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Introduction 
Our preliminary studies had demonstrated that kinase domain of Protein kinase D1, a novel 
serine threonine kinase, interacts with Metallothionein 2A (MT 2A), which belongs to the family 
of small molecular weight proteins called metallothioneins (MT) that scavenge trace metals and 
free radicals and are associated with resistance to chemotherapy and radiation in human cancers 
(1). Our studies further demonstrated the C4-2 prostate cancer cells that express higher levels of 
MT compared to its parental LNCaP cells are selectively more resistant to trace metal containing 
chemotherapy agent cisplatin compared to LNCaP cells (2). Our in vitro experiments also 
demonstrated that MT 2A was phosphorylated by PKD1. Therefore we hypothesized 
““Alteration in MT 2A expression influences chemoresistance to cisplatin in prostate cancer. 
PKC Mu/PKD kinase activity influences sensitivity to cisplatin by MT 2A phosphorylation in 
prostate cancer. The expression of MT 2A is quantitatively increased in progressive human 
prostate cancer”. 
 
We proposed to establish the stated hypothesis through 3 aims. 
 
Aim 1. To determine that alteration in MT 2A expression influences resistance to cisplatin in 
prostate cancer. 
 
Aim 2. Inhibition of PKC Mu/PKD kinase activity and its influences on chemoresistance in 
prostate cancer cells by modulating the phosphorylation of MT 2A. 
 
Aim 3. To quantify and qualitatively evaluate MT 2A protein expression in progressive human 
prostate cancer. 
 
Body 
Task 1: To determine that alteration in MT 2A expression influences resistance to cisplatin in 
prostate cancer. 
 
1a: Effect of MT 2A over expression influences resistance to cisplatin in prostate cancer 
We showed that zinc treatment induced MT expression in LNCaP and C4-2 PCa cells as 
determined by Western blotting and DNA microarray analysis. Chemotherapy and radiation 
sensitivity assays of cells after treatment with cisplatin or radiation were performed in the 
presence, or absence, of 150 microM ZnSO4, and cell viability was measured after 72 hours by 
MTS viability and clonogenic and flow cytometry assays. The experiments were repeated three 
times and the data analyzed. We found that increasing concentrations of ZnSO4 upregulated MT 
expression in a dose-dependent manner. Microarray analysis demonstrated a specific increase in 
MT expression. Cells treated with zinc demonstrated a significantly decreased sensitivity to 
cisplatin and radiotherapy compared with controls (P <0.05). Our data have confirmed that 
treatment of PCa with zinc causes an increase in MT expression, which is significantly 
associated with resistance to cisplatin chemotherapy and radiotherapy in prostate cancer. 
Therapeutic targeting of MT may therefore provide a means to overcome resistance to 
radiotherapy and cisplatin chemotherapy in prostate cancer. The details of the results were 
published in Urology 67:1341-7, 2006. Smith DJ, Jaggi M, Zhang W, Galich A, Du C, Sterrett 
SP, Smith LM, Balaji KC. Metallothioneins and resistance to cisplatin and radiation in prostate 
cancer. (APPENDIX 1) 
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1b: Down regulation of MT2A by RNAi leads to increased sensitivity to cisplatin.  
There are 12 MT isoforms in humans (3). Since the MT members are very similar to each other, 
it became increasingly difficult to design isoform-specific siRNA and to develop isoform-
specific antibody to MT2A. We used the SMARTpoolTM siRNA from Dharmacon/Thermo, 
which consists of four siRNAs targeting MT2A.  The antibody was purchased from Dako which 
recognized all isoforms of human MT proteins.  LNCaP and C4-2 cells were transfected the 
siRNAs and RNAi effect on MT protein was determined by Western blotting.  No significant 
difference was found between targeting and control siRNAs, i.e. the MT protein level did not 
change significantly after siRNA treatment.  We concluded that either the siRNA specificity or 
the antibody specificity is a continuing problem, which cannot be resolved within the scope of 
this grant.  
 
Task 2. Inhibition of PKC Mu/PKD kinase activity and its influences on chemoresistance in 
prostate cancer cells by modulating the phosphorylation of MT 2A. 
 
Nuclear expression of MT is associated with resistance to chemotherapy (4) and therefore, we 
developed an experimental model by promoting nuclear expression of MT as read out assay 
following alteration of PKD1 activity. To monitor possible interaction between PKD1 and MT 
family, we chose MT2A which was found interacting with PKD1 in a yeast 2-hybrid test. Two 
forms of MT2A constructs were made. One is wild-type MT2A tagged by red fluorescence  

 
 
 
 
 
 
 

 
 

 various 
enomic integrations of the MT2A expression vectors.  

cells expressing cytoplasmic or nuclear MT2A.   We compared cell viability using MTS assay.  

Fig.1. LNCaP stable cell lines that express 
wild type (Left) and nuclear localized 
MT2A (Right). The MT2A is tagged by red 
fluorescence protein. Images were taken by 
an Olympus IX51 fluorescence microscope 
at 200X.  

protein (DsRed), which localized to
cytoplasm (Fig.1); the other is nuclear
MT2A, which fused an SV40 nuclear 

localization signal (NLS) and tagged by DsRed (Fig.1).  The constructs were transfected into 
LNCaP cells. The stable cells were selected by Fluorescence Activating Cell Sorting (FACS) 
from pools of at least 10,000 cells, so the population of each cell line is a mixture of

LNCaP- pDsRed/MT-2A wt LNCaP- pDsRed/MT-2A Ncl

g
 
The first question we asked was if there was any difference in resistance to cisplatin between 
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As seen in Fig.2, parental LnCaP cells are sensitive to 5 uM of Cisplatin at which about 50% 
cells are dead (left panel). Wild type MT2A, which mainly remains in cytoplasm (Fig. 1) did not 
provide protection against cisplatin (middle panel). In contrast, LNCaP cells nuclear MT2A were
not sensitive to 10 uM cisplatin (right panel). Even in the presence of up to 50 uM cisplatin, the 
survival rate was still higher compared to controls.  These results demonstrate that only MT2A in
nucleus can pro

 

 
tect LNCaP cells from cisplatin.  This is consistent with MT’s role in protecting 

NA damage. 

 

 

d a 

 
(Fig. 3B).  The PKD1 levels in wild-type MT2A LNCaP cells were also manipulated by either 

D
 

 
To test if PKD1 activity influences MT nuclear transport, PKD selective inhibitor Go6976 an
control molecule Go6983 (CalBiochem) were added to MT2A transfected LNCaP cells and 
incubated overnight.  However, no significant difference was observed between the two groups

Fig.2.  LNCaP cells with nuclear MT2A, but not increased cytoplasmic expression of MT2A,  
demonstrate increased resistance to cisplatin treatment. Actively growing LNCaP and MT 2A 
transfected LNCaP cells were plated at 5000 cells per well of a 96 well plate in FBS free RPMI for 24 
hours, and media was then changed to RMPI media with 10% FBS and treated cells by adding cisplatin 
with various concentrations of 0, 1, 5, 10, 20 and 50 mM. Growth and viability assessed by MTS assay 
at 3 days. Each experiment was carried out in triplicate. 

Fig. 3. Manipulation of PKD1 activity did not change wild-type MT2A subcellular 
localization. (A). Hydrogen peroxide treatment induces MT2A nuclear translocation. MT2A
transfected LNCaP cells treated with 10uM H2O2 for indicated times. After 1 hour, MT2A
moved into nuclei. This experiment is used as a positive control. (B) Inhibition of PKD1 
activity by small molecule inhibitor Go6976 did not induce MT2A tr

 
 

anslocation. (C) Up- or 
down-regulation of PKD1 did not affect MT2A subcellular location.
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over-expression or knockdown by specific siRNA. No significant difference of cytoplasmic or 
nuclear localization of MT 2A was observed between the treatment groups (Fig.3C).  
 
Next, we measured on LNCaP cell viability and resistance to cisplatin in the presence of PKD 
selective inhibitor Go6976.  Parental and MT2A stable cell lines were treated with a serial 
concentration of cisplatin in the presence or absence of Go6976.  MTS assay were carried out at 
3 days.  As seen in Fig. 3, in the absence of cisplatin, Go6976 (0.1 uM) shows cytotoxicity to 
parental (left panel) and wild type MT2A LNCaP (middle panel) cells, either by inhibiting of 
PKD or by general toxicity.  However, LNCaP cells with nuclear MT2A are resistant to the 
toxicity in the absence of cisplatin (right panel), further suggesting that nuclear MT2A play an 
important role in detoxification. In the presence of cisplatin, LNCaP cells with nuclear MT2A 
were sensitive to the even lowest concentration of cisplatin (5 uM), suggesting that inhibition of 
PKD may reduce cell viability (compare right panels in Figs.2 and 3).  
 
 
 
 
 
 
 
 
 
 
 
  
  

Fig.4. Nuclear expression of MT2A prevents decreased cell viability caused by PKD1 inhibitor 
GO6976 in LNCaP cells. 

 
It should note that manipulating the expression of PKD1 significantly change cell proliferation, 
motility and invasion (5). Loss of PKD1 expression was associated with increased expression of 
the pro-survival molecular markers survivin, beta-catenin, cyclin-D, and c-myc, whereas 
overexpression of PKD1 resulted in an increase of caspases. However, the inhibitory effect of 
PKD1 on cell proliferation was rescued by coexpression with beta-catenin, suggesting PKD1 
action was mediated by beta-catenin, but not MT2A.  
 
Experiment 2: Determination of MT 2A phosphorylation using phosphoserine specific antibodies 
and kinase assays in cells treated with PKC inhibitors; 
 
We attempted to demonstrate MT2A phosphorylation by PKD1 using GST tagged MT2A, but 
our study failed to demonstrate MT2A by PKD1 suggesting that PKD1 may influence MT 
function through subcellular localization.  
 
Task 3: To quantify and qualitatively evaluate MT 2A protein expression in progressive human 
prostate cancer. 
 
Methods: Search patient records, identify cohort of about 20 patients for study, obtain tissue 
samples, stain and process tissue. QFIA and IHC analysis of slides, analysis of data. 
Timeframe: 6-36 months 
Deliverable: Demonstrate MT 2A alteration in human prostate cancer tissue.  
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We have summarized below the results reported in our prior annual reports.  
 
IMMUNOHISTOCHEMISTRY (IHC) ANALYSIS OF MT EXRESSION IN PROSTATE CANCER:  
We carried out immunohistochemistry (IHC) studies on a total of 33 human paraffinzed prostate 
cancer tissue specimens. Adequate grading information was available in 31 of these specimens, 
of which 20 and 11 specimens consisted of Gleason 5-6 and Gleason 7-10 respectively. MT 
expression was demonstrable in both nucleus and cytoplasm of prostate cancer cells. However, 
there was no significant difference in expression of MT between various grades of prostate 
cancer, pathological stage or serum preoperative prostate specific antigen (PSA) levels (Table 1). 
 

 
 

 
MT staining 

 
 

 
 

 
absent (1-) 
(n=10) 

 
present 
(n=23)  

 
P-value 

 
Gleason 
     5-6 
     7-10 

 
 
6 (60%) 
4 (40%) 

 
 
14 (67%) 
7 (33%) 

 
 
1.00 

 
Stage 
     2 
     3-4 

 
 
8 (80%) 
2 (20%) 

 
 
19 (83%) 
4 (17%) 

 
 
1.00 

 
PSA 
     0 - 4 
     > 4 

 
 
- 
9 (100%) 

 
 
3 (17%) 
15 (83%) 

 
 
0.53 

 
Because we were unable to demonstrate difference in MT expression by IHC studies, we have 
started to explore MT protein expression by Quantitative Fluorescence Image Analysis (QFIA), 
which is more sensitive than IHC in detecting differences in protein expression. 
 
QUANTITATIVE FLUORESCENCE IMAGE ANALYSIS OF MT EXRESSION IN PROSTATE CANCER: 
QFIA represents a sensitive and reproducible technique for quantifying protein expression. We 
established the optimum antibody titers and incubation times for analyzing MT expression in 
LNCaP prostate cancer cells. A concentration of 50,000 LNCaP cells were harvested, fixed and 
stored at -800C.  One to three days prior to fluorescence labeling, cyropreserved suspensions 
were thawed, captured by filtration units, cells blotted and fixed onto slides.  Slides are then 
labeled using a BioGenex autostainer first with the primary antibody (Anti-MT) followed by 
secondary antibody (goat anti-mouse IgG coupled with Alexa Fluor 488 Molecular Probes). We 
have determined the optimal primary (1/200, Anti-MT) and secondary antibody (1/100, 
Molecular Probe) concentrations for detecting metallothionein expression in LNCaP cells. We 
have also determined optimal antibody incubation times for each (1 hour for each antibody). 
Negative controls were treated with mouse IgG Isotype control rather than primary antibody.  
Expression was quantified using the mean pixel intensity of the fluorescence signal following 
image capture (Fig 5).  
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Figure 5; Quantifiable fluorescent signals following labeling of fixed LNCaP cells with MT 
antibody at concentrations of 1:100 or 1:200. A concentration of 1:200 produces better signal 
intensity 

  
We attempted to carry out similar optimization studies using parafinized prostate tissues. 
Unfortunately, we were unable to quantify MT expression using this technique. Therefore, study 
was limited to IHC analysis. 
 
Key Research Accomplishments 
We have confirmed that MT induction by Zn increases resistance to cisplatin in prostate cancer 
cells. In the process of establishing this result, we have developed an excellent physiologically 
relevant prostate cancer cell line model system to study the effects of MT expression by Zn. We 
were unable to demonstrate significant difference in cytoplasmic or nuclear expression of MT 
between various grades of prostate cancer, suggesting that MT expression may not be associated 
with prostate cancer progression. Moreover, PKD1 influences MT function through subcellular 
localization and MT may not be a common substrate for PKD1 kinase activity. 
 
Reportable Outcomes 

1. David J Smith, Meena Jaggi, Prema Rao, Anton Galich, Wenguang Zhang and K.C. 
Balaji; Expression of Metallothioneins is Associated with Resistance to Cisplatin and 
Radiation in Prostate Cancer Cells (Urology. 2006 Jun;67(6):1341-7) (APPENDIX 1) 

 
2. David J. Smith, Meena Jaggi, Lynette M. Smith, K.C. Balaji: Expression of 

Metallothioneins is Associated with Resistance to Both Cisplatin Chemotherapy and 
Radiation in Prostate Cancer Cells, SCS, AUA, 84th Annual Meeting, Austin, Texas, 
Abstract #49, 9/05 

 
3. David J Smith, Meena Jaggi, Prema S Rao, Lynette M Smith, K.C. Balaji,  Expression of 

Metallothioneins is Associated with Resistance to Both Cisplatin Chemotherapy and 
Radiation in Prostate Cancer Cells; J Urol, Vol 173, No: 4, Abs 397, 2005 

 
4. Narassa Narayani and K.C. Balaji, Metallothioneins and Prostate Cancer, Chapter 10, in 

Metallothioneins in Biochemistry and Pathology, Edited by Poalo Zatta, Published by 
World Scientific, 2008 (APPENDIX 2) 
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Conclusions 
MT expression is strongly associated with resistance to cisplatin chemotherapy in human 
prostate cancer cells.  
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METALLOTHIONEINS AND RESISTANCE TO CISPLATIN AND
RADIATION IN PROSTATE CANCER

DAVID J. SMITH, MEENA JAGGI, WENGUANG ZHANG, ANTON GALICH, CHENG DU,
SAMUEL P. STERRETT, LYNETTE M. SMITH, AND K. C. BALAJI

ABSTRACT
bjectives. The metallothioneins (MTs) are a family of small molecular weight trace metal and free radical

cavenging proteins well established to play a role in the resistance to chemotherapy and radiotherapy in
uman cancers. MT gene expression is upregulated in response to the presence of metal ions such as zinc.
ecause prostatic tissue has the greatest concentration of zinc in the human body, in this study we analyzed
he effect of MT induction by zinc in prostate cancer (PCa).
ethods. The activation of MT gene expression in response to zinc treatment in LNCaP and C4-2 PCa cells
as shown by Western blotting and DNA microarray analysis. Chemotherapy and radiation sensitivity assays
f cells after treatment with cisplatin or radiation were performed in the presence, or absence, of 150 �M
nSO4, and cell viability was measured after 72 hours by MTS viability and clonogenic and flow cytometry
ssays. The experiments were repeated three times and the data analyzed.
esults. Increasing concentrations of ZnSO4 upregulated MT expression in a dose-dependent manner.
icroarray analysis demonstrated a specific increase in MT expression. Cells treated with zinc demonstrated
significantly decreased sensitivity to cisplatin and radiotherapy compared with controls (P �0.05).
onclusions. Our data have confirmed that treatment of PCa with zinc causes an increase in MT expression,
hich is significantly associated with resistance to cisplatin chemotherapy and radiotherapy in PCa. Thera-
eutic targeting of MT may therefore provide a means to overcome resistance to radiotherapy and cisplatin
hemotherapy in PCa. UROLOGY 67: 1341–1347, 2006. © 2006 Elsevier Inc.
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he prostate gland is distinct from other organs
in the human body by its unusually high con-

entration of zinc (150 �g/g wet weight compared
ith 20 to 50 �g/g wet weight in other organs).1
mong the genes responsive to zinc induction, me-

allothioneins (MTs) are an important family of
roteins associated with resistance to chemother-
py and radiotherapy in human cancers.2 Several
eports have demonstrated MT overexpression to
e a useful prognostic factor for tumor progression
nd implicated in causing resistance to chemother-

his work was supported by a seed grant from the University of
ebraska Foundation, Omaha, Nebraska and by a grant from the
epartment of Defense/PC Research grant PC040484.
From the Department of Surgery, Division of Urology and De-

artment of Preventive and Societal Medicine, University of Ne-
raska Medical Center, Omaha, Nebraska

Reprint requests: K. C. Balaji, M.D., Division of Urology,
4868, University of Massachusetts Memorial Medical Center,
5 Lake Avenue North, Worcester, MA 01655. E-mail:
alajik@ummhc.org

Submitted: June 16, 2005, accepted (with revisions): December

R4, 2005

2006 ELSEVIER INC.
LL RIGHTS RESERVED
py in a variety of human cancers.3–5 The MT 1A,
T 1E, MT 1X, and MT 2A isoforms of the MT

ene have been found in normal human prostatic
issue.6 Because MTs are trace metal-responsive
enes, we evaluated the effect of MT induction by
inc on resistance to radiotherapy and cisplatin
reatment in prostate cancer (PCa) cells, which
ay provide unique opportunities to manipulate

he cellular events in a prostate cell.

MATERIAL AND METHODS

ESTERN BLOTTING OF ZnSO4 TREATED CELLS
LNCaP and C4-2 PCa cells were plated in six-well plates

3 � 105 cells/well) in the presence of 0, 25, 50, 100, 150 �M
nSO4 or 150 �M MgSO4 and grown for 72 hours. The cells
ere then lysed, and Western blotting was performed as pre-
iously described7 using E9 MT antibody (Dako, Carpinteria,
alif), anti beta-actin antibody (Sigma Chemical, St. Louis,
o), and horseradish peroxidase-conjugated secondary anti-

odies (Promega, Madison, Wis).

LIGONUCLEOTIDE ARRAY GENE EXPRESSION ANALYSIS
DNA microarray experiments were done using 40 �g total
NA extracted from LNCaP or C4-2 cells treated with or with-

0090-4295/06/$32.00
doi:10.1016/j.urology.2005.12.032 1341
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ut 150 �M ZnSO4. DNA oligonucleotide microarray slides
ere obtained from our institutional core facility. These slides

ontain DNA oligomers representing 12,144 known human
enes and a selection of expressed sequence tags of unknown
enes. Hybridizations were performed by the microarray core
acility according to standard protocols and scanned with a
canArray 4000 confocal laser system (Perkin-Elmer, Welles-
ey, Mass). The background fluorescence was subtracted and
ormalization and filtering of the data were performed using
he QuantArray software package (Perkin-Elmer). Next, ex-
ression ratios were calculated for each feature and linear re-
ression values calculated for the data in each experiment.

ELL GROWTH AND VIABILITY ASSAY
The effect on cell growth and viability of C4-2 PCa and

P70 ovarian cancer cells treated with increasing concentra-
ions of ZnSO4 or MgSO4 (0 to 200 �M) were studied by MTS
ssay using the manufacturer’s protocol (Promega).

HEMOTHERAPY AND RADIOTHERAPY

ENSITIVITY ASSAYS
LNCaP and C4-2 cells were plated in 96-well plates (5 � 103

ells/well) in the presence or absence of 150 �M ZnSO4. The
ells were then incubated at 37°C for 24 hours, before the
ddition of cisplatin at concentrations of 0, 2, 5, 10, 20, and 50
M and incubated for an additional 72 hours. Cell growth and
iability was measured by the MTS assay, absorbance readings
ere measured at wavelengths of 490 and 655 nm, and these
alues were then normalized to the absorbance of untreated
ontrol cells. The experiments were performed in triplicate
nd the mean values compared.

For the radiation experiments, we used a dose of 5 Gy of
amma-radiation (Gammaradiator 100), which caused signif-
cant cell mortality (30% to 40% of treated cells) but not com-
lete cell death, and cell growth and viability were measured
y MTS assay after 72 hours, as described above. The experi-
ents were performed in triplicate, and the mean values of the

rradiated and nonirradiated cells treated with or without
nSO4 were compared after correction of zinc-induced mild
ytotoxicity.

ELL CYCLE AND APOPTOSIS ASSAY BY

LOW CYTOMETRY
The LNCaP and C4-2 cells were grown at a density of about
� 105 cells on 25-cm2 dishes, as described previously, and

reated with 10 �M cisplatin or a gamma-radiation dose of 5 Gy,
n the presence or absence of 150 �M ZnSO4 for 48 hours. The
ells were trypsinized, centrifuged, washed in phosphate-buff-
red saline, fixed with cold ethanol for 15 minutes, resus-
ended, and stained with Telford reagent at 4°C overnight.8

ll flow cytometry measurements were done using the FACS
alibur flow cytometer (BDIS, San Jose, Calif), and data from
t least 10,000 cells were collected using ModFit LT, version
.0, for cell cycle and apoptosis. Apoptosis was reported as a
ercentage of cells in the sub-G0 peak.

LONOGENIC ASSAYS
LNCaP and C4-2 cells were plated in six well plates (3 � 105

ells/well) and treated with 10 �M cisplatin or a gamma-radi-
tion dose of 5 Gy (Gammaradiator 100) in presence or ab-
ence of 150 �M ZnSO4 for 48 hours. Drug-containing media
ere removed, and the cells were incubated in drug-free media

or 2 weeks. The colonies were then fixed, stained by Protocal
tain (Fisher Scientific, Middletown, Va) according to the

anufacturer’s protocol, and counted. t
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TATISTICAL ANALYSIS
A mixed analysis of variance model was used to compare the
ean values between groups. Chi-square tests were used to

ompare the amount of apoptosis between groups. When sig-
ificance was found between groups, pairwise tests were con-
ucted, and the Bonferroni method was used to adjust the
values for multiple comparisons. The Wilcoxon rank sum

est was used to compare the clonogenic assay results between
he cisplatin and cisplatin plus zinc groups. P �0.05 was con-
idered statistically significant. Statistical Analysis System
SAS Institute, Cary, NC) software was used for the analysis.

RESULTS

FFECT OF ZINC ON CELL GROWTH AND VIABILITY OF

Ca CELLS

As shown in Figure 1A, although the concentra-
ion of ZnSO4 up to 200 �M did not significantly
ffect the viability of the PCa cells, most control
varian cancer CP70 cells died at concentrations
reater than 50 �M. These results demonstrate the
haracteristic tolerance of C4-2 PCa cells to high
oncentrations of zinc.

NDUCTION OF MT EXPRESSION BY ZnSO4
Treatment of LNCaP and C4-2 cells with increas-

ng concentrations of ZnSO4 induced MT protein
xpression (Fig. 1B). The expression of protein ki-
ase D1, used as a control, was unaltered by
nSO4. The addition of 150 �M MgSO4 to LNCaP
nd C4-2 cells did not affect the expression of MT,
onfirming the specificity of induction of MT by
inc (Fig. 1C).

ICROARRAY ANALYSIS CONFIRMED MT INDUCTION IN

NCaP AND C4-2 CELLS BY ZnSO4
The gene induction by ZnSO4 in both LNCaP

nd C4-2 cells showed similar patterns (Fig. 1D,E).
inear regression values were greater than 0.9 for
ll data sets, indicating a high degree of linearity.
nly 40 (0.33%) and 26 (0.21%) of 12,144 genes
ere differentially expressed between the treated

nd untreated samples in the LNCaP and C4-2
ells, respectively. Within the tiny fraction of the
ifferentially expressed genes between the treated
nd untreated samples, MT 1 and MT 2 were
trongly upregulated in both cell lines. The MT 3
uorescence signal was low in both cell lines sug-
esting low cellular expression, which concurs
ith the published data that MT3 is expressed pre-
ominantly in neuron cells.9 Although a number of
enes were upregulated, only two genes in LNCaP
nd nine genes in C4-2 were significantly down-
egulated, none of which were highly expressed
Tables I and II). We have established that treat-
ent of PCa with zinc is an excellent in vitro model
o study the effects of MT induction.
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REATMENT OF PCa CELLS WITH ZINC INDUCES

ISPLATIN RESISTANCE

We incubated the LNCaP and C4-2 cells for 72
ours in the presence or absence of 150 �M ZnSO4
nd increasing concentrations of cisplatin. The
nhibitory concentration (IC50) for cisplatin-in-
uced cell death was 10 �M in cells not treated
ith ZnSO4 and was therefore selected as the study

oncentration for the clonogenic and apoptosis as-

IGURE 1. (A) C4-2 PCa cells characteristically tolerat
ells and CP70 ovarian cancer cells (control) were grow
t 37°C for 72 hours. Cell growth and viability were mea
roliferation assay kit (Promega). Although C4-2 PCa
espite high concentrations of ZnSO4 (up to 200 �M), m
han 50 �M. (B,C) MT expression was upregulated by
n six-well plates 24 hours before the addition of increa
ncubation, cells were lysed and analyzed by Western b
B) Lanes 1 to 4 show LNCaP cells and lanes 5 to 8 sho
ositions of protein markers shown on left. Protein kina

ts expression was not affected by zinc treatment. MT
nduction of MT expression in response to increasing ZnS
0 kDa. (C) Induction of MT expression in LNCaP and
gSO4 treated cells. (D,E) Alterations in gene expressio

how gene expression ratio changes in (D) LNCaP and (
ots above upper dashed line indicate genes expressed
inc. MT isoforms visible as most highly upregulated ge
enes whose expression did not change significantly (les
xpressed significantly (more than 2 logs) less in cells tr
oints.
ays (Fig. 2A,B). The cells treated with ZnSO4 were r
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ignificantly (P �0.005) more resistant to cisplatin
t all study concentrations, strongly suggesting an
ssociation between MT induction and resistance
o cisplatin in PCa.

INC INCREASED PCa CELL RESISTANCE TO

AMMA RADIATION

In addition to cisplatin resistance, MTs contrib-
te to radiation resistance by scavenging the free

eatment with high concentrations of ZnSO4. C4-2 PCa
80% in presence of ZnSO4. Cells were then incubated
d by MTS assay using the aqueous nonradioactive cell
did not demonstrate significant decreases in viability
P70 ovarian cancer cells died at concentrations greater
4, but not MgSO4. LNCaP and C4-2 cells were plated
concentrations of ZnSO4 or MgSO4. After 72 hours of

ng (as described in the Material and Methods section).
4-2 cells treated with 0, 50, 100, and 150 �M ZnSO4.
1 was visible as band 120 kDa in size in all lanes, and
ession clearly increased in a dose-responsive manner.
concentration shown by increase in band size at around

cells treated with ZnSO4, with no induction of MT in
LNCaP and C4-2 cells by 150 �M ZnSO4. Scatter plots
-2 cell lines in presence or absence of 150 �M ZnSO4.

nificantly (more than 2 logs) more in cells treated with
at top of each plot. Dots within dashed lines represent
n 2 logs). Dots below lower dashed line indicate genes

d with zinc. R2 values indicate linear regression of data
ed tr
n to
sure

cells
ost C
ZnSO
sing
lotti
w C
se D
expr
O4

C4-2
n in
E) C4

sig
nes
s tha
eate
adicals generated by ionizing radiation.10 We ex-
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* 50 �M

1

lored whether induction of MT expression in-
reased the resistance of PCa cells to gamma radi-
tion (Fig. 2C). The difference in the resistance to
adiation between zinc-treated and untreated cells
as highly significant (P �0.001), indicating that

he addition of 150 �M zinc induced a protective

TABLE I. Balanced expressio
microarray analysis of LNCaP c

Gene Name

Upregulated
Hemopexin
Metallothionein 1L
Fetal brain cDNA H62G
Metallothionein 2A
Metallothionein (all)
Putative glycine-N-acyltransferase (GA
Metallothionein 1G
Melanoma antigen, family B4 (MAGEB
Metallothionein 1R
Deleted in colon cancer (DCC)

Downregulated
Stanniocalcin 2
FLJ22209 fis, clone HRC01496

* All genes with �5 logs upregulation and �2 logs downr

TABLE II. Balanced expression ratios of gene
treated with 1

ene Name

pregulated
Metallothionein (all)
Hemopexin
Fetal brain cDNA H62G
Metallothionein 1L
Metallothionein 1R
Metallothionein 1G
Putative glycine-N-acyltransferase (GAT)
Melanoma antigen, family B 4 (MAGEB4)
Deleted in colon cancer (DCC)
Metallothionein 2A
KIAA0939 protein
Solute carrier family 16 member 2SLC16A2
Member RAS oncogene family RAB33A
cDNA DKFZp434C107
ownregulated
G protein alpha 13 (GNA13)
Small GTP-binding protein (RAB1B)
Acid phosphatase 1 soluble (ACP1), transcript variant A
BAI1-associated protein 2 (BAIAP2), transcript variant
Membrane metallo-endopeptidase (MME), transcript va
Hypothetical protein FLJ20523
Oxoglutarate dehydrogenase (lipoamide) (OGDH)
Myc-associated zinc-finger protein of human islet
XS137

All genes with �5 logs upregulation and �2 logs downregulation in response to 1
ffect against radiation damage in both cell lines. w

344
REATMENT OF PCa CELLS WITH ZINC DECREASED

ISPLATIN AND RADIATION-INDUCED APOPTOSIS

Flow cytometric analyses were performed, and
he apoptotic cell populations in the sub-G1 phase
ere quantified. A significant decrease in cell
eath occurred in LNCaP and C4-2 cells treated

tios of gene expression from
treated with 150 �M ZnSO4*

Genbank ID
Balanced

Expression Ratio

J03048 26.1
S68954 21.0
Z70717 15.9
NM 005953 12.9
X64177 9.8
NM 005838 7.9
S68954 6.0
NM 002367 5.9
X97261 5.1
S81335 5.0

NM 003714 3.4
AK025862 2.0

ion in response to 150 �M ZnSO4 treatment shown.

ression from microarray analysis of C4-2 cells
�M ZnSO4*

Genbank ID
Balanced

Expression Ratio

X64177 46.1
J03048 33.4
Z70717 31.6
S68954 24.3
X97261 15.5/4.8
S68954 11.9
NM 005838 11.4
NM 002367 10.6
S81335 9.3
NM 005953 9.3
AB023156 6.7
NM 006517 6.5
NM 004794 5.8
AL133645 5.0

NM 006572 2.4
U66621 2.4
NM 004300 2.3
NM 017450 2.2

t 2b NM 007289 2.1
NM 017862 2.1
NM 002541 2.1
D85131 2.0
Z36875 2.0

ZnSO4 treatment shown.
n ra
ells

T)

4)
exp
50

1
rian
ith cisplatin (LNCaP, 10%; LNCaP plus cisplatin,
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0.64%; LNCaP plus cisplatin plus zinc, 16.64%;
4-2, 8.73%; C4-2 plus cisplatin, 14.24%; C4-2
lus cisplatin plus zinc, 9.12%; P �0.001; Fig. 2D1
o 2D3) or radiation (LNCaP, 1.05%; LNCaP plus
adiation, 9.26%; LNCaP plus radiation plus zinc,
.17%; C4-2, 0.34%; C4-2 plus radiation, 6.35%;
4-2 plus radiation plus zinc, 1.13%; P �0.001;
ig. 2E1 to 2E3) after pretreatment with zinc com-
ared with untreated cells. No changes were found

n the cell cycle phases. In an effort to establish that
nhibition of apoptosis by ZnSO4 in PCa cells
reated with cisplatin or radiation persists to influ-
nce cell growth, we performed clonogenic assays.

IGURE 2. Cisplatin dose-response experiments on (A) L
oses of 0 to 50 �M, with cell viability measured at 3 days
iability were measured by MTS assay, absorbance rea
verage absorbance for each cell line and drug concentra
ata points for zinc-treated cells shown as squares and th
f LNCaP and C4-2 cells in presence of 150 �M ZnSO4. LN
6-well plates, and incubated overnight in the presenc
xperiment. Cells were then exposed to 5 Gy of gamma-ra
iability were measured by MTS assay. Experiments were
hown as bar graph comparing cells exposed to radiation
tandard error. (D,E) Analysis of apoptosis by flow cytome
n presence or absence of 150 �M of ZnSO4 for 48 hours w
eak) in cells treated with ZnSO4 compared with untrea
4.24%; C4-2 cells plus cisplatin plus zinc, 9.12%; P �0.
.35%; C4-2 cells plus radiation plus zinc, 1.13%; P �0.0
emonstrating increased number of colonies in C4-2 cells
o G2) and 150 �M of ZnSO4 compared with cells not tre
he number of colonies was significantly increased o
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n LNCaP and C4-2 cells treated with zinc and
isplatin (median 104.5, range 102 to 108, median
8.5, range 30 to 45; P � 0.03, Fig. 2F1 to 2F2) and
ncreased twofold in the zinc and radiation group
ompared with the cisplatin or radiation-treated
ells without zinc (LNCaP cells, 99 and 56; C4-2
ells, 98 and 48; Fig. 2G1 to 2G2).

COMMENT

The results of the present study have established
n excellent in vitro cell line model to study the
ffect of MT expression in PCa. The results from

P and (B) C4-2 cells. Experiments performed at cisplatin
h experiment was performed in triplicate. Cell growth and
s were taken at wavelengths of 490 and 655 nm, and
was calculated. Error bars indicate mean standard error.
for untreated cells as diamonds. (C) Radiation sensitivity
and C4-2 cells were grown to 80% confluence, plated in
absence of 150 �M ZnSO4, as described in previous

on, grown for an additional 72 hours, and cell growth and
formed in triplicate, and mean values compared. Results
resence or absence of 150 �M ZnSO4. Error bars show
C4-2 cells treated with 10 �M cisplatin or 5-Gy radiation
analyzed. Significant decrease in apoptosis (Box, sub-G0

cells (C4-2 cells, only 8.73%; C4-2 cells plus cisplatin,
[D1 to D3], C4-2 cells, 0.34%; C4-2 cells plus radiation,
E1 to E3]). (F,G) Representative view of clonogenic assay
ed with 10 �M cisplatin (F1 to F2) or 5-Gy radiation (G1
with ZnSO4.
NCa
. Eac
ding
tion
ose
CaP

e or
diati
per
in p

try.
ere
ted
001
01 [
ur microarray analysis have confirmed that zinc
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reatment induces 0.33% of the 12,144 genes stud-
ed, of which the predominant are the MTs. Others
ave studied the effect of MT induction using zinc
hloride on the resistance to cisplatin in mice.11

lthough such studies have helped to establish the
ole of MTs in the resistance to chemotherapy, the
se of compounds such as mercury at study con-
entrations are usually toxic to humans and may
ot be translatable to human use. Because our ex-
erimental system used a high zinc concentration
imilar to that of the human prostate, the results
ay be more readily translated to clinical settings.

ecause PCa is a multifocal disease, high concen-
rations of zinc in normal-appearing prostatic tis-
ue surrounding the cancerous tissue may influ-
nce the phenotypic behavior of the neighboring
ancerous tissue. Although our experiments simu-
ated the in vivo conditions of a high zinc concen-
ration, the caveat is that zinc concentrations
ithin the heterogenous population of cells in the
rostate vary; therefore, our in vitro experiments
ay not have truly replicated the prostate micro-

nvironment.
The results of our study have demonstrated a

ignificant association between MT induction and
esistance to cisplatin in PCa cells. Others have
emonstrated the presence of an MT-like zinc-
inding protein in PCa cell lines exhibiting relative
esistance to cisplatin, and nuclear localization of
T has been shown to be associated with cisplatin

esistance in PCa cell lines.12,13 Although addi-
ional work is necessary to understand the mecha-
istic basis of MT-induced resistance to cisplatin
hemotherapy, it is conceivable that MTs may
unction as an effective scavenger of trace metals,
ncluding platinum, which may render cisplatin
neffective in PCa. Although no specific MT inhib-
tor has yet been described, inhibition of cysteine
ynthesis by propargylglycine has been shown to
ignificantly reduce MT induction in mice inocu-
ated with human or murine bladder tumor cells,
hich markedly enhanced the antitumor activity
f cisplatin and other drugs.14 Because MTs may be
herapeutically manipulated, additional studies are
eeded to explore MTs as a biomarker for the che-
osensitivity of PCa to cisplatin treatment and

ossibly improve the efficacy of cisplatin as a ra-
iosensitizer.
Our results have also demonstrated that MT in-

uction is associated with significant resistance to
adiotherapy in PCa. Radiotherapy fails in a few
atients with PCa. Disease recurrence after radio-
herapy has been shown to be reduced by the use of
eoadjuvant and adjuvant therapy in combination
ith radiotherapy.15 Radiation causes injury to

ells by inducing double-strand breaks in DNA
hrough free-radical production.16 Understanding

he role of MTs in the resistance to radiotherapy J

346
ay provide novel strategies for improving radia-
ion sensitivity. We have previously shown that

T 2A, the predominant MT isoform expressed
n the prostate, interacts with protein kinase D1
n vitro and in vivo.17 The activity of protein kinase
1 can be altered by drugs such as bryostatin-1,
hich may influence the function of MTs. Alterna-

ively, small molecular inhibitors can also be devel-
ped to influence the activity of MTs in PCa. Be-
ause the prostate gland in humans is readily
ccessible to imaging and therapeutic intervention
uch as direct needle injections, drugs altering MT
ctivity may be administered directly into the pros-
ate as a part of preparation for radiotherapy.
Our present study was limited to experiments

erformed using well-established PCa cell lines.
dditional in vivo studies are needed to validate

hese findings. Although our data suggest a strong
nd significant association between MT induction
nd resistance to radiotherapy and cisplatin treat-
ent, additional studies are needed to establish a

irect causal relationship. Because resistance to
isplatin and radiotherapy can be due to a multi-
ude of factors, altering the activity of MTs in PCa
ells may not result in reversal of resistance to
reatment in patients with PCa. Nevertheless, our
tudy has established a useful model of MT induc-
ion by high concentrations of zinc similar to those
n the human prostate gland and has provided
trong evidence supporting the potential role of
Ts in PCa cells.

CONCLUSIONS

We have established an excellent in vitro cell line
odel system to study MTs in PCa. Our results

uggest that MT induction by zinc is associated
ith resistance to cisplatin and radiotherapy in
Ca cells. Therapeutic targeting of MTs may there-

ore provide a means to overcome cisplatin and
adiation resistance in PCa, although the varying
oncentrations of zinc within the heterogeneous
opulation of prostate cells may pose additional
herapeutic challenges.

ACKNOWLEDGMENT. To the Cell Analysis Facility at UNMC,
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