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ABSTRACT

Early growth-response (EGR) genes are nuclear transcription factors

that are implicated in regulating cell proliferation. Because these genes
show divergent expression in various human tumors, we sought to deter
mine their expression in nonmalignant and malignant prostate tissues.
Total RNA extracted from prostate tissues was probed with EGR-1,
EGR-2, and EGR-a cDNA for Northern blots and digoxigenin-labeled

cRNA for in situ hybridization. Both Northern blot and in situ hybridiza
tion analyses demonstrated increased EGR-1, but not EGR-2 or EGR-a

expression, in malignant prostate tissue as compared with weak expres
sion in nonmalignant tissue. EGR-1 mRNA was quantified in 96 prostate

specimens (86 adenocarcinomas representing different Gleason scores and
10 benign tissues showing no histolÃ³gica! manifestation of benign prostatic
hypertrophy) using in situ hybridization with an 35S-labeled cRNA probe.

EGR-1 mRNA was expressed at significantly higher levels in cancer than
in normal prostate (/' < 0.001). In cancer with Gleason scores 8-10, the

expression of EGR-1 was higher compared with those of lower Gleason
scores i/' < 0.005). Immunohistochemical staining showed predominately

basal cell nuclear EGR-1 protein in prostatic acini. Nuclear staining was

weak in nonmalignant tissues, more intense in moderately differentiated
carcinoma, and most intense in poorly differentiated carcinoma. These
results show that EGR-1 is overexpressed in prostate cancer and suggest
a role for EGR-1 in prostate cancer growth.

INTRODUCTION

Prostate cancer represents a major public health challenge in the
United States. In some patients, prostate cancer is indolent, whereas in
others, the disease takes a more aggressive course with significant
morbidity and mortality ( 1). Although there are several methods to
detect prostate cancer, none is by itself definitive. Presently, the use of
PSA3 testing, combined with digital rectal examination and/or tran-

srectal ultrasound, is the most effective means of detecting organ-

confined prostate cancer. However, these methods have a detection
rate much lower than that of the histological incidence of prostate
cancer in autopsy series (2-4). These factors point to the importance

of identifying new diagnostic and prognostic factors for the disease.
During the last few years, the search for genes that are differentially
expressed in prostate cancer compared with normal tissue has re
ceived much attention. Identification and characterization of these
genes may help explain the molecular basis of prostatic carcinogen-

esis, identify factors that may have diagnostic and/or prognostic
utility, and help devise therapeutic strategies.

The EGR gene family includes EGR-1 (5), EGR-2 (6), EGR-3 (7),
EGR-4 (8), and EGR-a (9). Members of this family encode zinc finger
DNA-binding transcription factors, which are highly homologous
only in their zinc finger regions. Several members (EGR-1, EGR-2,
EGR-3, and EGR-4) have been shown to bind to the same target DNA
sequence (3, 6-14). EGR-I and EGR-2 are induced during the G0-G,
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transition of the cell cycle in a variety of cell lines upon mitogenic
stimulation. Serum and EGF strongly induce the expression of EGR-1

in fibroblasts in a rapid manner. Treatment of PC 12 cells with nerve
growth factor results in high levels of EGR-1 expression. These

observations suggest that the EGR genes are involved in controlling
cellular proliferation (10, 15-17).

Recently, Thigpen el al. (18) demonstrated high levels of expres
sion of EGR-ÃŒmRNA in prostate cancer tissue compared with normal

tissue. However, in other tumors, absence rather than presence of
EGR-1 expression has been correlated with carcinoma. For example,
human lung tumors express little or no EGR-1 mRNA compared with

adjacent uninvolved normal lung tissue, which expresses detectable
levels (19). Moreover, overexpression of EGR-1 in some transfected
human tumor cell lines (breast carcinoma, glioblastoma, and osteo-

genic sarcoma) inhibits growth and tumorigenicity, and cells express
ing little or no EGR-1 demonstrate a transformed appearance (20).

Furthermore, transfection of antisense cDNA to block endogenous
expression of EGR-1 results in malignant transformation (20). The
above observations suggest that loss of EGR-I expression in some

tumor cells may be one of the mechanisms for transformation and loss
of growth regulation. Thus, the contrast of EGR-I expression in these

tumors, compared with prostate cancer, is of potential significance.
EGR-a was isolated recently in our laboratory as a differentially

expressed gene in androgen-independent prostatic cells, PC3 and
DU 145, compared with androgen-sensitive prostatic cells, LNCaP (9).
We have demonstrated that EGR-a is regulated by androgen and EGF,

two hormones important for prostate development and differentiation.
In LNCaP cells, growth-stimulatory concentrations of serum and EGF
induced up-regulation of EGR-a mRNA expression. Nuclear run-on
experiments indicated that the EGF regulation of EGR-a is at the
transcriptional level. Additional experiments suggested that EGR-a

plays a role in cell cycle regulation (9).
Because EGR-1, EGR-2, and EGR-a appear to be involved in

regulation of cell proliferation and EGR-1 seems to play a role in

malignant transformation of prostate cells, we investigated the expres
sion of these genes during prostate cancer progression. Our results
demonstrate a positive correlation between EGR-1 expression and

Gleason score, an independent prognostic factor in prostate cancer,
suggesting a role for EGR-I in cancer.

MATERIALS AND METHODS

Tissue Samples. We examined 96 samples (Table 1), including 86 prostate
adenocarcinomas (collected as surgical waste during transurethral resection or
total prostatectomy) from untreated prostate cancer patients at Mayo Clinic.
Rochester, MN. Of these, 15 cases were evaluated as Gleason score 5, 21 as
Gleason score 6. 30 as Gleason score 7, and 20 were Gleason score 8-10.

Nonmalignant controls included four normal prostate samples and six paired
noncancerous tissues. Normal samples were obtained at autopsy from young
organ donors (provided by Dr. J. Sansibar. Prostate Tissue Procurement
Program of Northwestern University, Chicago, IL). Nonmalignant prostate
tissues were collected from patients during prostatectomy and examined his-

tologically. Only those samples that looked benign with no BPH were collected
for further analysis. An uliquot of each tissue was fixed in 10% formalin for
histological analyses and grading. The remainder was frozen immediately in
liquid nitrogen. One aliquot was stored at â€”¿�70Â°Cfor RNA extraction; another
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Table 1 EGR-I mRNA expression in malignant and naunattgnait prostate

Tissue"NonmalignantMalignant'Gleason

5Gleason
6Gleason
7Gleason

8+Total
malignantNo.

of
samples10IS21302086EGR-I

mRNA level

Mean(Â±SD)17.7(2.2)37.5

(7.5)47.1
(8.0)68.8
(7.0)77.1
(9.5)60.0(17.0)

" Tissues were obtained as described in "Materials and Methods."
h EGR-I mRNA levels were determined by in situ hybridization with 35S-labeled

cRNA probes. The signal was subject to computer analysis as described in "Materials and
Methods." The signal intensity was calculated by subtracting the signal in the lumen from

that in the epithelium. Data are expressed in arbitrary units as signal intensity/unit area.
1 Gleason 8+ denotes samples with Gleason scores 8-10.

was fixed overnight in 4% paraformaldehyde (pH 7.2) and used for paraffin

embedding.
Construction of Probes. Probes were generated using the PCR. The prim

ers used for PCR and the length and sequence of each probe are listed in Table
2. To generate specific probes, primers were designed to avoid the zinc finger
region, which is highly homologous among members of this family of genes.
Human genomic DNA extracted from prostate tissue was used as a template
for PCR. The probes were amplified for 30 cycles at 95Â°Cfor 1 min, 50Â°Cfor

2 min, and 72Â°Cfor 3 min. PCR products were analyzed on a 1.5% agarose gel.

Bands of interest were purified and cloned into the pGEM-T vector (Promega),
which contains a 3'-T overhang to enable direct cloning of PCR products.

Positive clones were sequenced using T7 and SP6 primers to confirm the
accuracy of cloning and fidelity of PCR amplification.

For Northern hybridization, 32P-labeled cDNA probes were generated.

EGR-I, EGR-2, and EGR-a inserts were isolated from a pGEM-T construct by
digestion with Spe\ and Nco\ and labeled with [a-32P]ATP. For in situ

hybridization, probes labeled with DIG-UTP (Boehringer Mannheim) or
[o-35S]UTP were generated by transcribing cDNA in vitro (Riboprobe in Vitro

Transcription Systems; Promega) using plasmids linearized with Spe\ or Ncol
for the generation of the antisense and sense probes, respectively, in the
presence of T7 and SP(, polymerases (22, 23).

Northern Blot Analysis. Total RNA was extracted from prostate tissues
using a guanidine isothiocyanate procedure (24, 25), separated on 1% form-

aldehyde-agarose gels (ethidium bromide was added to the loading buffer to

detect the rRNAs and to judge the quality of extracted RNA). transferred to
nylon membranes, and cross-linked by UV irradiation (Stratalinker 1800:
Stratagene). The blots were prehybridized at 42Â°Cfor 3 h in a buffer containing
50% formamide, hybridized with the 32P-labeled antisense probe (500,000

cpm/ml buffer) at 42Â°Covernight, and washed three times in 2X SSC (20X

SSC = 3.0 M NaCl and 0.3 M sodium citrate; 10 min at room temperature), 1X
SSC + 0.25% SDS (15 min at 55Â°C).and 0.5 x SSC + 0.1% SDS (15 min at
55Â°C).The blots were exposed to X-ray films (Kodak X-Omat) for 10-72 h at
-70Â°C. For further analysis of the signal, the blots were scanned on a

Phosphorlmager 425 (Molecular Dynamics). The blots were stripped by boil
ing in distilled water for 20 min and subsequently rehybridized with a 32P-
labeled PSA cDNA probe to determine RNA integrity or with a '"P-labeled

18S cDNA probe to confirm equal loading.
In Situ Hybridization with DIG-labeled Probes. The procedure for in

situ hybridization wilh DIG-labeled probes was modified from Gandrillon el

al. (23) and McGarvey et al. (26). Briefly, paraffin sections (5 /j.m) were
deparat'finized in xylene (two times for 5 min each), hydrated in 100, 95, and

70% ethanol (two times for 3 min each), and rinsed in PBS. To enhance the
mRNA signal, slides were heated in 10 mM citric acid buffer (pH 6.0) at 85Â°C

for 7 min, cooled at room temperature for 20 min, and rinsed in PBS for 3 min.

Sections were digested with proteinase K (25 /ig/ml in PBS) for 15 min at
37Â°C,rinsed in PBS (two times for 3 min each), treated with 0.2 N HC1 for 10

min at room temperature to denature the nucleic acid, and rinsed in 2X SSC
(two times for 3 min each). Slides were acetylated with 0.25% acetic anhydride

in triethanolamine (Sigma Chemical Co.) for 10 min at room temperature to
reduce background and rinsed in 2X SSC for 3 min. Sections were prehybrid
ized for 2 h at room temperature with hybridization buffer devoid of probe in
a humid chamber. The hybridization buffer consisted of 50% (v/v) formamide.
20% (v/v) dextran sulfate (Pharmacia Biotech, Inc.), 15% 20X SSC (v/v),
100X Denhardt's solution (Amresco, Inc.), 0.5% (v/v) sheared salmon sperm

DNA (20 mg/ml; Amresco, Inc.), 2.5% (v/v) yeast tRNA (5 mg/ml; Ambion,
Inc.), 1% (v/v) polyadenylic-CMP (Sigma), and 1% tetrasodium PPÂ¡(100

mg/ml in Tris buffer). The prehybridization buffer was discarded, and 30 jul of
hybridization buffer, containing DIG-labeled antisense probe (1.6 /Â¿gRNA/ml
buffer, preheated at 80Â°C for 5 min to denature the probe) was applied.
Sections were covered with coverslips and incubated overnight at 50Â°Cin a

humid chamber. Control slides were hybridized either with DIG-labeled sense
probe or treated with RNase A (100 Â¿ig/mlin PBS) for l h at 37Â°Cbefore

prehybridization and hybridized with antisense probe. Coverslips were re
moved in 2X SSC, and sections were rinsed in PBS and treated with RNase A
(100 ng/ml in PBS) for 20 min at 37Â°C.Slides were washed in 2X SSC, 1X

SSC, 0.5 X SSC, and rinsed for 20 min in buffer A [1 M NaCl, 0.1 M Tris-HCI

(pH 7.5), 2 mM MgCU, and 0.05% Tween 20] with 1% sheep serum and 0.03%
Triton X-100. Slides were treated with anti-DIG antibody (1/500 in buffer

A.:Boehringer Mannheim) for 3 h and washed for 15 min in buffer C [0.1 M
NaCl, 0.1 M Tris (pH 9.5), 3 mM MgCl2]. The signal was visualized by
incubating sections with 4.5 /xl nitro blue tetrazolium chloride (Boehringer
Mannheim) and 3.5 /Â¿I5-bromo-4-chloro-3-indolyl-phosphate (Boehringer
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Fig. 1. Expression of EGK-1. EGR-2, and EGR-a in normal human tissues. Northern
blots containing mRNA from different normal tissues were probed with 12P-lahcled

EGR-I cDNA (A), EGR-2 cDNA (B). or EGR-a cDNA (C). Integrity of prostate tissue
mRNA was checked by probing the blots with "P-labeled PSA cDNA (D).

Table 2 Generation of probes using PCR

Gene Probe length (bp) 5'-end primer position and sequence 3'-end primer position and sequence Ref.

EGR-I

EGR-2

EGR-a

551

550

445

1761-1776
5 ' -CACGTACTCCTCTGTT-3 '

1316-1339
5'-G AG AC AC AAAG AGCGG AAAAGC AG-3 '

385^*05
5 '-CTTGCAACGTA AAG AATGTT-3 '

2312-2297
5'-AGACACTGTACAAGGG-3'

1866-1842
5 '-AG ATC AACTCTG ACATCCAGGGTC-3 '

840-820
5'-CGGCAATGTGAGGTTTGGCA-.V

21

10

9
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Fig. 2. Northern blot analysis of ECR-I (A), ECR-2 (B). and EGR-a
(C) in human prostate tissues. Blots were prepared with total RNA
extracted from nonmalignant prostates from a 17-year-old (A, NI), a
33-year-old (A. N2). and a 61-year-old (B and C. N3). The RNA from
malignant tissues (T, to T7) in A is the same as the RNA in B and C.
Blots were probed with "P-labeled EGK-I (A. lap panel). EGR-2 (B), or

EGR-a (C) cDNA. The blot prohed with EGR-1 (A) was exposed to
X-ray film for 10 h at -70Â°C, whereas the blots probed with ECR-2 (B)

and EGR-a (C) were exposed to film for 72 h. The integrity of extracted
RNA was confirmed by probing the blots with 12P-labeled PSA cDNA

(A, bottom panel). Equal loading of RNA was assessed by probing with
18S rRNA {A. middle panel).
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Mannheim) per 1 ml of color developing buffer |100 min Tris-HCI (pH 9.5).

100 mM NaCI. and 50 mM MgCU], until the desired color was developed.
Sections were washed in water, counterstained with nuclear Fast Red (Sigma),
and dehydrated with ethanol before applying a coverslip. All slides (including
negative controls) were processed together and treated similarly to maintain
uniformity.

In Situ Hybridization with 35S-labeled Probe. The procedure was similar

to that used for the DIG-labeled probe, with some modifications (27. 28). After

hydrating the slides, instead of heating in citric acid, the slides were digested
with proteinase K and reftxed in 4% paraformaldehyde. Sections were hybrid
ized with 1.5 X IO6 cpm of 15S-labeled antisense probe per slide in buffer

containing 0.1 mM DTT. treated with RNase A. washed in 2X, 1X. 0.5 X, and
0.1X SSC (at 55Â°Cfor 30 min each), dehydrated through ethanol containing

0.3 M ammonium acetate, and air dried. Hybrids were detected by autoradiog-
raphy using Kodak NTB-2 liquid emulsion. Slides were incubated for 10 days
at 4Â°C, developed in Kodak D19. counterstained with hematoxylin. and

mounted in Permount.
Quantitation of Signal. Quantitation of 15S signal was accomplished by

dark-field densitometry. The signal was digitized using an IBAS analysis

system (Kontron Electronics) on an Axiophot photomicroscope (Carl Zeiss)
using a Newvicon video camera (Himamatzu). and images were analyzed
using ANALYZE, a program written at Mayo Clinic (29). For each prostate
section, three images were digitized: at least five acinar epithelial areas
(representing signal) and five luminal areas (representing background) were
scanned. The intensity of grains was calculated by subtracting background

from total intensity. To avoid interassay variability, all sections used for
quantitation were hybridized, and the emulsions were developed in one batch.
The same intensity scale was set on the computer for all sections. Serial
sections stained with H&E were scored by a pathologist to determine the
Gleason score.

Statistics. Levels of EGR-I in control and cancer patients were compared
using the two-sample. Mann-Whitney rank-sum test. The association iti EGR-I
with tumor grade was estimated using Spearman's rank correlation coefficient

(/â€¢).All tests were two-sided with a significance level of 0.05. EGR-I levels

were expressed as means Â±SD.
Immunocytochemistry. A rabbit polyclonal antibody against EGR-1 (San

ta Cruz Biotechnology) was used for immunocytochemical staining. This
antibody does not cross-react with EGR-2. EGR-3. or Wilms' tumor protein.

Sections were deparaffmized. hydrated, and heated for 15 min in a solution of
5% aqueous urea to retrieve the antigen (30. 31 ). Sections were cooled at room
temperature for 15 min. Endogenous peroxidase was inhibited for 10 min by
incubation with freshly prepared 3% hydrogen peroxide. After washing in PBS
and buffer [0.05 M Tris-HCI (pH 7.6), 0.3 M NaCI, and 0.1% Tween 20),

sections were treated with 1.5% blocking serum (Santa Cruz Biotechnology) in
PBS for 20 min to reduce nonspecific antibody binding. Sections were incu
bated at room temperature for 2 h with the primary antibody, washed, and
incubated for 45 min at room temperature in Link antibody (monkey anti-

rabbit biotinylated antibody: Amersham). After washing in buffer for 10 min,
slides were incubated for 30 min in avidin-biotin enzyme reagent diluted as

suggested by the manufacturer (Santa Cruz Biotechnology) and rinsed in
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Fig. 3. In situ hybridization with DIG-laheled EGR-1 cRNA. A and B, total RNA from normal prostate ( 17-year-old); C and D, total RNA from prostate adenocarcinoma, Gleason
score 7. A and C. hybridization with DIG-labeled EGR-ÃŒcRNA antisense probes; B and D, negative controls hybridized with sense probes.

buffer. Peroxidase activity was visualized after a 6-min incubation with freshly

prepared diaminobenzidine tetrahydrochloride substrate solution (Dako Corp.).
Sections were rinsed in water, counterstained with hematoxylin. dehydrated,
and mounted.

RESULTS

Expression of EGR-1, EGR-2, and EGR-a in Normal Tissues.
To determine the expression of EGR genes in various human tissues,
Northern blots containing total RNA were probed with 3"P-labeled

EGR-I. EGR-2, and EGR-a probes. The results indicate that none of

the EGR genes are expressed in normal prostate (Fig. 1). However, all
three EGR genes are expressed at high levels in skeletal muscle.
EGR-1 is also highly expressed in heart, pancreas, and ovary, and

lower levels of expression are observed in brain, placenta, and lung
(Fig. \A). Among the tissues examined, EGR-2 is expressed only in
the muscle (Fig. IÃŸ).EGR-a is highly expressed in pancreas in

addition to skeletal muscle, and weak signals are found in placenta
and liver (Fig. 1C). To determine whether the absence of signal in the
prostate is due to poor quality RNA, the blot was stripped and
reprobed with PSA cDNA. A specific, high level of expression of
PSA was observed in prostate, thus confirming the integrity of the
prostate mRNA (Fig. ID). These data suggest that the EGR genes are
expressed at very low levels in normal prostate tissue.

Expression of EGR-1, EGR-2, and EGR-a in Malignant Pros
tate. We next measured the expression oÃEGR-1, EGR-2, and EGR-a
in malignant prostate tissues. Total RNA from prostate adenocarci-
nomas (25 different tissues from patients 59-72 years of age) were

extracted, and aliquots were examined by Northern analysis. Aliquots
of seven representative tumor samples (T, to T7) are shown for the

expression of EGR-1 (Fig. 1A), EGR-2 (Fig. 2B), and EGR-a (Fig.
2C). Results indicate high levels of EGR-1 expression in all malignant
tissues examined (Fig. 2A, Lanes 77-77).

Our earlier observation that EGR-1 is expressed at low levels in

normal prostate was confirmed in this experiment. RNA from a
17-year-old (Fig. 2A, Lane Nl) exhibited a low level of EGR-1
mRNA, whereas EGR-1 RNA was not detectable in tissue extracts
from a 33-year-old (Fig. 2A, Lane N2). In these samples, the integrity

of the mRNA samples was confirmed with a PSA cDNA probe (Fig.
2A, bottom panel), where expression was observed in all prostate
tissues, including those which were negative for EGR-1 expression.

Equivalent loading of mRNA samples was confirmed with an 18S
ribosomal cDNA (Fig. 2A, middle panel).

EGR-2 and EGR-a mRNA expression levels are very low in ma

lignant prostate tissues (Fig. 2, B and O, although RNA was the same
as that in Fig. 2A. The faint signals observed for EGR-2 and EGR-a
in Fig. 2, B and C, were obtained after exposure of the blot to X-ray
film for a longer time (72 h) compared with that for EGR-1 in Fig. 2A
(10 h). Furthermore, both EGR-2 and EGR-a are expressed at low

levels in nonmalignant prostate tissue (Fig. 2, B and C, N3).
In Situ Hybridization Analysis of EGR-1, EGR-2, and EGR-a.

Prostate cancers are heterogeneous and usually contain a wide variety
of malignant, benign hypertrophie, and normal cells. Thus, interpre
tation of Northern analysis may not be conclusive. Therefore, we used
in situ hybridization analysis to determine the expression of EGR-1 in

different cell types in the prostate. To screen large numbers of prostate
cancer samples, antisense cRNA probes were labeled with digoxige-
nin-UTP and hybridized to prostate sections. In agreement with the
Northern blot data, the results demonstrated that EGR-1 mRNA is
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Fig. 4. In situ hybridization analysis of EGR-1

mRNA expression in different prostate tumor grades
using -15S-labeled EGR-I. Sections from benign

prostate (A and ÃŸ)and prostate adenocarcinomas
with Gleason score 5 (C and D), Gleason score 7 (Â£
and F), and Gleason score 9 (G and H) were hybrid
ized with '5S-labeled antisense cRNA (A, C, E, and
G). Negative controls used 35S-labeled sense cRNA
(B, D, F, and H). The signal was detected by auto-

radiography after 10 days of exposure. All sections
were scored using dark-field microscopy at X50.

highly expressed in malignant tissue (Fig. 3C), whereas its expression
is very low in normal prostate (Fig. 3A). Furthermore, EGR-I is

expressed mainly in the epithelial cells with little expression in
stroma. The negative controls in these experiments included the
following: (a) hybridization with DIG-labeled sense probes (Fig. 3, B

and D); and (b) hybridization of antisense cRNA to sections pretreated
with RNase (data not shown).

Because quantitation of 35S signal was accomplished by dark-field

densitometry, it was not possible to score the sections for BPH and
PIN. Therefore, sections stained for immunocytochemistry were
scored for the expression of EGR-1 in BPH and PIN.

Quantitation of EGR-1 mRNA by in Situ Hybridization. Use of
DIG-labeled cRNA probes for in situ hybridization is a simple and

fast technique amenable to screening a large number of samples.
However, it is not possible to quantify the color reaction generated

using a DIG-labeled probe. Therefore, to obtain semiquantitative
data on the relationship between EGR-I expression and prostate
cancer progression, 35S-labeled EGR-1 cRNA probes were used. A

further advantage of this technique, as adapted in our laboratory, is
the use of computer-based protocols to determine EGR-l expres

sion at a constant signal intensity, thus eliminating subjective bias.
Furthermore, use of computer software allowed evaluation of a
larger number of prostatic acini, thus enhancing the statistical
analysis.

Dark-field microscopy confirmed that EGR-1 mRNA is expressed

at low levels in nonmalignant prostate (Fig. 4A). Sections from
prostate carcinoma with Gleason score 5 showed an intense signal in
the epithelium of the prostate (Fig. 4C) compared with adjacent
nonmalignant tissue. Further progression to Gleason scores 7 and 9
correlated with higher intensity signals (Fig. 4, E and G, respectively).
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Fig. 5. Quantitative analysis of in situ hybridization with EGR-I cRNA probe.

Analysis included IO nonmalignanl prostates and 86 malignant prostates (I5 prostate
adenocarcinoma samples with Gleason score 5; 21 samples with Gleason score 6; 30
samples with Gleason score 7; and 20 samples with Gleason score 8-10). The

numbers indicate arbitrary units generated based on signal intensity. Shaded boxes, the
interquartile ranges (25-75% of all of the observations for each sample). The lines

inside the shiitietl ht>.\es indicate the median value, whereas the bars represent the
range of data for each tissue type (minimum value at the bottom and the maximum
value at the top).

Negative controls in these experiments included sections probed with
"S-labeled sense cRNA (Fig. 4. B, D. F, and H).

Computer analysis of the signals generated by the 35S-labeled

cRNA probe (Table 1) confirmed the microscopic observations. The
mean value for the expression of EGR-1 in nonmalignant tissues was

17.7 (Â±2.2), whereas the mean value for total malignant tissues was
60.0 (Â±17.0). Thus, the expression oÃEGR-1 was significantly higher
(P < 0.001) in malignant tissues (Gleason score 5-8 + ), compared

with nonmalignant tissue (Table 1).
Further analysis of the data revealed that the highest value for

EGR-1 expression in nonmalignant tissue was 21.3, whereas the

lowest value was 15.5 (Fig. 5). Similar analysis of malignant tissue
indicated that the overall range in expression of EGR-1 in malignant

tissue was between a low of 24.3 for tissue with Gleason score 5 and
a high of 96.2 for tissues with Gleason score 8+ (Fig. 5). The median
value ranged from 38.9 units (for Gleason score 5) to 76.9 units (for
tissue with Gleason score 8 + ), whereas the median for nonmalignant
tissue was 17.9. Thus, the highest value for EGR-1 expression in

nonmalignant tissue was less than the lowest value for tissue with
Gleason score 5 (Fig. 5). Analysis of the correlation coefficients
indicated a significant positive relationship between EGR-ÃŒexpres
sion and Gleason score (r = 0.85, P < 0.001).

Immunocytochemical Analysis of EGR-1. To determine whether
EGR-1 protein in prostate cancer is correlated with its mRNA levels,
immunocytochemistry was used to localize the EGR-1 protein. Re
sults indicate that similar to mRNA expression, EGR-1 protein levels

are lower in normal prostate tissue (Fig. 6A) compared with prostate
cancer tissues (Fig. 6, C and E). In tissues with Gleason score 6 (Fig.
6(7), the expression of protein is limited to the basal cells (Fig. 6(7),
whereas in more dedifferentiated tumors (e.g., Gleason score 9)
EGR-1 expression is more widely distributed (Fig. 6Â£).Furthermore,

the staining in the nuclei of tissues with Gleason score 6 (Fig. 6(7) is
limited to the nuclear membrane, whereas in Gleason score 9 (Fig.
6Â£),the entire nucleus is uniformly stained. Negative controls in these
experiments included incubation of sections with primary antibody in
the presence of excess antigen (Fig. 6, B. D, and F).

Examination of sections for the expression of EGR-1 in BPH and
PIN indicated increased expression of EGR-1 in BPH and PIN com

pared with normal acini. However, the staining was less intense
compared with cancer tissue.

DISCUSSION

Members of the EGR gene family appear to be involved in regu
lation of cell proliferation (5, 9, 10, 32, 33). However, their role in
transformation of cells is not clear. Depending upon the context of the
tissue being examined, expression of EGR-I either positively or
negatively correlates with transformation (34-36). EGR-1 expression

has been shown to correlate with the transformed appearance of B
lymphocytes immortalized with EBV causing Burkitt lymphoma (34).
In contrast, loss of EGR-1 expression has been shown to confer an

immortalized phenotype in several murine and human cell lines (20).
In agreement with these observations, low expression of EGR-1 has

been demonstrated in human lung cancer compared with normal lung
tissue (19).

The present work demonstrates that some members of the EGR
gene family (EGR-1, EGR-2, and EGR-a) are expressed at low levels

in nonmalignant prostate tissue. However, as demonstrated by RNA
(Northern blots and in situ hybridization) and protein (immunocyto
chemistry) analyses, EGR-1 is expressed at higher levels in malignant
prostate tissue, suggesting a possible mitogenic effect of EGR-1 in

prostate cancer. These results confirm earlier observations that dem
onstrated differential expression of EGR-1 mRNA in malignant and

normal prostates (18). Our findings have extended these observations
by quantifying expression of EGR-1 mRNA and correlating mRNA

levels with protein levels in prostate cancer tissue. Furthermore,
increased levels of EGR-1 mRNA and protein were demonstrated in

poorly differentiated malignant tissues. It is significant to note that
EGR-1 protein is expressed predominantly in basal cells of prostatic
acini, similar to the expression of the anti-apoptosis factor, bcl-2 (37).

Our studies demonstrated a significant increase in expression of
EGR-1 in tumors with more aggressive morphology compared with
less aggressive tumors. This suggests that EGR-1 overexpression may

have prognostic importance in prostate cancer, thus adding one more
tool to a disease in which few factors are known to predict prognosis
reliably.

These observations strengthen our hypothesis that EGR-1 plays

a positive role in prostate cell proliferation and/or tumor formation.
Thus, altered gene expression may be an important step in the
progression of cells from normal to the malignant phenotype.
Whether EGR-1 overexpression initiates the pathogenic event or is

a consequence of malignancy cannot be determined by these stud
ies. However, the results suggest that aberrant EGR-1 expression is

a possible cause for altered growth and progression of prostate
cancer.

Functional EGR-1 binding sites are found in the promoter do

mains of a large number of genes involved in cell growth, includ
ing oncogenes, growth factors (e.g., platelet-derived growth factor
A chain, IGF-II, transforming growth factor al), and proteins
involved in cell cycle control (e.g., c-myc, thymidine kinase, and
cyclin D; Refs. 17, 19, 35, and 38-41). Thus, EGR-1 may mod
ulate prostatic proliferation by stimulating a proto-oncogene and/or

a growth factor, the expression of which is associated with pros
tatic carcinoma (42, 43). For example, it has been shown that
antisense oligonucleotides of IGF-II inhibit the proliferation of
prostate cancer PC3 cells in vitro, suggesting that IGF-II is an

important autocrine growth factor for these cells (44). Further
more, both EGR-1 and Wilms tumor protein (WT-1, a tumor

suppressor protein), bind to the same DNA response element,
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Fig. 6. Immunocytochemical analysis of ECK-1 in
prosiate tissues. Serial sections from nonmalignanl pros
tate (A and B) and prostate adenocarcinoma with Glea-
son seore 6 (C and DÃ¬and Gleason score 9 (E and Fi
were probed with a polyclonal antibody against EGR-1
(A. C. and E) or the antibody after pre-adsorbing with
the .nni'VIM, peptide (B. D. and F).

N.

suggesting the possibility of stimulation of prostate growth via
competition of EGR-ÃŒwith WT-1 binding elements on target DNA
(45, 46). Thus, in the prostate, EGR-I may be capable of stimu
lating carcinogenesis through one or all of the above pathways.

The apparent contradictory role of EGR-I in different human
carcinomas could be due to the influence of the intracellular milieu
and preexisting proteins in a given cell (33, 47). Recently, core-
pressor proteins that bind to EGR-I and modulate its function have
been identified (48, 49). suggesting that expression of specific
EGR-1 binding proteins could affect EGR-I function in different
cells.

We investigated the expression of EGR-2 and EGR-a in prostate
cancer, because they have been suggested to play important roles in
the regulation of the cell cycle and proliferation (9, 10). However, our
experiments indicated that, unlike EGR-ÃŒ,EGR-2, and EGR-a
mRNAs are expressed at very low levels in prostate, with no consist
ent difference between nonmalignant and malignant tissues. It is
important to note that although EGR-ÃŒ,EGR-2, and EGR-a are
structurally similar and can bind identical sequences, they appear to
have distinct biological functions (18, 32, 33).

In summary, we have demonstrated differential expression of
EGR-1 in malignant and nonmalignant tissue. Systematic investiga
tion of 86 adenocarcinoma samples with increasing grades of prostate
cancer demonstrated higher levels of EGR-I expression, suggesting
the possibility of EGR-1 involvement in cancer progression. These
observations were confirmed using several techniques for qualitative
and semiqualitative analysis of RNA and protein. However, further

research is required to delineate the potential role oÃEGR-I in prostate
cancer.
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