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Zinc Stabilizes Adenomatous Polyposis Coli (APC)
Protein Levels and Induces Cell Cycle Arrest
in Colon Cancer Cells
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Abstract In the present study, we investigated the mechanisms by which zinc causes growth arrest in colon cancer
cells. The results suggest that zinc treatment stabilizes the levels of the wild-type adenomatous polyposis coli (APC) protein
at the post-translational level since the APC mRNA levels and the promoter activity of the APC gene were decreased in
HCT-116 cells (which express the wild-type APC gene) after treatment with ZnCl2. Increased levels of wild-type but not
truncated APC proteins were required for the ZnCl2-mediated G2/M phase arrest in different colon cancer cell lines. We
further tested whether serum-stimulation, which induces cell cycle arrest in the S phase, can relieve ZnCl2-induced G2/M
phase arrest of HCT-116 cells. Results showed that in the HCT-116 cells pretreated with ZnCl2, the serum-stimulation
neither changed the distribution of G2/M phase arrested cells nor the increased levels of APC protein. The G2/M phase
arrest correlated with retarded growth of HCT-116 cells. To further establish that wild-type APC protein plays a role in
ZnCl2-induced G2/M arrest, we treated SW480 colon cancer cells that express truncated APC protein. We found that
ZnCl2 treatment did not induce G2/M phase arrest in SW480 cells; however, the cell growth was retarded due to the loss of
E-cadherin and a-tubulin levels. These results suggest that ZnCl2 inhibits the proliferation of colon cancer cells (which
carry the wild-typeAPC gene) through stabilization of the APC protein and cell cycle arrest in the G2/M phase. On the other
hand, ZnCl2 inhibits the proliferation of colon cancer cells (which carry the mutant APC gene) by disrupting cellular
attachment and microtubule stability. J. Cell. Biochem. 93: 345–357, 2004. � 2004 Wiley-Liss, Inc.
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Zinc is required for the normal functioning of
a large number of enzymes, and is a structural
component of many proteins, including hor-
mones, neuropeptides, and receptors. Zinc
deficiency has a profound adverse effect on

cellular biochemistry and is recognized as a
worldwide public health problem [Berg and Shi,
1996]. Zinc deficiency is often associated with
the impairment ofmemory, growth retardation,
male hypogonadism, neurosensory changes,
frequent infections, delayed wound healing, de-
pressed immune function,mental disturbances,
and impaired cognitive functions [Shankar and
Prasad, 1998]. Most of these effects can be
reversed by the inclusion of zinc supplements
in the diet [Prasad, 1998]. In animal studies,
a zinc-deficient diet has shown to enhance
N-nitrosomethylbenzylamine (NMBA)-induced
esophageal cell proliferation and the incidence
of esophageal tumors [Fong and Magee, 1999].
The above condition becomes normalized by the
re-addition of zinc to the diet [Fong et al., 2001].
Furthermore, the addition of zinc to cell culture
media has been reported to inhibit the growth of
prostate [Liang et al., 1999; Uzzo et al., 2002],
lymphoblastoid [Prasad et al., 2001], and colon
[Park et al., 2002] cancer cells in vitro.
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Previous studies have indicated that zinc
deficiency is one of the primary risk factors in
the development of colorectal carcinogenesis
[Martin Mateo and Martin, 1988; Song et al.,
1993]. Chronic treatment of zinc-deficient mice
with the colon carcinogen dimethylhydrazine
(DMH) caused rapid formation of adenomatous
polyps and invasive adenocarcinomas [Carter
et al., 1997]. The formation of multiple adeno-
matous polyps or aberrant crypt foci (ACF) is a
characteristic of the initial stages of the devel-
opment of colon cancer and is often linked with
mutations in the adenomatous polyposis coli
(APC) gene [Fearnheadetal., 2001; vanEsetal.,
2001; Bienz, 2002]. A direct causal relationship
has been established between the loss-of-func-
tion of the APC gene and the development of
colorectal cancer in Apc(Min/þ) mice. These
mice carry a premature stop codon in one allele
of the Apc tumor suppressor gene, develop
multiple intestinal adenomas, and are amurine
model of familial APC [Moser et al., 1990;
Su et al., 1992]. It is well established that com-
pared to wild-type C57BL/6J mice, Apc(Min/þ)
mice exhibit rapid growth of intestinal tumors
and enhanced susceptibility to carcinogens such
as azoxymethane (AOM), heterocyclic amines,
and ethylnitrosourea (ENU). In addition to
mutations, a reduction in the expression of
APC has been found to be associated with sus-
ceptibility to AOM-induced colorectal carcino-
genesis in rats [Shoemaker et al., 1995;
Steffensen et al., 1997; Kishimoto et al., 2002;
Suzui et al., 2002] and the induction of lung
carcinogenesis by urethane, N-nitrosodiethyl-
amine, or 3-methylcholanthrene in (A/J�
57BL/6) F1 or A/J mice [Oreffo et al., 1998].
From these studies, it is clear that APC is
involved in the control of proliferation of both
colonic and extra-colonic tissues.

The APC protein has several known func-
tions. One is to control cell cycle progression,
which has been reported to involve the modula-
tion of the G0/G1-S phase components by the
retinoblastoma (Rb)-pathway in serum-induced
NIH-3T3 cells [Baeg et al., 1995] and controls
entry into S-phase through its ability to reg-
ulate the cyclin D/RB pathway in colon cancer
cells [Heinen et al., 2002]. It is also anticipated
that APC may play a role in the G2/M phase
transition, especially when the APC protein is
hyperphosphorylated during the M-phase and
is a target of the M-phase kinase, p34Cdc2
[Dobashi et al., 1996; Trzepacz et al., 1997].

Furthermore, zinc has been found to control cell
cycle progression in human malignant lympho-
blastoid cell lines by functioning during the G1

to S phase transition [Chesters et al., 1993;
Prasad et al., 1996] while in prostate cancer cell
lines it arrests the cells in the G2/M phase
[Liang et al., 1999]. Thus, it appears that zinc
deficiency, mutations of the APC gene, and the
reduced level expression of the wild-type APC
gene are involved in cellular proliferation and
tumor growth. It is not clear, however, whether
there is a relationship between the zinc defi-
ciency and the APC levels in colon cancer cells.
Since the supplementation of zinc is found to
reverse many of the effects of zinc deficiency
[Prasad, 1998; Fong et al., 2001], we hypothe-
sized that zinc supplementation increases the
levels of the wild-type APC protein and causes
cell cycle arrest to prevent abnormal prolifera-
tion. Our results suggest that ZnCl2 inhibits the
proliferation of colon cancer cells either by cell
cycle arrest in G2/M phase (cells express the
wild-type APC protein) or by disrupting cell–
cell communication and microtubule stability
(cells express the truncated APC protein).

MATERIALS AND METHODS

Maintenance and Treatment of Cells

The human colon cancer cell lines HCT-116,
SW48, LS174T (expressing wild-type APC),
SW480, and LoVo (expressing mutant APC)
were grown at 378C under a humidified atmo-
sphere of 5%CO2 inMcCoy’s 5amedium, except
LoVo cell line which was grown in Ham’s F12
medium. In each case, the medium was supple-
mented with 10% fetal bovine serum (FBS; Cell
Grow, Mediatech, VA), 100 U/ml of penicillin,
and 100 mg/ml of streptomycin. After cells
reached 60% confluence, freshmedium contain-
ing 0.5%FBSandantibioticswere added to each
plate and further incubated for an additional
20 h. The regimens for treatment with ZnCl2
(Sigma Chem. Co., St. Louis, MO) are given in
the figure legends.

Western Blot Analysis

Changes inAPCand cell cycle-related protein
levels subsequent to treatment of colon cancer
cells with ZnCl2 were determined by Western
blot analysis using whole cell extracts, as de-
scribed previously [Narayan and Jaiswal, 1997].
The antibodies used to detect the levels of the
various proteins on the blots included mouse
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monoclonal antibodies specific for: APC (Ab-1,
Oncogene Research Products, Cambridge, MA);
a-tubulin (Sigma Chem. Co.); b-catenin (H-1a)
Cdc2-p34 (17), Cdk2 (H-298), cyclinB1 (GNS-1),
cyclin A (BF-683) (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), and E-cadherin (BD
Biosciences, Palo Alto, CA).

Northern Blot Analysis and Chloramphenicol
Acetyltransferase (CAT)-Reporter Activity

The APC mRNA levels were determined by
Northern blot analysis [Narayan and Jaiswal,
1997]. The total RNA loading in each sample
and the transfer efficiency during blotting
were normalized using an 18 S RNA probe.
The promoter activity of the APC gene was de-
terminedbyCAT-reporter assaysusing a cloned
APC gene promoter, as described previously
[Jaiswal and Narayan, 2001a,b].

FACScan Analysis

A detergent and proteolytic enzyme-based
technique was used for nuclear isolation and
analysis of DNA content of cells in different
phases of the cell cycle. After treatment with
ZnCl2, the cells were harvested, processed, and
nuclei stained with propidium iodide, as
described previously [Jaiswal et al., 2002]. The
cellular DNA content was analyzed using a
Becton-Dickinson FACScan flow cytometer. At
least 10,000 cells per sample were considered in
the gated regions used for calculations. The
ranges forG0/G1, S,G2/Mand sub-G1phase cells
were established based upon the corresponding
DNA contents as displayed in the histograms.
Results were analyzed using the Modfit pro-
gram and were expressed as the percentage of
the total gated cells.

Histone H1 Kinase Assay

The immunocomplexes of the Cdk2/cyclin A
and Cdc2/cyclin B1, which are specific for
histone H1 phosphorylation, were used for the
determination of kinase activity. The immuno-
complexes were isolated with 150 mg of cell
lysate using 2 mg of anti-Cdk2 and anti-Cdc2
antibodies as described earlier [Jaiswal et al.,
2002]. The immunocomplexes were pre-incu-
bated with a buffer containing 12.5 mM Hepes
at pH 7.5, 12.5mM b-glycerophosphate, 7.5mM
MgCl2, 2 mM EGTA, 0.5 mM orthovanadate,
0.5mMNaF, and 0.5mMDTT for 5min at 308C.
The reactionwas initiatedwith10mghistoneH1
(Upstate Biotech, Inc., Lake Placid, NY), 20 mM

ATP, and 1 mCi [g32P]ATP (3,000 Ci/mmol).
After 20 min of incubation at 308C, the reaction
was stopped by the addition of SDS–PAGE
sample buffer and boiled for 5 min. The 32P-
labeled histone H1 was separated on a 12%
SDS–PAGE, and the signal was detected by
autoradiography.

MTT Assay

The proliferation of HCT-116 and SW480 cell
lines after treatment with ZnCl2 for various
time intervals was measured using anMTT cell
proliferation assay kit from ATCC (Manassas,
VA). In principle, the viable cell number is
directly proportional to the purple formazan
color of the reduced MTT dye, which can be
quantitatively measured by spectrophotome-
try. Briefly, 500 cells were plated in triplicate
in 96-well flat bottom tissue culture plates. Cells
were allowed to grow for 20 h in 0.5% FBS
containingmedium, then treatedwith100mMof
ZnCl2 for different periods. After the treatment,
10 ml ofMTT reagentwas added to eachwell and
incubated at 37mC for 4 h for the formation of
purple color crystals of formazan. Then 100 ml
of detergent solution was added to each well.
The reaction mixture was incubated in the
dark for 2–4 h (or sometimes overnight) at
room temperature and the developed color
density was measured spectrophotometrically
at 570 nm using the micro-plate reader (Vmax
Kinetic Microplate Reader, Molecular Device,
Sunnyvale, CA).

Cell Morphology

Themorphological changes in the control and
ZnCl2-treated cells were examined under an
invertedmicroscope (Zeiss Axioplan-2 Imaging,
Thornwood, NY) at 20-times magnification.

RESULTS

Treatment With ZnCl2 Stabilizes the Levels
of APC Protein and Induces G2/M Phase

Cell Cycle Arrest in HCT-116 Cells

Our present studies were directed toward
understanding whether supplementation with
extracellular zinc increases the amount of APC
protein in colon cancer cells to a level that is
sufficient to induce cell cycle arrest. For these
studies, we utilized the human colon cancer cell
line HCT-116, which expresses wild-type APC
protein (310 kDa). The cells were grown in 0.5%
FBS for 20 h prior to the addition of ZnCl2. We
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found a dose- and time-dependent increase in
the APC protein level with the addition of ZnCl2
(Fig. 1A and C). There was no change in the a-
tubulin levels in ZnCl2-treated HCT-116 cells,
which served as a control for this experiment
(Fig. 1B). The increase in the levels of APC
protein in response to the addition of extra-
cellular ZnCl2 could be due to transcriptional

up-regulation of APC gene expression or to
stabilization of the APCprotein. To address this
issue, we first determined the levels of APC
mRNA in HCT-116 cells. The cells were treated
withdifferent concentrations of ZnCl2 for 30hor
100 mM of ZnCl2 for different periods, and the
levels of APC mRNA were determined by
Northern blot analysis. A dose- and time-
dependent decrease in the levels of APC mRNA
was observed (Fig. 1D). To further establish
whether the decrease in the APC mRNA levels
was due to decreased transcriptional activity of
the APC gene, we determined the promoter
activity of the APC gene in HCT-116 cells with
and without ZnCl2 treatment. We used cloned
pAPCP promoter for these studies, which con-
tains a genuine APC gene regulatory region as
described in our previous studies [Jaiswal and
Narayan, 2001a,b]. The pAPCP plasmid DNA
was transfected into theHCT-116 cells and then
treated with different concentrations of ZnCl2
for 30 h. The CAT-reporter activity was mea-
sured to determine the effect of ZnCl2 treatment
on the pAPCP promoter activity. Results show-
ed a decrease in the pAPCP promoter activity in
HCT-116 cells after ZnCl2 treatment (Fig. 1E),
which was parallel to the decrease in APC
mRNA level (Fig. 1D). This suggests that the
increase in the levels ofAPCprotein inHCT-116
cells after ZnCl2 treatment does not arise due to
increased APC gene expression and may there-
fore result from an increase in the stability of
the APC protein. One of the mechanisms by
which the ZnCl2 treatmentmay cause stabiliza-
tion of APC in HCT-116 cells may be due to
reduced activity of caspase-3, which is known to
induce the degradation of APC [Webb et al.,
1999]. To test this hypothesis, we pre-treated
HCT-116 cells with 100 mM ZnCl2 for 1 h and
then treated themwith 500 mMmethylmethane
sulfonate (MMS), a DNA-alkylating agent, for
an additional 30 h. MMS treatment is known to
induce caspase-3 activity in cancer cells [Fishel
et al., 2003]. The protein levels of APC and
caspase-3 were determined in these cells. The
results showed that ZnCl2 pre-treatment
blockedMMS-induced caspase-3 activity aswell
as the degradation of APC (Fig. 2, compare lane
3 with 4). Although the control cells showed an
uninduced caspase-3 level, the APC level was
increased after ZnCl2 treatment (Fig. 2, com-
pare lane 1 with 2). This may suggest that the
low cellular level of caspase-3 without MMS
treatment may be sufficient to regulate APC

Fig. 1. Adenomatous polyposis coli (APC) protein and mRNA
levels andAPC gene’s promoter activity in HCT-116 cells treated
with ZnCl2. Cells were treated with different concentrations of
ZnCl2 for different periods and processed for Western or
Northern blot analysis. Panel A: Shows the results of Western
blot analysis. Subset (a) represents a concentration curve in
which cells were treated for 30 h and (b) represents a time course
of 100 mM of ZnCl2 treatment. Panel B: Shows the a-tubulin
protein levels in each sample from untreated and ZnCl2-treated
cells. Panel C: Represents the quantitative analysis of APC and a-
tubulin protein levels of HCT-116 cells treated with different
concentrations of ZnCl2 for 30 h. Data are mean� SE of five and
three independent experiments for APC and a-tubulin, respec-
tively. Panel D: Is an autoradiogram of a Northern blot analysis.
Subset (a) represents a concentration curve in which cells were
treated for 30 h and (b) represents a time course of 100 mM of
ZnCl2 treatment. Arrows indicate the position of the APC protein,
APC mRNA, and 18 S RNA. The autoradiograms shown are
representatives of three independent experiments. Panel E:
Depicts the cloned APC promoter (pAPCP) activity in the HCT-
116 cells. Cells were transfected with pAPCP plasmid and then
treated with different concentrations of ZnCl2 for 30 h. Arbitrary
units of the CAT-reporter activity are shown. Data are mean� SE
of three independent experiments. *Significantly different than
untreated control (Student’s t-test, P< 0.05).
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protein level, which may be blocked after ZnCl2
treatment in control cells. Alternatively, it is
also possible that other mechanisms of ZnCl2-
induced stabilization of APC protein are func-
tional in HCT-116 which is not yet clear.
We further determined the effect of ZnCl2 on

cell cycle checkpoints in HCT-116 cells. These
cells were treated with different concentrations
of ZnCl2 for 30 h, and the cell cycle profile
was determined by FACScan analysis. Results

showed a dose-dependent decrease in the G0/G1

phase arrest and an increase in S-G2/M phase
arrest of HCT-116 cells; however, the extent of
the arrest into the G2/M phase at 100 mM of
ZnCl2 treatment was 3.8-fold greater than the
S phase (1.8-fold) (Table I). The population of
sub-G1 cells representing the debris and dead
cells was unchanged in HCT-116 cells after
ZnCl2 treatment for 30 h. Since approximately
1% of the cells were found in sub-G1 phase, it
indicated that the ZnCl2 up to 100 mM concen-
tration is not cytotoxic to the HCT-116 cells
(Table I). These results suggest that after ZnCl2
treatment, the HCT-116 cells are first arrested
in the S phase and then moved into the G2/M
phase where they are arrested for a longer
period. Thus, the increased level of APC protein
paralleled the G2/M phase arrest in HCT-116
cells in response to ZnCl2 treatment.

Truncated APC Protein Levels do not Support
ZnCl2-Induced G2/M Phase Arrest

If increased levels of APC protein are neces-
sary for ZnCl2-induced G2/M phase arrest, it is
likely that cells expressing truncated APC
protein may lose the property of ZnCl2-induced
G2/M phase arrest that occurs inHCT-116 cells.
We directly tested this hypothesis using several
colon cancer cell lines harboring either wild-
type or mutant APC genes. The SW480 and
LoVo cell lines carry mutations at codon 1338
and 1114, respectively, thus expressing trun-
cated APC proteins. The SW48 and LS174T cell
lines express wild-type APC proteins [Ilyas
et al., 1997]. Although these cell lines are not
isogenic, they are widely used in studies for
comparison of the role of wild-type and trun-
cated APC proteins. These cell lines were grown
in McCoy’s 5a medium containing 0.5% FBS for

Fig. 2. ZnCl2 stabilizes APC protein levels by checking
caspase-3 activity in HCT-116 cells. Cells were pre-treated with
100mM ZnCl2 for 1 h and then treated with 500mM MMS for 30 h.
Cells were harvested and processed for Western blot analysis for
APC, procaspase-3, caspase-3, anda-tubulin protein levels. Data
are representative of two independent experiments.

TABLE I. Cell Cycle Profile of HCT-116 Colon Cancer Cell Line Treated
With Different Concentrations of ZnCl2

ZnCl2 (mM)

DNA content (%)

G0/G1 S G2/M Sub-G1

0 76.72�0.55 (1.0) 17.65� 0.67 (1.0) 5.63� 0.26 (1.0) 0.73� 0.04 (1.0)
10 72.26�0.40 (0.9) 20.48� 0.75 (1.2) 7.27� 0.35 (1.3) 0.74� 0.04 (1.0)
25 68.25�0.35 (0.9) 23.38� 0.35 (1.3) 8.37� 0.41 (1.5) 0.89� 0.09 (1.2)
50 61.52�0.32 (0.8) 24.32� 0.46 (1.4) 14.16� 0.22 (2.5) 1.07� 0.07 (1.5)

100 45.92�1.30 (0.6) 32.49� 1.49 (1.8) 21.58� 1.24 (3.8) 1.27� 0.04 (1.7)

Cellsweregrown in0.5%FBS for 20hand then treatedwithdifferent concentrations of ZnCl2 for 30h.After
treatment, cells were processed for cell cycle analysis by FACScan. The ranges for G0/G1, S, G2/M, and sub-
G1 phase arrested cells were established on the basis of the corresponding DNA content of the histograms.
At least 10,000 cells per samplewere considered in thegated regions for calculations.Dataaremean�SEof
percent distribution of DNA content of three different experiments. Numbers given in parentheses are the
fold change with reference to untreated cells.
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20 h, and were then treated with 100 mM of
ZnCl2 for 30 h. The cell cycle profile of these cell
lines with and without ZnCl2 treatment was
determined by FACScan analysis and is given
in Table II. After treatment with ZnCl2, there
was no significant G2/M phase arrest in SW480
and LoVo cells versus 1.5- and 2.1-fold G2/M
phase arrest in SW48 and LS174T cells, respec-
tively (Table II). These results provide further
support that the wild-type and not the trun-
cated APC protein is necessary for ZnCl2-
induced G2/M phase arrest in colon cancer cells.
In addition to APC, the SW480 cell line also
harbors a mutation in the p53 gene. Whether
p53 plays a role in ZnCl2-induced G2/M phase
arrest is not clear. However, it does not seem
likely that p53 plays a major role in ZnCl2-
induced S-G2/M phase arrest, since p53 is wild-
type in HCT-116, SW48, LS174T, and LoVo cell
lines but the S-G2/M phase arrest is found only
in HCT-116, SW48, LS174T cells but not in
LoVo cells (Table II).

Serum-Stimulation of ZnCl2-Pretreated HCT-116
Cells Failed to Abolish G2/M Phase Arrest

To examine whether G2/M phase arrest of
HCT-116 cells after ZnCl2 treatment in serum-
withdrawal growth conditions were reversible
by serum-stimulation conditions and to deter-
minewhether the APC protein levels correlated
with this change, FACScan and Western blot
analysis were performed on untreated and
ZnCl2-treated cells. The HCT-116 cells were
grown in duplicate in low-serum (0.5%, v/v)-

containing (indicated as serum-withdrawal)
medium for 20 h and were then treated with
100 mM of ZnCl2 for different periods. To
examine whether serum-stimulation can over-
come ZnCl2-induced G2/M phase arrest of HCT-
116 cells and allow them to return into the S
phase, 10% FBS (v/v) was supplemented to the
medium. These cells were grown for 10, 20, and
30 h in high-serum conditions and then pro-
cessed for FACScan analysis (Table III, protocol
c). After serum-stimulation, approximately 55%
of the ZnCl2-untreated (or control) HCT-116
cells regrouped into the S phase in 20 h. Only
35 and 12% of the cells remained in the G0/G1

and G2/M phases, respectively (Table III, com-
pare protocol c with a). These results are con-
sistent with previous findings [Corbeil and
Branton, 1997; Wells et al., 1997]. On the other
hand, the pre-treatment of cells with ZnCl2
caused a 2- to 2.7-fold increase in G2/M phase
arrest after serum-stimulation for 10, 20, or
30 h. However, the serum-stimulated cells in
the absence of ZnCl2 progressed from S to G2/M
to G0/G1 phase in 30 h (Table III, compare pro-
tocol dwith b). Thus, ZnCl2-inducedG2/Mphase
arrest is independent of serum-stimulation.
Since these experiments were limited to 30 h,
it is not clear whether the ZnCl2-induced G2/M
phase arrest is reversible. It is possible that
ZnCl2 treatmentmay slow the transition of cells
fromG2/M to G0/G1 phase or the entry from S to
G2/M phase.

We further tested whether the cell cycle pro-
file of HCT-116 cells after ZnCl2 pretreatment

TABLE II. Cell Cycle Profile of Different Colon Cancer Cell Lines Treated
With 100 mM ZnCl2 for 30 h

DNA content (%)

G0/G1 S G2/M Sub-G1

Cell lines with wild-type APC gene
SW48

Control 74.71� 0.23 (1.0) 14.18� 0.41 (1.0) 11.11�0.29 (1.0) 2.01� 0.23 (1.0)
ZnCl2 39.79� 1.07 (0.5) 36.48� 1.02 (2.6) 23.73�0.27 (2.1) 4.26� 0.29 (2.1)

LS174T
Control 77.48� 0.51 (1.0) 15.55� 0.39 (1.0) 6.99� 0.20 (1.0) 3.56� 0.27 (1.0)
ZnCl2 65.70� 0.32 (0.9) 23.86� 0.25 (1.5) 10.44�0.45 (1.5) 6.69� 0.32 (1.9)

Cell lines with mutant APC gene
SW480

Control 70.12� 0.94 (1.0) 20.99� 0.39 (1.0) 8.90� 0.49 (1.0) 1.29� 0.10 (1.0)
ZnCl2 69.93� 0.25 (1.0) 20.12� 0.25 (1.0) 9.95� 0.22 (1.1) 0.92� 0.10 (0.7)

LoVo
Control 67.97� 0.39 (1.0) 24.89� 0.53 (1.0) 7.60� 0.57 (1.0) 3.92� 0.57 (1.0)
ZnCl2 70.83� 0.59 (1.0) 18.83� 0.62 (0.8) 10.00�0.47 (1.3) 2.05� 0.13 (0.5)

Cellswere grown in0.5%FBS for 20hand then treatedwithdifferent concentrations ofZnCl2 for 30h.After
treatment, cells were processed for cell cycle analysis by FACScan as described in Table I. Data are
mean�SE of three different experiments. Numbers given in parentheses are the fold change with
reference to untreated cells.
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or serum-stimulationwas linkedwith the levels
of S or G2/M phase arrest-associated cyclin-
dependent kinases. In ZnCl2-treated HCT-116
cells, growing in serum-withdrawal growth
medium or after serum-stimulation, the levels
of S phase arrest-associated Cdk2 and cyclin A

protein levels and Cdk2/cyclin A kinase activ-
ity (measured with the phosphorylation of
histone H1) were not significantly different
than untreated (control) cells (Fig. 3A, com-
pare lane 1 with 2 and 3 with 4, respectively).
The effect of ZnCl2-pretreatment on the G2/M

TABLE III. ZnCl2-Induced G2/M Phase Arrest of HCT-116 Cells was
Unaffected by Serum-Stimulation

Protocols
(a) Cells! serum w/d for 20 h ����������������������������������������������������������������������!harvest
(b) Cells! serum w/d for 20 h! 100 mM ZnCl2 for different periods���������������������!harvest
(c) Cells! serum w/d for 20 h! 10% FBS for different periods��������������������������!harvest
(d) Cells! serum w/d for 20 h! 100 mM ZnCl2 for 10 h! 10% serum for different periods!harvest

Results

DNA content (%)

G0/G1 S G2/M Sub-G1

Serum-stimulation for 10 h
(a) 64.63� 0.41 (1.0) 20.87�0.45 (1.0) 14.51� 0.10 (1.0) 0.54�0.07 (1.0)
(b) 26.58� 0.12 (0.4) 38.02�2.07 (1.8) 35.40� 1.90 (2.4) 0.95�0.12 (1.8)
(c) 44.32� 0.14 (0.7) 41.38�0.65 (2.0) 14.30� 0.61 (1.0) 0.59�0.17 (1.1)
(d) 30.96� 1.33 (0.5) 29.43�0.70 (1.4) 39.60� 0.63 (2.7) 1.32�0.01 (2.4)

Serum-stimulation for 20 h
(a) 72.69� 0.10 (1.0) 17.20�0.54 (1.0) 9.83� 0.38 (1.0) 0.74�0.13 (1.0)
(b) 51.57� 0.45 (0.7) 27.24�0.11 (1.6) 21.19� 0.56 (2.2) 0.93�0.12 (1.3)
(c) 34.67� 0.14 (0.5) 55.46�2.37 (3.2) 12.42� 0.71 (1.3) 1.08�0.26 (1.5)
(d) 27.10� 0.69 (0.4) 51.47�2.90 (3.0) 18.95� 1.07 (1.9) 1.09�0.30 (1.5)

Serum-stimulation for 30 h
(a) 74.46� 0.54 (1.0) 17.52�0.10 (1.0) 8.03� 0.56 (1.0) 0.73�0.09 (1.0)
(b) 43.94� 0.16 (0.6) 41.87�1.10 (2.4) 15.52� 2.25 (1.9) 0.95�0.05 (1.2)
(c) 64.80� 0.14 (0.9) 18.85�1.04 (1.1) 16.35� 1.86 (2.0) 0.55�0.08 (0.8)
(d) 48.48� 0.35 (0.7) 31.00�0.88 (1.8) 20.53� 0.94 (2.6) 1.56�0.03 (2.1)

The protocol for these experiments is given in parentheses—(a–d). Cell cycle analysis was determined by
FACScan. The ranges for G0/G1, S, and G2/M phase arrested cells were established on the basis of
the corresponding DNA content of the histograms. At least 10,000 cells per sample were considered in the
gated regions for calculations. Data aremean�SE of percent distribution ofDNA contents of three different
experiments.Numbers given inparenthesesare the fold changewith reference tountreated cells (protocol a).

Fig. 3. Protein levels of Cdk2/cyclin A, Cdc2/cyclin B1, and
APC in HCT-116 cells after serum-stimulation. The protocols for
treatment of these cells were the same as given in Table III. After
treatment, cell lysates were processed for Western blot analysis
and kinase activity.PanelA: Shows the Cdk2 and cyclin A protein
levels and phosphorylated histone H1 levels for Cdk2/cyclin A
kinase activity. Panel B: Depicts the Cdc2 and cyclin B1 protein
levels and phosphorylated histone H1 levels for Cdc2/cyclin B1

kinase activity. Panel C: Shows the a-tubulin protein level that
was used as a control for protein loading in each lane on the gel or
any effect of ZnCl2 treatment on cytoskeletal organization of
these cells. Panel D: Shows the Western blot analysis of the APC
protein level which was unchanged after serum-stimulation in
ZnCl2-untreated but remained increased in ZnCl2-pretreated
HCT-116 cells. Data are representative of three independent
experiments.
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phase arrest-associated Cdc2 protein level was
unchanged, while the cyclin B1 protein level
was increased in HCT-116 cells growing in
either serum-withdrawal growth medium or
after serum-stimulation (Fig. 3B, compare lane
1 with 2 and 3 with 4, respectively). Subse-
quently, we examined whether Cdc2/cyclin B1
kinase activity changed under serum-withdra-
wal growth conditions and serum-stimulation
conditions in control and ZnCl2-pretreated
HCT-116 cells. We found an increased Cdc2/
cyclin B1 kinase activity (measured with the
phosphorylation of histone H1) in both serum-
withdrawal and serum-stimulated conditions in
response to ZnCl2-pretreatment (Fig. 3B, com-
pare lane 1 with 2 and 3 with 4, respectively).
These results indicate that ZnCl2 treatment
induces G2/M phase arrest, which is correlated
with the increased Cdc2/cyclin B1 kinase activ-
ity that is independent of serum-induced signal-
ingmechanisms inHCT-116 cells. Although the
Cdc2/cyclin B1 protein levels were abundant
after serum-stimulation, the Cdc2/cyclin B1
kinase activity was lower in these cells. We
think that this is due to activation levels, not the
protein level of the Cdc2/cyclin B1 complex,
which is necessary for its kinase activity. The
Cdc2/cyclin B1 kinase activity is regulated by
the phosphorylation/dehosphorylation of Cdc2.
Upon phosphorylation of Cdc2 at Thr14 and
Tyr15 (within the ATP-binding pocket of the
Cdc2 catalytic subunit), the delay of mitotic
entry of cells is controlled [Fattaey and Booher,
1997]. Dephosphorylation of both Thr14 and
Tyr15 is required for activation of Cdc2 at the
G2/M transition. Thus, it is likely that although
the protein level of Cdc2 remains same in ZnCl2
treatment and serum-stimulation conditions
without ZnCl2 treatment, it is its phosphoryla-
tion that delays cell cycle arrest in G2/M phase.
The a-tubulin levels were unchanged in control
and ZnCl2-treated cells, indicating that ZnCl2
treatment did not alter microtubule stability
and cytoskeletal integrity in HCT-116 cells
(Fig. 3C).

We then testedwhether theAPCprotein level
was correlative to the ZnCl2-induced G2/M
phase arrest after serum-stimulation in HCT-
116 cells. The APC protein level was signi-
ficantly increased in HCT-116 cells growing
in low-serum-containing medium after ZnCl2
treatment (Fig. 3D, compare lane 1 with 2).
However, the APC protein level was unchang-
ed (or decreased) after serum-stimulation in

ZnCl2-untreated cells, but remained increased
in ZnCl2-pretreated HCT-116 cells (Fig. 3D,
compare lane 3 with 4). Thus, the increased
levels of APC protein and Cdc2/cyclin B1 kinase
activity are linked with G2/M phase arrest after
ZnCl2 treatment, which are independent of
serum-stimulation.

Growth Arrest of HCT-116 and SW480 Cell
Lines in Response to ZnCl2 Treatment are

Through Different Mechanisms

Since the cell lines with wild-type APC show-
ed G2/M phase arrest (Tables I and II) while cell
lines with truncated APC did not show a signi-
ficant arrest in any phase of the cell cycle
(Table II), we expected that after ZnCl2 treat-
ment thegrowthof the former cell lineswouldbe
much slower than the latter. To test our hypo-
thesis, we measured the growth of HCT-116
(carrying wild-type APC protein) and SW480
(carrying truncated APC protein) cell lines by
MTT assay with and without ZnCl2 treatment.
Cells were grown in 0.5% FBS for 20 h and then
treated with 100 mM of ZnCl2 for different
periods and processed for an MTT assay.
Results showed a time-dependent decrease in
the growth of both the cell lines (Fig. 4). These
results suggest that after ZnCl2 treatment, the
decrease in the growth of HCT-116 cells was
attributed to the cell cycle arrest in G2/M phase.
However, the decrease in growth of the SW480

Fig. 4. Growth characteristics of HCT-116 and SW480 cells
treated with ZnCl2. Cells were grown in 0.5% FBS-containing
medium for 20 h and then treated with 100 mM of ZnCl2 for
different periods. The cell growth was measured by MTT assay as
described in ‘‘Materials and Methods.’’ Data are presented as
percent change of untreated versus ZnCl2-treated cells and are
mean� SE of four different determinations. The decreased
percentage growth is shown by negative numbers on the top of
the graphs.
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cells might be attributed to an alternative
mechanism(s).
To determine a possible role of ZnCl2 treat-

ment in the growth retardation of SW480 cells,
we first examined phenotypic changes in these
cells to gain some direction for further studies.
We found that after ZnCl2 treatment, most of
theHCT-116 cells remained flat and attached to
petri dishes, except a few cells that had started
rounding at 30 h treatment (Fig. 5A). On the
other hand, most of the SW480 cells showed a
rounding phenotype even at 10 h treatment
period (Fig. 5B). These cells were viable and
attached to the petri dishes. The rounding of
these cells suggested that they might be losing
their attachment with the petri dishes, which
might be one of the reasons for their growth
retardation.
To determine whether cellular attachment is

affected inSW480 cells as compared toHCT-116
cells in response to ZnCl2 treatment, we mea-
sured the protein levels of E-cadherin and
b-catenin. Results showed no changes in b-
catenin levels in HCT-116 and SW480 cell lines
after treatment with 100 mM of ZnCl2 for 30 h

(Fig. 6A). The E-cadherin level was also un-
changed inHCT-116 cells; however, it was dras-
tically decreased in a time-dependent manner
inSW480 cells (Fig. 6B).Apart fromE-cadherin,
the level of the microtubular protein a-tubulin
was decreased in a time-dependent manner in
SW480 but not in HCT-116 cells after ZnCl2
treatment (Fig. 6C). These results suggest
that the morphological changes may be attri-
buted to the loss of cellular attachment protein
E-cadherin andmicrotubular protein a-tubulin,
which might be a consequence of cell rounding
and growth retardation of the SW480 cell line
after ZnCl2 treatment. Thus, in the HCT-116
cell line (with wild-type APC protein), the
growth retardation after ZnCl2 treatment is

Fig. 5. Effect of ZnCl2 treatment on the morphological changes
in HCT-116 and SW480 cells. Cells were grown in 0.5% FBS-
containing medium for 20 h and then treated with 100 mM of
ZnCl2 for different periods. After treatment, the cell morphology
was examined by an inverted microscope. Photographs are the
representatives of three different experiments.

Fig. 6. Protein levels of E-cadherin and b-catenin in HCT-116
and SW480 cell lines after treatment with ZnCl2. Cells were
grown in 0.5% FBS-containing medium for 20 h and then treated
with 100 mM of ZnCl2 for different periods. After treatment, cell
lysates were processed for Western blot analysis for b-catenin, E-
cadherin, and a-tubulin protein levels as shown in Panels A, B,
and C, respectively. Arrows indicate the molecular weight of the
indicated proteins. Data are representative of three independent
experiments.
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due to increased G2/M arrest, while in the
SW480 cell line (with the truncated APC
protein), is due to decreased cellular attach-
ment and microtubule instability.

DISCUSSION

A number of research reports indicate clearly
that zinc is involved in the regulation of growth
in colorectal cancers [MartinMateo andMartin,
1988; Song et al., 1993; Park et al., 2002;
Schlegel-Zawadzka et al., 2002]; however, the
mechanisms by which zinc might inhibit these
effects are not well understood. It has been
reported that zinc supplementation of the diet
decreases AOM-induced adenomatous polyps
as well as invasive adenocarcinomas in mice
[Carter et al., 1997]. Since low level expression
and the mutation of the APC gene have been
associated directly with adenomatous polyposis
in humans and animals [Moser et al., 1990;
Fearnhead et al., 2001; van Es et al., 2001;
Bienz, 2002; Kishimoto et al., 2002], while an
increase in expression of APC has been found to
arrest the cell cycle in the G0/G1-S phase
[Chesters et al., 1993; Baeg et al., 1995; Heinen
et al., 2002] and G2/M phase [Dobashi et al.,
1996; Liang et al., 1999], we formed the
hypothesis that ZnCl2-induced cell cycle arrest
is mediated through increased levels of APC. A
corollary to this hypothesis would be thatmuta-
tions of the APC gene together with zinc defi-
ciency would heighten the risk of colon cancer
development by disturbing the regulation of the
cell cycle and inducing cellular proliferation.
Our results suggest that the addition of exogen-
ous ZnCl2 to the culture medium induces cell
cycle arrest in theG2/Mphase. Thismayexplain
the protective role of ZnCl2 against the growth
of colon cancer.

The mechanisms by which ZnCl2 treatment
increased the APC protein level is not fully
understood yet; however, it appears that it is
a post-translational rather than a transcrip-
tional phenomenon. In our studies we found
that ZnCl2 treatment decreased theAPCmRNA
level as a result of decreased APC gene expres-
sion, which was determined by the APC gene’s
promoter activity in HCT-116 cells. The HCT-
116 cells express wild-type APC gene and pro-
tein. Now the question is how the APC protein
levels increased under similar experimental
conditions, if the APC gene expression is de-
creased after ZnCl2 treatment. To address this

question, we examined the role of caspases in
ZnCl2-induced stabilization of the APC protein.
Since the APC protein is a known target for
caspase-3-mediated degradation [Webb et al.,
1999], we determined caspase-3 activity in
HCT-116 cells with and without ZnCl2 treat-
ment to asses its role in the stabilization of the
APC protein. We found a low level of caspase-3
activity in HCT-116 cells treated with or with-
out ZnCl2, thus it was not clear whether ZnCl2-
induced levels of APC were due to decreased
caspase-3 activity. To test the possibility as to
whether ZnCl2 treatment inhibits caspase-3
activity, we treated HCT-116 cells with MMS
in the presence or absence of ZnCl2. The MMS
treatment caused activation in caspase-3 and
degradation of APC protein level in HCT-116
cells. In ZnCl2 pre-treated cells, the caspase-3
activity decreased while APC protein level
increased. These results suggest that ZnCl2
treatment inhibits caspase-3 activity and stabi-
lizes APC protein level in normal cells as well as
MMS-treated cells. In previous studies, a zinc-
mediated decrease in caspase-3 activity has
been reported in human bronchial cells [Fanzo
et al., 2001], which is consistent with our
observations with colon cancer cells.

To examine whether ZnCl2-induced G2/M
phase arrest of HCT-116 cells was explicit
and caused by increased levels of APC and
correlated with increased activity of G2/M
phase-specific Cdc2/cyclin B1 kinase activity,
we performed serum starvation-stimulation ex-
periments. It iswell established that cells grown
in serum-free or low-serum conditions are pre-
dominantly arrested into theG0/G1 phase. After
stimulationwithhigh-serum conditions, theG0/
G1 phase arrested cells move and accumulate
into the S phase [Corbeil and Branton, 1997;
Wells et al., 1997]. We reasoned that if ZnCl2-
inducedG2/Mphase arrest is serum-dependent,
then after serum-stimulation ZnCl2-induced
cell cycle arrest will consequently be relieved
and the accumulation of cells will resume in S
phase. Furthermore, these experiments also
tested whether the level of APC changed after
serum-stimulation.We found that the APC pro-
tein levels increased and remained unaffected
after serum-stimulation in the ZnCl2-pretreated
HCT-116 cells.After serum-stimulation, Sphase
arrest associated Cdk2/cyclin A protein levels
and their kinase activity were induced in ZnCl2-
untreated cells (data not shown).However, once
these cells were pretreated with ZnCl2, the shift
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from ZnCl2-induced G2/M to S phase arrest was
not facilitated after serum-stimulation. Fur-
thermore, therewas a clear association between
G2/M phase arrest associated Cdc2/cyclin B1
protein levels and their kinase activity with
ZnCl2 treatment, which was unaffected after
serum-stimulation in the ZnCl2-pretreated
cells. These results indicate that ZnCl2 treat-
ment stabilizes APC protein levels, which may
increase Cdc2/cyclin B1 kinase activity and
induce G2/M phase arrest in HCT-116 cells. In
earlier studies, the role of APC has been sug-
gested inG2/M phase arrest of colon cancer cells
[Dobashi et al., 1996; Trzepacz et al., 1997;
Homma et al., 2002]. In a recent study using
MCA3D (mouse immortalized epidermal kera-
tinocytes) and HaCa4 (mouse squamous cell
carcinoma) cell lines, the role of wild-type b-
catenin and APC has been shown in cell cycle
arrest and apoptosis [Olmeda et al., 2003].
These studies showed an increased cytoplasmic
and nuclear localization of b-catenin and APC
during S andG2/M phase arrest of the cell cycle.
To further prove our hypothesis that the
increased levels of wild-type, not the truncated,
APC protein plays a role in ZnCl2-induced G2/M
phase arrest, we treated SW480 and LoVo colon
cancer cell lines with ZnCl2 under similar
experimental conditions. The SW480 and LoVo
cells lack wild-type but express truncated APC
protein, thus they lose the functions of the wild-
type APC. As expected, we found noG2/M phase
arrest in SW480 and LoVo cells versus a signi-
ficant increase in the G2/M phase arrest in
ZnCl2-treated HCT-116, SW48, and LS174T
cells, which express wild-type APC protein.
These results suggest a role of increased levels
of wild-type APC in the G2/M phase arrest,
which are in agreement with previous studies
performed with overexpression of APC in colon
cancer cell lines [Homma et al., 2002].
Based on our results and previous reports, we

expected that mutations in the APC gene may
abolish ZnCl2-induced cell cycle arrest and
cause cellular proliferation. However, these
predictions turned out to be different. In fact,
the growth arrest occurred in both HCT-116
and SW480 cell lines carrying wild-type and
truncated APC proteins, respectively. We fur-
ther explored the mechanisms by which ZnCl2
treatment might induce growth arrest in the
SW480 cell line. SW480 cells became rounded
after ZnCl2 treatment, and this rounding phe-
nomenon may be associated with the loss of

cellular attachment protein E-cadherin and the
microtubular protein a-tubulin. Interaction of
APC with b-catenin and the members of the
cadherin family of proteins have been impli-
cated in cellular attachment [Gumbiner, 2000].
The C-terminal domain of E-cadherin interacts
with b- and g-catenin, which associate with a-
catenin and form an E-cadherin complex with
actin cytoskeleton. This complex maintains
stable cellular attachment [Gumbiner, 2000].
APC becomes a part of the cellular attachment
and cell–cell communication complex when it
is linked with E-cadherin through the com-
plex of b-catenin, g-catenin, and actin filament
[Ben-Ze’ev and Geiger, 1998]. Thus, the loss in
wild-type activity or expression levels of APC,
E-cadherin, and b-catenin can impair cellular
attachment properties and result in growth
arrest and apoptosis.

Microtubule stability and actin cytoskeletal
integrity is necessary to maintain the shape,
adherence junction, cell–cell communication,
and cell migration. The role of APC in micro-
tubule stability and actin cytoskeletal main-
tenance is predicted through its interaction
with microtubule end-binding protein (EB1)
[Berrueta et al., 1998] and b-catenin [Dikovs-
kaya et al., 2001], respectively. Thus, the
functional loss of one ormore of thesemolecules
such as APC, b-catenin, a-tubulin, or actin fila-
ment will produce disturbance in cell morphol-
ogy. Since SW480 cells inherently express
truncated APC protein, they are more suscep-
tible for cellular disorganization. Thus, the
decreased level of a-tubulin along with trun-
cated APC protein may appear to be one of
the mechanisms for rounding of SW480 cells
after ZnCl2 treatment. Furthermore, the loss of
cellular attachment function due to a loss of E-
cadherin expression provides additional burden
on these cells to seize proliferation in response
to ZnCl2 treatment. Since changes in the E-
cadherin and a-tubulin levels are not significant
in HCT-116 cells, our results implicate that
somehow the wild-type APC protein protects
the loss of cellular levels of these proteins.

In summary, our studies provide a basis for
further studies to examine the beneficial effect
of zinc supplementation in the treatment of
colorectal cancers that arise independently or
dependently from mutations in the APC gene.
Moreover, they provide the basis for further
studies to examine the possibility that dietary
zinc supplementationmay prevent colon cancer
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growth in high-risk populations by maintain-
ing high cellular levels of wild-type APC pro-
tein, thereby maintaining an appropriate
balance between cell growth and cell death.
Furthermore, dietary zinc supplementation can
be beneficial to those patients who may have
colon cancer due to mutations in the APC gene.
The growth of colon cancer cells can be reduc-
ed after dietary zinc supplementation by cell
cycle arrest in the G2/M phase in those cases
where the wild-type APC gene is expressed. On
the other hand, the dietary zinc supplementa-
tion can also reduce colon cancer cell growth
by interfering at cellular attachment andmicro-
tubule stability by inducing the loss of E-
cadherin and a-tubulin levels. Thus, dietary
zinc supplementation can be a useful agent for
the prevention of colorectal cancer growth in
high-risk populations.
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