
[CANCER RESEARCH 63, 1731–1736, April 15, 2003]

Advances in Brief

The Drg-1 Gene Suppresses Tumor Metastasis in Prostate Cancer

Sucharita Bandyopadhyay, Sudha K. Pai, Steven C. Gross, Shigeru Hirota, Sadahiro Hosobe, Kunio Miura,
Ken Saito, Therese Commes, Sunao Hayashi, Misako Watabe, and Kounosuke Watabe1

Department of Medical Microbiology and Immunology, Southern Illinois University School of Medicine, Springfield, Illinois 62702 [S. B., S. K. P., S. C. G., M. W., K. W.];
Department of Pathology, Akita Red Cross Hospital, Akita City, Japan 010-1495 [S. Hi., S. Ho., K. M., K. S.]; Universite Montepillar II, Montepillar, France 34095 [T. C.]; and
Department of Global Agricultural Science, University of Tokyo, Tokyo, Japan 113-8657 [S. Ha.]

Abstract

Drg-1 was previously identified (N. van Belzen et al., Lab. Investig., 77:
85–92, 1997) as a gene that was up-regulated by the induction of differ-
entiation in a colon carcinoma cell line in vitro. Subsequently, this gene
was found to be regulated by several factors including hypoxia, androgen,
p53, and N-myc. Recently, Drg-1 has also been shown to be involved in
tumor progression in animals, although the clinical significance of its
involvement remains to be investigated. To clarify the functional role of
Drg-1 in prostate cancer, we examined a clinical archive of cancer spec-
imens for the expression of Drg-1 by immunohistochemistry. We found
that the expression of Drg-1 had a significant inverse correlation with the
Gleason grading and the overall survival rate of patients. In particular,
the gene expression in patients with lymph node or bone metastasis was
significantly reduced as compared with those with localized prostate
cancer, suggesting that the function of Drg-1 is negatively involved in
metastatic progression of the disease. To further clarify the function of
this gene in the advancement of prostate cancer, a spontaneous metastasis
assay was performed in a severe combined immunodeficient (SCID)
mouse model. We found that Drg-1 almost completely inhibited lung
colonization of highly metastatic prostate cancer cells without affecting
the growth of the primary tumors. These results strongly suggest that
Drg-1 is a candidate metastasis suppressor gene for prostate cancer and
may serve as a useful prognostic marker.

Introduction

The Drg-1 gene was originally found to be induced in vitro by
cellular differentiation and, hence, was named as Differentiation-
Related-Gene-1 (1). Since then, three more genes, namely, Drg-2, -3,
and -4, that encode proteins highly related to Drg-1 have been iden-
tified. These genes constitute the NDRG gene family, although the
members vary in the pattern of tissue-specific expression and possibly
in function (2, 3). Drg-1 is identical to the human RTP, cap43, and
rit42, and homologous to the mouse genes TDD5 and Ndr1 and to the
rat Bdm1 (4–9). The protein encoded by the Drg-1 gene has a
molecular weight of Mr 43,000 and possesses three unique 10-amino-
acid tandem repeats at the COOH-terminal end. Analysis of the amino
acid sequence predicted that there were seven or more phosphoryla-
tion sites, and Drg-1, indeed, has been shown to be phosphorylated by
protein kinase A (10). Drg-1 mRNA is detected in most of the organs,
and the level of expression is particularly high in prostate, ovary,
intestine, and kidney. It was shown that the expression of this gene
was repressed by c-myc and N-myc/Max complex in vitro (8). On the
other hand, p53 was found to be able to induce expression and nuclear
translocation of Drg-1 in response to DNA-damaging agents (6). The
expression of the gene was also augmented by hypoxia and PTEN

although the clinical significance of these regulations is yet to be
clarified (11, 12). In addition, the Drg-1 gene has been shown to be
up-regulated by hormones such as androgen (7) and by various
chemical agents including homocysteine, �-mercaptoethanol, tunica-
mycin (4), lysophosphatidyl choline (13), nickel compounds (5), and
synthetic retinoids (14). Therefore, the Drg-1 gene is controlled by
multiple factors and responsive to various stimuli. However, little is
known about the biochemical function and the exact downstream
target of this gene.

Recently, Kurdistani et al. (6) showed that the introduction of
Drg-1 cDNA in human bladder cancer cells suppressed tumorigenic-
ity in nude mice. On the other hand, overexpression of Drg-1 in colon
cancer cells in nude mice has been shown to have no effect on
tumorigenesis, although significantly suppressing in vivo liver metas-
tasis (15). Therefore, the results of these two animal studies raise a
possibility of a differential organ-specific function of Drg-1, and
several in vitro studies indicated this gene to be the target of multiple
regulatory pathways. However, little clinical data are available regard-
ing the functional characterization of this gene in the context of tumor
progression. Immunohistochemical analysis of a few colon cancer
specimens showed that the expression of Drg-1 was reduced in poorly
differentiated adenocarcinoma as compared with the normal or well-
differentiated colonic epithelium (1). In an in situ hybridization study
with a limited number of samples, Drg-1 expression was found to be
reduced in breast and prostate tumors (6). However, there are no
statistical data to date that evaluate the functional involvement of this
gene in tumor progression in any type of cancer.

The present study was aimed at clarifying the function of Drg-1 in
a clinical setting and in an animal model of prostate cancer. Here, we
show for the first time that the expression of the Drg-1 gene has
significant inverse correlation with grades of prostate cancer, partic-
ularly with the metastatic progression of the disease, and that the
expression also strongly correlates with patient survival. Our studies
also indicate that Drg-1 suppresses the ability of prostate cancer cells
to invade through extracellular matrix in vitro and that this gene
strongly suppresses tumor metastasis without affecting primary tumor
growth in animal.

Materials and Methods

Tumor Specimens. Formaldehyde-fixed and paraffin-embedded human
prostate tissue specimens from 62 patients were obtained from surgical pa-
thology archives of the Akita Red Cross Hospital (Akita, Japan) and the
Cooperative Human Tissue Network (United States), dating from 1988 to
2001. The specimens consisted of 28 cases of needle biopsy, 9 cases of
transurethral resection, and 25 cases of radical prostatectomy. The ages of
patients ranged from 53 to 89 years with a mean of 72 years. Complete
five-year follow-up data were available for 43 patients. For each case, a
representative paraffin block was selected that contained both tumor and
benign prostatic tissue.

Immunohistochemical Staining. Four-�m-thick sections were cut from
the paraffin blocks of prostate tumors and mounted on charged glass slides.
The sections were baked at 60°C for 1 h, deparaffinized in xylene, and
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rehydrated. For antigen retrieval, the sections were treated with 25 mM sodium
citrate buffer (pH 9) at 80°C for 20 min followed by treatment with 3% H2O2

solution to block endogenous peroxidase activity. The slides were incubated
overnight at 4°C with anti-Drg-1 rabbit polyclonal antibody at 1:100 dilution.
The specificity of the antigen-antibody reaction was confirmed by using
preimmune serum with the same dilution. The sections were then incubated
with horseradish peroxidase-conjugated antirabbit IgG for 30 min at room
temperature, and 3,3�-diaminobenzidine substrate chromogen solution (Envi-
sion-plus kit; DAKO Corp., Carpentaria CA) was applied, followed by coun-
terstaining with hematoxylin.

Analysis of Immunohistochemical Staining. Most of the patients pre-
sented heterogeneous tumor grade; therefore, each patient sample was assigned
two separate Gleason grades, corresponding to the two predominant histolog-
ical patterns. The nuclear grades were determined according to the WHO
criteria, and the degree of differentiation was classified into “well,” “moder-
ate,” or “poor.” Results of the immunohistochemistry were judged based on the
intensity of staining, and the grading of the Drg-1 expression was done by two
independent persons (S.B. and K.W.) without prior knowledge of the grade,
stage, or patient survival. The cases were then divided into those that showed
positive staining and those that showed reduced expression of Drg-1.

Cell Lines, Expression Plasmids, and Transfection. Dunning-rat and
human prostatic carcinoma cell lines, AT6.1 and ALVA41, were kindly
provided by Drs. C. Rinker-Schaeffer (University of Chicago, Chicago, IL)
and W. Rosner (Columbia University, New York, NY), respectively. All of the
cell lines were cultured in RPMI 1640 supplemented with 10% FCS, strepto-
mycin (100 �g/ml), penicillin (100 units/ml), and 250 nM dexamethasone
(Sigma, St. Louis, MO) and were grown at 37°C in a 5% CO2 atmosphere.
Drg-1 cDNA was a generous gift from Dr. S. W. Lee (Beth Israel Deaconess
Medical Center, Boston, MA). To create a mammalian expression plasmid, the
cDNA was amplified by PCR for which the forward primer included the Kozak
sequence and EcoR1 linker and the reverse primer included a XhoI linker. The
PCR product was cloned into the mammalian expression vector pcDNA3
(Invitrogen, Carlsbad, CA) using standard techniques. The Drg-1 expression
plasmid or the vector alone was transfected into the AT6.1 and ALVA cell
lines by LipofectAMINE (Invitrogen) according to the manufacturer’s proto-
col, and the G418-resistant clones were selected. The expression of Drg-1 in
the cloned cells was tested by reverse transcription-PCR and was further
confirmed by Western blot.

Western Blot. To examine the Drg-1 protein expression, the cells were
washed with PBS and lysed by 4� sample buffer [10% 1 M Tris (pH 6.8), 30%
SDS 20%, 30% glycerol, 30% �-mercaptoethanol]. The lysates were boiled for
5 min, resolved by SDS-PAGE on a 10% polyacrylamide gel, and blotted onto
nitrocellulose membrane. The membrane was blocked with 5% powdered skim
milk in TTBS [100 mM Tris (pH 7.5), 0.9% NaCl, 0.1% (v/v) Tween 20] for
1 h at room temperature, followed by overnight incubation with the anti-Drg-1
rabbit polyclonal antibody, diluted 1:1000 with blocking solution at 4°C. The
membrane was washed with TTBS and incubated with horseradish peroxidase-
conjugated secondary antibody for 1 h at room temperature. The antigen
antibody complex was detected by the ECL system (Amersham Life Sciences)
according to the manufacturer’s protocol.

In Vitro Cell Growth and Anchorage-independent Growth Assay. For
in vitro growth assay, AT6.1, ALVA, and the respective Drg-1-expressing
clones were seeded at an initial concentration of 103 cells/well in a 12-well
plate. At regular intervals, cells were trypsinized and resuspended, and the cell
numbers were counted by hemocytometer. The anchorage-independent growth
of AT6.1, ALVA, and their Drg-1-expressing derivatives were examined by
clonogenic cell growth on soft agar as described previously. Briefly, each well
of a 12-well plate was first layered with 0.6% agarose in growth medium
(RPMI 1640 supplemented with 10% FCS). The cell lines to be tested were
trypsinized, and 103 cells were resuspended in growth medium containing
0.3% agarose and then were poured as a top layer in the 12-well plates. The
plates were incubated at 37°C for 2 weeks, and the number of colonies was
counted under microscope.

In Vitro Motility and Invasion Assay. For the motility assay, 105 cells
were added to the cell culture inserts with microporous membrane without any
extracellular matrix coating (Becton Dickinson, Bedford, MA). RPMI medium
(700 �l), containing 20% fetal bovine serum was added to the bottom chamber.
The cells were then incubated for 24 h at 37°C, and the upper chamber was
removed. The cells in the lower chamber were incubated for an additional 72 h

and were stained with tetrazolium dye, and the number of colonies was counted
under a microscope. For in vitro invasion assay, the working method was
similar to that described above, except that the inserts of the chambers to which
the cells were seeded were coated with Matrigel (Becton Dickinson).

Spontaneous Metastasis Assay. To examine the growth rate and metastatic
ability of the Drg-1 clones in animals, 0.5 � 106 cells in 0.2 ml of PBS were
injected s.c. into the dorsal flank of 5-week-old SCID2 mice (Harlan Sprague–
Dawley, Indianapolis, IN). Mice were monitored daily, and the tumor volume was
measured as an index of the growth rate. Tumor volume was calculated using the
equation, Volume � ([Width � Length]/2) � W � L � 0.5236. The doubling
time of tumor during the fastest growing period was calculated by measuring the
tumor volume every 4 days. Mice were sacrificed 4 weeks after the inoculation of
the cells, and metastatic lesions on the lungs were counted macroscopically.

Statistical Analysis. The association between Drg-1 and other prognostic
markers was calculated by �2 analysis. The Kaplan-Meier method was used to
calculate the overall survival rate, and prognostic significance was evaluated
by the log-rank test. Univariate analysis for the prognostic value of Drg-1 was
performed by the Cox proportional hazard-regression model. For in vitro
experiments and animal studies, one-way ANOVA was used to calculate the
Ps. In all cases, SPSS software was used.

Results

Drg-1 Expression Is Significantly Reduced with Advancement
of Human Prostate Cancer. To examine the involvement of Drg-1
in the progression of human prostate cancer, the expression of Drg-1
in clinical samples was analyzed by immunohistochemistry in 62
prostate cancers with various Gleason grades. As shown in Fig. 1A,
the Drg-1 protein was shown to be highly expressed in the epithelial
cells of normal glands and ducts. The basal cell layers also showed a
high level of Drg-1, whereas the stroma did not have a detectable level
of expression. The protein appeared to be localized mostly in the
cytoplasm, but the expression was also detected in cell membranes.
The nuclear stain was not observed frequently except in two cases in
which the signal strongly shifted from cytoplasm to nucleus in tumor
cells. The endothelial cells and nerve bundles frequently showed
Drg-1 expression. The protein was detected equally in all cases of
normal prostate tissue as well as prostatic intraepithelial neoplasia and
benign prostatic hyperplasia, whereas the expression was significantly
reduced with the progression of carcinoma, suggesting down-regula-
tion of the Drg-1 gene with advancement of the disease. The level of
Drg-1 expression was statistically analyzed with respect to known
prognostic factors (Fig. 1B). When the cases were subdivided into two
groups, those with Gleason score of �7 (38 cases) and those with a
Gleason score of �7 (24 cases), the reduction in Drg-1 expression
correlated significantly with the Gleason grade (P � 0.015). Although
the age at diagnosis did not have any correlation with expression level
of this gene, the nuclear grades of the samples were positively
correlated (P � 0.044) with the expression of Drg-1. In addition, the
Drg-1 expression inversely correlated with the degree of differentia-
tion overall (P � 0.001). However, one-way ANOVA test with
Tukey’s W procedure indicated that the down-regulation of Drg-1 is
not significant between well- and moderately differentiated tumors,
although it is highly significant between moderately and poorly dif-
ferentiated tumors. These results are in agreement with the existing
idea of this gene being up-regulated by the induction of cellular
differentiation in vitro, and they suggest that Drg-1 suppression may
be more important in a late stage of tumor progression. It should be
noted that a significant level of differential expression of Drg-1 was
observed between the patients with organ-confined disease and those
with metastasis to lymph node or bone. Whereas 28 (70%) of 40
localized prostate cancer cases were positive for Drg-1, only 5 (25%)

2 The abbreviations used are: SCID, severe combined immunodeficient; MKK4,
mitogen-activated protein kinase kinase 4.
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of each of the 20 and 19 cases with lymph node and bone metastasis,
respectively, were positive for Drg-1 expression. Thus, the negative
correlation of Drg-1 with metastatic spread to lymph node and bone is
highly significant (P � 0.003 and 0.006, respectively) and, in fact, is
much stronger than the positive correlation with Gleason scores.
These results strongly suggest a negative involvement of Drg-1 in the
metastatic process in prostate cancer.

To evaluate the importance of the Drg-1 gene as a prognostic
marker, we chose 43 patients dating from 1988 to 1997, and examined
whether the down-regulation of Drg-1 with the advancement of pros-
tate carcinoma correlates with survival. As shown in Fig. 2, patients
with Drg-1 positive expression had significantly more favorable prog-
nosis than those with reduced expression (log rank P, 0.002). In Cox
regression analysis in univariate mode, the Drg-1 gene expression had
a significant predictive value (P � 0.0256), although it was less
predictive than lymph node or bone metastasis (P � 0.001). Never-
theless, the reduced expression of Drg-1 can be a strong predicator of
lymph node and bone metastasis and, in turn, of survival. Therefore,

these data underscore the clinical relevance of this gene in the ad-
vancement of prostate cancer.

Drg-1 Suppresses Invasiveness of Prostate Cancer Cells in
Vitro. To understand the functional role of the Drg-1 gene in tumor
progression, we first established permanent cell lines expressing
Drg-1 using the human prostate carcinoma cell line ALVA and highly
metastastic Dunning-rat prostate carcinoma cell line AT6.1. These
cell lines were examined for the rate of in vitro proliferation and
anchorage-independent colony formation. As shown in Fig. 3, A and
B, the growth rate of cloned cells did not show a significant difference
from the parent cell in either assay. These cell lines also did not show
any notable morphological changes. These results suggest that Drg-1
does not affect the growth or morphology of prostate tumor cells.
Because the expression of the Drg-1 gene is inversely correlated with
metastasis in clinical samples, we examined the effect of Drg-1 on cell
motility and invasiveness. As shown in Fig. 3C, the motile ability of
the clones was virtually identical to the parental cell lines. However,
expression of Drg-1 significantly reduced in vitro invasion (up to 90%

Fig. 1. Immunohistochemical analysis of Drg-1
in human prostate cancer. A, Drg-1 expression is
reduced with increasing Gleason grade. Immuno-
histochemistry was performed on paraffin tissue
sections from prostate cancer patients of various
grades. A, normal prostate tissue, C–D, grades 3
and 5 prostate carcinoma, treated with anti-Drg-1
antibody. B, normal prostate tissue treated with
preimmune serum as negative control. B, associa-
tion of Drg-1 with other clinical parameters. In
each case, �2 test was performed to test the signif-
icance of association. �, statistically significant cor-
relation (P � 0.05).
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in AT6.1 cell line and 20–30% in ALVA) when they were tested by
an in vitro Matrigel assay (Fig. 3D). These data suggest that Drg-1
suppresses the invasive ability of prostate cancer cells in vitro, which
is consistent with the results of the immunohistochemical analysis of
clinical specimens.

Drg-1 Suppresses Spontaneous Lung Metastasis of Prostate
Cancer Cells in Vivo. To further investigate the role of Drg-1 in
primary tumor growth as well as invasion and metastasis in vivo, the

metastatic cell line AT6.1, AT6.1 transfected with vector only, and
five Drg-1-transfected clones (Drg-1 numbers 4, 7, 8, 10, and 12)
were individually injected s.c. into the dorsal flanks of SCID mice. As
shown in Fig. 4A, Western blot analysis indicated that only the clones
4, 7, 8, and 10 expressed Drg-1 protein, whereas AT6.1, the vector-
only clone, and the clone number 12 did not have a detectable level of
Drg-1 expression. Therefore, the vector-only clone and clone number
12 served as negative controls. The mice were monitored for the
formation and the growth rate of tumors and were then sacrificed at 4
weeks after the inoculation of the cells. At the experimental end point,
their lungs were removed, and the number of metastatic lesions was
grossly counted. As shown in Fig. 4C, all of the clones and the
parental cells formed primary tumors in the animals with similar
growth rates during the 4-week period, suggesting that Drg-1 does not
have an effect on tumorigenesis and tumor growth. On the other hand,
the four clones (numbers 4, 7, 8, and 10) that were positive for Drg-1
expression showed a significantly lower incidence of lung metastases
compared with the parental cell line AT6.1, the vector-only clone, and
clone number 12. These results strongly suggest that Drg-1 can
suppress the metastatic process of prostate cancer cells without af-
fecting tumorigenicity in vivo.

Discussion

The Drg-1 gene was previously reported by two researcher groups
(6, 15) to play an important role in colon and bladder cancer, based on
the results of animal experiments. However, their results are incon-
sistent with regard to the step at which Drg-1 is involved. It appears
that Drg-1 suppresses the tumorigenesis of bladder cancer cells,
whereas it interrupts the distant metastasis of colon cancer cells

Fig. 2. Drg-1 expression is correlated with overall survival rate. Overall survival rate
over a period of 5 years was measured in 43 patients with prostate cancer, in relation to
Drg-1 expression. Solid line, Drg-1 positive patients; dotted line, patients with reduced
expression of Drg-1. P was determined by log-rank test.

Fig. 3. In vitro characteristics of Drg-1. Drg-1
cDNA was transfected into AT6.1 and ALVA cell
lines, and clones were established; these clones
were studied in comparison with the parental lines.
A, in vitro cell growth assay. B, anchorage-inde-
pendent growth assay in soft agar. C, motility assay
using cell culture inserts without any reconstituted
extracellular matrix. D, invasion assay using Ma-
trigel-coated invasion chamber. All of the assays
were done in triplicate. �, statistically significant
difference (P � 0.05).
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without affecting their growth rate at the site of primary tumor. More
importantly, the clinical significance of the Drg-1 gene has not been
clarified by statistical analysis in any type of cancer. In this report, we
have shown that the expression of the Drg-1 gene is inversely corre-
lated with the Gleason grading, which is the most well-established
pathological criterion for judging the clinical stage and malignant
progression in prostate cancer. We have also shown that Drg-1 ex-
pression is strongly correlated with patients’ five-year survival, sug-
gesting a potential usefulness of Drg-1 as a prognostic marker. In
particular, we observed that the down-regulation of Drg-1 expression
was more significant in patients with metastasis to lymph nodes.
Consistent with these observations, the results of our animal experi-
ment indicate that Drg-1 was capable of suppressing lung metastasis
of prostate cancer cells, whereas it did not affect the growth of
primary tumor. Therefore, Drg-1 appears to function as a metastasis
suppressor in prostate cancer.

The molecular mechanism underlying the metastasis suppression
by Drg-1 is of considerable interest, although this remains to be
investigated. However, it should be noted that Drg-1 was previously
shown to be up-regulated by the tumor suppressors, PTEN and p53,
and that these tumor suppressors are known to be able to down-
regulate metastasis-related genes such as MMP-1, -2, and -13 (16–
18). Therefore, it is possible that Drg-1 is a part of the pathway of
down-regulation of those protease genes by PTEN and p53, which

may account for the metastasis suppressor function of the Drg-1 gene.
In fact, the results of our in vitro experiments indicate that Drg-1
suppressed the invasiveness of prostate cancer cells, which is also in
good agreement with the results reported by Guan et al. (15), who
found that overexpression of Drg-1 suppressed in vitro invasiveness
of colon cancer cells. PTEN and p53 are also known as negative
regulators of angiogenesis, which is a critical factor for both tumor
growth and metastasis (19, 20). Activation of both genes lead to the
inhibition of VEGF gene expression and, hence, suppression of an-
giogenesis. Therefore, it is conceivable that the down-regulation of
Drg1 by PTEN and p53 may also be a part of a pathway of suppres-
sion of angiogenesis which leads to metastasis suppression.

Drg-1 has been known to be a stress-response gene, and the
expression of this gene is induced by various chemical agents and
antineoplastic drugs such as tunicamycin, meracptoethanol, homocys-
teine, and CPT-11. Motwani et al. recently found that the activation of
Drg-1 by CPT-11, a topoisomerase I inhibitor, resulted in the sup-
pression of apoptosis of cancer cells, which, in turn, became drug
resistant (21). Therefore, Drg-1 appears to be involved not only in
tumor progression but also in drug resistance. It is noteworthy that
these chemical agents are able to induce stress-activated protein
kinase (JNK/SAPK) through the activation of MKK4. Interestingly,
MKK4 was recently shown to suppress metastasis of prostate cancer
in vivo without affecting primary tumor growth (22). This raises a
possibility that Drg-1 may lie in the down-stream of the MKK4
pathway, which leads to metastasis suppression, although this possi-
bility needs to be examined in detail.

Metastasis remains the ultimate and major cause of mortality in
cancer-related deaths. The process of metastasis is complex, involving
multiple steps, and is, therefore, poorly understood as yet at the
cellular and molecular level. There was a significant advancement in
our understanding of this process with the recent discovery of the
metastasis suppressor genes that, by definition, suppress the formation
of metastases without affecting the growth rate of the primary tumor.
To date, only five genes have been identified that meet this criterion,
namely NM23, KAI1, KISS1, BRMS1, and MKK4 (23). Our data
presented in this report clearly indicate that the Drg-1 gene belongs to
this category. Further investigation on the molecular mechanism of
the function of this gene would provide information about rational
therapeutic approaches for metastatic disease.
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