA) or PTX-11 (Miles et al.,
2004a; Suzuki et al., 2006) and the absence of protein
phosphatase inhibition (Luu et al.,, 1993; Fladmark et al.,
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1998), PTXs are nowadays classified as a separate group of
phycotoxins.

The liver is an essential detoxifying organ for the majority
of animals. Intraperitoneal injection of some PTXs in mice
triggers severe liver damage (Terao et al., 1986). However, no
toxicity was found after oral ingestion (Terao et al., 1986;
Miles et al., 2004a; Suzuki et al., 2006). Only by using high
doses has some oral toxicity been reported (Ishige et al.,
1988). Little is known about the mechanism of action of
PTXs, but monomeric actin was proposed as the principal
target of PTXs (Hori et al., 1999) and cytoskeletal F-actin
disruption as the main effect at the cellular level (Spector
et al., 1999; Leira et al., 2002; Ares et al.,, 2005, 2007).
However, so far there is no information on the simultaneous
effect of PTXs on F- and G-actin.
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Many studies have reported a higher susceptibility of
malignant cells to agents disrupting the cytoskeleton
(Stournaras et al., 1996; Chae et al., 2005). In fact, diverse
compounds with F-actin-disrupting effects, such as latrun-
culins and cytochalasins, have been postulated as potential
anticancer compounds (Jordan and Wilson, 1998).

Another effect of PTXs at the cellular level is cytotoxicity
and induction of apoptosis, as described in salmon
and rat hepatocytes after exposure to PTX-1 or in mouse
ovulated oocytes after treatment with PTX-2 (Jung et al.,
1995; Fladmark et al., 1998; Chae et al., 2005). However,
there are no time-course studies in these reports. In
addition, many other PTX analogues are being found
(Daiguji et al., 1998; Burgess and Shaw, 2001; Miles et al.,
2004b, 2006a) and comparative studies would therefore be
valuable.

As the liver seems to be the target organ of PTXs and the
actin cytoskeleton the main cellular target, the goal of this
study was to investigate the effects of a range of PTXs on F-
and G-actin in two cellular models: Clone 9 rat hepatocytes,
a cell line derived from hepatocytes with cancer cell
characteristics extensively used previously as hepatic cell
model (Louzao et al., 2007), and primary rat hepatocytes.
The PTXs tested were the major compound of this
group (PTX-2), two compounds generated by the metabolism
of PTX-2 in bivalves (PTX-1 and PTX-2SA) and a
novel homologue (PTX-11). We also tested cytotoxicity by
following the viability of cells incubated with these toxins
for 24 h.

Materials and methods

Cell culture
Clone 9 rat hepatocytes. Rat hepatocytes from the cell line
Clone 9 (ECACC no. 88072203) were grown on 60-mm tissue
culture plates in F-12 Ham Kaighn’s modification supple-
mented with 2.5gL~! NaHCO;, 28mgL™' streptomycin
sulphate salt, 17mgL™! penicillin G potassium salt and
10% foetal bovine serum, pH 7.2. The hepatocytes were
grown in a humidified atmosphere with 5% CO, at 37 °C.
Hepatocytes were seeded on coverslips, which were placed
in 8-well sterile plates. Coverslips were used when the cells
reached confluence.

Isolation and culture of primary rat hepatocytes. All animal
procedures complied with our institutional guidelines for
animal care and were approved by the Bioethical Committee
of the University of Santiago de Compostela. Rat hepatocytes
were obtained from adult male Sprague-Dawley rats. Isola-
tion was as described previously (Pazo et al., 2002) by the
two-step perfusion procedure with 0.025% collagenase Type
IV. Viability was tested by Trypan blue exclusion and was
always >85%.

Hepatocytes were seeded on coverslips placed in 8-well
sterile plates for attachment in minimum essential and 199
media (4:1) supplemented with penicillin (100IUmL™Y),
streptomycin  (100pgmL™"), insulin (S5ugmL~"), BSA
(1mgmL™Y), dexamethasone (10 M), 10% foetal bovine
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serum, and incubated for 4 h at 37 °C and 5% CO,. Then, the
medium was replaced with fresh medium supplemented
with 0.6 mM hydrocortisone-21-hemisuccinate (Barbini et al.,
2006).

F- and G-actin cytoskeleton staining

After incubation with toxins in the culture medium, cells
were washed with phosphate-buffered saline and fixed with
4% paraformaldehyde solution (10min). Then, cells were
permeabilized for S5min with phosphate-buffered saline-
0.1% Triton X-100 and incubated with 0.165uM Oregon
Green 514 Phalloidin for F-actin labelling and 0.3 pM Texas
Red DNase I for G-actin labelling for 20 min. Coverslips were
mounted on slides with 1:1 glycerol-phosphate-buffered
saline and sealed with nail varnish to preserve fluorescence
and stored at 4 °C. Control cells were incubated in the same
conditions with the toxin vehicle, ethanol. The amount of
the vehicle added to the cultures never exceeded 0.1% of the
total volume of the incubation media.

Confocal microscopy for visualizing morphology, actin
cytoskeleton distribution and measuring

Confocal imaging was performed with a x 40 oil-immersion
objective of a Nikon Eclipse TE2000-E inverted microscope
attached to the C1 laser confocal system (EZC1 V.2.20
software; Nikon Instruments, Europe B.V., Amstelveen, The
Netherlands). A 488nm argon laser was used to excite
Oregon Green 514 phalloidin and a 546nm Helio-neon
laser for exciting Texas Red DNase 1.

Fluorescent images shown as sequential photographs
were acquired at 512 x 512 pixel resolution in the same
region but separately for each fluorophore and then mixed
to prevent interfaces. We confirmed that Texas Red did not
exhibit fluorescence on the green channel when excited with
the argon laser and that Oregon Green did not show
fluorescence on the red channel when excited with the
Helio-neon laser.

Fluorescence measurements corresponding to F- and
G-actin labelling were acquired and calculated separately
with quantification software from Z-stack sections taken at
0.5-pm intervals. Values from all independent experiments
were averaged for a single data point.

Results are presented as the percentage of the mean
value £ s.e.mean of fluorescence emitted by cells treated
with toxins, versus controls, with n >3.

Alamar blue assay

Metabolic activity of Clone 9 cells was measured by using
Alamar blue. This compound links to the respiratory chain
without affecting the integrity of cells (Ahmed et al., 1994).
When Alamar Blue is reduced, it becomes fluorescent. Thus,
cell metabolic rates can be evaluated proportionally with the
fluorescence intensity.

Cells (40000 per well) were seeded on to 96-well plates.
After 24 h, PTX-1, PTX-2, PTX-2SA, PTX-11 or vehicle were
added to the cells. Then, a 1:10 dilution of Alamar Blue was
added. Fluorescence was measured by using a microplate
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fluorescence reader FL600 (Bio-Tek, Winooski, VT, USA) after
2,4, 6,8,12 and 24 h of incubation with the toxins. Results
are presented as percentage of fluorescence versus control;
mean values + s.e.mean, with n >3.

Statistical analysis
Results were analysed using the Students’s t-test for paired
data where appropriate. A probability level of <0.05 was set
to indicate statistical significance.

Drug/molecular target nomenclature conforms to British
Journal of Pharmacology’s Guide to Receptors and Channels
(Alexander et al., 2008)

Materials

Pectenotoxin-11 was isolated from a New Zealand bloom of
Dinophysis acuta (Suzuki et al., 2006) and PTX-2SA was
produced enzymatically from PTX-2 isolated from a New
Zealand bloom of D. acuta (Miles et al., 2004a). The PTX-2
used in this study was isolated from a Norwegian bloom of D.
acuta (Miles et al., 2004a). PTX-1 was isolated from Japanese
scallops (Yasumoto et al., 1989). Latrunculin A (Lat A)
derived from Negombata magnifica was purchased from
Sigma-Aldrich (Madrid, Spain). The fluorescent dye Oregon
Green 514 Phalloidin for F-actin labelling and Texas Red
DNase I for G-actin labelling were obtained from Molecular
Probes (Leiden, The Netherlands). Alamar Blue was pur-
chased from Biosource (Madrid, Spain).

Cell culture reagents: nutrient mixture F-12 Ham Kaighn’s
modification, streptomycin sulphate salt and penicillin G
potassium salt were purchased from Sigma (Madrid, Spain)
and foetal porcine serum was purchased from Gibco
(Barcelona, Spain). BSA was purchased from ICN Biomedicals
Inc. (Ohio, USA). Collagenase Type IV was obtained
from Sigma-Aldrich. All other chemicals were of reagent
grade and purchased from Sigma-Aldrich or Panreac
(Barcelona, Spain).

Results

First, Clone 9 cells and primary cultured hepatocytes were
incubated for 3h with different concentrations of the
parental compound, PTX-2 (1, 50, 100, 200, 500 and
1000nM). Then, F- and G-actin were stained simultaneously.
Finally, cell fluorescence was measured by confocal micro-
scopy. In Clone 9 cells, the lowest dose of PTX-2 induces no
significant change in the actin cytoskeleton structure or in
cell morphology (Figures 1b and f). However, 50nM PTX-2
was enough to trigger little disorganization of actin cyto-
skeleton (Figure 1c). Clone 9 cells treated with 100 nM PTX-2
showed generally decreased labelling of F-actin, with some
intense fluorescent spots (Figure 1d). The highest concentra-
tions of toxin, 200, 500 and 1000nM, evoked a marked
disappearance of the F-actin fluorescence and a clear increase
in that of G-actin (Figure 2a, b and c). The effects of PTX-2 on
F-actin and G-actin were dose dependent (Figures 2g and h).
In terms of cell morphology, the normal well-extended and
leaf-like morphology of Clone 9 hepatocytes was changed
progressively to a rounder shape with some projections,
from a concentration of 50 nM PTX-2 upwards (Figures 1g, h,
d, e and f).

Primary cultured hepatocytes treated with PTX-2, under
the same conditions as Clone 9 cells, showed a similar
response for F- and G-actin labelling. Neither F- nor G-actin
fluorescence was changed in cells treated with the lowest
concentration (1nM) of PTX-2 but, above 50nM, the
disorganization of the actin cytoskeleton was increased. As
with Clone 9 cells, the F-actin fluorescence disappeared and
that of G-actin increased progressively and dose dependently
(Figures 3¢, d, 4a, b and ¢, g and h). However, changes in the
morphology of the primary hepatocytes were not as obvious
as with the Clone 9 cells (Figures 3f, g, h, 4d, e and f). Only a
minor rounding effect was observed with the highest
concentrations of PTX-2 (Figures 4e and f).

As a concentration of 200nM PTX-2 induced a clear effect
on the actin cytoskeleton of both types of hepatocyte, we

Figure 1

Effects of low concentrations of PTX-2 on the actin cytoskeleton in Clone 9 cells. Confocal imaging of F- and G-actin double-staining

of Clone 9 rat hepatocytes showing fluorescence (upper row) and transmission (lower row) images. F- and G-actin were labelled with Oregon
Green 514 phalloidin and Texas Red DNase |, respectively. Control cells (a and e) and Clone 9 cells incubated with 1 nmM PTX-2 (b and f) 50 nm
PTX-2 (c and g) and 100nM PTX-2 (d and h). Images are representative of three independent experiments. Digital zoom = x 2. Scale

bar=50pm.
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Figure 2 Effects of high concentrations of PTX-2 on the actin cytoskeleton in Clone 9 cells. Confocal imaging of F- and G-actin double-
staining of Clone 9 rat hepatocytes showing fluorescence (upper row) and transmission (lower row) images. F- and G-actin were labelled with
Oregon Green 514 phalloidin and Texas Red DNase |, respectively. Clone 9 cells incubated with 200 nm PTX-2 (a and d) 500 nm PTX-2 (b and
e) and 1000 nM PTX-2 (c and f). Images are representative of three independent experiments. Digital zoom = x 2. Scale bar =50 um. (g and h)
represent dose-response curves of the effect on F- and G-actin of PTX-2 on Clone 9 hepatocytes, respectively. Results are expressed as
percentage of fluorescence in cells incubated with PTX-2 versus controls (100%). Mean * s.e.mean for n >3 experiments.

Figure 3 Effects of low concentrations of PTX-2 on the actin cytoskeleton in primary hepatocytes. Confocal imaging of F- and G-actin double-
staining of primary rat hepatocytes showing fluorescence (upper row) and transmission (lower row) images. F- and G-actin were labelled with
Oregon Green 514 phalloidin and Texas Red DNase |, respectively. Control cells (a and e) and Clone 9 cells incubated with 1 nm PTX-2 (b and
f) 50 nM PTX-2 (c and g) and 100 nm PTX-2 (d and h). Images are representative of three independent experiments. Digital zoom = x 2. Scale

bar=50 pm.

chose this concentration to carry out a comparative study
with the other PTX-2 analogues. Clone 9 cells treated for 3h
with 200nM PTX-2 and PTX-11 (Figures 5e and i, respec-
tively) showed a clear reduction in fluorescence derived from
Oregon Green phalloidin, showing that F-actin levels
decreased (Figure 6d), whereas fluorescence from Texas Red
DNase I increased, indicating a marked increase in G-actin
(Figure 6d). Compared to PTX-2, cells incubated with PTX-1
(Figure 5c) showed a smaller reduction in F-actin content but
again G-actin levels increased (Figure 6d). A significant effect
was the change in the pattern of F-actin staining, showing a
punctate fluorescence (Figure Sc), different from that in
control cells (Figure 5a). The metabolite, PTX-2SA
(Figure 5g), did not produce any effect on the F-actin
cytoskeleton or G-actin (Figure 6d).

Latrunculin A (Lat A), a toxin well known to disrupt
F-actin, was also included in these assays. Fluorescence
images revealed that Lat A caused F-actin depolymerization
with appearance of punctuate structures, very similar to
those caused by PTX-1 (Figure 5k), and also increased G-actin
(Figure 6d). Cell morphology was assessed by confocal
microscopy and showed that Clone 9 cells incubated with
PTX-1, PTX-2 and PTX-11 were retracted to the nuclear
region and arborized (Figures 5d, f, and j, respectively), an
effect similar to that in cells incubated with Lat A (Figure 51).
These morphological changes were more clearly shown in
x 2 zoom images of cells treated with PTX-2 versus controls
(Figure 6). It is relevant to point out that PTX-2SA that had
no effect on the actin cytoskeleton also did not modify cell
morphology (Figure Sh).
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Figure 4 Effects of high concentrations of PTX-2 on the actin cytoskeleton in primary hepatocytes. Confocal imaging of F- and G-actin
double-staining of primary rat hepatocytes showing fluorescence (upper row) and transmission (lower row) images. F- and G-actin were
labelled with Oregon Green 514 phalloidin and Texas Red DNase I, respectively. Primary hepatocytes incubated with 200 nm PTX-2 (a and d)
500 nM PTX-2 (b and e) and 1000 nM PTX-2 (c and f). Images are representative of three independent experiments. Digital zoom = x 2. Scale
bar=50pum. (g and h) represent dose-response curves of the effect on F- and G-actin of PTX-2 on primary hepatocytes, respectively. Results
are expressed as percentage of fluorescence in cells incubated with PTX-2 versus controls (100%). Mean * s.e.mean for n >3 experiments.

Following the same procedure (incubation with the toxin
followed by labelling with the specific fluorescent dyes),
images from primary rat hepatocytes are presented in
Figure 7. F-actin staining appeared to be disorganized and
punctate in cells incubated with 200nM PTX-1, PTX-2 and
PTX-11 for 3 h (Figures 7c, e and i). These toxins produced a
sharp reduction in the fluorescence of the Oregon Green
phalloidin bound to F-actin, compared with controls
(Figure 8d). In those cells, G-actin increased slightly relative
to controls (Figures 7a, ¢, e and i). However, this effect was
not as clear as in Clone 9 cells. Again, PTX-2SA induced no
effect on the actin cytoskeleton in primary hepatocytes
(Figure7g). Surprisingly, 200nM Lat A produced no signifi-
cant effect on F- or G-actin in primary rat hepatocytes
(Figure 7k). The cell morphology of primary hepatocytes
incubated with PTX-1, PTX-2 or PTX-11 (Figures 7d, f and j)
was almost unaltered, with only minor irregularities in the
cortical actin zone (Figure 8). This was an important
difference from the response of Clone 9 cells. As seen in
Clone 9 cells, treatment of primary hepatocytes with PTX-
2SA induced no morphological effects. However, there was
also a lack of morphological effect in primary hepatocytes
after incubation with Lat A (Figures 7h and 1).

On the basis of the fact that the PTXs tested had a stronger
effect on cytoskeletal organization and morphology in the
cellular line than in primary rat hepatocytes, we performed
viability assays on Clone 9 cells. The goal of these experi-
ments was to investigate possible cytotoxicity, related to the
cytoskeletal alterations. Clone 9 rat hepatocytes were
incubated with 200nM PTX-1, PTX-2, PTX-2SA or PTX-11,
and their metabolic activity was measured with Alamar Blue.
Fluorescence of the cells was continuously measured up to
24 h. PTX-1, PTX-2, PTX-11 and PTX-2 SA produced no effect
on cell metabolic rate, suggesting that the viability of Clone
9 hepatocytes was not altered by any of the treatments,
including Lat A (Figure 6e).
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Finally, long-term viability assays were carried out in both
kinds of cells. Clone 9 and primary hepatocytes were
incubated for 72 h with 200nMm PTX-1, PTX-2, PTX-2SA and
PTX-11 and metabolic activity was measured after 48 and
72h of incubation. The metabolic rate of Clone 9 and
primary hepatocytes was acutely decreased after 48h of
treatment with 200nM PTX-1, PTX-2 and PTX-11 and even
more after 72h (Figures 9i and j). When Clone 9 cells were
treated with 200nMm PTX-2 for 48h, most of the cells
detached from the substrate and the remaining showed
seriously altered morphology (Figure 9d). F-actin completely
disappeared and G-actin increased (Figure 9b). Surprisingly,
primary hepatocytes also had important changes in mor-
phology (Figure 9h), but some F-actin was preserved, without
disruption (Figure 9f).

Discussion and conclusions

The actin cytoskeleton is a structure involved in many
cellular processes. In cells, there is a dynamic equilibrium
between filamentous (polymeric) and globular (monomeric)
actin (Knowles and McCulloch, 1992; Pollard and Borisy,
2003; Chu and Voth, 2005; Rubenstein and Wen, 2005).
Some well-known compounds such as cytochalasins and
latrunculins alter this equilibrium by different mechanisms,
with severe consequences for cellular integrity (Stournaras
et al., 1996; Spector et al., 1999).

Histopathological studies have demonstrated that i.p
injection of PTX-1 (1 mgkg™') induces macroscopic altera-
tions of the liver, including congestion and finely granulated
appearance (Terao et al., 1986). Microscopic analysis revealed
hepatocyte necrosis in periportal regions of hepatic lobules
(Terao et al., 1986). The fact that, in the same study, PTX-1
caused no pathological changes in the intestine or other
visceral organs placed the PTXs in the group of hepatotoxins.



Because the liver seems to be the target organ for PTXs, and
the actin cytoskeleton is important in epithelial cells, we
assessed the effect of a range of PTXs on the F-actin/G-actin
balance in two hepatocyte models: a cell line derived from
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rat hepatocytes (Clone 9) and primary cultured rat hepato-
cytes. Our results indicated a clear disrupting effect of PTX-1,
PTX-2 and PTX-11 on the actin cytoskeleton, demonstrated
not only by a marked decrease in the level of cellular F-actin,
but also by a clear increase in the level of G-actin in Clone 9
cells. So, these compounds altered the F-actin/G-actin
balance. These toxins also trigger a remarkable depolymeriz-
ing effect on the actin cytoskeleton in neuroblastoma cells
(Ares et al., 2007), but their effect on G-actin was not
determined.

Many toxins such as cytochalasins, swinholide or jaspla-
kinolide have been reported to modify the F-actin/G-actin
balance. These changes are induced by a range of mechan-
isms of action. Cytochalasins cap the barbed end of F-actin,
preventing the incorporation of new actin monomers
(Pollard, 1981). Swinholide A binds to monomeric actin
and prevents its incorporation in the F-actin chain, but it has
also been observed to sever F-actin (Saito et al., 1998).
Jasplakinolide stabilizes actin filaments and enhances actin
nucleation (Spector et al., 1999; Bubb et al., 2000). Recent
in vitro studies have shown that although PTX-2 does not sever
F-actin, it binds specifically to G-actin between subdomains 1
and 3, and the resulting G-actin-PTX-2 complex appears to cap
F-actin at the barbed end (Allingham et al., 2007). PTX-1, PTX-2
and PTX-11 could induce cytoskeletal changes in Clone 9 cells
by any of these mechanisms, with consequences for cell
morphology. Primary rat hepatocytes seemed to be less sensitive
to PTXs and displayed scarcely detectable changes in their
morphology. Moreover, although PTX-1, PTX-2 and PTX-11
showed F-actin disruption in primary hepatocytes, this effect
was weaker than in Clone 9 cells, with no change in
G-actin levels. In fact, the punctate pattern of distribution of
F-actin points to the degradation of normal F-actin filaments to
shorter structures. This could explain the lack of correspon-
dence between a decrease in F-actin fluorescence and the minor
increase in G-actin levels. Koch et al. (1997) found that C3-like
toxin decreased the F-actin content of NIH 3T3 mouse
fibroblasts, whereas their G-actin content remained unaltered.
They postulated that redistributed actin forms oligomers that
were not detected, either as F-actin bundles or as G-actin. In
normal hepatocytes, where the effect of cytoskeleton-disrupting
agents is decreased, this hypothesis could explain our results.

The PTX metabolite, PTX-2SA, did not induce any effect
on the F-actin cytoskeleton or on the shape of cells in any of
the cellular models. In addition, our results indicate that in
both Clone 9 and rat primary hepatocytes, F- and G-actin
levels were unaffected by PTX-2SA. This confirms that
integrity of the lactone ring in PTXs is necessary for toxicity
(Suzuki et al., 2001; Miles et al., 2004a, 2006b; Ares et al.,

Figure 5 Confocal imaging of F- and G-actin double-staining of
Clone 9 rat hepatocytes showing fluorescence (left column) and
transmission (right column) images (control and incubated with
200nM PTXs or Lat A). F- and G-actin were labeled with Oregon
Green 514 phalloidin and Texas Red DNase |, respectively. Panels (a)
and (b) show photographs from control cells, while panels (c) and
(d) are from cells treated with PTX-1, (e and f) with PTX-2, (g and h)
with PTX-2SA, (i and j) with PTX-11, and (k and ) with Lat A. Images
are representative of three independent experiments. Scale
bar =50 um.
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2007) and is in accord with the nature of the PTX-binding
site on G-actin (Allingham et al., 2007).

Morphological effects of PTXs differed between immorta-
lized and normal rat hepatocytes. Clone 9 cells showed a

eJ 250 f_, 140
:
E L 120
g 200 J_ . L
) B | O -
g ¥ 2 100 -
50 2 :
! 80
g =
8 100 u. - . - - 4 e —8— PTX1
Fr 2 —-— PTHE
g S —+—PTkasa
—
T 50 il L & -0 LAT A
g i ’—‘— |_u i ‘ 3 20
=
" E - I
@ - . ‘: & 0 - :
PTXA PTX:2 PTX-2SA PTK-11 LalA o s 10 15 20 25
Time {h)

Figure 6 Magnified images of the effects of PTX-2 (200 nm) on the
actin cytoskeleton and morphology of Clone 9 cells. Images
correspond to x 2 digital zooms. Panels (a) and (c) are fluorescence
and transmission photographs of the control cells, respectively.
Panels (b) and (d) are from cells treated with 200 nM PTX-2. Arrows
point to differences on the F-actin distribution between control and
treated cells (bundles and dots, respectively). One cell is outlined in
controls (c) and in cells incubated with PTX-2 (d) to show
morphological changes. Images are representative of three inde-
pendent experiments. Scale bar=50pum. (e) F- and G-actin
fluorescence measurements for Clone 9 rat hepatocytes, showing
the percentage (meants.e.mean for n >3 experiments) of
fluorescently labeled F- and G-actin in cells treated with PTX-1,
PTX-2, PTX-2SA or PTX-11 relative to control cells (100%). (f)
Viability (mean £ s.e.mean of n >3 experiments) of Clone 9 cells by
Alamar Blue fluorescence after incubation with 200 nM PTXs or Lat A,
relative to control cells (100%).

Figure 7 Confocal imaging of F- and G-actin double-staining of
primary hepatocytes showing fluorescence (left column) and
transmission (right column) images (control and incubated with
200nM PTXs or Lat A). F- and G-actin were labelled with Oregon
Green 514 phalloidin and Texas Red DNase |, respectively. Panels (a)
and (b) show photographs from control cells, whereas panels (c) and
(d) are from cells treated with PTX-1, panels (e) and (f) with PTX-2,
panels (g) and (h) with PTX-2SA, panels (i) and (j) with PTX-11, and
(k) and (I) with Lat A. Images are representative of three
independent experiments. Scale bar=50 um.
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clear change in shape after incubation with 200 nm PTX-1,
PTX-2 and PTX-11, whereas the morphology of primary
rat hepatocytes was almost unaltered. Our findings are
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Figure 8 Magnified images of the effects of PTX-2 on the actin
cytoskeleton and morphology of primary hepatocytes. Images
correspond to x 2 digital zooms. Panels (a) and (c) are fluorescence
and transmission photographs of the control cells, respectively.
Panels (b) and (d) are from cells treated with 200 nM PTX-2. Arrows
point to differences on the F-actin distribution between control and
treated cells (bundles and dots, respectively). One cell was outlined
in controls (c) and in cells incubated with PTX-2 (d) to show
morphological changes. Images are representative of three inde-
pendent experiments. Scale bar=50pum. (e) F- and G-actin
fluorescence measurements for primary rat hepatocytes, showing
the percentage (meants.e.mean for n >3 experiments) of
fluorescently labeled F- and G-actin in cells treated with PTX-1,
PTX-2, PTX-2SA or PTX-11 relative to control cells (100%).

compatible with those of Ares et al. (2005), using normal,
freshly isolated rabbit intestinal cells. The morphology of
these cells was not affected by several toxins, including PTX-
6, which induced a marked effect on F-actin levels.

Clone 9 hepatocytes are an epithelial cell type. They grow
in monolayers, exhibiting contact inhibition as do normal
hepatocytes, but are undifferentiated and unpolarized
(Weinstein et al., 1975). On the other hand, primary
hepatocytes, after isolation, seeding and fixation to the
substrate, maintain junctional complexes with other cells,
where strong bundles of F-actin are positioned. Thus, Clone
9 cells and primary cultured hepatocytes have structural and
morphological differences.

Clone 9 is an immortalized cell line and so they multiply
continuously. Two of the hallmarks of tumorigenesis are as
follows: (a) an increased rate of proliferation and (b) limitless
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replicative potential (Hanahan and Weinberg, 2000). Chae
et al (2005) demonstrated that loss of p53, a gene inactivated
in the majority of human cancers, sensitized tumours to
actin damage by agents such as PTX-2. Although p33 is not
inactivated in Clone 9 cells, hypermethylation on DNA
cytosine was found in this cell line, and epigenetic DNA
cytosine methylation is believed to be one of the root causes
of cancer (Asada et al., 2006).

A difference in sensitivity towards actin-depolymerizing
agents in immortalized and normal cells has been previously
documented with other drugs such as cytochalasin B, where
malignant lymphocytes exhibited a higher sensitivity to this
compound than did normal lymphocytes (Stournaras et al.,
1996). Namba et al (1987) found a significant difference in
distribution and number of F-actin fibers between immortal
and normal fibroblasts. Three immortally transformed
fibroblast lines showed a striking reduction in the number
and an altered pattern of organization of actin fibers. On the
other hand, in normal fibroblasts, actin fibers ran parallel to
each other along the long axis of the cells. Such differences
in actin could account for the different responses to
depolymerizing agents.

Lat A is a well-known G-actin sequestering macrolide that
binds to G-actin with a 1:1 stoichiometry (Yarmola et al.,
2000). This compound is a good tool to compare F-actin-
disrupting agents because its union to monomeric actin is
very specific and it does not exert severing or capping
activity (Spector et al., 1999; Yarmola et al., 2000). In our
experiments, 200nM Lat A induced an F-actin-disrupting
effect comparable with the same concentration of PTX-1 on
Clone 9 cells. The lack of activity of 200 nM Lat A in primary
hepatocytes points to a lower potency of this compound in
normal cells, confirmed by the fact that at concentrations
10-fold higher (2uM), Lat A induced effects on the actin
cytoskeleton equivalent to those of 200nM PTX-1 (data not
shown). Differences in potency could be also related to
different actions, for instance, Lat A does not sever or cap
F-actin, but PTX-2 showed capping action in addition to the
G-actin sequestering effect (Allingham et al., 2007).

Previous studies have shown that cancerous and non-
mature (undifferentiated) cells have weaker actin cytoskele-
tons than normal cells, consistent with the greater effect of
F-actin-disrupting agents on cancerous and non-mature cell
lines (Stournaras et al., 1996; Jordan and Wilson, 1998), and
this may explain the difference in susceptibility of Clone 9
cells and rat primary hepatocytes towards PTXs reported in
this article.

Recent studies using other cellular models have investi-
gated the effects of PTXs on apoptosis (Fladmark et al., 1998;
Chae et al., 2005). Fladmark et al. described apoptosis in
primary rat and salmon hepatocytes induced by exposure to
2uM PTX-1 for 1h. However, despite the marked effect on
cytoskeletal integrity, we observed no significant change in
the metabolic rate of Clone 9 rat hepatocytes incubated with
200nM PTX-1, PTX-2, PTX-2SA or PTX-11 for 24 h, indicat-
ing no loss of viability of these cells during the treatments
and pointing to the cytoskeletal disruption by PTXs as the
primary action on cellular integrity. In longer-term treat-
ments (48-72h), metabolic rate declined acutely in Clone 9
cells as well as in primary hepatocytes and morphological
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Figure 9 Effect of prolonged treatment with 200 nM PTX-1, PTX-2, PTX-2SA and PTX-11 on the viability and actin cytoskeleton of Clone 9
and primary hepatocytes. Panels (a) and (c) shows fluorescence and transmission photographs of F- and G-actin of control Clone 9 cells. Panels
(b) and (d) are from Clone 9 cells treated for 48 h with 200 nm PTX-2. Panels (e) and (f) show fluorescence and transmission photographs of
F- and G-actin of control primary hepatocytes. Panels (g) and (h) are from primary hepatocytes treated for 48 h with 200nm PTX-2.
Photographs are x 2 digital zoom images. Scale bar=50 um. Viability was assessed by Alamar Blue fluorescence after incubation of Clone 9
cells or primary hepatocytes (i and j, respectively) for 48 and 72 h with 200 nm PTXs relative to control cells (100%) (mean £s.e.mean of n>3

experiments).

changes appeared in both cell types. But rounding of normal
hepatocytes did not correlate, over time, with total disrup-
tion of the F-actin cytoskeleton. In fact, the existence of
small F-actin bundles suggests that this cytoskeletal effect is
closer to that of the shorter time (24 h) treatments. So, the
rounding and fall in metabolic rate could be attributed to
other, later effects, such as some stage in the apoptotic
process. Primary hepatocytes maintained more than 24 h in
culture normally acquire flattened and extended morpho-
logies. Tuschl and Mueller (2006) found that after 72h in
culture, there was a marked change in cell morphology; the
hepatocytes spread out, nuclear volume was increased and
the cytoplasm appeared granulated. Such time-related
changes make the rounding effect of PTXs much more
evident, after the longer-term incubations.

In conclusion, although PTX-1, PTX-2 and PTX-11 were
clearly demonstrated to be F-actin-disrupting agents, they
exerted differential effects on immortalized and normal rat
hepatocytes at the morphological level. Primary hepatocytes
were more resistant to changes in cellular shape induced by
these PTXs. In addition, morphological and cytoskeletal
effects of PTXs in Clone 9 cells were not correlated with
changes in cellular viability after 24 h of treatment. Longer-
term exposures induced decreased viability in normal and
immortal hepatocytes, accompanied by rounding of their
morphology. These effects could be attributed to later
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processes, initiated by the earlier damage to the actin
cytoskeleton. The discovery of differences in the effects of
actin-disrupting agents between cells with cancer character-
istics and normal cells could be of great clinical importance
for the development of new cancer chemotherapy agents.
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