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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 (M T) that scavenge trace metals and
free radicals and are associated with resistance to chemotherapy and radiation in human cancers
(2). 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 ateration in MT 2A expression influences resistance to cisplatinin
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.

la: 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 ZnS04, 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 increasein 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, Balgji 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 SSRNA and to devel op isoform-
specific antibody to MT2A. We used the SMARTpool ™ siRNA from Dharmacon/Thermo,
which consists of four sSRNAs 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 SRNAS, i.e. the MT protein level did not
change significantly after SRNA treatment. We concluded that either the SSRNA 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 ayeast 2-hybrid test. Two
forms of MT2A constructs were made. One is wild-type MT2A tagged by red fluorescence

Fig.1. LNCaP stable cell lines that express
wild type (Left) and nuclear localized
MT2A (Right). The MT2A istagged by red
fluorescence protein. Images were taken by
an Olympus I X51 fluorescence microscope
at 200X.

protein (DsRed), which localized to
LNCaP- pDsRed/MT-2A wt LNCaP- pDsRed/MT-2A Ncl cytoplasm (Fi g.l); 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 lineisamixture of various
genomic integrations of the MT2A expression vectors.

Thefirst question we asked was if there was any difference in resistance to cisplatin between
cells expressing cytoplasmic or nuclear MT2A. We compared cell viability using MTS assay.
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Fig.2. LNCaP cellswith 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 mediawith 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.

Asseenin 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 (middlie 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 protect LNCaP cells from cisplatin. Thisis consistent with MT’ srolein protecting
DNA damage.

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 H202 for indicated times. After 1 hour, MT2A
moved into nuclel. This experiment is used as a positive control. (B) Inhibition of PKD1
activity by small molecule inhibitor Go6976 did not induce MT2A translocation. (C) Up- or
down-regulation of PKD1 did not affect MT2A subcellular location.

Totest if PKD1 activity influences MT nuclear transport, PKD selective inhibitor Go6976 and a
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. 3B). The PKD1 levelsin wild-type MT2A LNCaP cells were also manipulated by either



over-expression or knockdown by specific SSRNA. 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 seria
concentration of cisplatin in the presence or absence of Go6976. MTS assay were carried out at
3days. AsseeninFig. 3, inthe 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 cellswith 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 panelsin Figs.2 and 3).
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Fig.4. Nuclear expression of MT2A prevents decreased cell viability caused by PKD1 inhibitor
GO6976 in LNCaP cdlls.

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 PK D1 may influence M T
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 processtissue. QFIA and IHC analysis of slides, analysis of data.
Timeframe: 6-36 months

Deliverable: Demonstrate MT 2A alteration in human prostate cancer tissue.



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 atotal 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-) present P-value
(n=10) (n=23)
Gleason
5-6 6 (60%) 14 (67%) 1.00
7-10 4 (40%) 7 (33%)
Stage
2 8 (80%) 19 (83%) 1.00
3-4 2 (20%) 4 (17%)
PS(A) » i 3 (17%) 0.53
-4 9 (100%) 15 (83%)

Because we were unable to demonstrate differencein MT expression by IHC studies, we have
started to explore M T 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 reproducibl e 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 -80°C. One to three days prior to fluorescence |abeling, 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 1gG 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 a so determined optimal antibody incubation times for each (1 hour for each antibody).
Negative controls were treated with mouse 1gG Isotype control rather than primary antibody.
Expression was quantified using the mean pixel intensity of the fluorescence signal following
image capture (Fig 5).



Figure 5; Quantifiable fluorescent signals following labeling of fixed LNCaP cellswith 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 M T 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, 84™ 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; JUrol, Vol 173, No: 4, Abs 397, 2005

4. NarassaNarayani and K.C. Balgji, Metallothioneins and Prostate Cancer, Chapter 10, in
Metallothioneins in Biochemistry and Pathology, Edited by Poalo Zatta, Published by
World Scientific, 2008 (APPENDIX 2)



Conclusions

MT expression is strongly associated with resistance to cisplatin chemotherapy in human
prostate cancer cells.
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Appendix 1

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, anp K. C. BALAJI

ABSTRACT
Objectives. The metallothioneins (MTs) are a family of small molecular weight trace metal and free radical
scavenging proteins well established to play a role in the resistance to chemotherapy and radiotherapy in
human cancers. MT gene expression is upregulated in response to the presence of metal ions such as zinc.
Because prostatic tissue has the greatest concentration of zinc in the human body, in this study we analyzed
the effect of MT induction by zinc in prostate cancer (PCa).
Methods. The activation of MT gene expression in response to zinc treatment in LNCaP and C4-2 PCa cells
was shown 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 uM
ZnSO,, 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.
Results. Increasing concentrations of ZnSO,, 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).
Conclusions. 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 PCa. Thera-
peutic targeting of MT may therefore provide a means to overcome resistance to radiotherapy and cisplatin

chemotherapy in PCa. UROLOGY 67: 1341-1347, 2006. © 2006 Elsevier Inc.

’I‘ he prostate gland is distinct from other organs
in the human body by its unusually high con-
centration of zinc (150 ng/g wet weight compared
with 20 to 50 ug/g wet weight in other organs).!
Among the genes responsive to zinc induction, me-
tallothioneins (MTs) are an important family of
proteins associated with resistance to chemother-
apy and radiotherapy in human cancers.> Several
reports have demonstrated MT overexpression to
be a useful prognostic factor for tumor progression
and implicated in causing resistance to chemother-
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apy in a variety of human cancers.>> The MT 1A,
MT 1E, MT 1X, and MT 2A isoforms of the MT
gene have been found in normal human prostatic
tissue.® Because MTs are trace metal-responsive
genes, we evaluated the effect of MT induction by
zinc on resistance to radiotherapy and cisplatin
treatment in prostate cancer (PCa) cells, which
may provide unique opportunities to manipulate
the cellular events in a prostate cell.

MATERIAL AND METHODS

WESTERN BLOTTING OF ZnSO, TREATED CELLS

LNCaP and C4-2 PCa cells were plated in six-well plates
(3 X 107 cells/well) in the presence of 0, 25, 50, 100, 150 uM
ZnSO, or 150 uM MgSO,, and grown for 72 hours. The cells
were then lysed, and Western blotting was performed as pre-
viously described” using E9 MT antibody (Dako, Carpinteria,
Calif), anti beta-actin antibody (Sigma Chemical, St. Louis,
Mo), and horseradish peroxidase-conjugated secondary anti-
bodies (Promega, Madison, Wis).

OLIGONUCLEOTIDE ARRAY GENE EXPRESSION ANALYSIS
DNA microarray experiments were done using 40 ug total
RNA extracted from LNCaP or C4-2 cells treated with or with-

0090-4295/06/$32.00
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out 150 uM ZnSO,. DNA oligonucleotide microarray slides
were obtained from our institutional core facility. These slides
contain DNA oligomers representing 12,144 known human
genes and a selection of expressed sequence tags of unknown
genes. Hybridizations were performed by the microarray core
facility according to standard protocols and scanned with a
ScanArray 4000 confocal laser system (Perkin-Elmer, Welles-
ley, Mass). The background fluorescence was subtracted and
normalization and filtering of the data were performed using
the QuantArray software package (Perkin-Elmer). Next, ex-
pression ratios were calculated for each feature and linear re-
gression values calculated for the data in each experiment.

CELL GROWTH AND VIABILITY ASSAY

The effect on cell growth and viability of C4-2 PCa and
CP70 ovarian cancer cells treated with increasing concentra-
tions of ZnSO,, or MgSO,, (0 to 200 uM) were studied by MTS
assay using the manufacturer’s protocol (Promega).

CHEMOTHERAPY AND RADIOTHERAPY

SENSITIVITY ASSAYS

LNCaP and C4-2 cells were plated in 96-well plates (5 X 10°
cells/well) in the presence or absence of 150 uM ZnSO,,. The
cells were then incubated at 37°C for 24 hours, before the
addition of cisplatin at concentrations of 0, 2, 5, 10, 20, and 50
uM and incubated for an additional 72 hours. Cell growth and
viability was measured by the MTS assay, absorbance readings
were measured at wavelengths of 490 and 655 nm, and these
values were then normalized to the absorbance of untreated
control cells. The experiments were performed in triplicate
and the mean values compared.

For the radiation experiments, we used a dose of 5 Gy of
gamma-radiation (Gammaradiator 100), which caused signif-
icant cell mortality (30% to 40% of treated cells) but not com-
plete cell death, and cell growth and viability were measured
by MTS assay after 72 hours, as described above. The experi-
ments were performed in triplicate, and the mean values of the
irradiated and nonirradiated cells treated with or without
ZnSO,, were compared after correction of zinc-induced mild
cytotoxicity.

CELL CYCLE AND APOPTOSIS ASSAY BY

Frow CYTOMETRY

The LNCaP and C4-2 cells were grown at a density of about
5 X 10’ cells on 25-cm? dishes, as described previously, and
treated with 10 uM cisplatin or a gamma-radiation dose of 5 Gy,
in the presence or absence of 150 uM ZnSO,, for 48 hours. The
cells were trypsinized, centrifuged, washed in phosphate-buff-
ered saline, fixed with cold ethanol for 15 minutes, resus-
pended, and stained with Telford reagent at 4°C overnight.8
All flow cytometry measurements were done using the FACS
Calibur flow cytometer (BDIS, San Jose, Calif), and data from
at least 10,000 cells were collected using ModFit LT, version
2.0, for cell cycle and apoptosis. Apoptosis was reported as a
percentage of cells in the sub-G, peak.

CLONOGENIC ASSAYS

LNCaP and C4-2 cells were plated in six well plates (3 X 10’
cells/well) and treated with 10 uM cisplatin or a gamma-radi-
ation dose of 5 Gy (Gammaradiator 100) in presence or ab-
sence of 150 uM ZnSO,, for 48 hours. Drug-containing media
were removed, and the cells were incubated in drug-free media
for 2 weeks. The colonies were then fixed, stained by Protocal
stain (Fisher Scientific, Middletown, Va) according to the
manufacturer’s protocol, and counted.

1342

STATISTICAL ANALYSIS

A mixed analysis of variance model was used to compare the
mean values between groups. Chi-square tests were used to
compare the amount of apoptosis between groups. When sig-
nificance was found between groups, pairwise tests were con-
ducted, and the Bonferroni method was used to adjust the
P values for multiple comparisons. The Wilcoxon rank sum
test was used to compare the clonogenic assay results between
the cisplatin and cisplatin plus zinc groups. P <0.05 was con-
sidered statistically significant. Statistical Analysis System
(SAS Institute, Cary, NC) software was used for the analysis.

RESULTS

EFFECT OF ZINC ON CELL GROWTH AND VIABILITY OF
PCa CELLS

As shown in Figure 1A, although the concentra-
tion of ZnSO, up to 200 uM did not significantly
affect the viability of the PCa cells, most control
ovarian cancer CP70 cells died at concentrations
greater than 50 uM. These results demonstrate the
characteristic tolerance of C4-2 PCa cells to high
concentrations of zinc.

INDUCTION OF MT EXPRESSION BY ZnSO,

Treatment of LNCaP and C4-2 cells with increas-
ing concentrations of ZnSO, induced MT protein
expression (Fig. 1B). The expression of protein ki-
nase D1, used as a control, was unaltered by
ZnSO,,. The addition of 150 uM MgSO,, to LNCaP
and C4-2 cells did not affect the expression of MT,
confirming the specificity of induction of MT by
zinc (Fig. 1C).

MICROARRAY ANALYSIS CONFIRMED MT INDUCTION IN
LNCaP AnD C4-2 CELLS BY ZnSO,

The gene induction by ZnSO, in both LNCaP
and C4-2 cells showed similar patterns (Fig. 1D,E).
Linear regression values were greater than 0.9 for
all data sets, indicating a high degree of linearity.
Only 40 (0.33%) and 26 (0.21%) of 12,144 genes
were differentially expressed between the treated
and untreated samples in the LNCaP and C4-2
cells, respectively. Within the tiny fraction of the
differentially expressed genes between the treated
and untreated samples, MT 1 and MT 2 were
strongly upregulated in both cell lines. The MT 3
fluorescence signal was low in both cell lines sug-
gesting low cellular expression, which concurs
with the published data that MT3 is expressed pre-
dominantly in neuron cells.® Although a number of
genes were upregulated, only two genes in LNCaP
and nine genes in C4-2 were significantly down-
regulated, none of which were highly expressed
(Tables I and II). We have established that treat-
ment of PCa with zinc is an excellent in vitro model
to study the effects of MT induction.
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FIGURE 1. (A) C4-2 PCa cells characteristically tolerated treatment with high concentrations of ZnSO,. C4-2 PCa

cells and CP70 ovarian cancer cells (control) were grown to 80% in presence of ZnSO,,. Cells were then incubated
at 37°C for 72 hours. Cell growth and viability were measured by MTS assay using the aqueous nonradioactive cell
proliferation assay kit (Promega). Although C4-2 PCa cells did not demonstrate significant decreases in viability
despite high concentrations of ZnSO_, (up to 200 uM), most CP70 ovarian cancer cells died at concentrations greater
than 50 uM. (B,C) MT expression was upregulated by ZnSO,, but not MgSO,. LNCaP and C4-2 cells were plated
in six-well plates 24 hours before the addition of increasing concentrations of ZnSO_ or MgSO,,. After 72 hours of
incubation, cells were lysed and analyzed by Western blotting (as described in the Material and Methods section).
(B) Lanes 1 to 4 show LNCaP cells and lanes 5 to 8 show C4-2 cells treated with 0, 50, 100, and 150 uM ZnSO,,.
Positions of protein markers shown on left. Protein kinase D1 was visible as band 120 kDa in size in all lanes, and
its expression was not affected by zinc treatment. MT expression clearly increased in a dose-responsive manner.
Induction of MT expression in response to increasing ZnSO,, concentration shown by increase in band size at around
10 KkDa. (C) Induction of MT expression in LNCaP and C4-2 cells treated with ZnSO,, with no induction of MT in
MgSO.,, treated cells. (D,E) Alterations in gene expression in LNCaP and C4-2 cells by 150 uM ZnSO,,. Scatter plots
show gene expression ratio changes in (D) LNCaP and (E) C4-2 cell lines in presence or absence of 150 uM ZnSO,,.
Dots above upper dashed line indicate genes expressed significantly (more than 2 logs) more in cells treated with
zinc. MT isoforms visible as most highly upregulated genes at top of each plot. Dots within dashed lines represent
genes whose expression did not change significantly (less than 2 logs). Dots below lower dashed line indicate genes
expressed significantly (more than 2 logs) less in cells treated with zinc. R? values indicate linear regression of data
points.

TREATMENT OF PCa CELLS WITH ZINC INDUCES
CISPLATIN RESISTANCE

We incubated the LNCaP and C4-2 cells for 72
hours in the presence or absence of 150 uM ZnSO,
and increasing concentrations of cisplatin. The
inhibitory concentration (ICs,) for cisplatin-in-
duced cell death was 10 uM in cells not treated
with ZnSO, and was therefore selected as the study
concentration for the clonogenic and apoptosis as-
says (Fig. 2A,B). The cells treated with ZnSO, were
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significantly (P <0.005) more resistant to cisplatin
at all study concentrations, strongly suggesting an
association between MT induction and resistance
to cisplatin in PCa.

ZINC INCREASED PCa CELL RESISTANCE TO
GAMMA RADIATION

In addition to cisplatin resistance, MTs contrib-
ute to radiation resistance by scavenging the free
radicals generated by ionizing radiation.'® We ex-
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TABLE 1.

Balanced expression ratios of gene expression from

microarray analysis of LNCaP cells treated with 150 puM ZnSO,*

Balanced
Gene Name Genbank ID Expression Ratio
Upregulated
Hemopexin J03048 26.1
Metallothionein 1L S68954 21.0
Fetal brain cDNA H62G Z70717 15.9
Metallothionein 2A NM 005953 12.9
Metallothionein (all) X64177 9.8
Putative glycine-N-acyltransferase (GAT) NM 005838 7.9
Metallothionein 1G S68954 6.0
Melanoma antigen, family B4 (MAGEB4) NM 002367 5.9
Metallothionein 1R X97261 5.1
Deleted in colon cancer (DCC) S81335 5.0
Downregulated
Stanniocalcin 2 NM 003714 3.4
FLJ22209 fis, clone HRCO1496 AK025862 2.0

* All genes with >5 logs upregulation and >2 logs downregulation in response to 150 uM ZnSO,, treatment shown.

TABLE Il. Balanced expression ratios of gene expression from microarray analysis of C4-2 cells
treated with 150 pM ZnSO,*
Balanced
Gene Name Genbank ID Expression Ratio
Upregulated
Metallothionein (all) X64177 46.1
Hemopexin J03048 33.4
Fetal brain cDNA H62G Z70717 31.6
Metallothionein 1L S68954 24.3
Metallothionein 1R X97261 15.5/4.8
Metallothionein 1G S68954 11.9
Putative glycine-N-acyltransferase (GAT) NM 005838 11.4
Melanoma antigen, family B 4 (MAGEB4) NM 002367 10.6
Deleted in colon cancer (DCC) S81335 9.3
Metallothionein 2A NM 005953 9.3
KIAA0939 protein AB023156 6.7
Solute carrier family 16 member 2SLC16A2 NM 006517 6.5
Member RAS oncogene family RAB33A NM 004794 5.8
cDNA DKFZp434C107 AL133645 5.0
Downregulated
G protein alpha 13 (GNA13) NM 006572 2.4
Small GTP-binding protein (RAB1B) U66621 2.4
Acid phosphatase 1 soluble (ACP1), transcript variant A NM 004300 2.3
BAIl1-associated protein 2 (BAIAP2), transcript variant 1 NM 017450 2.2
Membrane metallo-endopeptidase (MME), transcript variant 2b NM 007289 2.1
Hypothetical protein FLJ20523 NM 017862 2.1
Oxoglutarate dehydrogenase (lipoamide) (OGDH) NM 002541 2.1
Myc-associated zinc-finger protein of human islet D85131 2.0
XS137 7236875 2.0

* All genes with >5 logs upregulation and >2 logs downregulation in response to 150 uM ZnSO, treatment shown.

plored whether induction of MT expression in-
creased the resistance of PCa cells to gamma radi-
ation (Fig. 2C). The difference in the resistance to
radiation between zinc-treated and untreated cells
was highly significant (P <0.001), indicating that
the addition of 150 uM zinc induced a protective
effect against radiation damage in both cell lines.
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TREATMENT OF PCa CELLS WITH ZINC DECREASED
CISPLATIN AND RADIATION-INDUCED APOPTOSIS

Flow cytometric analyses were performed, and
the apoptotic cell populations in the sub-G, phase
were quantified. A significant decrease in cell
death occurred in LNCaP and C4-2 cells treated
with cisplatin (LNCaP, 10%; LNCaP plus cisplatin,
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FIGURE 2. Cisplatin dose-response experiments on (A) LNCaP and (B) C4-2 cells. Experiments performed at cisplatin
doses of O to 50 uM, with cell viability measured at 3 days. Each experiment was performed in triplicate. Cell growth and
viability were measured by MTS assay, absorbance readings were taken at wavelengths of 490 and 655 nm, and
average absorbance for each cell line and drug concentration was calculated. Error bars indicate mean standard error.
Data points for zinc-treated cells shown as squares and those for untreated cells as diamonds. (C) Radiation sensitivity
of LNCaP and C4-2 cells in presence of 150 uM ZnSO,,. LNCaP and C4-2 cells were grown to 80% confluence, plated in
96-well plates, and incubated overnight in the presence or absence of 150 uM ZnSO,, as described in previous
experiment. Cells were then exposed to 5 Gy of gamma-radiation, grown for an additional 72 hours, and cell growth and
viability were measured by MTS assay. Experiments were performed in triplicate, and mean values compared. Results
shown as bar graph comparing cells exposed to radiation in presence or absence of 150 uM ZnSO,,. Error bars show
standard error. (D,E) Analysis of apoptosis by flow cytometry. C4-2 cells treated with 10 uM cisplatin or 5-Gy radiation
in presence or absence of 150 uM of ZnSO_, for 48 hours were analyzed. Significant decrease in apoptosis (Box, sub-G,
peak) in cells treated with ZnSO, compared with untreated cells (C4-2 cells, only 8.73%; C4-2 cells plus cisplatin,
14.24%; C4-2 cells plus cisplatin plus zinc, 9.12%; P <0.001 [D1 to D3], C4-2 cells, 0.34%; C4-2 cells plus radiation,
6.35%; C4-2 cells plus radiation plus zinc, 1.13%; P <0.001 [E1 to E3]). (F,G) Representative view of clonogenic assay
demonstrating increased number of colonies in C4-2 cells treated with 10 uM cisplatin (F1 to F2) or 5-Gy radiation (G1
to G2) and 150 uM of ZnSO_, compared with cells not treated with ZnSQO.,,.

in LNCaP and C4-2 cells treated with zinc and
cisplatin (median 104.5, range 102 to 108, median
38.5, range 30 to 45; P = 0.03, Fig. 2F1 to 2F2) and

30.64%; LNCaP plus cisplatin plus zinc, 16.64%;
C4-2, 8.73%; C4-2 plus cisplatin, 14.24%; C4-2
plus cisplatin plus zinc, 9.12%; P <0.001; Fig. 2D1

to 2D3) or radiation (LNCaP, 1.05%; LNCaP plus
radiation, 9.26%; LNCaP plus radiation plus zinc,
1.17%; C4-2, 0.34%; C4-2 plus radiation, 6.35%;
C4-2 plus radiation plus zinc, 1.13%; P <0.001;
Fig. 2E1 to 2E3) after pretreatment with zinc com-
pared with untreated cells. No changes were found
in the cell cycle phases. In an effort to establish that
inhibition of apoptosis by ZnSO, in PCa cells
treated with cisplatin or radiation persists to influ-
ence cell growth, we performed clonogenic assays.
The number of colonies was significantly increased
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increased twofold in the zinc and radiation group
compared with the cisplatin or radiation-treated
cells without zinc (LNCaP cells, 99 and 56; C4-2
cells, 98 and 48; Fig. 2G1 to 2G2).

COMMENT

The results of the present study have established
an excellent in vitro cell line model to study the
effect of MT expression in PCa. The results from
our microarray analysis have confirmed that zinc
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treatment induces 0.33% of the 12,144 genes stud-
ied, of which the predominant are the MTs. Others
have studied the effect of MT induction using zinc
chloride on the resistance to cisplatin in mice.!!
Although such studies have helped to establish the
role of MTs in the resistance to chemotherapy, the
use of compounds such as mercury at study con-
centrations are usually toxic to humans and may
not be translatable to human use. Because our ex-
perimental system used a high zinc concentration
similar to that of the human prostate, the results
may be more readily translated to clinical settings.
Because PCa is a multifocal disease, high concen-
trations of zinc in normal-appearing prostatic tis-
sue surrounding the cancerous tissue may influ-
ence the phenotypic behavior of the neighboring
cancerous tissue. Although our experiments simu-
lated the in vivo conditions of a high zinc concen-
tration, the caveat is that zinc concentrations
within the heterogenous population of cells in the
prostate vary; therefore, our in vitro experiments
may not have truly replicated the prostate micro-
environment.

The results of our study have demonstrated a
significant association between MT induction and
resistance to cisplatin in PCa cells. Others have
demonstrated the presence of an MT-like zinc-
binding protein in PCa cell lines exhibiting relative
resistance to cisplatin, and nuclear localization of
MT has been shown to be associated with cisplatin
resistance in PCa cell lines.!23 Although addi-
tional work is necessary to understand the mecha-
nistic basis of MT-induced resistance to cisplatin
chemotherapy, it is conceivable that MTs may
function as an effective scavenger of trace metals,
including platinum, which may render cisplatin
ineffective in PCa. Although no specific MT inhib-
itor has yet been described, inhibition of cysteine
synthesis by propargylglycine has been shown to
significantly reduce MT induction in mice inocu-
lated with human or murine bladder tumor cells,
which markedly enhanced the antitumor activity
of cisplatin and other drugs.'# Because MTs may be
therapeutically manipulated, additional studies are
needed to explore MTs as a biomarker for the che-
mosensitivity of PCa to cisplatin treatment and
possibly improve the efficacy of cisplatin as a ra-
diosensitizer.

Our results have also demonstrated that MT in-
duction is associated with significant resistance to
radiotherapy in PCa. Radiotherapy fails in a few
patients with PCa. Disease recurrence after radio-
therapy has been shown to be reduced by the use of
neoadjuvant and adjuvant therapy in combination
with radiotherapy.!> Radiation causes injury to
cells by inducing double-strand breaks in DNA
through free-radical production.'® Understanding
the role of MTs in the resistance to radiotherapy
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may provide novel strategies for improving radia-
tion sensitivity. We have previously shown that
MT 2A, the predominant MT isoform expressed
in the prostate, interacts with protein kinase D1
in vitro and in vivo.!” The activity of protein kinase
D1 can be altered by drugs such as bryostatin-1,
which may influence the function of MTs. Alterna-
tively, small molecular inhibitors can also be devel-
oped to influence the activity of MTs in PCa. Be-
cause the prostate gland in humans is readily
accessible to imaging and therapeutic intervention
such as direct needle injections, drugs altering MT
activity may be administered directly into the pros-
tate as a part of preparation for radiotherapy.

Our present study was limited to experiments
performed using well-established PCa cell lines.
Additional in vivo studies are needed to validate
these findings. Although our data suggest a strong
and significant association between MT induction
and resistance to radiotherapy and cisplatin treat-
ment, additional studies are needed to establish a
direct causal relationship. Because resistance to
cisplatin and radiotherapy can be due to a multi-
tude of factors, altering the activity of MTs in PCa
cells may not result in reversal of resistance to
treatment in patients with PCa. Nevertheless, our
study has established a useful model of MT induc-
tion by high concentrations of zinc similar to those
in the human prostate gland and has provided
strong evidence supporting the potential role of
MTs in PCa cells.

CONCLUSIONS

We have established an excellent in vitro cell line
model system to study MTs in PCa. Our results
suggest that MT induction by zinc is associated
with resistance to cisplatin and radiotherapy in
PCa cells. Therapeutic targeting of MTs may there-
fore provide a means to overcome cisplatin and
radiation resistance in PCa, although the varying
concentrations of zinc within the heterogeneous
population of prostate cells may pose additional
therapeutic challenges.
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Chapter 10

METALLOTHIONEINS
AND PROSTATE CANCER

Narassa Narayani and Kethandapatti C. Balaji @

ba!

Metallothionein (MT) is an avid metal-binding (metal - thiol/sulphur[pincling)
protein in the human body. It binds to trace elements like zinc and copper as
well as heavy metals like cadmium, and plays an important role in metal detoxi-
fication and homeostasis. MT isoforms are expressed differentially in benign and
malignant prostate tissue, with increased MT expression noted in higher-Gleason-
grade prostate cancer. MT expression in prostate has been shown to be regulated
by high Zn concentration and promoter hypermethylation. MT is known to play
arole in the resistance to chemotherapeutic agents such as cisplatin and radiation
treatment, presumably by trace metal or free radical scavenging. MT expression
in the prostate gland is of particular interest because heavy metals such as Zn,
which is present at the highest concentration in prostate compared to other human
organs, induce MT expression and may be amenable to therapeutic manipulation
in order to improve sensilivity to chemotherapy and radiation. MT may prove to
be a useful therapeutic target for novel approaches such as local or systemic heavy
metal chelation therapy and gene vectors for treating patients with prostate cancer.

Keywords: Metallothioneins; prostate cancer; zinc; biomarker; treatment.

1. Introduction

Metallothioneins (MTs) are small-molecular-weight scavenger pro-
teins that have been shown to play a role in normal development
and in disease states such as cancer (Cherian et al., 1993; Kigi and
Schaffer, 1988). Among cancers in Western countries, prostate cancer
is the most commonly diagnosed noncutaneous cancer in men and is
associated with several thousand deaths each year (Hellerstedt and
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Pienta, 2002; Jemal et al., 2005). The role of MTs in prostate cancer
is of particular interest because a variety of MT isoforms are differ-
entially expressed in benign and malignant prostate tissue, and are
associated with normal and disease development of the prostate gland
(Theocharis et al., 2004; Theocharis et al., 2003). While the human
prostate gland is not critical for survival in humans, it contributes to
liquefaction of semen and plays an important role in fertility (Lwaleed
etal.,2004). In this chapter, we will discuss the expression of MT iso-
forms in prostate cancer, their association with prostate cancer, and
the potential role of MT in disease development and in resistance to
treatments such as radiation therapy and chemotherapy (Lazo et al.,
1998).

2. Prostate Cancer

2.1. Prostate Gland has Highest Levels of Tissue
Zinc Concentration Among Human Organs

Prostate gland is unique among human organs because of its high
levels of tissue Zn concentration compared to other organs (Costello
and Franklin, 1998; Mawson and Fischer, 1951; Mawson and
Fischer, 1952; Mawson and Fischer, 1953). Because MTs are metal-
responsive proteins, the high concentration of Zn in prostate glands
provides an important regulatory mechanism that is required for
understanding MT expression in prostate gland and for its potential
therapeutic manipulation to treat prostate diseases.

Interestingly, Zn concentration varies within prostate gland, with
about 10-fold higher concentrations demonstrable in benign prostate
compared to malignant prostate (Gyorkey et al., 1967, Ogunlewe
and Osegbe, 1989). Similar to Zn, citrate levels have also been
demonstrated to decrease in prostate malignant tissue compared to
benign glands (Costello and Franklin, 1998). Normally, mitochon-
drial aconitase, which is capable of oxidizing citrate, is kept inhibited
by zinc in prostate gland; however, in prostate cancer cells, the low
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Metallothioneins and Prostate Cancer

concentration of zinc limits aconitase inhibition, leading to citric
acid oxidation and reduction in tissue citrate levels. The low levels
of citrate in malignant prostate have been exploited in magnetic res-
onance imaging (MRI) spectroscopy, where the tissue choline-to-
citrate ratio detects prostate cancer within the gland with a positive
predictive value of 90% and excludes the presence of cancer with an
83% negative predictive value (Kurhanewicz et al., 2000; Westphalen
etal.,2007). Such an improvement in the clinical imaging of prostate
provides the impetus to study additional molecular markers that may
contribute to improve the clinical care of patients. MTs hold promise
for patients with prostate cancer because their expression can be influ-
enced by trace metal concentration (including Zn), and also because
of their evolving role in prostate cancer development and in resistance
to commonly used treatment modalities such as radiation therapy and
chemotherapy.

2.2. Expression of MT Isoforms in Prostate

Depending on the age and the type of tissue, most adult mammalian
tissue contains very low basal levels of MT. In the human body,
it is synthesized primarily in the liver and kidneys. During early
fetal development, MT is known to play the role of a temporary
reservoir for essential metals like Zn and Cu. While in the early
neonatal period, it is detected in the nucleus and the cytoplasm of the
cell, in adult tissues it is mainly a cytoplasmic protein (Cherian et al.,
1994). A transient localization of MT into nucleus is seen during
cell proliferation and differentiation under certain conditions like
embryogenesis, early fetal development, and carcinogenesis. These
changes in intracellular localization and expression of the MT gene
are suggestive of MT being an oncodevelopmental tumor marker
(Cherian et al., 1994, Cherian et al., 1993).

Since the discovery of MT in 1957 (Margoshes and Vallee,
1957), at least 10 isoforms of MT have been identified. They
have been broadly subdivided into four major subgroups, MT-1 to
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MT-4 (Moffatt and Denizeau, 1997). Of these isoforms, MT-1/MT-2,
MT-2A, and more recently MT-3 (which was thought to be confined
to neural tissue; see Uchida et al., 1991) have been demonstr in
the human reproductive tissue. In the normal prostate glan If,
MT was seen to be localized more in the glandular epithelial cells of
the peripheral zone than in the central zone of the prostate, indicating
that this might be due to the functional difference among the pro-
static epithelial cells (Suzuki et al., 1991). Normal human prostate
expresses the MT-1A, MT-1E, MT-1X, and MT-2A genes; however,
MT-1X was not demonstrable in advanced prostate cancer (Garrett
et al., 2000).

Prostate cancer is commonly graded using the Gleason grading
system, with an increasing grade correlating with high-risk disease
and poorer clinical outcome (Albertsen et al., 1998; Moussa et al.,
1997). MT expression has been shown to increase with a worsening
Gleason grade, suggesting that MT expression may correlate with
disease outcome. El Sharkawy et al. (2006) specifically addressed the
MT-2 expression in human prostate tissue and identified high MT-2
expression in prostatic intraepithelial neoplasia (PIN), commonly
considered to be a precursor of prostate cancer, and also noted that
an increasing MT-2 expression correlated with a worsening Gleason
grade. Contrary to prostate gland, seminal vesicles located adjacent
to prostate gland rarely develop malignancy. While 70% of prostate
tissue expressed MT, only 40% of seminal vesicle tissue stained for
MT, suggesting that MT expression is correlated with an increased
risk of malignancy (Pannek et al., 2001).

2.3. Role of MT in Prostate Cancer

MT plays a main role in protecting the body against metal toxicity and
from oxidative stress by acting as a free radical scavenger (Klaassen
etal., 1999; Thornalley and Vasak, 1985). MT has been demonstrated
to have antioxidant, pad4anti-inflammatory, and antiapoptotic prop- 9 /
erties (Aschner and West, 2005; Penkowa et al., 2006), and to play
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an important role in cellular processes such as cellular proliferation
and growth. MT also seems to be involved in regulation of the tumor
suppressor protein p53 (Ostrakhovitch ef al., 2006). Malignant cells
enriched with MT both in vivo and in vitro have shown to exhibit
greater resistance to chemotherapeutic agents (Kelley et al., 1988).

Studies have shown that MT is mainly a cytoplasmic protein in
adult tissues, and is detected in the nucleus of normal cells in the
early fetal and neonatal period (Chan and Cherian, 1993). When the
level of intracellular MT expression increases, MT tends to localize
to the nucleus, and by doing so causes rapid proliferation of the cells
(Tohyama et al., 1993), inhibits apoptosis (Kondo et al., 1997), and
moves the cells into the S phase (Tsujikawa et al., 1991). Several
studies have shown that increased MT expression may protect the
cells from carcinogenic effects of cadmium or anticancer drugs
(e.g. cisplatin, melphelan, chlorambucil) and from ionizing radiation
(Bakka et al., 1981; Kondo et al., 1995b). However, this protection
of the cells is not always seen when MT is overexpressed, but is seen
to occur only when there is subcellular localization into the nucleus
(Kondo et al., 1995a).

MT also plays a major role in the detoxification of heavy metals.
Cadmium, a heavy metal, is an environmental pollutant and is a major
constituent of tobacco smoke. It has been classified as a toxic metal by
the International Agency for Research on Cancer (IARC) as a known
human carcinogen (Group l,QAuRﬂ(f,ﬂ 1@). Exposure to this heavy
metal, which has no known beﬁé_ﬁ“amzilwphysiological role, has been
linked to a wide range of detrimental effects on mammalian repro-
duction. Human studies indicate that nearly 7% of the general pop-
ulation suffers renal dysfunction from cadmium exposure (Klaassen
et al., 1999). Although it is not possible to quantify the contribution
of cadmium to the incidence of prostate cancer (Waalkes and Rehm,
1994), cadmium and zinc have both been implicated as carcinogens
for prostate cancer (Habib, 1980; Palmer, 1984; Waalkes and Rehm,
1994; Waalkes et al., 1992). Cadmium is known to have androgen-
like activity in the prostate, and has been implied to be the potential
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mechanism for its carcinogenic effect (Ye et al., 2000). It is known o

that African-American men in South Carolina have the highest age- 7 A @ ‘{ N\

adjusted death rate for prostate cancer in the United States (American ey IJ
- Cancer Society, 2007); among the many factors is environmental ' KJ’_/

‘exposure to cadmium and selenium through groundwater, as the soil
in these rural areas has cadmium and selenium concentrations unique
to South Carolina (Drake et al., 2006). It is conceivable that there
might be a possible interaction between the geological and under-
lying biological factors such as metal transporter gene expression by
race in black men (Blackshear et al., 2003).

In vitro and a few in vivo studies have shown that cadmium has
the ability to stimulate the expression of the cellular proto-oncogenes
c-jun, c-fos, and c-myc (Abshire et al., 1996). Metallothionein null
cells are more susceptible to chemical-induced apoptosis, while MT-1
and MT-II knockout mice are sensitive to the cadmium-induced
mRNA expression of c-jun and p53 (Zheng et al., 1996). These data
suggest that MT, a trace metal and heavy metal detoxifier, may be one
of the important mechanisms that the body uses to prevent cadmium-
induced prostate cancer.

2.4. Regulation of MT Expression in Prostate
Cancer

Human MT synthesis is induced by metals such as Zn and Cd;
by endogenous factors such as vitamin D, interferon, reactive
oxygen species, interleukin 1, and glucocorticoids; and also by stress
(Bremner, 1987). The level of the response to these inducers depends
on the MT gene. The human MT gene is located on chromosome
16 (16q13) (West et al., 1990). At least 10 of the 17 genes iden-
tified so far have been found to be functional. MT gene expression,
which is metal- and isoform-specific, is controlled primarily at
the level of transcription (Palmiter, 1998). MT genes present in
their promoter-specific proximal sequences include metal response
elements (MREs), glucocorticoid response elements (GREs), and
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antioxidant response element. The transcriptional regulation of MT

by metals depends on the metal-responsive transcription factor

MTF-1 (metal transcription factor Q, a zinc finger transcription factor 1
(Heuchel et al., 1994) that is an important zinc sensor. MTF-1 in turn

is under the control of a Zn-sensitive inhibitor termed MTI (metal-
lothionein inhibitor) (Palmiter, 1994).

Differential expression of MT isoforms MT-1, MT-2, and MT-3
in response to Zn treatment has been demonstrated in human
normal and malignant prostate cells and tissues (Wei et al.,
2008). The study provided evidence that there is attenuated MT-1/
MT-2 expression with prostate tumor progression, and that the
zinc induction of MT-1/MT-2 expression results in response to cel-
lular zinc restoration. MT expression is upregulated under hypoxic
conditions in prostate cancer cell lines and promotes cell survival
(Yamasaki et al., 2007).

MT expression is also regulated by promoter methylation and
protein degradation. The MT-I promoter has been shown to be sup-
pressed in human prostate cancer lines PC3 and DU145, probably
by promoter methylation; whereas cadmium-induced MT-I in the
human prostate cancer line LNCaP seems to be independent of pro-
moter methylation. Degradation of MT protein is regulated primarily
by the cellular Zn content and occurs in both lysosomal and nonlyso-
somal compartments (Chen and Failla, 1989), each being depleted
and replenished at a different rate (Steinebach and Wolterbeek, 1992).
Cytosolic MT is degraded by the cystosolic 26S proteosome complex
(McKim et al., 1992). The role of MT degradation specifically in
prostate cancer remains to be investigated.

2.5. Clinical Utility of MT in Prostate Cancer

2.5.1. MT as a Biomarker of Disease Progression
in Prostate Cancer

Studies using paraffinized human prostate tissue demonstrate both
nuclear and cytoplasmic MT stains in benign and malignant prostate
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tissue. An initial study by Zhang et al. (1996) demonstrated a positive
correlation between increased MT staining and increasing Gleason
grade in prostate cancer. Another study specifically studied MT-II
isoform expression in hyperplastic, PIN, and neoplastic prostate
human tissue. While epithelial cells in normal and benign prostatic
tissues from 8 patients demonstrated patchy metallothionein staining,
all 6 cases of PINJand 20 of 30 patients with prostatic carcinoma i
showed positive staining for metallothionein, which increased con-
siderably from low-grade to high-grade tumors (El Sharkawy et al.,
2006). A study using imprint smears of prostate cancer tissue demon-
strated a positive correlation between MT staining and nuclear pro-
liferation, increasing Gleason score, pathologic stage, and disease
recurrence (Athanassiadou et al., 2007). While most studies demon-
strate increased MT staining in prostate cancer, the MT-1G isoform
has been reported to be downregulated in prostate cancer. Almost
a quarter of 121 prostate cancer human samples had demonstrable
hypermethylation of the MT-1G promoter, compared to none of the
13 benign prostate tissues examined.

Overall, the published studies suggest that expression of MT iso-
forms is altered in prostate cancer, and there is some preliminary
evidence to suggest that MT may be useful as a biomarker of prostate
cancer progression. However, larger studies specifically addressing
the various MT isoforms and long-term clinical follow-up are nec-
essary to establish the clinical utility of MT expression in prostate
cancer.

2.5.2. MT as a Target to Improve Sensitivity
to Chemotherapy in Prostate Cancer

Prostate cancer is generally considered resistant to chemotherapy
(Kamradt et al., 1999; Urakami et al., 2005). Recently, two large
randomized clinical trials demonstrated a modest improvement
of 2 months in—patients—receiving/docetaxol, a microtubule-
stabilizing agent, in patients with advanced prostate cancer who
failed first-line androgen ablative treatment (Petrylak et al., 2004;

adwawitahe
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Tannock et al., 2004). There continues to exist an urgent need to

improve chemotherapy or sensitizing agents to current chemotherapy

in order to improve the clinical outcome in patients with prostate

cancer. Using prostate cancer cell line models, MTs have been shown

to induce resistance to adriamycin in DU145 cells (Webber et al.,

1988). The ribozyme-induced loss of MT-2A mRNA induced cell

death in prostate cancer PC-3 cell lines and was associated with
dose-dependent downregulation of the proto-oncogene c-myc and the
anti-apoptotic gene Bcl-2, suggesting that MT-2A is an important

cell survival or antiapoptotic factor for prostate cancer cells (Tekur

and Ho, 2002). The established role of MT in causing chemoresis-

tance in other cancers, the upregulation of MT with advancing grade

and stage of prostate cancer, and the inherent chemoresistance in

prostate cancer strongly suggestsr a potential role for MT in prostate 1 /
cancer as well. For example, cells with acquired resistance to cisplatin N
or chlorambucil overexpress metatothioneir], which tends to bind M /
these alkylating agents to a higher extent than the nonresistant cells

(Ebadi and Iversen, 1994). In addition to sequestering electrophilic
anticancer drugs, mctﬁﬂeﬂ%ieﬂeitﬂ alters the therapeutic efficacy of WMT {
antineoplastic agents by regulating the activities of zinc-requiring
metalloenzymes or scavenging radical species (Ebadi and Iversen,
1994).

We have previously established an excellent in vitro cell line
model to study the effect of MT expression in prostate cancer fol-
lowing treatment with Zn (Smith et al., 2006). The results from our
microarray analysis confirmed that zinc treatment induces 0.33% of
the 12 144 genes studied, most of which are MTS,@Ch were sig-
nificantly associated with resistance to cisplatin in prostate cancer
cells. Others have demonstrated the presence of p-paetallothionein{ ~ 0\ ==
like zinc-binding protein in prostate cancer cell lines exhibiting rel-
ative resistance to cisplatin, and nuclear localization of MT has been
shown to be associated with cisplatin resistance in prostate cancer
cell lines (Kondo et al., 1995a; Metcalfe et al., 1986). Although no
specific MT inhibitor has yet been described, inhibition of cysteine
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synthesis by propargylglycine has been shown to significantly reduce
MT induction in mice inoculated with human or murine bladder
tumor cells, which markedly enhanced the antitumor activity of cis-
platin and other drugs (Saga et al., 2004). Because MT may be ther-
apeutically manipulated, further studies are needed to explore MT
as a biomarker for the chemosensitivity of prostate cancer to cis-
platin treatment and to possibly improve the efficacy of cisplatin as
a radiosensitizer.

2.5.3. MT as a Target to Improve Sensitivity
to Radiation Treatment in Prostate Cancer

Radiation to prostate is a primary treatment option for patients with
prostate cancer, and has been shown to produce a satisfactory long-
term clinical outcome (Altundag et al., 2005; Bao et al., 1991).
However, about a third of patients undergoing radiation treatment
eventually fail, emphasizing the need to improve long-term response
to radiation treatment (Pollack et al., 2003). MT plays a homeostatic
role in the control and detoxification of heavy metals; several evi-
dences indicate that MT has the capacity to scavenge reactive oxygen
metabolite (ROM), particularly the hydroxyl radical. These sub-
stances — which are produced continuously during normal aerobic
metabolism — may become noxious in situations of imbalance with
endogenous antioxidants, leading to cellular destruction, chromo-
somal aberrations, and finally cancer. Paradoxically, by anticancer
treatment such as radiotherapy and chemotherapy, tumor cells are
killed by generating toxic amounts of ROM.

Prostate is a readily accessible organ that may be amenable to
injection of local agents which could improve sensitivity to radiation.
Cisplatin is a well-established chemotherapy drug that is known to
improve sensitivity to radiation (Ebadi and Iversen, 1994). Alterna-
tively, agents that influence MT expression either directly (such as
gene vectors) or indirectly (through heavy metals such as Zn) can be
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administered either directly into prostate or systemically to improve
sensitivity to radiation treatment. EDTA, a heavy metal chelator, has
been used in human clinical trials in patients with coronary artery
disease with an established safety profile (Knudtscn et al., 2002).
Using a general heavy metal chelator (EDTA) or a more Zn-specific
chelator (TPEN) (Hashemi et al., 2007) at the time of radiation
treatment for prostate cancer (clinically not used yet) may decrease
Zn-mediated MT induction and improve sensitivity to radiation. Such
novel approaches could potentially improve the long-term clinical
outcome to radiation treatment for prostate cancer and decrease
disease recurrence. Clearly, further preclinical and clinical studies
are needed prior to establishing MT as a useful target in patients
undergoing radiation treatment for prostate cancer.

3. Conclusion

Metallothioneins (MTs) are trace metal and free radical scavenging
small-molecular-weight proteins that are expressed in several human
organs including the prostate, and seem to play an important role in
development and cellular homeostasis. While the various isoforms
of MT are expressed differentially in benign and malignant prostate
tissue, MT expression increases with a worsening grade of prostate
cancer. MT expression in prostate is of particular interest because
heavy metals such as Zn, which is present at the highest concentration
in prostate compared to other human organs, induce MT expression
and may be amenable to therapeutic manipulation. In addition to
induction by Zn, MT expression may also be regulated through pro-
moter methylation in prostate tissue. MT has been demonstrated to
play a role in the resistance to cisplatin chemotherapy and radiation
treatment in prostate cancer. Because of the high concentration of
Zn in prostate, MT may prove to be a useful therapeutic target in
prostate cancer in order to improve the sensitivity to chemotherapy
and radiation therapy treatments.



May 21, 2008 2:51 9in x 6in B-653 ch10 1st Reading

12 N. Narayani and K.C. Balaji

References

Abshire MK, Buzard GS, Shiraishi N, Waalkes MP. Induction of c-myc and c-jun proto-
oncogene expression in rat L6 myoblasts by cadmium is inhibited by zinc preinduction
of the metallothionein gene. J Toxicol Environ Health 1996; 48:359-377.

Albertsen PC, Hanley JA, Gleason DF, Barry MJ. Competing risk analysis of men aged 55
to 74 years at diagnosis managed conservatively for clinically localized prostate cancer
[see comments]. JAMA 1998; 280:975-980.

Altundag O, Altundag K, Morandi P, Hanrahan E. Cisplatin as a radiosensitizer in the
treatment of locally advanced head and neck cancer. Oral Oncol 2005; 41:435.

Aschner M, West AK. The role of MT in neurological disorders. J Alzheimers Dis 2005;
8:139-145.

Athanassiadou P, Bantis A, Gonidi M, et al. The expression of metallothioneins on imprint
smears of prostate carcinoma: Correlation with clinicopathologic parameters and tumor
proliferative capacity. Tumori 2007; 93:189-194.

BakkaA, Endresen L, Johnsen ABS, et al. Resistance against cis-dichlorodiammineplatinum
in cultured cells with a high content of metallothionein. Toxicol Appl Pharmacol 1981,
61:215-226.

Bao YH, Yuan XC, Wu ID, et al. Cisplatin as a radiosensitizer in clinical practice: A pilot
study. Tumori 1991; 77:21-24.

Blackshear PJ, Phillips RS, Vazquez-Matias J, Mohrenweiser H. Polymorphisms in the
genes encoding members of the tristetraprolin family of human tandem CCCH zinc
finger proteins. Prog Nucleic Acid Res Mol Biol 2003; 75:43-68.

Bremner I. Nutritional and physiological significance of metallothionein. Experientia Suppl
1987; 52:81-107.

Chan HM, Cherian MG. Ontogenic changes in hepatic metallothionein isoforms in prenatal
and newborn rats. Biochem Cell Biol 1993; 71:133-140.

Chen M, Failla M. Degradation of zinc-metallothionein in monolayer cultures of rat hepa-
tocytes. Proc Soc Exp Biol Med 1989; 191:130-138.

Cherian MG, Howell SB, Imura N, ef al. Role of metallothionein in carcinogenesis. Toxicol
Appl Pharmacol 1994; 126:1-5.

Cherian MG, Huang PC, Klaassen CD, et al. National Cancer Institute workshop on the
possible roles of metallothionein in carcinogenesis. Cancer Res 1993; 53:922-925.

Costello LC, Franklin RB. Novel role of zinc in the regulation of prostate citrate metabolism
and its implications in prostate cancer. Prostate 1998; 35:285-296.

Drake BE, Keane TE, Mosley CM, et al. Prostate cancer disparities in South Carolina:
Early detection, special programs, and descriptive epidemiology. JSC Med Assoc 2006;
102:241-249.

Ebadi M, Iversen PL. Metallothionein in carcinogenesis and cancer chemotherapy. Gen
Pharmacol 1994, 25:1297-1310.

El Sharkawy SL, Abbas NF, Badawi MA, El Shaer MA. Metallothionein isoform II
expression in hyperplastic, dysplastic and neoplastic prostatic lesions. J Clin Pathol
2006; 59:1171-1174.

Garrett SH, Sens MA, Shukla D, ef al. Metallothionein isoform 1 and 2 gene expression in
the human prostate: Downregulation of MT-1X in advanced prostate cancer. Prostate
2000; 43:125-135.



Metallothioneins and Prostate Cancer 13

Gyorkey F, Min KW, Huff JA, Gyorkey P. Zinc and magnesium in human prostate gland:
Normal, hyperplastic, and neoplastic. Cancer Res 1967; 27:1348-1353.

Habib FK. Evaluation of androgen metabolism studies in human prostate cancer —
Correlation with zinc levels. Prev Med 1980; 9:650-656.

Hashemi M, Ghavami S, Eshraghi M, et al. Cytotoxic effects of intra and extracellular zinc
chelation on human breast cancer cells. Eur J Pharmacol 2007; 557:9-19.

Hellerstedt BA, Pienta KJ. The current state of hormonal therapy for prostate cancer. CA
Cancer J Clin 2002; 52:154-179.

Heuchel R, Radtke F, Georgiev O, et al. The transcription factor MTF-1 is essential
for basal and heavy metal-induced metallothionein gene expression. EMBO J 1994;
13:2870-2875.

Jemal A, Murray T, Ward E, et al. Cancer statistics, 2005. CA Cancer J Clin 2005; 55:10-30.

Kigi JH, Schaffer A. Biochemistry of metallothionein. Biochemistry 1988; 27:8509-8515.

Kamradt JM, Klein EA, Pienta KJ. Rational use of chemotherapy. It is not just rat poison.
Urol Clin North Am 1999; 26:275-279.

Kelley SL, Basu A, Teicher BA, et al. Overexpression of metallothionein confers resistance
to anticancer drugs. Science 1988; 241:1813-1815.

Klaassen CD, LiuJ, Choudhuri S. Metallothionein: An intracellular protein to protect against
cadmium toxicity. Annu Rev Pharmacol Toxicol 1999; 39:267-294.

Knudtson ML, Wyse DG, Galbraith PD, et al. Program to Assess Alternative Treatment
Strategies to Achieve Cardiac Health Investigators. Chelation therapy for ischemic
heart disease: A randomized controlled trial. JAMA 2002; 287:481-486.

Kondo Y, Kuo SM, Watkins SC, Lazo JS. Metallothionein localization and cisplatin resis-
tance in human hormone-independent prostatic tumor cell lines. Cancer Res 1995a;
55:474-471.

Kondo Y, Rusnak JM, Hoyt DG, et al. Enhanced apoptosis in metallothionein null cells.
Mol Pharmacol 1997, 52:195-201.

Kondo Y, Woo ES, Michalska AE, et al. Metallothionein null cells have increased sensitivity
to anticancer drugs. Cancer Res 1995b; 55:2021-2023.

Kurhanewicz J, Males RG, Swanson MG, et al. The prostate: MR imaging and spectroscopy.
Present and future. Radiol Clin North Am 2000; 38:115-138.

Lazo JS, Kuo SM, Woo ES, Pitt BR. The protein thiol metallothionein as an antioxidant
and protectant against antineoplastic drugs. Chem Biol Interact 1998,; HI 11-112:
255-262.

Lwaleed BA, Greenfield R, Stewart A, ef al. Seminal clotting and fibrinolytic balance: A
possible physiological role in the male reproductive system. Thromb H(tc’.'}rr.!.\'[2004;
92:752-766. "

Margoshes M, Vallee BL. A cadmium protein from equine kidney cortex. J Am Chem Soc
1957; 79:4813-4814.

Mawson CA, Fischer M1. Zinc content of the genital organs of the rat. Nature 1951;167:859.

Mawson CA, Fischer ML The occurrence of zinc in the human prostate gland. Can J Med
Sci 1952; 30:336-339.

Mawson CA, Fischer MI. Zinc and carbonic anhydrase in human semen. Biochem J 1953;
55:696-700.

McKim JM Jr, Choudhuri S, Klaassen CD, In vitro degradation of apo-, zinc-, and cadmium-
metallothionein by cathepsins B, C, D. Toxicol Appl Pharmacol 1992; 116:117-124.

May 21, 2008 2:51 Oin x 6in B-653 ch10 1st Reading



May 21, 2008 2:51 Oin x 6in B-653 chl0 1st Reading

14 N. Narayani and K.C. Balaji

Metcalfe SA, Cain K, Hill BT. Possible mechanism for differences in sensitivity to cis-
platinum in human prostate tumor cell lines. Cancer Lett 1986; 31:163-169.

Moffatt P, Denizeau F. Metallothionein in physiological and physiopathological processes.
Drug Metab Rev 1997; 29:261-307.

Moussa M, Kloth D, .Peers G, et al. Metallothionein expression in prostatic carcinoma:
Correlation with Gleason grade, pathologic stage, DNA content and serum level of
prostate-specific antigen. Clin Invest Med 1997; 20:371-380.

Ogunlewe JO, Osegbe DN. Zinc and cadmium concentrations in indigenous blacks with
normal, hypertrophic, and malignant prostate. Cancer 1989; 63:1388-1392.

Ostrakhovitch EA, Olsson PE, Jiang S, Cherian MG. Interaction of metallothionein with
tumor suppressor pS3 protein. FEBS Lett 2006; 580:1235-1238.

Palmer S. Public health policy on diet, nutrition, and cancer. Nutr Cancer 1984; 6:274-283.

Palmiter R. Regulation of metallothionein genes by heavy metals appears to be mediated by
a zinc-sensitive inhibitor that interacts with a constitutively active transcription factor,
MTF-1. Proc Natl Acad Sci USA 1994, 91:1219-1223.

Palmiter RD. The elusive function of metallothioneins. Proc Natl Acad Sci USA 1998; 95:
8428-8430.

Pannek J, Lecksell KL, Partin AW. Expression of metallothionein in seminal vesicles — An
immunohistochemical study. Scand J Urol Nephrol 2001; 35:11-14.

Penkowa M, Tio L, Giralt M, ef al. Specificity and divergence in the neurobiologic effects
of different metallothioneins after brain injury. J Neurosci Res 2006; 83:974-984.

Petrylak DP, Tangen CM, Hussain MH, et al. Docetaxel and estramustine compared with
mitoxantrone and prednisone for advanced refractory prostate cancer. N Engl J Med
2004; 351:1513-1520.

Pollack A, Hanlon AL, Movsas B, et al. Biochemical failure as a determinant of distant
metastasis and death in prostate cancer treated with radiotherapy. /nt J Radiat Oncol
Biol Phys 2003; 57:19-23.

SagaY, Hashimoto H, Yachiku S, et al. Reversal of acquired cisplatin resistance by modu-
lation of metallothionein in transplanted murine tumors. Int J Urol 2004; 11:407-415.

Smith DI, Jaggi M, Zhang W, et al. Metallothioneins and resistance to cisplatin and radiation
in prostate cancer. Urology 2006; 67:1341-1347.

Steinebach OM, Wolterbeck BT. Metallothionein biodegradation in rat hepatoma cells:
A compartmental analysis aided 35S-radiotracer study. Biochim Biophys Acta 1992;
1116:155-165.

Suzuki T, Umeyama T, Ohma C, et al. Immunohistochemical study of metallothionein in
normal and benign prostatic hyperplasia of human prostate. Prostate 1991; 19:35-42.

Tannock IF, de Wit R, Berry WR, ¢ al. Dogetaxel plus prednisone or mitoxantrone plus
prednisone for advanced prostate cancet™WV Engl J Med 2004; 351:1502-1512.

Tekur S, Ho SM. Ribozyme-mediated downregulation of human metallothionein II (a)
induces apoptosis in human prostate and ovarian cancer cell lines. Mol Carcinog 2002;
33:44-55.

Theocharis SE, Margeli AP, Klijanienko JT, Kouraklis GP. Metallothionein expression in
human ncoplasia. Histopathology 2004; 45:103-118.

Theocharis SE, Margeli AP, Koutselinis A. Metallothionein: A multifunctional protein from
toxicity to cancer, Int J Biol Markers 2003; 18:162-169.



May 21, 2008 2:51 9in x 6in B-653 ch10 1st Reading

Metallothioneins and Prostate Cancer 15

Thornalley PJ, Va§dk M. Possible role for metallothionein in protection against radiation-
induced oxidative stress. Kinetics and mechanism of its reaction with superoxide and
hydroxyl radicals. Biochim Biophys Acta 1985; 827:36-44.
Tohyama C, Suzuki JS, Hemelraad J, et al. Induction of metallothionein and its local-
1 / ization in the nucleus of rat hepatocytes after partial hepatectomy. Hepatology 1993;

185:1193:&01.

Tsujikawa K, Imai T, Kakutani M, et al. Localization of metallothionein in nuclei of growing
primary cultured adult rat hepatocytes. FEBS Lett 1991; 283:239-242.,

Uchida Y, Takio K, Titani K, et al. The growth inhibitory factor that is deficient in the
Alzheimer’s disease brain is a 68 amino acid metallothionein-like protein. Neuron
1991, 7:337-347.

Urakami S, Yoshino T, Kikuno N, et al. Docetaxel-based chemotherapy as second-line
treatment for paclitaxel-based chemotherapy-resistant hormone-refractory prostate
cancer: A pilot study. Urology 2005; 65:543-548.

Waalkes MP, Rehm S. Cadmium and prostate cancer. [Review]. J Toxicol Environ Health
1994; 43:251-269.

Waalkes MP, Rehm S, Perantoni AO, Coogan TP. Cadmium exposure in rats and tumours
of the prostate. IARC Sci Publ 1992; 118:391-400.

Webber MM, Rehman SM, James GT. Metallothionein induction and deinduction in human
prostatic carcinoma cells: Relationship with resistance and sensitivity to adriamycin.
Cancer Res 1988; 48:4503—-4508.

Wei HDM, Lin S, Xiao D, et al. Differential expression of metallothioneins (MTs) 1, 2,
and 3 in response to zinc treatment in human prostate normal and malignant cells and
tissues. Mol Cancer 2008; 7:7.

West AK, Stallings R, Hildebrand CE, ef /. Human metallothionein genes: Structure of the
functional locus at 16q13. Genomics 1990; 8:513-518.

Westphalen AC, Coakley FV, Qayyum A, er al. Peripheral zone prostate cancer: Accuracy
of different interpretative approaches with MR and MR spectroscopic imaging.
Radiology 2007; 246:177-184.

Yamasaki M, Nomura T, Sato F, Mimata H. Metallothionein is up-regulated under
hypoxia and promotes the survival of human prostate cancer cells. Oncol Rep 2007,
18:1145-1153.

Ye J, Wang S, Barger M, et al. Activation of androgen response element by cadmium: A
potential mechanism for a carcinogenic effect of cadmium in the prostate. J Environ
Pathol Toxicol Oncol 2000; 19:275-280.

Zhang XH, Jin L, Sakamoto H, Takenaka I. Immunohistochemical localization of metal-
lothionein in human prostate cancer. J Urol 1996; 156:1679-1681.

Zheng H, Liu J, Choo KH, et al. Metallothionein-I and -II knock-out mice are sensitive to
cadmium-induced liver mRNA expression of c-jun and p53. Toxicol Appl Pharmacol
1996; 136:229-235.



	Cover……………………………………………………………………………………1
	SF 298……………………………………………………    Attached separate
	Body…………………………………………………………………………………….2
	Body
	Smith et al Urology 2006.pdf
	METALLOTHIONEINS AND RESISTANCE TO CISPLATIN AND RADIATION IN PROSTATE CANCER
	MATERIAL AND METHODS
	WESTERN BLOTTING OF ZnSO4 TREATED CELLS
	OLIGONUCLEOTIDE ARRAY GENE EXPRESSION ANALYSIS
	CELL GROWTH AND VIABILITY ASSAY
	CHEMOTHERAPY AND RADIOTHERAPY SENSITIVITY ASSAYS
	CELL CYCLE AND APOPTOSIS ASSAY BY FLOW CYTOMETRY
	CLONOGENIC ASSAYS
	STATISTICAL ANALYSIS

	RESULTS
	EFFECT OF ZINC ON CELL GROWTH AND VIABILITY OF PCa CELLS
	INDUCTION OF MT EXPRESSION BY ZnSO4
	MICROARRAY ANALYSIS CONFIRMED MT INDUCTION IN LNCaP AND C4-2 CELLS BY ZnSO4
	TREATMENT OF PCa CELLS WITH ZINC INDUCES CISPLATIN RESISTANCE
	ZINC INCREASED PCa CELL RESISTANCE TO GAMMA RADIATION
	TREATMENT OF PCa CELLS WITH ZINC DECREASED CISPLATIN AND RADIATION-INDUCED APOPTOSIS

	COMMENT
	CONCLUSIONS
	ACKNOWLEDGMENT
	REFERENCES





