
Introduction

One of the defining features of colon cancer progres-
sion is an ability of malignant colonocytes to migrate, to in-
vade the surrounding tissues and eventually to metastasize.
All these processes depend on a wide array of molecules
and pathways, of which the integrity and functional status
cytoskeleton, and in particular of its principle components
actin filaments, microtubules and selected intermediate fi-
laments, play an especially important role (14). On the other
hand, the functional loss or altered arrangement of indivi-
dual cytoskeletal components may produce disturbances
not only in cell morphology, but it may also affect the lo-
comotion of cells, ultimately leading to enhanced or halted
progression of colorectal tumors (2).

Zinc is involved in many aspects of cellular physiology,
including structural as well as functional and signaling sta-
tus of the cell. Zinc deficiency is acknowledged to be as-
sociated with growth retardation, neurosensory changes,
immune system deficiencies and increased susceptibility to
malignant disease (15). Moreover, decreased zinc levels
constitute one of the primary risk factors in the develop-
ment and progression of colorectal tumors (18). It has been
reported that zinc regulates the growth of malignant colo-
nocytes by several possible mechanisms, which include
G2/M phase arrest mediated by a suggested posttranslatio-
nal regulation of expression of APC protein, ERK-depen-
dent activation of cell cycle inhibitor p21 and disruption of
cell-cell communication as well as microtubule activity (5,
6). The effect of zinc on the cytoskeletal integrity of malig-
nant colonic cells is in particular interesting mainly due to

the following reasons: firstly, zinc is required for the opti-
mal microtubule polymerization and is an essential part of
numerous other proteins often involved in migration, in-
vasion and metastasis (8); secondly, despite changed zinc
status, malignant colonic cells at certain stages show in-
creased invasive and metastatic properties.

Considering the reported data on the inhibitory effects
of zinc towards colon cancer cells and in particular its
effects towards the cytoskeleton, we hypothesized that zinc-
induced growth inhibition may be preceded or accompani-
ed by a changed cellular migratory status too. We have thus
started to investigate cytoskeletal topography as well as mi-
gration and invasiveness of SW480 cells treated with zinc
sulfate. Based on the known estimates of zinc concentrati-
ons at the luminal surface of enterocytes (80 μM), for our
experiments we selected zinc concentration of 100 μM,
which has already been reported as inhibitory towards co-
lon cancer cells and which may be very easily achieved with
directed zinc supplementation (6, 12). We found that zinc
at a concentration of 100 μM induces changes in the cyto-
skeletal integrity of microtubules, promotes loss of F-actin
and vimentin and alters the expression of E-cadherin and β-
catenin. In addition, these effects are accompanied by de-
creased motility and invasiveness of the examined cells.

Materials and Methods

Chemicals

Zinc sulfate; 4’,6-diamidino-2-phenylindole (DAPI),
phalloidin-TRITC, deoxyribonuclease I, Alexa Fluor-488
conjugate and Triton-X were purchased from Sigma-Aldrich
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(Prague, Czech Republic). Antibodies were acquired from:
monoclonal mouse anti- α-tubulin (Exbio, Prague, Czech
Republic), monoclonal mouse anti-vimentin (Dako,
Glosstrup, Danemark), monoclonal mouse anti-E-cadherin
and monoclonal mouse anti-β-catenin (Sigma-Aldrich,
Prague, Czech Republic). Secondary antibodies were IgG
anti-mouse conjugated with Alexa Fluor 488 (1:250) –
Molecular Probes, Inc. Eugene, USA. All other chemicals
were of the highest analytical grade.

Cell line

The human colon cancer cell line SW480 (ATTC, No.
CCL-228, Rockville, U.S.A) was grown in a humidified 5 %
CO2 atmosphere at 37 °C in Dulbecco’s modified Eagle’s
medium – DMEM (Gibco, Prague, Czech Republic) supp-
lemented with 10% fetal bovine serum (Gibco, Prague,
Czech Republic), penicillin G (100 U/ml) and streptomy-
cin (100 μg/ml).

Proliferation and metabolic activity

Proliferation and metabolic activity of SW480 cells ex-
posed to zinc was measured using an established WST-1
method as described earlier (17).

Chemiluminescent quantitation of DNA synthesis

Estimation of DNA synthesis in control and zinc-
treated cells was carried out as described previously (17).
Briefly, cells at a concentration of 30,000 cells/well in 200
μl of DMEM containing 10% fetal bovine serum were
plated in black 96–well microtiter plates, with the first co-
lumn of wells representing blank. The cells were allowed to
settle overnight at 37 °C and in 5 % CO2. Next, cultures
were exposed to zinc and at given time intervals treated
according to protocol supplied by manufacturer. Chemi-
luminescence was measured using a multiplate reader TE-
CAN SpectraFluor Plus (TECAN Austria GmbH, Grödig,
Austria). For all measurements, the integration time was
1000 ms and gain 130. The results in relative light units
(RLU) were expressed as a percentage of control.

Immunofluorescence

Cover slips with control and treated cultures were fixed
with 2% formaldehyde, rinsed three times with phosphate
saline buffer with Triton X (PBS-T) and blocked with 5%
milk for 30 min at 25 °C. Next, primary antibodies against
α-tubulin (1:100) and vimentin (1:100) were added to the
cells and the samples were incubated for 60 min at 25 °C.
The slides were then rinsed three times with PBS, a secon-
dary antibody was added, and the cells were incubated for
60 min at 20 °C. The specimens were optionally post-labeled
with DAPI, mounted into SlowFade® medium (Molecular
Probes, Inc. Eugene, U.S.A.) and examined under a fluo-
rescence microscope Nikon Eclipse E 400 (Nikon Cor-
poration, Kanagawa, Japan) with the digital color matrix
camera COOL 1300 (VDS, Vosskűhler, Germany). Immu-
nopositivity was analyzed by the software LUCIA DI Image

Analysis System LIM (Laboratory Imaging Ltd., Prague,
Czech Republic) in at least 1000 cells per sample. In all
experiments, the system of immunological control was em-
ployed to avoid false positives or negative staining reac-
tions.

F-actin and G-actin measurements

SW480 cells (10,000 cells/well) were seeded into 96-
well plates and allowed to grow overnight at 37 °C and 5 %
CO2. The next day, the cultivation medium was replaced by
a medium supplemented with zinc and its effect on F- and
G-actin was evaluated after 12 h exposure as described pre-
viously (16).

Migration assay

Migration was evaluated by a wound healing assay.
Briefly, SW480 cells were plated into the Petri dishes and
allowed to grow to the full confluence. Next, using a blunted
micropipette tip, a narrow line was scraped on the colonic
cells monolyer. After several rinsings with warm DMEM
medium, the culture was exposed to zinc over 12 h. Cell
migration was recorded at time points indicated in the
Results. Resulting images were analyzed by the automatic
analysis system LUCIA DI Image Analysis System LIM
(Laboratory Imaging Ltd., Prague).

Invasion assay

Invasion of SW480 cells following zinc treatment was
evaluated using a modified Boyden chamber (8 μm pores,
membrane coated with Matrigel – Becton Dickinson, Bed-
ford, U.S.A). Cells were plated in the upper compartment
at a concentration of 1x 105/ml in medium with or without
zinc sulfate and allowed to migrate for 12 h. Noninvasive
cells were removed from the upper chamber with a cotton
swab and invasive cells adherent to the underside of the
filter were fixed with 4% formaldehyde and stained with
Giemsa solution. The number of cells was determined by
automatic analysis system LUCIA DI Image Analysis
System LIM (Laboratory Imaging Ltd., Prague).

Western blot analysis

Zinc-treated and control cells were harvested at diffe-
rent time intervals with trypsin, washed with PBS and cen-
trifuged (1000 rpm, 5 min, 4 °C). The resulting pellet was
resuspended in 5 ml of ice-cold lysis buffer (137 mM NaCl,
10 % glycerol, 1 % n-octyl-β-D-glucopyranoside, 50 mM
NaF, 20 mM Tris, 1 mM sodium orthovanadate, Complete
TMMini).

The whole cell lysates were boiled for 5 min/95 °C in
SDS sample buffer (Tris-HCl pH 6.81, 2-mercaptoethanol,
10 % glycerol, SDS, 0.1 % bromphenol blue) and thereafter
they were loaded onto a 12% SDS/polyacrylamide gel. Each
lysate contained an equal amount of protein (30 μg) as de-
termined by BCA assay. After electrophoresis, proteins
were transferred to a PVDF membrane (100 V, 60 min) and
incubated at 25 °C for 1.5 h with a solution containing 5%
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nonfat dry milk, 10 mM Tris-HCl (pH 8.0), 150 mM sodium
chloride, and 0.1% Tween 20 (TBST). Membranes were
incubated with primary antibodies (anti-α-tubulin, 1:500,
anti-E-cadherin, 1:500 and anti-β-catenin, 1:750) at 4 °C over-
night followed by five 6 min washes in TBST. Next, the
blots were incubated with secondary peroxidase-conjugated
antibodies (1:1000, 1h, 25 °C), washed with TBST and the
signal was developed with a chemiluminescence (ECL) de-
tection kit (Boehringer Mannheim-Roche, Basel, Switzer-
land).

Statistics

Statistical analysis was carried out with the statistical
program GraphPad Prism (GraphPad Software, Inc. San

Diego, U.S.A.). We used a one-way Anova test with Dunnett’s
post test for multiple comparisons. Results were compared
with control samples, and means were considered signifi-
cant if P<0.05.

Results

The effect of zinc on proliferation and metabolic activity 

of colon cancer cells

Using the two established methods of measurement of
cell proliferation and metabolic activity, we assessed the
dose-dependent effects of zinc sulfate in SW480 malignant
colonic cells during 24 h of treatment. As shown in Fig. 1A,
zinc at concentrations higher than 100 μM induced inhibi-
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Fig. 2: Migration and invasiveness of SW480 cells treated with 100 μM zinc sulfate during 24 h. (A) Migration was deter-
mined by wound-healing assay (B) Invasiveness was measured by matrigel assay. Cells were treated with 100 μM zinc during
24 h and individual assays were carried out as described in the Material and Methods section. Values represent the mean
± SD of three different experiments. *P<0.05 with one way-Anova test and Dunnett’s post test for multiple comparisons.

A) B)

Fig. 1: Proliferation and metabolic activity of SW480 cells treated with 100 μM zinc sulfate during 24 h. (A) Metabolic
activity determined by WST-1 assay (B) DNA synthesis estimated by incorporation of BrdU. Cells were treated to diffe-
rent concentrations of zinc during 24 h and individual assays were carried out as described in the Material and Methods
section. Values represent the mean ± SD of three different experiments. *P<0.05 with one way-Anova test and Dunnett’s
post test for multiple comparisons.

A) B)



tion of metabolic activity in SW480 cells. On the other
hand, estimation of DNA synthesis in thus treated cells re-
vealed that zinc-dependent antiproliferative effects are de-
tectable even at concentrations which are lower than 100
μM (Fig. 1B). Moreover, at this concentration range some
morphological alterations were observed with individual
cells and there was an overall change in the distribution and
dynamics (motility) of cellular populations as revealed by
time-lapse studies (data not shown).

The effect of zinc on SW480 motility 

and invasiveness

Treatment with 100 μM zinc of SW480 cells which are
motile and invasive significantly decreased their motility as

quantified by wound healing assay. On the other hand, in-
vasiveness was not completely prevented although it de-
creased significantly as well (Fig. 2A and B).

Zinc induces rearrangement of the microtubular network

and its later loss in treated SW480 cells

In order to determine the effect of zinc on the micro-
tubular network in malignant colonic SW480 cells, we in-
vestigated its morphology as well as the content after
treatment with 100 μM zinc sulfate. Fig. 3 illustrates that
during the first 12h of exposure, typical microtubular cables
shortened and formed numerous aggregates in the cyto-
plasm of cells. This microtubular aggregation was also
accompanied by a transition of some SW480 cells shape
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Fig. 3: Effect of zinc (100 μM) on topography of α-tubulin and vimentin in SW480 cells during 12 h. Analyzed markers
were visualized by means of immunofluorescence as described in the Material and Methods section. (A) Arrangement of
α-tubulin network in control SW480 cells, (B) α-tubulin clumping in SW480 cells treated with 100 μM zinc at 12 h, (C)
Expression of vimentin in control SW480 cells (D) loss of vimentin expression in SW480 cells treated with 100 μM zinc
at 16 h. Fluorescence 600x. Bar 10 μm.



into more epithelial-like. Quantitative analysis of microtu-
bular network by immunoblotting showed a significant loss
of the microtubules at 18 h of treatment (Fig. 4).

The effect of zinc on E-cadherin, ββ-catenin 

and vimentin

Considering the effect of zinc on the cytoskeletal sys-
tem in SW480 cells, we next investigated the expression of
molecules which are known to mediate adhesion, motility
and invasiveness in human epithelial carcinoma cell lines.
In Fig. 4, it is shown that in SW480 cells zinc treatment
first decreased the expression of E-cadherin and later com-
pletely abolished it. In addition, in the same cells zinc in-
duced accumulation of β-catenin, which peaked at 16 h of
treatment. On the other hand, the expression of vimentin,
which typically localizes to the perinuclear and nuclear re-
gions of the cell (Fig. 3 C) decreased in zinc-exposed cells
and at later treatment periods almost disappeared (16 h –
Fig. 4D).

Changes in F- and G-actin content in treated 

SW480 cells

To gain complete insight into the effect of zinc on the
cytoskeleton of SW480 cells, we measured F- and G-actin
levels during 24 h exposure with 100 μM zinc sulfate. Fig. 5
illustrates that F-actin content in treated cells markedly de-
creased; however, this decrease became significant only at
later treatment periods (12 h and longer). G-actin levels re-
presenting non-polymerized actin pools within the cell inc-
reased at later observed periods too. Still, this increase was
slow and did not match the trend observed in the case of
F-actin.

Discussion

Although arising from epithelial tissues, colon carcino-
ma cells undergo a series of genetic changes which drive
their phenotypic conversion including, among others, epi-
thelial-mesenchymal transition. The leading feature of this
transition is the rearrangement of the cytoskeleton and
changed expression of various molecules mediating migra-
tory, invasive as well as metastatic properties of these cells
(1).

The SW480 cell line was derived from human adeno-
carcinoma of the colon and represents a motile and inva-
sive stage of colorectal cancer. These cells house mutations
in critical signaling pathways such as WNT/β-catenin, ex-
press truncated APC protein and upregulate the expression
of several other proteins, including intermediate filament
vimentin (10, 19). Together with its isogenic partner, a highly
metastatic SW620 cell line, these cells prove to be an ex-
cellent model system where specific molecular events me-
diating biological processes can be studied (9). Using this
system, we wanted to study interactions between advanced
colon carcinoma and zinc.

Zinc is an important cell constituent and signaling mo-
lecule. Its role in the maintenance of cellular homeostasis
as well as in the protection of cells against stress influence
is widely recognized (4). Colonic epithelial mucosa under-
goes continuous renewal and it is therefore sensitive to
optimal zinc concentrations, which are estimated to be ap-
proximately 80 μM. Still, the particular physiological func-
tions of zinc in this milieu have not been elucidated owing
to technical difficulties in obtaining and long-term main-
tenance of normal colonocytes. Our current knowledge is
thus only indirect; i.e. acquired from studies on the effects
of zinc supplementation in zinc-deficiencies such as in-
flammatory bowel disease and others (3). On the other
hand, it has been demonstrated that externally supplied
zinc inhibits the growth and proliferation of several types of
tumor cells, including colon cancer cells (5, 7, 11). Particu-
larly interesting appears to be the ability of zinc to inhibit
colon cancer cells proliferation via a direct effect on the cy-
toskeleton, in particular microtubules (6). The studies pub-
lished so far clearly indicate that externally supplemented
zinc has concentration-dependent effects on the prolifera-
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Fig. 4: Changes in expression of E-cadherin, β-catenin and
α-tubulin of SW480 cells treated with 100 μM zinc for 16 h.
Treated cells were harvested and the levels of the followed
proteins were determined by means of immunodetection as
described in the Material and Methods section. Experiment
was repeated thrice.

E-cadherin

β-catenin

α-tubulin

0h 8h 16h

Fig. 5: Effect of 100 μM zinc on F- and G-actin levels of
SW480 cells during 24 h. Analysis was carried out by fluo-
rimetric microplate assay. Values represent the mean ± SD
of three different experiments. *P<0.05 with one way-Anova
test and Dunnett’s post test for multiple comparisons.



tion of malignant colonocytes; lower concentrations (10–80
μM) stimulate their growth, while higher concentrations
(100–500 μM) inhibit it (13). In the present study we show
that the concentration of zinc reported to have this effect
(100 μM) does not influence the metabolic activity of
SW480 cells, although it temporarily decreases DNA syn-
thesis, which does not entirely confirm the earlier report
(6). The reason for this partial discrepancy may be in the
different zinc forms used as well as due to the varying sen-
sitivity of the cell proliferation assays. While the effect of
zinc on the proliferation of invasive colon cancer cells ne-
eds to be further elucidated, its interaction with the cyto-
skeleton might prove influential for other biological
properties of advanced colon cancer cells; e.g., migration
and invasion. Our data acquired from the wound-healing as-
say and Matrigel invasion assay fully support this notion
despite the fact that zinc-treated SW480 cells were not fully
prevented from migration and invasion. This may be ex-
plained by the fact that zinc is required for the optimal func-
tioning of many proteins, of which some mediate migration
and invasion. Thus, paradoxically, increased zinc concen-
trations might inhibit cell motility and invasion but also si-
multaneously prevent their full abrogation by its increased
availability.

In order to elucidate the mechanisms underlying zinc-
dependent inhibition of SW480 motility and invasion, we
investigated several selected involved cytoskeletal compo-
nents.

Microscopical as well as quantitative studies showed
that zinc depletes E-cadherin and vimentin pools and in-
duces the rearrangement and subsequent loss of tubulin
and F-actin in invasive colon cancer cells. Conversely, in
zinc-exposed cells the expression of β-catenin increases.
Presently, it is not known whether our observed depletion
or accumulation of the above mentioned molecules in this
model is due to their zinc-promoted degradation or sup-
pression (stimulation) of their expression. It is likely that
both and perhaps some further mechanisms are involved in
individual cases. Thus we may hypothesize that for instance
in the case of actin filaments, it is a combination of degra-
dation and other mechanism(s), since the ratio of polyme-
rized and nonpolymerized actin decreased only partially in
zinc-treated cells. It does not apply, however, for other stu-
died proteins, since their loss was preceded by significant
successive changes in their topography. Moreover, zinc cle-
arly increased the accumulation of β-catenin in SW480
cells, which seems to be in stark contrast with its suggested
inhibitory role. Currently, we have no plausible explanation
for this phenomenon; however, there are some putative fac-
tors which may provide more insight into this problem,
such as the effect of zinc on APC protein, which is known
to interact with microtubules, actin as well as with β-cate-
nin (6). Apparently, in future studies the expression of all
relevant genes and their changes following treatment with
zinc needs to be followed at both mRNA and protein le-
vels.

Zinc is generally known for multilayered effects within
exposed cells and that is why it will be very difficult to de-
termine whether there are major targets of its activities or
if its effects are not target-specific but rather universal. To
our knowledge, spatial and temporal changes concomitant
with decreased cell motility and invasiveness of SW480
cells suggest the existence of at least two graduated mecha-
nisms. The first might represent an early stage of the in-
creased zinc-cell interaction where zinc ions would act on
cell membranes, their constituents and associated signaling
pathways, leading to changes in localization and amount of
some adhesion complexes such as cadherin-catenin. It has
been reported that zinc inhibits proliferation of HT-29 cells
via ERK-dependent cascade (13). This cascade may well be
involved here too although a link between, for instance, E-
cadherin expression, localization and loss and this cascade
still remains unclear. Zinc-dependent alterations of the cell
membrane and, for instance, adhesion of malignant colonic
cells, will then precipitate a second stage where zinc, by
acting on several cytoskeletal components or mediating
changes in the transcription of selected genes, finally im-
pairs cell motility, migration and invasion. Both mecha-
nisms seem to us as forming a mutually potentiating system
that contains several feedback-amplification loops.

These results not only support earlier studies but also
add a new dimension to general zinc biology and its in-
volvement in the regulation of cell migration and invasion.

Conclusion

As well as inhibiting malignant colonic cells SW480
growth and proliferation, zinc may firstly influence their
motility and invasiveness by acting both directly and pos-
sibly indirectly on several components of the cytoskeleton,
such as E-cadherin, β-catenin, vimentin, α-tubulin and ac-
tin. These results emphasize the possible multitudinous role
of zinc in the process of colon cancer development and hint
at the potential of this element in prevention of colorectal
carcinoma.
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