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Abstract

Prolonged ERK Activation by Extracellular Zinc Inhibits the

Proliferation of Colorectal Cancer Cells by Activating p21°PWAF!

Ki-Sook Park
Brain Korea 21 Project for Medical Sciences

The Graduate School, Yonsei University

(Directed by Professor Yong Ho Ahn)

Numerous studies have been reported on the involvement of dietary zinc, which is an
important trace element in the body in the proliferation of cells related with cancer.
However, the role of zinc in arresting cell growth related to an anti-tumor effect has aso
been reported. In this study, a mechanism for growth arrest of colorectal cancer cell by
extracellular zinc was identified. Zinc activated ERKs in two different phases in HT29
human colorecta cells, the initial weak activation followed by strong and prolonged
activation after severd hours. The prolonged activation of ERKs by extracellular zinc was
acquired through the Raf-1->MEK->ERK module by a positive regulatory loop, and
induced Elk-1-dependent trans-reporter gene expression. The cell growth and [*H]
thymidine incorporation were inhibited by zinc, and that related with p53 independent

induction and nuclear localization of the p21°""*"™ . The inhibition of the prolonged ERK



activation by pretreatment of the cells with PD98059 or transfection of catalyticaly
inactive MEK resulted in the inhibition of induction and nuclear localization of the
p21Cip/WAF1

. Therefore, the growth arrest of the cells by extracellular zinc was related with

the prolonged ERK activation dependent induction of the p21<'P"AF*,

Key Words : Zinc, ERK, p21°""AF
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Prolonged ERK Activation by Extracellular Zinc Inhibits the

Proliferation of Colorectal Cancer Cells by Activating p21°PWAF!

<Directed by Professor Yong Ho Ahn>

Brain Korea 21 Project for Medical Sciences

The Graduate School, Yonsal University

Ki-Sook Park

|. Introduction

Zinc has been known to be an important trace element in the body and an optimal
availability of zinc is essential for normal growth and proliferation of cells. The effect
of zinc on cell growth varies, depending upon the level of zinc and types of cells
However, the mechanisms of cell growth regulation by zinc are unclear. In a recent
study, it has been reported that zinc can inhibit prostatic carcinoma cell growth by the
induction of the cyclin-dependent kinase inhibitor, p21°""A"(Ref 2). Zinc can aso

induce the activation of the extra-cellular signal regulated kinase (ERK) pathway in

1



Swiss 3T3 fibroblasts and bronchia epithelia cells?** However, the mechanisms and
physiological roles involved in p21°""™ induction and ERK activation by zinc,
including the regulation cell growth, have not been clearly elucidated.

p21“P"WAFL inhibits cell cycle progresson through its interaction with cyclin-
dependent kinase complexes, which are required for various cell cycle transitions, to
induce growth arrest or differentiation of cells®® An important role of p21°""A™ in
the protection of cells against apoptosis has aso been proposed in the colorecta
carcinoma cell line” Recent studies have demonstrated that p21<™"A™ expression is
induced by both p53 and ERK pathway dependent mechanism.®

ERK is involved in proliferative signaing triggered by a diverse group of
exracellular stimuli, which generally are coupled with Ras activation.*™” ERK
functions in many different cell types and mediates various cellular responses.*™®
There are accumulating evidences suggesting that the duration and intensity of ERK
activity can significantly influence on the biological responses.”™* Whereas the mild
and transient activation of ERK followed by low Raf-1 activation causes cell-cycle
progression, the strong and prolonged activation of ERK followed by high Raf-1
activation causes cell-cycle arrest.™®™ The differential regulation of ERK activity was
observed during human colorectal tumorigenesis and high levels of ERK activity were
observed in normal colorectal epithelia tissue, as compared with the paired tumor

tissue.® These results suggest the high ERK activity may be involved in the growth

regulation of colorectal cdls.



In this study, a mechanism for the negative regulation of human colorectal cancer
cell growth by extracelular zinc and its relationship with ERK pathway activation
were identified. Here, the inducibility and nuclear localization of a cell-cycle regulator
p21©PWAFL “\which is dependent upon the activation of the ERK pathway, were

identified as important indicators of the negative growth behavior of the cells by zinc.



Il. Materialsand Methods

1. Materials

HT29 (ATCC HTB-38), DLD-1 (ATCC CCL-221), and HCT116 (ATCC CCL-247)
human colorecta cell lines were obtained from the American Type Culture Collection
(ATCC, Rockville, MD, USA). McCoy’ s 5A and RPM11640 media, fetal bovine serum
(FBS), antibiotics and Lipofectamin plus reagent were purchased from Life
Technologies, Inc. (Grand Isand, NY, USA). The Tri Reagent used for RNA isolation
was purchased from Molecular Research Center (Cincinnati, OH, USA). Phospho-
ERK, phospho-MEK antibodies, and the ERK kinase assay kit were obtained from
Cdl Signding Biotechnology (Beverly, MA, USA), and ERK antibody was from
Stratagene (La Jolla, CA, USA). The p21°""A™ antibody was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), and Raf-1 antibody, horseradish
peroxidase (HRP)-conjugated goat anti-rabbit and anti-mouse 1gG antibodies were
from Transduction Laboratories (Lexington, KY, USA). The Protran nitrocellulose
membrane and nylon membrane were purchased from Schleicher and Schuell Co.
(Dassel, Germany), and the enhanced chemiluminescence (ECL) system from Genepia
(Seoul, Kored). The hyper-sengitive X-ray films and Radiprime Il random prime

labeling system were from Amersham Inc. (Buckinghamshire, UK), Elk-1-dependent
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pathdetect plasmids (pFR-Luc and pFA2-Elk1) were from Stratagene (La Jolla, CA,
USA), the Luciferase assay kit and U0126 were from Promega Co. (Madison, WI,
USA), PD98059 was from Cabiochem (La Jolla, CA, USA), the protein assay
solution was from Bio-Rad Laboratories (Hercules, CA), 4,6 -diamidine-2 -
phenylindole dihydrochloride (DAPI) was from Boehringer Mannheim (Mannheim,
Germany), the goat anti-mouse-Cy™2- or goat anti-rabbit Rhodamin Red ™-X-
conjugated secondary antibodies were purchased from Jackson Immuno Research
Laboratories Inc. (West Grove, PA, USA), and finally the the anti-BrdU monoclonal

antibody was purchased from DAKO Co. (Carpinteria, CA, USA).

2. Cdl Culture

HT29"* and HCT116%* colorectd cdl lines were maintained in McCoy’s 5A
medium supplemented with 10% fetal bovine serum (FBS), 100 units/ml of penicillin
and 100 ng/ml of streptomycin in 5% CO, a 37°C. The DLD-1 cdls® were cultured
with RPM11640 medium using the same conditions and supplements. Experiments
were performed on the cdls a 70% confluence, unless otherwise stated. To observe
the effects of zinc, the cells were grown in a media (McCoy' s 5A or RPMI11640)
containing 1% FBS for 16 to 20 hr and then treated with 100 nM of ZnCl,, Thirty

minutes prior to the ZnCl, treatment, the MEK inhibitor, PD98059 or U0126, was



added to 1-50 nM in the required cases.

3. Cdl Transfection

HT29, HCT116 and DLD-1 cells were plated into 6well plates at 4 10° cells per
well usng McCoy’ s 5A or RPMI1640 media supplemented with 10% FBS, 100
units/ml of penicillin and 100 ng/ml of streptomycin. After allowing 24 hr for growth,

cells were transfected with plasmids using Lipofectamine plus reagent according to the

manufacturer’ sinstructions.

4. Cdl Counting and Thymidine Incor poration

HT29 cells were seeded into 12-well plates at 0.8 ~ 10° cells per well. After
growing for 24 hr in McCoy’ s 5A, the cells were placed in the same medium
containing 1% FBS for 16-20 hr. Then 100 mM of ZnCl, was added into the medium.
When required, PD98059 was aso added 30 min before the ZnCl, treatment. Cdls
were incubated for the indicated times at 37°C. The attached cells were washed with
phosphate buffered saline (PBS), and harvested using trypsin (0.05% trypsin, 0.5 mM

EDTA in PBS), and findly the cell nhumbers determined. The cell numbers were
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counted by mounting 10 m of the cell mixture (1:1 mixture of 0.4% trypan blue and
HT29 cells suspension) onto a Tiefe Depth Profondeur 0.0025 mm? cell counting plate
(Superior Co., Germany) under an optical microscope. For thymidine incorporation,
the HT29 cells were plated into 12-well plates with 0.8 x 10° cells per well. After
growing overnight, cells were starved with fresh mediafor 16-20 hr. The medium was
then replaced with same medium containing 100 nmM of ZnCl, and the cells were
further incubated for 48 hr. Finaly, the incubations were continued in the presence of
[*H] thymidine (0.5 nCi/well) for 12 hr. After the incubation period, the medium was
removed, and the cell monolayer was washed with ice-cold PBS andthen detached by
treatment with 1 ml of 0.05% trypsin-0.5 mM EDTA. Then, cells were centrifuged
and washed three times with PBS. After addition of 3% perchloric acid, the acid-
precipitable material was dissolved overnight in 1 N NaOH, 1% SDS and counted by
liquid scintillation and the DNA-associated [°H] activity was counted in a liquid

scintillation counter.

5. Extract Preparation

The cdlls were rinsed twice with PBS and harvested by scraping the cells into 500

m of ice-cold PBS. They were then centrifuged and resuspended in 300 m of lysis

buffer (70 mM b-glycerophosphate pH 7.2, 0.1 mM each meta- and ortho-vanadate, 2
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mM MgCh, 1 mM EGTA, 1 mM dithiothreitol, 0.5% Triton X-100, 0.2 mM
phenylmethylsulphonyl fluoride, and 5 ng/ml each of pepstatin A, chymostatin,
leupeptin and peptin). After incubation on ice for 30 min, the lysate was sonicated for
20 sec on ice and unbroken cell debris removed by centrifugation at 23,000 g for 15
min. Samples were diquoted immediately and stored at —80°C after protein

quantification.

6. Western Blot Analysisand in vitro ERK Kinase Assay

Samples of protein (10-50 ng) from whole-cell extracts were separated by 810%
sodium dodecyl sulfate (SDS) polyacrylamide gel (acrylamide: bis-acrylamide at a
ratio of 29:1) and Western blot analysis was performed as described previously.?
Activation of endogenous ERK and MEK was analyzed using phospho-specific anti-
ERK and anti-MEK-1 antibodies, respectively. The expression of ERK was anayzed
using anti-ERK antibody, and the expression and modification of Raf-1 were analyzed
using anti-Raf-1 antibody, and levels of the p21°""*™ proteins were determined using
anti-p21<P""WAF! antibody. Blots were probed with HRP-conjugated goat anti-rabbit
and anti-mouse 1gG secondary antibodies, and bands were visualized using ECL. The
p21PWAFL antibody detected p21°"VA™ protein as a single band when Western blots

were performed. ERK kinase assay was performed in vitro using the ERK kinase assay



kit with GST-Bk-1 as a substrate as described by the manufacturer.

7. EIk-1 Dependent trans-Reporting System and L uciferase Assay

To determine the activation status of ERK pathway in vivo, we adapted Elk-1
dependent trans-reporting luciferase assay system, using a reporter vector (pFR-Luc)
containing five tandom repeats of GAL4 binding elements and a basic promoter
element (TATA box), followed by a coding sequence of firefly luciferase, and afusion
trans-activator plasmid (pFA2-Elk-1) expressing a trans-activator protein consistent
with the yeast GAL4 binding domain and the activation domain of trans-activator Elk-
1 HT29, HCT116 or DLD-1 cels were cotransfected with 0.5 ng of reporter
plasmid pFR-Luc along with 25 ng of trans-activator pFA2-Elk-1 as described above.
For normalization, the cells were co-transfected with plasmid containing the gene for
b-gdactosidase under the control of a CMV promoter. The transfected cells were
transferred into the media for an additional 16 hr, and this was replaced with fresh
media with or without 100 nM of ZnCl,. The extracts were prepared 12 hr after
treatment with the zinc. Luciferase activity was measured using the Luciferase assay
kit, and normalized using the b- galactosidase level as an interna control. When
required, 0.5 ng of pPCMV-MEK-2A, pSV -Sportl-Raf-1-dn or the empty vector was

co-transfected to express catayticaly inactive MEK or dominant negative Raf-1,
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respectively.

8. Northern Blot Analysis

Total RNAs were prepared by using Tri Reagent as recommended by the
manufacturer. 20 ng of total RNA was resolved on a 1% denaturing agarose gel
containing 6% formaldehyde, and the RNA was transferred onto a nylon membrane
and UV-cross-linked. The membrane was pre-hybridized with hybridization buffer
and then hybridized at 65°C for 2 hr with p21°""VA™ probes. The membrane was then
washed four times for 15 min with 0.2X SSC, 0.1% SDS at 65°C. Membrane was
placed under film and exposed for 4 hr at —80°C. Asacontrol, the blot was stripped by
boiling in 1% SDS and re-probed with *P-labeled cDNA for glyceradehyde-3-
phosphate dehydrogenase (GAPDH), *’P-labeled probes were generated by the
Rediprime Il random prime labeling system using human p21°""A™ (Ref 23) or

GAPDH?* cDNAs as atemplate, respectively.

9. Immunocytochemistry and BrdU Incor poration

For immunocytochemistry, HT29 cells were plated onto cover dips at a density of 2

x 10° cells/coverdip into 6well plates. The cells were grown overnight and starved



with media containing 1% FBS for 16-20 hr and treated with 100 nM ZnCl, for 9 hr
before being subjected to immunocytochemistry. In required cases, they were
transfected with 0.5 ng of pPCMV-MEK-2A. After transfection, the cells were starved
with media containing 1% FBS in and treated with 100 nM of ZnCl, as described
above. The HT29 cels were then washed twice with PBS, fixed in
methanol/formaldehyde (99:1) mixture at —20°C for 15 min, permeabilized with PBS
containing 0.2% Triton-X-100, and finaly gently washed 5 times with PBS for 5 min.
After treatment with blocking solution (PBS containing 1% BSA, 0.1% gelatin, and
5% goat serum), the cover dips were further incubated with primary antibody (anti-
p21 or anti-MEK antibody at a 1:100 dilution) for 2 hr, and washed 5 times with PBS
containing 1% BSA, and 0.1% gelatin. They were then further incubated with goat
anti-mouse-Cy™2- or goat anti-rabbit-Rhodamin Red ™-X-conjugated secondary
antibody at a 1:100 dilution for 1 hr, and washed 5 times with PBS.

For the BrdU incorporation study, HT29 cells were grown in McCoy’ s 5A media
containing 20 nM of BrdU for 12 hr before immunocytochemistry. After performing
immunocytochemistry, as described above, the cells were fixed in 3.7% formadehyde
for 10 min at room temperature and rinsed with PBS before being incubated for 30 min
in 2 N HCl. They werethen washed three times with PBS for 5 min. After blocking,
the cells were incubated with anti-BrdU moncoclonal antibody at a 1:20 dilution for 2
hr and washed with PBS containing 1% BSA, 0.1% gelatin. The goat anti-mouse-

Cy™2-conjugated secondary antibody at a 1:100 dilution was incubated for 1 hr and
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washed the cells 5 times with PBS. Each experiment was performed at least three
times. DAPI was then treated at a fina concentration of Inmg/ml in PBS for 10 min,
and the cells were extensively washed with PBS and mounted for photography by a

Radiance 2000/M P, multi-photon imaging system (Bio-Rad, UK).

10. Statistics

One-way analysis of variance was performed using GraphPad Instata (GraghPed

software, San Diego, CA, USA). A vaue of p<0.05 was considered datistically

sgnificant.



1. Results

1. Effect of Extracdlular Zinc on the Growth of Colorectal Cancer Cells

We investigated the growth regulatory effect of exracellular zinc on colorectal
cancer cell line HT29. It had been known that the zinc levels in blood plasma were 10
- 20 M.”® However, zinc levels in the colorectal normal tissue and colorectal cancer
cells are not clear. When HT29 cells were treated by higher zinc level (0O - 200 niM)
than levels in blood plasma, the cell growth was inhibited (data not shown). In the
other colorectal cancer cdl lines, HCT116 and DLD-1, the cdl growth was dso
inhibited zinc dosage-dependently (data not shown). When HT29 cells were treated
with ZnCl, a 100 nM, cell numbers decreased step-wisdly during a time course
(Figure 1A). [*H] thymidine incorporation, which represents cell proliferation status,
was aso lower in the cells treated with ZnCl, at 100 nM compared to the cells which
were not treated with zinc (Figure 1B). Thus, 100 nM ZnCl, could inhibit colorectal

cancer cdlls.
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Figure 1. Cell growth and [’H] thymidine incorporation were inhibited by exracellular
zinc. (A) The HT29 cells were seeded at a density of 0.8 x 10° cells per well in 6-well plates. The cells
were starved for 16 hr and either treated or not treated with ZnCl, at 100 nM. The numbers of attached
cells were counted at 0, 48, 72 hr after zinc treatment, as described in Materials and Methods. Each data
point represents the average value of three independent experiments. Error bars indicate the standard
deviations of three independent experiments. (B) HT29 cellswere seeded at adensity of 0.8 x 10° cells per
well into 6-well platesand starved for 16 hr. After treatment with ZnCl, at 100 nM the cellswerefurther
cultured for 48 hr before addition of [°H] thymidine (0.5 nCi/well). The cells were further incubated for
12 hr, and the incorporation of [*H] thymidine was determined as described in Materials and Methods.
Results represent the average of three independent experiments. Error bars indicate the standard deviations

of three independent experiments.
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2. The Zinc-Induced Prolonged ERK Activation through the Raf-1-MEK-ERK

Module

Recent studies have reported that extracellular zinc activates ERK within severa
cultured cell lines®* In these studies, it was tested whether extracellular zinc can
activate ERK pathway in colorecta cancer cells. Phospho-ERK levels, which
represent ERK activities, increased in two different phases in the HT29 colorectal
cancer cells treated with ZnCl, at 100 nM (Figure 2A). Initidly, the level of phospho-
ERK increased within 5 min about 34 fold (Figure 2A) as previous reports have
observed in other cedl types.®** However, the activities of ERKs were further strongly
increased and prolonged after initia activation in cells treated with ZnCl, at 100 niV
(Figure 2A). The strong activation of ERK, which peaked 6-to-9 hr after zinc
treatment (see also Figure 5A), was aso observed in other colorectal cancer cells like
HCT116 and DLD-1 (Figure 2B). When the ERK activation was maximal, phospho-
MEK protein levels dso increased and the Raf -1 protein, further upstream, was mostly
shifted to higher molecular weight form (Figure 3A). These results suggeste that the
prolonged ERK activation could follow Raf-1 modification/MEK activation.

We used Elk-1 transreporting system to confirm ERK activation by zinc. Elk-1
trans-reporting system showed the ability of zinc to phosphorylate the nuclear
transcription factor Elk-1 by activation of ERK pathway. The system employs afusion

construct that contains a GAL4 DNA binding domain of Elk-1 to induce expression of
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a luciferase reporter that has five GAL4 binding elements. After ERK activation, the
trans-activation domain of Elk-1 becomes phosphorylated and subsequently binds to
and induces transcriptiona activation of the luciferase reporter. Hk-1 dependent
trans-reporter gene expresson was found to be concomitantly increased in both
HCT116 and DLD-1 cdls (Figure 3C) as well as in the HT29 cells (Figure 3B) after
treatment with ZnCl, at 100 mM.

To further characterize the zinc-induced prolonged activation of ERK, we pre-
treated the M EK -specific inhibitor, PD98059,%° and determined whether the drug could
block the zinc-induced prolonged ERK activation. In the present study, the zinc-
dependent increase of phospho-ERK level was significantly blocked by pre-treatment
with 10 nM of PD98059 (Figure 4A). Interestingly, modification of the upstream
component, Raf-1, was also observed by treating cells with PD98059 before
stimulating them with ZnCl, at 100 nM (Figure 4A; under-shift of Raf-1 band from
band “&’ to band “b” in the cells pre-treated with PD98059). Elk-1 trans-reporter gene
expression by zinc was aso down-regulated in cells treated with 10 nM of PD98059
(Figure 4B). In addition, the activation of Elk-1 dependent trans-reporter gene
expression by ZnCl, was also blocked by the transient transfection of dominant
negative Raf-1 (dn-Raf-1) (Figure 4C). We aso observed downregulation of Elk-1
dependent trans-reporter gene expression, which was increased by ZnCl,, by
expressing dn-Raf-1 or catayticaly inactive MEK (MEK-2A) in the other colorectal

cancer cell, HCT116 (Figure 4D). Overall, the prolonged activation of ERK by zinc
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Figure2. Extracellular zincinduced biphasic ERK activation. (A) The HT29 cells were starved
for 16 hr. Cells were then either treated or not treated with ZnCl, at 100 M before the cells were
harvested at different time pointsfor extract preparations. (B) TheHCT116, DLD-1, and HT29 cells were
grown as shown in Figure 2A and treated or not treated with ZnCl, at 100 M for 9 hr before the
preparation of cell extracts. Western blot analysis was performed using anti-phospho-ERK or anti-ERK
antibody, respectively.
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Figure 3. Extracellular zinc activated the ERK pathway. (A) Cellswere harvested 9 hr after the
100 nM zinc treatment. Phospo-ERK, Raf-1 and ERK were detected by Western blot analysis. A shiftin
the Raf-1 protein band generated by zinc treatment was identified as Raf-1a, while the un-shifted band
was marked as Raf-1b. (B) HT29 cells were co-transfected with 0.5 ng of Luciferase reporter plasmid
pFR-Luc and 25 ng of transactivator pFA2-Elk-1, as described in Materials and Methods. For
normalization, the cells were co-transfected with 50ng of plasmid containing the gene for b-galactosidase
under the control of a CMV promoter. Cells were incubated for an additional 16 hr. The medium was
replaced with fresh media with or without 100 nM ZnCl, and extracts were made 12 hr after the zinc
treatment. Luciferase activity was measured and normalized using theb- galactosidase level asan internal
control. Each result represents the average value of three independent experiments. Error bars indicate
standard deviations. (C) HCT116, DLD-1, HT29 cells were co-transfected with 0.5 g of Luciferase
reporter plasmid pFR-Luc and 25 ng of trans-activator pFA2-Elk-1, asFigure 3B. *, p<0.002vs without
100 MM ZnCl,.
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Figure 4. The zinc-induced ERK activation was down-regulated after inhikition of ERK
module kinases. (A) HT29 cells were serum starved as described in Figure 3A, and treated with ZnCl,
at 100 M for 9 hr before harvesting for extract preparation. In required cases, cells were incubated with
10 mM of PD98059 for 30 min before zinc treatment. Western blot analysis was performed to visualize the
phospho-ERK, Raf-1, and ERK protein bands. (B) HT29 cells were grown and transfected with pFR-Luc
and pFA2-Elk-1 vectors as in Figure 3B, except that 10 nM of PD98059 was administered 30 min prior to
treatment with ZnCl, at 100 nM, in the required cases. Elk-1 dependent trans-reporter gene expression
was measured 12 hr after treatment with ZnCl, at 100 nM. The in vitro kinase activity of ERK was
measured using purified GST-Elk-1 as a substrate as described in Materials and Methods. (C) After
transfection with 0.5 ng of pFR-Luc and 25 ng of pFA2-Elk-1 plasmids, the HT29 cells were serum
starved and treated with ZnCl, at 100 nM as described in Figure 3B. In sdlected cases, 0.5 ng of the
empty vector or dominant negative Raf-1 (@n-Raf-1) was cotransfected together with the plasmids
mentioned above. EIk-1 dependent trans-reporter gene expression was measured 12 hr after treatment
with ZnCl, at 100 M . (D) After transfection with 0.5 ng of pFR-Luc and 25 ng of pFA2-Elk-1 plasmids,
the HCT116 cells were serum starved and treated with ZnCl, at 100 nM as described in Figure 4C. In
selected cases, 0.5 ng of the empty vector, catalytically inactive MEK(MEK -2A) or dn-Raf-1 was
cotransfected together with the plasmids mentioned above. Elk-1 dependent trans-reporter gene
expression was measured 12 hr after treatment with ZnCl, at 100 nM . *, p<0.02 vswith ZnCl, and **,
p<0.03 vs without ZnCl,.



was acquired through the Raf-1-MEK-ERK module to activate expression of target
gene(s) and it was presupposed that this prolonged ERK activation was involved in the

mechanisms of colorectal cancer cell growth arrest by zinc.

3. Zinc Induced p21“""™* through ERK Activation

Recent studies have suggested that the induction of a negative cell cycle regulator,
p21°PWARL \was related with cell growth arrest by the prolonged ERK activation.*®*
Furthermore, the induction of p21“""“A™ is a good indicator of colorectal cancer cell
growth arrest?”*® Therefore, we investigated the expression levels of p21“""A™ in
colorectal cancer cells treated with ZnCl, a 100 nM in order to identify a relationship
between ERK activation and p21°""A™ induction related to cell growth inhibition.
Strong p21°PWAF induction was aso observed after tresting ZnCl, at 100
nmM, moreover, the profile of thisinduction was highly correlated with prolonged ERK
activation (Figure 5A). In addition, patterns of the p21“""*" induction and ERK
activation were aso correlated well in the cells treated with different zinc
concentrations (Figure 5B).

To identify a direct link between p21°""A™ induction and ERK activation, we
examined the effect of PD98059 upon the induction of p21°P"A™  The degree of
ERK activity inhibition was dependent on the pre-treated PD98059 concentration.

Phospho-ERK levels were significantly reduced by 10 nM of PD98059 and completely



abolished at 50 M and the p21°""A™ induction was dose-dependently reduced by
PD98059 (Figure 5C). However, the p21<""A™ band was not completely abolished at
the higher PD98059 concentration above 10 nM. Alternatively, we also used U0126
to block ERK activation by MEK. Both the ERK activation and p21°*""A™ induction
of the cells were similarly reduced by pre-treating the cells with U0126 (Figure D),
but the p21“P"A™* band was also not completely abolished at the higher concentrations
above 10 M. Therefore, extracellular zinc increased the p21°*"*™ protein level by a
mechanism, which was dependent on the ERK cascade, athough some of the

16PWAFL may have been induced by ERK independent mechanism(s). To know an

p2
induction mechanism of p21°P"A™* py zinc, we performed Northern blot analysis. We
found the increase of p21“""A™ mRNA by ZnCl, at 100 nM treatment and that was
blocked by pre-treating cells with PD98059 (Figure 6A). These results suggested that
the induction of p21°""“AF could be caused by the increase of p21°""*™ mRNA
through the activation of ERK pathway. However, we did not know whether the
{CIPIWAF1

increase of MRNA was caused by the transcriptional activation of the p2

promoter or by the increase of p21°""A™ mRNA stability.
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Figure 5. Induction of p21°""WAFL by zinc depended on ERK activation. (A) HT29 cells

were serum starved and further grown in the identical media containing ZnCl, at 100 nM over
the time course as described in Figure 2A. ERK activity and p21°P"WAF! |evel were quantified
by densitometric scanning of the protein bands as visualized by Western blot analysis. Specific
ERK activities represent densitometric values of phospho-ERK divided by ERK. (B) HT29

cells were serum starved and further grown in the identical media containing different

concentration of ZnCl, (0-200 nM). The cells were harvested 9 hr after treatment of ZnCl,.
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Figure 5. Induction of p21°PWAFL by zinc depended on ERK activation. (C) The cells were
similarly grown in the media containing 1% FBS. In required cases, the cells which were
treated with ZnCl, at 100 mM were pre-incubated with PD98059 (0-50 nM ) for 30 min before
zinc treatment. Phospho-ERK and p21°PWAFL protein bands were detected by Western blot
analysis. (D) U0126 (0-50 mM) was treated for 30 min before zinc treatment instead of
PD98059. Phospho-ERK and p21°P"WAFL protein bands were detected by Western blot analysis.
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Figure 6. p21°PWAFL mRNA increased by an ERK-dependent mechanism. (A) HT29 cells
were serum starved in media containing 1% FBS and the cells were treated with ZnCl, at 100
nmM for 5 hr before harvesting for total RNA preparation. The cells were incubated with 10 nivi
of PD98059 for 30 min prior to zinc treatment in the required cases. Northern blot analyses
were performed using *?p-labeled p21°PWAFL or GAPDH cDNA as probes. (B) The HT29,
HCT116 and DLD-1 cells were grown and serum starved as shown in Figure 6A except that
RPM 11640 medium was used in case of the DLD-1 cells.



4. Nudlear Localization of p21°""A™ by Zinc Depended on ERK Activation

The cell cycle inhibitory activity of p21°P"*™ is intimately related with its
induction and nuclear localization, and these are directly rdated to cell growth.?**
Therefore, we investigated the localization of p21°""A™ after trestment with ZnCl, at
100 M to further characterize its role in cell growth regulation. In HT29 cdlls, the

p21©PWAFL protein level was low and the protein was mainly locaized to the

perinuclear compartment and the cytosol (Figure 7A). However, the p21°PWAF

protein was both increased in level and locdized to the nucleus in 100 M ZnCl,
treated cells. The induction and nuclear localization of p21°*"A™ | caused by 100 nM
of ZnCl,, blocked by 10 miM PD98059 pre-treatment (Figure 7A). The percentage of
cells induced and nuclear localized p21°""™ was increased by trestment of the cells
with ZnCl, at 100 nM and that was inhibited by PD98059 pre-treatment (Figure 7C).

In addition, p21“""A™ induction and especialy its nuclear locaization by 100 mv

of ZnCl, were aso significantly blocked in cells expressing catdytically inactive MEK
mutant (MEK-2A) (Figure 7B). Therefore, it is demonstrated that the induction and

nuclear localization of p21°P"A™ protein were dependent on ERK activation by zinc.
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Figure 7. Nuclear localization of p21©PWAF! induced by zinc and inhibited by PD98059 or by
expression of catalytically inactive MEK (MEK-2A). (A) HT29 cells were serum starved in media
containing 1% FBS. The cells were then treated or not treated with ZnCl, at 100 nM for 9 hr before
immunocytochemistry. In the required cases, they were incubated PD98059 (10 nM ) for 30 min before
treatment with zinc. (B) HT29 cells were grown and transfected with 0.5 ng of plasmid containing
expressible catalytically inactive MEK (MEK-2A). The cells were treated with ZnCl, at 100 M for 9 hr
before immunocytochemistry. The expression and localization of p21PWAF! and MEK -2A was revealed
by immunocytochemistry using the anti- p21°PWAF! antibody together with Rhodamin-conjugated goat
anti-rabbit 1gG, or anti-MEK antibody together with Cy-2-conjugated goat anti-mouse I1gG antibody;
nuclei were stained by DAPI. The representative cells inhibiting induction and nuclear locaization of
p21CPWAFL by expressing MEK -2A were marked by arrows. (C) The percentage of cells induced and
nuclear localized p21“P"WAF was increased by treatment of the cells with ZnCl, at 100 nM and that
inhibited by pre-treatment of PD98059.



5. The ERK Dependent Induction and Nuclear Localization of p21<""VA™ by Zinc

Inhibited BrdU Incorporation

To obtain direct evidence upon the anti-proliferative effect of the induced and

nuclear localized p21Cip/WAF1

by zinc, we aso monitored DNA synthesis at the single
cell level by measuring BrdU incorporation after treatment of HT29 cells with ZnCl, at
100 nM. We checked whether BrdU incorporation was blocked in an individual cell
containing nuclear locaized p21°""A™ which induced by treatment ZnCl, at 100 M.
In a resting status, around 60.8% of the cells incorporated BrdU. However, the
percentage of cells to incorporate BrdU was decreased to 35.5% when cells were
treated with zinc (Figure 8A; representative results are shown in Figure 8B). When we
checked the BrdU incorporation at the single cell level, ro cell induced and nuclear
localized p21°""YA™* incorporated BrdU (representative cases are shown in Figure 8B).

1Ci p/WAF1 COUI d

Therefore, ERK dependent induction and nuclear locdlization of the p2
directly be related with the inhibition of BrdU incorporation in HT29 colorectal cancer

cdls.
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Figure 8. Inhibition of BrdU incorporation by zinc was directly related to the induction
and nuclear localization of p21°P"WAFL (A) The percentage of cells incorporating BrdU was
lowered by ZnCl, at 100 nM treatment. (B) Zinc dependent induction and nuclear localization
of p21°PWAFL inhibited BrdU incorporation. The representative 100 nM of ZnCl, treated cells
blocked the BrdU incorporation by induction and nuclear localization of p21“PWAFL \ere
marked by arrows. HT29 cells were serum starved with the media containing 1% FBS, then
further grown in the media without or with ZnCl, at 100 miv for 20 hr. The cells were labeled
with 20 nM of BrdU for last 12 hr before assay. p21°PVAF! \was detected by anti-p21°PWAFL
antibody together with Rhodamin-Red-conjugated goat anti-rabbit 1gG, and BrdU incorporated
nuclei were revealed with green color by immunocytochemistry by using anti-BrdU antibody
followed by Cy2-conjugated goat anti-mouse 1gG; cell nuclei were stained by DAPI.



V. Discussion

Numerous studies have reported the roles of zinc in both the induction and
prevention of cancer’™* and recent studies also have shown that zinc plays a crucid
role in the regulation of cel proliferation."*** The continuous renewal growth in
colorectal epithelium and colorectal tumorigenesis have been suggested to be highly

sensitive to zinc levels3**®

In this study, a role of extracellular zinc in the growth
regulation of colorectal cancer cells was studied. Here, the ERK signaling pathway
was identified as the pathway for zinc-induced growth arrest of the cdls and this is
related to the induction of the p21“*"*A™ cdl cycle regulator.

The treatment of cells with ZnCl, at 100 mM caused ERK activities to be transiently
increased, which is in agreement with the previous observations in severa other cell
types.®>* However, we observed a further strong activation of ERKs followed by its
initial activation in colorectal cancer cell line, HT29 (Figure 2A). The Zinc dependent
prolonged ERK activation was also observed in severa colorecta cancer cell lines.

Recent studies have shown the transient activation of ERK by zinc, however, the
studies do not show the mechanism(s) of ERK activation. ** A recent study suggested
the involvement of EGF receptor in the zinc-stimulated activation of ERK. But it
neither showed the necessity of Ras in the activation of ERK nor indicated the

necessity of zinc accumulation in cells® In this study, zinc-induced ERK activation

was observed regardless of Ras genetic status. Through, Zinc may not need Ras in the
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activation of ERK. Therefore, dominant negative ras was used to confirm the Ras
dependence in the ERK activation. We unexpectedly observed the reduction of the
induction of the Elk-1 trans-reporter gene by transfection of dominant negative ras
construct in colorectal cancer cell line containing wild type Ras gene (data not shown).
These results suggested involvement of Ras in the zinc-induced ERK activation.
However, the Ras dependence is not clear because the activation of Raf-1 is acquired
by highly complex Ras-dependent and independent mechanisms.*® To illustrate the
initial mechanism of the activation of ERK pathway by zinc, we checked whether zinc
could accumulate in colorectal cancer cells when cells were treated with extracellular
zinc. When HT29 cells were treated with 100 nM ZnCl, or even higher than zinc
concentration of 100 mM, the intracellular zinc concentration did not increase (data not
shown). Therefore, it was suggested that zinc-induced ERK activation in colorectal
cancer cells was not occurred by the intracellular signaling system rather it might be
acquired by a mechanism using extracellular receptors such as EGF or Ca™*
receptors.®

To know the mechanism for the strong and prolonged activation of ERKs by zinc,
PD98059 was used. The zinc-dependent increase of phospho-ERK was significantly
blocked by pre-treatment with PD98059 (Figure 4A). Interestingly, modification of
the upstream component, Raf-1, was aso observed by treating cells with PD98059
before stimulating them with ZnCl, at 100 M (Figure 4A). Therefore, this result may

suggest that the strong and prolonged activation of ERK induced by the 100 nM of



ZnCl, trestment may have been caused by a postive activation of the Raf-
1->MEK->ERK loop after the transient activation of ERK.

The strong and prolonged activation of ERK by the treatment of 100 niM ZnCl, was
related to cell growth inhibition and that may be caused by the activation of p21<P"A™,
A substantial body of evidences supports that the activation of p21°""A™ is the result
of the zinc-induced ERK activation. First, the profiles of specific ERK activation and
p21<PWAFL induction by zinc trestment are highly correlated (Figure 5A). Second,
p21<PWAFL induction is inhibited by pretreatment with the MEK inhibitors, PD98059
and U0126 (Figure 5C and Figure 5D). Finaly, both the induction and the nuclear
localization of p21°""YA™* were blocked at the single cell level by either PD98059 pre-
treatment or the transient expression of catalytically inactive MEK-2A (Figure 7A and
Figure 7B). Therefore, zinc activated p21°"“A™ by ERK pathway dependent
mechanism.

What was the mechanism(s) of the link between the induction of p21“""*™ and the
prolonged ERK activation? The p21“""A™ was induced by two distinct mechanisms.
One is the p53-dependent mechanism.  The other is the p53-independent mechanism
involving ERK activation.® To identify dependence of p53 in the zinc dependent

induction of p21°PWAF

, we used colorectal cancer cell lines containing different status
of p53 gene. The zinc-dependent induction of p21°™"A™ mRNA was observed in all
tested colorectal cancer cells regardless of p53 genetic status (Figure 6B) and these

results indicated that induction of p21°"“A™ by zinc may be acquired by p53-
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independent and ERK signaling-dependent mechanism at the level of transcriptional
activation. According to recent studies, the ERK dependent regulation of p21°""A™
MRNA stability was found to be as important as the transcriptional activation, which
was also regulated by ERK activation.**** In this study, it is not clear whether the

increase of p21°'PWAF!

MRNA by zinc was obtained by the transcriptional activation or
by the increase of MRNA gability.

s the induction of p21°""A™ dependent only on the zinc-induced ERK activation?
In this study, levels of p21“""A™ mRNA induced by zinc were variable and did not
corrdate directly with ERK activation levels in different colorectal cancer cdl lines
(compare Figure 2B and Figure 6B). These results suggest that unknown factor(s)
may partly be involved in zinc dependent p21°""A™ activation. The presence of an
dternative route for the induction of p21“P"WA™ by zinc was suggested by an
experiment upon the effect of zinc after pre-treating with PD98059 or 0126 a a
concentration higher than 10 nM. While 50 nM of PD98059 completely inhibited the
ERK activities which were increased by ZnCl, at 100 nM, the p21“""A" |eve
decreased but stopped at a certain level after pre-treatment of the cells with more than
10 MM of PD98059 or U0126. Therefore, the amount of p21<""A™* induced by ZnCl
at 100 mM may be partly attributed to a route independent of ERK pathway. What s
the other mechanism(s) to induce p21<""A™ by zinc? In recent studies, it is suggested
that PI3K and PKC are involved in the mechanism of p21“”"*™ induction.*** To

investigate the role of the other candidates, PI3K and PKC, in the induction of
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p21°PWAFL by zinc, we used the PI3K pathway blocker, LY 294002 and the PKC
pathway blocker, GF109203X. We could not observe the ekcrease of the induced
p21“PWAFL level by zinc when cells were pre-treated by these blockers (data not
shown). Therefore, it was suggested that PISK pathway or PKC pathway was not
involved at least in the p21°™"YA™ induction by zinc in colorectal cancer cells.

In this study, it was suggested that the ERK activation dependent induction and
nuclear locaization of p21°""A™ inhibited the colorectal cancer cell growth. The

1 CiPIWAF1L

importance of p2 in the growth control of colorectal cancer cdls, which

depends on ERK signading, is supported by the recent study which showed the
promotion of DNA synthesis by prolonged activation of ERK pathway in p21<P"AF—
null mice™ In addition, a cell cycle arrest caused by the induction of p21°P"A™
acquired by high intensity of Raf-1 signals was abolished in p21°P"AF/- fibroblasts.”®

In the present study, a detailed mechanism for the induction and nuclear localization of

1 CIPWAFL

p2 by zinc followed by the regulation of cdl growth were identified. Here, the

prolonged activation of ERK signaling was found to play an important role in the

Cip/WAF1
1 p

p2 induction by zinc and the negative regulation of colorectal cancer cell
proliferation.

This study suggested that the maintenance of adequate zinc levels may be important
for good health and that at the right dosage zinc usage has the potential to both prevent

and inhibit tumorigenesis of colorecta cells.



V. Conclusion

1. Extracdlular zinc inhibits colorectal cancer cell growth.

2. Zinc induces the strong and prolonged ERK activation through the Raf-1-MEK-

ERK module kinases.

3. Zinc induces the negative cell cycle regulator, p21°*"*™ via the strong and

prolonged ERK activation.

4. The induction of p21°""A™ by zinc is acquired by both p21“""A™ mRNA and

p21<PWAFL orotein levels.

5. Theinduced p21°P"A™ by zinc is localized in the nucleus of colorectal cancer

cdls and involved in the inhibition of colorecta cancer cell growth.
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