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Abstract

Introduction

Organization of cytoskeleton and cell contacts were
studied by immunochemistry and electron microscopy in
confluent HT29 cultured cells following exposure to 0.5
and 1.0 Gy doses of X-ray. Microtubules were resistant
to irradiation, whereas, the actin and intermediate filaments disrupted rapidly following the treatment and their
components appeared as clumps of actin and cytokeratin
aggregates in the cytoplasm as demonstrated by immunochemistry. Loss of cell contacts and decrease in the
number of desmosomes was also characteristic of irradiated cells. Electron microscopy revealed intact desmosomes in control cells and abnormal desmosomes in the
irradiated samples characterized by the absence of tonofilaments. The perinuclear filament network and cortical
filaments were well detectable by electron microscopy.
Under the effect of irradiation, the perinuclear filaments
almost disappeared and, at the same time, small bundles
of filaments were formed irregularly in the cytoplasm
associated with amorphous material.

All eukaryotic cells contain three major classes of
cytoskeletal elements, the actin microfilaments, the
microtubules and the intermediate filaments (Coulombe,
1993; Stewart, 1993; Cramer et al., 1994). The cytoskeleton determines the general shape of the cell, regulates the movements of cells and subcellular structures,
maintains different kinds of cell contacts, and takes part
in cell to cell communication (Barrit, 1992; Coulombe,
1993; Reisler, 1993; Stewart, 1993; Cramer et al.,
1994; Hirokava, 1994; Hitt and Luna, 1994; Mays et
al., 1994; Amos, 1995, Wallee and Okamoto, 1995).
The actin based filaments and the microtubular network are continuously changing structures, the assembly
and disassembly of which is regulated by associated proteins and by numerous of intracellular and extracellular
factors (Reisler, 1993; Cramer et al., 1994; Hirakova,
1994; Hitt and Luna, 1994; Amos, 1995; Cleveland,
1995; Small, 1995). The intermediate filaments (IF) are
less dynamic structures. Nevertheless, their assembly
and disassembly during the different steps of cell cycle
is well documented. This type of filament consists of
several classes including cytokeratins in epithelial cells,
desmin in muscles, neurofilaments in neurons, glial fibrillary acidic protein in glial cells, and vimentin in cells
with mesenchymal origin. The nuclear lamins are also
related to IFs (Coulombe, 1993; Stewart, 1993, Heins
and Aebi, 1994; Mays et al., 1994). Elements of cytoskeleton can be associated with the cell membrane and
participate in formation and/or stabilization of various
cell-cell and cell-matrix contacts (Ungar et al., 1986;
Garrod, 1993; Hitt and Luna, 1994; Mays et al., 1994).
This binding between the cytoskeleton and membrane
elements is usually indirect and is accomplished with the
help of linker proteins including vinculin, talin and
others (Ungar et al., 1986; Garrod, 1993; Hitt and
Luna, 1994; Mays et al., 1994).
Although the chemical composition and the structural organization of the three groups of cytoskeletal elements are regulated separately in the cells, they form a
consistent, harmonizing system (Green et al., 1987;
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Figures 1-6 (on the facing page 765). Indirect immu-

Shiba et al., 1987; Rahilly and Fleming, 1992; Trevor
et al., 1995). The assembly and disassembly of the
whole structure are closely related to the phosphorylation
and dephosphorylation of particular cytoskeletal proteins
and in the organization of the whole system as well
(Shiba et al., 1987; Grant and Aunis, 1990; Colombe,
1993; Reisler, 1993; Heins and Aebi, 1994; Hirokava,
1994; Small, 1995).
Data available in the literature suggest that one of
the biological effects of the irradiation is its direct or
indirect influence on the cytoskeletal system. Changes
in the general shape of the cell (Yau, 1981; Somosy et
al., 1987), modifications of cell contacts and retraction
of cells (Somosy et al., 1987; Kantak et al., 1993),
damage of the spindle apparatus (Rubin et al., 1988;
Cornforth and Goodwin, 1991; Raicu et al., 1993),
modulation of the expression of a series of cytoskeletal
proteins (Anniko et al., 1989; Fischer et al., 1989;
Nedzvetskii et al., 1990; Woloschack et al., 1990;
Woloschack and Chang-Liu, 1991; Kasper et al., 1993a,
b), F-actin reorganization (Friedman et al., 1986;
Kantak et al., 1993), and increased vascular permeability (Evans et al., 1986; Law and Ahier, 1989; Somosy
et al., 1993) have been observed after ionizing irradiation in cells studied in vivo and in vitro.
In the present study, the X-ray induced morphological changes in the organization of the cytoskeletal system
have been investigated by transmission electron microscopy (TEM) and the changes of the location of some
particular proteins (cytoskeletal actin, beta-tubulin,
cytokeratin, vinculin, vimentin, and desmosomal protein)
have been followed by immunohistochemical methods in
cultured human colon carcinoma (HT29) cells. As
shown from the data of cell survival assay (Lawrence et
al., 1994), irradiation did not cause cell death in the
used dose range (0.5-1 Gy)

nofluorescence of cultured HT29 cells. The nuclei were
stained with ethydiumbromide in Figures 1, 2 and 5.
All figures are at same magnification; photo width in
Figure la = 48 µm.

Figure 1. Anti-tubulin staining of the microtubules.
Control (a), X-irradiated with 0.5 Gy, after 24 hours
(b); with 1 Gy: after 1 hour (c) and after 24 hours (d).

Figure 2. Anti-vimentin staining of vimentin filaments.
Control (a); X-irradiated with 0.5 Gy, after 1 hour (b);
with 1 Gy: after 1 hour (c) and after 24 hours (d).
Figure 3. Anti-cytokeratin staining of cytokeratins.
Control (a); X-irradiated with 0.5 Gy, after 1 hour (b);
with 1 Gy: after 1 hour (c) and after 24 hours (d).
Figure 4. Anti-actin staining of actin. Control (a);
X-irradiated with 0.5 Gy, after 24 hours (b); with 1 Gy,
after 24 hours (c).
Figure 5. Anti-vinculin staining of vinculin. Control
(a); X-irradiated with 0.5 Gy, after 1 hour (b); with 1
Gy: after 1 hour (c) and after 24 hours (d).
Figure 6. Anti-desmosomal protein staining of desmosomes. Control (a); X-irradiated with 0.5 Gy, after 1
hour (b); with 1 Gy, after 24 hours (c).
and dose rate: 0.317 Gy water.min- 1. Cell cultures
were fixed for light- or electron microscopical investigations 30 minutes, and 1, 3 and 24 hours after irradiation.
Immunohistochernistry
The immunohistochemical preparation were made by
a conventional method. The HT29 cells, grown on glass
coverslips in standard medium, were fixed and permeabilized in methanol at -20°C for at least 2 hours.
After washing in phosphate buffered saline (PBS, pH
7.4), the unspecific binding sites were bound in 2 %
bovine serum albumin (BSA, fraction VI, Sigma Chem.
Co., St. Louis, MO, USA) for 60 minutes. The monoclonal antibodies, developed in mice, were obtained
from Sigma. Anti-tubulin (Clone no. DM lA), anti-vinculin (Clone no. VIN-11-5), anti-vimentin (Clone no.
hVIN-1), anti-cytokeratin (Clone no. CKS) and anti-desmosomal protein (Clone no. ZK-31) were applied on the
coverslips in 1:50 dilution bound in PBS containing
0.2 % BSA, while the anti-actin (BL/ICC, developed in
rabbit, from Amersham, Braunschweig, Germany) was
used at 1: 100 dilution for 60 minutes at room temperature, or overnight at 4 °C. After washing with PBS, the
cells were incubated in the presence of FITC (fluorescein isothiocyanate)-labelled anti-mouse antibody developed in rabbit (Sigma) or rhodamine labeled anti-rabbit

Materials and Methods
Cells
The human adenocarcinoma-derived cell line HT29,
originally established by Fogh and Trempe (1975), was
obtained from Public Health Laboratory Service (Salisbury, U.K.). The cells were plated on glass coverslips
and or Thermanox~ plates (Nunc, Kastrup, Denmark)
and maintained in Dulbecco's Modified Eagle's Medium
(DMEM) containing 10% fetal calf serum (PCS), antibiotics at 37°C in a 5% CO2 moist atmosphere.
X-irradiation
X-irradiation was performed with 0.5 and 1.0 Gy
doses in a THX-250 machine at room temperature, in
culture medium at the following conditions: 200 kV; half
value layer: 1.0 mm Cu; source-surface distance: 90 cm;
764
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Figure 7. Electron micrograph of control HT29 cells.
N: nucleus; f: filament bundles: -= nuclear pore: D :
desmosome, < : microtubule. Bars = 1 µm (in a); 0.6
µm (in b and d) and 0.25 µm (in c).

Figure 8. Electron micrographs of cells X-irradiated
with 1 Gy, 1 hour (a and b), and with 1 Gy, 24 hours
(c and d). f: filament bundles; D: intact desmosome; ►
= morphologically damaged desmosomes; -= microtubule . The filament bundle transformed into amorphous material ( <). Bars = 0.8 µm (in a), 0.5 µm (in
b), 0.3 µm (inc), and 0.25 µm (ind).

Figure 9. Electron micrograph of X-irradiated (1 Gy,
24 hours) HT29 cells. N: nucleus; f: filaments; d:
desmosome; ► : microtubule. Bar = 0.6 µm.
766

X-radiation-induced disorganization of cytoskeletal filaments
Cytokeratin is assembled into a thin, delicate network of filaments in control cells, which surrounds the
nucleus and extends towards the periphery of the cell
(Fig. 3a). Soon after irradiation with either 0.5 or 1.0
Gy, this network begins to disrupt and clumps of cytokeratin accumulate in the cells. The punctuate pattern of
cytokeratin distribution became very prominent 24 hours
following irradiating with 1.0 Gy (Figs. 3b, 3c and 3d).
In control cultures, application of anti-actin resulted
in a diffuse intracellular staining (probably due to the
presence of short actin filaments). In addition, cablelike structures in the peripheral part of the cytoplasm
(probably cortical actin filaments), and a few small actin
aggregates were observed (Fig. 4a). Transformation of
filamentous structures into spot-like aggregates was observed in cells 24 hours after irradiation (Figs. 4b and
4c).
In HT-29 cells, the distribution of vinculin does not
show the well known punctuate pattern observed in fibroblasts, in which vinculin is associated with the focal
contacts between the basal cell surface and the substratum. According to our observations, in control
HT29 cells, the anti-vinculin antibody stains large bright
areas relatively homogeneously (Fig. Sa). Irradiation
caused a redistribution of vinculin to spoke-like structures, with large translucent patches between them (Figs.
Sb, Sc and 5d).
Untreated HT29 cells display a punctuate pattern of
staining when labeled with anti-desmosomal antibody.
The dots of stain are localized at the periphery of the
cells (Fig. 6a). Shortly after irradiation, the number of
desmosome-like structures decreased.
Twenty-four
hours following irradiation, most of the cells rounded up
and only a weak desmosomal protein staining could be
observed on the surface of the separated cells (Figs. 6b
and 6c).
Electron microscopy reveals intact desmosomes in
control cells (Fig. 7d). Tonofilaments surround desmosomal plaques and extend between neighboring desmosomes. Long intermediate filament bundles were often
found in association with desmosomes. A few normal
and some of abnormal desmosomes were observed in the
irradiated samples, they were characterized by the absence of tonofilaments and connecting intermediate filaments (Figs. 8a and 9). The perinuclear filament network (Figs. 7a and 7b) and cortical filaments (Fig. 7c)
were easily detected by electron microscopy. Under the
effect of irradiation, the perinuclear filaments and cortical filamental network almost disappeared from the cells
and at the same time small bundles of filaments were
formed irregularly in the cytoplasm (Figs. 8a, 8c and 9)
associated with amorphous materials (Figs. 8a and 8d).
These structural alterations persisted throughout the 24
hours observation period.

second antibody developed in goat (Sigma), diluted at
1:100, and applied on the sections for 60 minutes at
room temperature. On some coverslips, the nuclei were
counter-stained with 0.001 % of ethydium bromide. The
preparations were covered in PBS buffered glycerol
(containing a few crystals of para-phenylene-diamine)
and investigated under an Axioscope (Carl Zeiss, Jena,
Germany). The photographs were taken on Kodakcolor
negative roll films. It is especially difficult to produce
high quality microphotographs in case of HT29 cells.
They have columnar shape, even if they are cultured on
glass surface; therefore, although the preparations were
well focused, the fluorescence of the cytoskeletal network from the upper- and under-laying planes appears
on negatives, too. The second difficulty is that the cytoskeleton is built by up much more thinner, delicate elements than, for example, in fibroblasts or other flat cell
types. All photographs were taken at 1,000x.
Electron microscopy
The cells were fixed for 1 hour in 0.1 M phosphate
buffered (2.5% glutaraldehyde, pH 7.3, 4°C), postfixed
in 1 % OsO4 (pH 7.3 at 4°C for 1 hour), dehydrated
with ethanol, and embedded in Durcupan (Fluka, Bucks,
Switzerland). The samples were cut with diamond
knives on an LKB Ultratome Nova (LKB, Uppsala,
Sweden) and the sections were stained with lead citrate
and uranyl acetate and examined in a JEOL (JEOL,
Tokyo, Japan) l00CX transmission electron microscope.
Results
The microtubular system shows denser staining at
the plasma membrane and some punctate staining in the
cytoplasm (Fig. la). The filaments do not form cablelike rough bundles as they do in L929 fibroblasts (results
not shown), but form very fine, thin, cotton-like network. Irradiation with 0.5 Gy and 1 Gy doses did not
cause any changes of distribution of microtubules after
1 hour (Figs. lb and le). One day after 1 Gy irradiation, the cells rounded up and we found more intensive
tubulin staining in the cytoplasm between the nuclei and
plasma membranes (Fig. ld). Transmission electron microscopy did not show any radiation induced structural
disorganization of microtubules, which were observable
both in control and irradiated samples (shown later in
Figs. 7c, 8b and 9).
Anti-vimentin gives filamental network in the cytoplasm of the untreated HT29 cells. Irradiation with 0.5
Gy for 1 hour did not exert any changes in its localization (Fig. 2b). However, 1 Gy after 1 and 24 hours,
and 0.5 Gy after 24 hours caused the collapse of vimentin network (Figs. 2c and 2d). In these cases, vimentin
could be detected as small spot-like aggregates (Figs. 2c
and 2d).
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study was the loosening of cell contacts and the concomitant reduction in the number of desmosomes in irradiated cells. Since the IFs are obligate components of
desmosomes, the disruption of the cytoskeletal network
may destabilize the desmosomal contacts. There are reports in the literature showing that experimental disorganization of cytoskeletal filaments leads to labilization
of desmosomes and loss of their function (Pasdar et al.,
1992).
Unlike actin and cytokeratin filaments, the microtubules have been shown to be insensitive to irradiation
in HT29 cells. The relative radioresistance of the
microtubules was also observed in endothelial cells and
lymphocytes (Rubin et al., 1988; Raicu et al., 1993).
Further studies are needed to elucidate the mechanism
causing divergent sensitivity of the three kinds of
cytoskeletal filaments to X-irradiation.

Discussion
The results reported here demonstrate that both the
actin and IF based cytoskeletal systems of HT29 cells
are sensitive targets of X-irradiation and respond to the
injurious action of X-ray by transformation of filaments
into clumps of dense aggregates of actin and/or IF proteins. The X-ray induced reorganization of the actin
network into patches was observed earlier in cultured
endothelial cells (Friedman et al., 1986; Lin et al.,
1992; Kantak et al., 1993) and in fibroblasts, too
(Yanase et al. , 1993). However, signs of alteration of
the actin filaments appeared within hours after irradiation, i.e ., more rapidly than in the HT29 cells investigated in this study. These data suggest that the sensitivity of the actin-based cytoskeleton to X-ray in various
cell types is different.
The exposure of cells to ionizing radiation modulate
the expression of the actin gene (YI oloschack and
Chang-Liu, 1991; Lin et al. , 1992), and of microfilament protein expression in lung (Kasper et al., 1993
a,b), squamous cell carcinomas (Fischer et al ., 1989),
inner ear (Anniko et al ., 1989), and rat brain
(Nedzvetskii et al., 1990).
It is well known that some drugs and agents, including cytochalasins (Brett and Godman, 1986; Pasdar et
al., 1992; Stevenson and Begg, 1994), microtubular poisons (Pasdar et al., 1992; Trevor et al., 1995), tumor
promoting factors (Shiba et al., 1987; Grant and Aunis,
1990; Rahilly and Fleming, 1992), bacterial toxins
(Malomi et al., 1990), tumor necro sis factor (Lin et al .,
1992), interleukin (Bodo et al. , 1992), acrylamide (Gall
et al., 1992), etc. , can induce reorganization and alteration of IFs in a variety of cells. Here we showed that
X-irradiation is also a potent inducer of redistribution of
IF proteins (cytokeratin, vimentin) and the actin associated protein, vinculin.
The integrity and assembly/disassembly of the cytoskeletal network is regulated by the cytosolic Ca+ +
level (Green et al., 1987; Stevenson and Begg, 1994)
and is modulated by phosphorylation/dephosphorylation
of its proteins (Lamb et al., 1989; Mays et al., 1994).
It is
known the ionizing radiation disturbs the
ca++ homeostasis of the cells (Somosy et al. , 1993,
1994; Zhivotovsky et al., 1993) and induces changes in
the intracellular level of cyclic nucleotides and influences
the activity of protein kinase C (Somosy et al., 1988;
Hallahan et al., 1991; Kandasamy and Harris, 1992).
It seems plausible to propose that all of these regulatory
mechanisms influencing the phosphorylation of proteins
are related to the observed disruption of the cytoskeleton
upon irradiation, although the exact mechanism of this
phenomenon needs further elucidation .
One of the most conspicuous events found in this
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Discussion with Reviewers
M. Kasper: There is some evidence that irradiation induces synthesis of inflammatory gene products such as
certain transcription factors , for example, c-fos and
c-jun. Target genes for these factors are also the genes
encoding keratins. What about the distribution of c-fos
and c-jun in cells after disassembly of filaments?
Authors: We did not investigate the subcellular distribution of these factors upon irradiation and we do not
have any data about it.
P.B. Bell: Considering previous report that osmium
disrupts actin filaments, why did you use osmium postfixation and what precaution did you take to prevent
damage?
Authors: According to our observations, the osmium
postfixation does not disturb essentially the conventional
ultrastructure of cortical actin filaments, because they
remained intact in control HT29 cells (Fig . 7c), but this
structure
was disorganized
on the irradiated
preparations .
P.B. Bell: What is the explanation of the diffuse vinculin pattern in control cells and its change to a spot-like
arrangement after irradiation?
Authors: We think the vimentin filaments depolarized
upon irradiation and formed clumps. Similar, depolymerization-induced clump formation are known in case
of other kinds of cytoplasmic filaments as we briefly
reviewed in the text.
P.B. Bell: What evidence is there that irradiation exerts
it effects on the cytoskeleton indireotly through its effects on calcium, rather than through other direct or indirect mechanisms?
Authors: The integrity of cytoskeletal elements is dependent on phosphorylation of their subunits by certain
kinases, and in many cases, phosphorylation facilitates
the disassembly of cytoskeletal filaments as reviewed by
Eriksson et al. (1992). The low doses of irradiation can
770

X-radiation-induced disorganization of cytoskeletal filaments

et al., 1985; Franke et al., 1978; Moll et al.; etc.) and
patterns of these proteins obtained your work?
Authors: As reported in the literature, the vinculin is
usually localized at the adhesion plaques of fibroblasts
and other cell types. However, diffuse vinculin distribution in certain tumor cells were also found (Sadano et
al., 1992). We observed dotted distribution of vinculin
in L929 fibroblast similar to literature data. The reported vinculin pattern in HT29 cells may be explained at
least by two items: (1) this cell line is of carcinoma
origin, and (2) we investigated this cell type in undifferentiated form.
The observed cytokeratin pattern is in agreement
with other data which is known about HT29 cells
(Plateroti et al., 1993).

activate the protein kinase C enzyme probably via elevated cytoplasmic calcium content and/or modify cAMP
content (which can activated other kinases) (Somosy et
al., 1988; Hallahan et al., 1991). It is known that the
microtubules are very radioresistant in cell free system,
i.e., as reported by Coss et al (1981), inhibitory effect
on microtubule assembly were found only upon 5,000 to
30,000 rad X-radiation doses. Considering these data,
it is obvious to suppose the indirect effect(s) of irradiation to this system.

L.S. Yasui: What is the biological significance of your
results?
Authors: Our data give new direct evidences on the
role of cytoskeletal system in some irradiation induced
morphological alterations, i.e . , changes of cell shape,
cell to cell contacts, distribution of cell organelles, as
well as radiation induced redistribution of different cytoskeletal elements.

M. Malecki: Could you comment on the effects of Xirradiation on the proliferation rate-doubling time? Did
the affected cells recover after or did they die as the result of this X-irradiation? What was the survival rate?
What were the viability tests?
Authors: We did not investigated the effects of Xirradiation on the proliferation rate-doubling time and
recovery of radiation-induced effects of cytoskeletal elements. However , the survival rate of HT29 cells were
known from literature (Lawrence et al., 1994). These
data suggest that the irradiation doses used (0.5 and 1
Gy) do not cause cell death during the studied period (24
hour) , this was confirmed with trypan blue test.

L.S. Yasui: Why were confluent cultures of adenocarcinoma cells used for this experiment? Has the radiation
response of the cytoskeleton not been documented in
many cell lines and how do these other results correlate
with your findings?
Authors: We used confluent cultures of HT29 cells; in
our experiment only this cell type was used. However ,
there are direct or indirect data, as we listed in the text,
on similar radiation induced cytoskeletal changes in
other cell types.

Additional References

M. Malecki: Have you noticed any differences in cell
morphology , or cell attachments , or cell contact between
cells grown on glass as compared to those on Thermanox?
Authors: We did not find any differences in cell morphology , cell attachments and cell contacts between cells
grown on glass and Thermanox .
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M. Malecki: What was percentage of HT29 cells suffering from the symptoms you describe?
Authors : The radiation-induced and described distribution changes of investigated cytoskeletal elements were
detected in approximately 90% of cells.
M. Malecki : Are the results of clonogenic assays or
synchronized cultures available?
Authors: No, we used only non-synchronized cultures
of HT29 cells.
M. Malecki : Can you explain striking differences between previously published patterns of vinculin or cytokeratin in normal or transformed cultured cells (Lehto et
al., 1982; David-Pfeity T and Singer SJ, 1980; Tarone
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