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Although prostate-specific antigen (PSA) has been widely used for
early detection of prostate cancer, PSA has problems with specific-
ity and prediction of pathological stage. Therefore, a new marker
for prostate cancer is urgently required. We examined expression
of a novel carbohydrate antigen, b1,4-GalNAc-disialyl-Lc4,
defined by the monoclonal antibody RM2, in prostate cancer using
75 cases of radical prostatectomy specimens. RM2 immunoreac-
tivity was negative to weak in all benign glands, and weak to mod-
erate in high-grade prostatic intraepithelial neoplasia. In prostatic
adenocarcinoma, RM2 immunoreactivity was negative to weak
(lower expression) in 20 cases, and moderate to strong (higher
expression) in 55 cases. A clear difference of RM2 expression level
was observed between Gleason patterns 3 and �4. Higher expres-
sion of RM2 antigen was significantly associated with primary
Gleason pattern �4, high Gleason score (�8), larger tumor vol-
ume and advanced tumor stage. Furthermore, 5-year PSA failure-
free survival was significantly lower in the higher expression
group. However, no significant relationship was observed between
RM2 expression level and preoperative serum PSA. Western blot
analysis in prostate cancer cell lines PC3 and LNCap revealed that
major 49-kDa and minor 39-kDa glycoproteins were common to
both cells, but there was an increase of 59- and 125-kDa glycopro-
teins unique to LNCap and an increase of 88- and 98-kDa glyco-
proteins unique to PC3. RM2 antigen is a new histological marker
for prostate cancer that may reflect the Gleason grading system.
Identification of the glycoproteins carrying the RM2 antigen will
provide new insights into the properties of prostate cancer.
' 2005 Wiley-Liss, Inc.
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Prostate cancer is the most commonly diagnosed cancer among
men and is the second leading cause of cancer death in the United
States. It has the highest incidence, in the United States, of any
type of cancer. Similar trends are observed in other advanced
countries.

Prostate-specific antigen (PSA) has been widely used for detec-
tion and diagnosis of prostate cancer because an increase in its
serum level (>4.0 ng/ml) is often associated with the disease.1

However, since PSA is organ-specific and not cancer-specific,1–3

increased PSA level in serum is also associated with benign
prostatic hyperplasia (BPH) and prostatitis, and is therefore not a
conclusive biomarker of prostate cancer.1–3 According to contem-
porary data, the majority of male patients undergoing PSA testing
showed PSA values of 4–10 ng/ml. Only 25% of patients having
PSA values in this range will have cancer following biopsy, i.e.,
>70% of patients with a ‘‘high’’ PSA value undergo unnecessary
biopsy.2 Use of this test, worldwide, represents a tremendous waste
of money, time and labor, and much psychological stress on
patients.

Furthermore, PSA, if used alone, cannot predict the pathologi-
cal stage of prostate cancer, especially in the range of 4–10 ng/
ml,1–3 the range at which pathological non-organ-confined cancer
was found in approximately 30% of radical prostatectomy series.4

One reason is that expression of PSA is lower in poorly differenti-
ated cancer than in well-differentiated cancer5,6 and the other rea-
son is that the volume of BPH affects the serum PSA level.1 For
these reasons, the discovery of a specific antigen whose expression
is associated with prostate cancer but not with normal prostate or
BPH, and in addition reflects the malignant potential, is a very
important medical advance.3

With the availability of advanced technology for comparison of
mRNA expression profiles of tumor lesions vs. normal counterpart
tissues, many new tissue biomarkers are being developed.7–11

Among them, a-methylacyl coenzyme A racemase is being inves-
tigated as a clinically useful biomarker to aid in the correct diag-
nosis of equivocal prostate biopsy specimens.11 However, the
search for a new biomarker is still at an early stage,12,13 and there
is at present no serum marker that is clinically more useful than
PSA.

Aberrant glycosylation (formation of abnormal carbohydrate
chains at the cell surface) occurs in many types of cancer.14,15

A pattern of aberrant glycosylation, and the expression of specific
glycosyl epitopes associated with specific types of cancer, have
been used as criteria for the diagnosis of many types of human
cancer. Therefore, there has been a search for abnormal carbohy-
drate chains whose expression is associated with human prostate
cancer, but not with normal prostate or BPH.16

Based on the general concept that human tumors are character-
ized by the expression of specific carbohydrate antigens, bound
either to glycosphingolipid or to glycoprotein,14,15 we demon-
strated the presence of slow-migrating gangliosides highly
expressed in metastasis of renal cell carcinoma (RCC).17 We
established a monoclonal antibody (mAb) to RM2 by immuniza-
tion of mice with the RCC cell line TOS1, followed by repeated
cloning of the hybridoma secreting antibody that recognized a dis-
ialoganglioside expressed in RCC tissue.18 Further systematic
studies on the structure of the antigen recognized by mAb RM2,
termed the ‘‘RM2 antigen,’’ by 1- and 2-dimensional 1H-NMR
(proton nuclear magnetic resonance) and mass spectrometry, clari-
fied it as b1,4-GalNAc-disialyl-Lc4 (Fig. 1). The structure is
highly novel and consists of the ‘‘ganglio-series’’ (Fig. 1; region
1) and the ‘‘disialyl lacto-series type 1 chain’’ groups (Fig. 1;
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region 2).19 We now report expression of b1,4-GalNAc-disialyl-
Lc4, defined by mAb RM2, in human prostate cancer.

Material and methods

Patient characteristics, PSA assay, and clinical staging

Between March 1994 and February 1999, 80 consecutive
patients with clinically localized prostate cancer underwent radical
prostatectomy and bilateral pelvic lymphadenectomy by a single
surgeon (S.E.) at Kitasato University Hospital. None of these
patients received preoperative endocrine therapy. Preoperative
serum PSA level was quantified by Dainapack IMx PSA assay
(Dinabot, Tokyo). Clinical stage was assigned using the 1992
tumor-node-metastasis (TNM) staging system.1

Pathological processing

Radical prostatectomy specimens were examined by the whole
organ step-section technique. The specimens were fixed in 10%
formalin and sectioned at 5-mm intervals in a plane perpendicular
to the long axis of the gland, followed by hematoxylin and eosin
staining. All histology slides were examined and reviewed by a
single pathologist (S.K.). The Gleason grading system, named
after D.F. Gleason, is the most commonly-used grading system for
prostate cancer, based on glandular architecture but not on nuclear
atypia. Five histological patterns with decreasing differentiation
are defined for this grading system. Grade of malignancy in pros-
tate cancer was described as the sum (Gleason score) of the pre-
dominant pattern (primary Gleason pattern) plus the second most
prevalent pattern (secondary Gleason pattern), e.g., 3 þ 4 ¼ 7.20

Tumor maps were drawn by directly tracing the outline of the
tumor in each section, from which the tumor area was measured
using a planimeter. Allowance was made for prostate section
thickness by multiplying the measured area by 5 mm, the actual
thickness of cut section. Tissue shrinkage in 10% formalin is
*10% in 1 dimension and thus the volume of each tumor was
determined by multiplying the measured volume by a shrinkage
factor of 1.33.

Prostate cancer cell lines

Prostate cancer cell lines LNCap and PC3 were obtained from
Human Science Research Resource Bank (Wako, Japan).

Monoclonal antibody RM2

To focus on disialogangliosides of RCC because they were
increased in metastatic sites, we established mAb ‘‘RM2’’ (iso-
type: immunoglobulin M [IgM]) using the RCC cell line TOS1
derived from the metastatic site as an immunogen,18 by screening
a hybridoma clone that reacted with the disialoganglioside fraction
but not with the monosialoganglioside fraction. The structure of
the antigen recognized by RM2 was later identified as b1,4-Gal-
NAc-disialyl-Lc4 (Fig. 1)

19; it has been demonstrated that RM2 is
highly specific to this structure in reactivity tests with various
gangliosides and glycolipids.18,19 RCC is a rare type of cancer,
and not all RCCs express this antigen structure.21

Immunohistochemical staining

Immunohistochemical staining was performed on 5-mm sections
of paraffin-embedded tissues. For immunostaining of radical pros-
tatectomy specimens, deparaffinized slides were hydrated, and
endogenous peroxidase was blocked with 0.3% H2O2 in methanol
for 10 min. Slides were autoclaved at 1218C for 5 min in citrate
buffer solution (pH 6.0), and blocked with 1% rabbit normal
serum for 30 min, incubated with mAb RM2 overnight at 48C then
incubated with biotinylated secondary antibody for 30 min. After
incubation with streptavidin, slides were visualized with
30,30-diaminobenzidine substrate solution. Mouse IgM (Immuno-
tech, Marseille, France) was used as a negative control.

Immunostaining intensity of prostate cancer cells was graded as
negative, weak, moderate and strong. Then immunoreactivity of
each slide was either classified as negative to weak (lower expres-
sion) or moderate to strong (higher expression) based on staining
intensity and percentage of cancer cells stained. When moderate
to strong staining was observed in less than 10% of cancer cells,
lower expression was assigned. When moderate to strong staining
was observed in more than 10% of cancer cells, higher expression
was assigned. Informed consent was obtained from all patients in
this study.

For statistical analysis, the t-test and chi-square test were used
to assess the differences between the lower expression and the
higher expression groups for the following parameters: age, preop-
erative serum PSA level, total cancer volume, prostatectomy Glea-
son pattern and score, pathological stage, seminal vesicle invasion
and surgical margin status. Comparison of PSA failure-free sur-
vival between the 2 groups was performed with the log-rank test.

Western blot analysis

Western blot analysis was performed on LNCap and PC3 cells to
determine whether the RM2 antigen was expressed on the glyco-
protein of prostate cancer cells. RM2 antigen was originally found
as glycosphingolipid (disialoganglioside), as described above.
However, some of this antigen present in tumor cells can be
detected by SDS-PAGE followed by Western blot analysis. Briefly,
cells were put on ice, rinsed with ice-cold PBS, and lysed with cell
lysis buffer (20 mM Tris pH 7.4, 150 mM NaCl, 2 mM EDTA, 1%
NP40, 50 mM NaF, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 1 mM
PMSF, 1 mM Na3VO4). Extracts were clarified by centrifugation at
15,000g for 5 min. Lysates containing equal amounts of proteins
were resolved by electrophoresis on 10% SDS-PAGE, and trans-
ferred to Hybond P PVDF membrane (Amersham Biosciences, Pis-
cataway, NJ). Membranes were blocked with TBS-Tween
containing 1% BSA, then incubated with primary antibody. Bound
antibody was detected using appropriate peroxidase-coupled secon-
dary antibody, followed by enhanced chemiluminescent detection
system (ECL; Boehringer Mannheim, Mannheim, Germany).

Results

Immunoreactivity of the RM2 antigen could be evaluated in 75
out of 80 cases of radical prostatectomy specimens. Mouse IgM as

FIGURE 1 – Structure of RM2
antigen. 1: ganglio-series struc-
ture. 2: disialyl lacto-series type 1
structure.
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FIGURE 2 – Immunoreactivity of RM2 antigen in prostatic adenocarcinoma and benign glands. (a,b) Examples of strong immunoreactivity in
Gleason pattern 4 prostatic adenocarcinoma. (c) An example of moderate immunoreactivity in Gleason pattern 4. (d) An example of moderate
immunoreactivity in Gleason pattern 3. (e) An example of weak immunoreactivity in Gleason score 3 þ 4 ¼ 7. (f) An example of negative
immunoreactivity in Gleason score 3 þ 3 ¼ 6. Magnification 100�. Negative to weak (a) and negative (b-f) immunoreactivity was observed in
benign glands.
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a negative control did not react with prostatectomy specimens at
all (data not shown). In all benign prostatic glands including
BPH observed in radical prostatectomy specimens, RM2 immu-
noreactivity was negative to weak (Fig. 2). High-grade prostatic
intraepithelial neoplasia (HGPIN) was observed in 45 out of 75
cases. Out of 45 cases of HGPIN, 34 and 11 cases showed weak

and moderate immunoreactivity, respectively (Fig. 3). In stroma, a
weak RM2 antigen expression was observed for both BPH and
cancer tissues. Since mouse IgM as a negative control did not
react with benign glands, HGPIN, prostatic adenocarcinoma and
stroma as described above, stromal cells may express RM2 anti-
gen. It is also possible that RM2 antigen may have been shed from
cancer cells into the surrounding stroma, since stromal reaction
was stronger in adenocarcinoma tissues showing high reactivity
(Fig. 2a). We discuss later on this point.

In prostatic adenocarcinoma, immunoreactivity of RM2 antigen
was classified as negative to weak in 20 cases (lower expression
group), and as moderate to strong in 55 cases (higher expression
group) (Table I). Primary Gleason pattern 3 was observed more in
the lower expression group, whereas primary Gleason patterns 4
and 5 were associated with the higher expression group (Figs. 2, 4
and 5; Table I). The rate of primary Gleason pattern 3 (17 out of
20) in the lower expression group was significantly higher than
that (7 out of 55) in the higher expression group ( p < 0.0000001)
(Table I). Out of the cases with Gleason score 7, Gleason score
3þ4 was significantly associated with the lower expression
group whereas Gleason score 4þ3 was more related to the higher
expression group (p ¼ 0.00062). Furthermore, a high Gleason

TABLE I – RELATIONSHIP BETWEEN RM2 IMMUNOREACTIVITY AND
GLEASON SCORE OF RADICAL PROSTATECTOMY SPECIMEN

Gleason score
RM2 immunoreactivity

Lower expression Higher expression

3þ3 4 0
3þ4 13 7
4þ3 3 19
4þ4 0 7
4þ5 0 17
5þ4 0 3
5þ5 0 2

20 55

Lower expression, negative to weak immunoreactivity; higher
expression, moderate to strong immunoreactivity.

FIGURE 3 – Immunoreactivity of RM2 antigen in prostatic adenocarcinoma and HGPIN from the same cases. Each alphabet designates the
same case. Panels A1 and B1: Examples of strong staining in Gleason pattern 4. Panels A2 and B2: Examples of HGPIN. Moderate immuno-
reactivity was observed. Magnification 200�.
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score (Gleason score �8) was observed in 29 out of 55 cases in
the higher expression group, whereas it was observed in none of
the lower expression group ( p ¼ 0.000034). Thus, the expression
level of the RM2 antigen was closely associated with the Gleason
grading system.

There was no statistical difference in age, preoperative serum
PSA level, seminal vesicle invasion and surgical margin status
between these 2 groups (Table II). Total cancer volume was sig-
nificantly larger in the higher expression group (median 5.5 cc)
than in the lower expression group (median 3.05 cc) ( p ¼ 0.0058).
Pathological organ confined cancer was more observed in the
lower expression group (12 out of 20) than in the higher expres-
sion group (17 out of 55) ( p ¼ 0.022). Furthermore, 5-year PSA
failure-free survival in the higher expression group (36.6%) was
significantly lower than that in the lower expression group
(88.9%) (Fig. 6). The difference of PSA failure-free survival
between these 2 groups was statistically significant by the log-rank
test ( p < 0.001).

Western blot analysis

mAb RM2 staining revealed a 49-kDa glycoprotein as the major
band in both LNCap and PC3 cells. A smaller 39-kDa band was

also observed in both cell lines. In addition, minor 88- and 98-kDa
bands were increased in PC3 cells, and 59- and 125-kDa bands
were increased in LNCap cells (Fig. 7).

Discussion

Our study showed that RM2 antigen expression was closely
associated with the Gleason grading system. Lower expression of
the RM2 antigen was significantly associated with primary Glea-
son pattern 3, whereas higher expression was closely related to
primary Gleason patterns 4 and 5. High Gleason score (�8) was
observed in none of the lower RM2 expression group. Thus, in
regard to the expression level of RM2 antigen there seems to be a
boundary between Gleason patterns 3 and �4 (Figs. 4 and 5; Table
I). Gleason score is a powerful predictor of prostate cancer pro-
gression following radical prostatectomy.22 In our study, PSA fail-
ure-free survival was significantly lower in the higher RM2
expression group. Furthermore, out of the cases with Gleason
score 7, Gleason score 3þ4 was significantly associated with a
lower expression of RM2 antigen, whereas Gleason score 4þ3
was associated with a higher expression. PSA failure-free survival
of the patients who underwent radical prostatectomy for clinically
localized prostate cancer is significantly lower in Gleason score

FIGURE 4 – Contrast of immunoreactivity of RM2 antigen between Gleason patterns 3 and 4. In most cases, immunoreactivity of RM2 antigen
was higher in Gleason pattern 4 than in Gleason pattern 3, as shown here. Strong to moderate immunoreactivity was observed in Gleason pattern
4, while negative to weak immunoreactivity was observed in Gleason pattern 3. Magnification 100�.
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4þ3 than in Gleason score 3þ4.23,24 Thus, expression of RM2
antigen may reflect the degree of malignancy classified by the
Gleason grading system.

In addition to the close association with the Gleason grading
system, pathological stage was more advanced and tumor volume
was larger in the higher RM2 expression group than in the lower
expression group. These data also suggest that expression of RM2
antigen is associated with the malignant potential of prostate can-
cer. However, there was no significant association between RM2
expression and seminal vesicle invasion, one of the poor prognos-
tic factors.4,25 Regarding this point, the expression level of RM2
antigen and seminal vesicle invasion may represent different
aspects of the malignant potential of prostate cancer, respectively.

A weak stromal reaction was found in both BPH and cancer
tissue. Negative control (mouse IgM) showed no reactivity with
tissue specimens, indicating that stromal cells may express RM2
antigen. As the expression level of RM2 antigen in cancer cells
was higher, stromal reaction with RM2 may be stronger. In
Figure 2, there was a clear difference of stromal reactivity
between Figure 2a (strong staining in cancer cells) and Figure 2f
(negative staining in cancer cells). On the other hand, intermedi-
ate reactivity was observed in stroma when the staining of cancer
cells was weak or moderate (Fig. 2). Since stromal reactivity
depended on the intensity of cancer cell reactivity, it is also pos-
sible that the RM2 antigen may have been shed from cancer cells
into the surrounding stroma. This assumption may be supported

FIGURE 5 – Immunoreactivity in Gleason pattern 5 prostatic adenocarcinoma. Strong to moderate immunoreactivity was observed in Gleason
pattern 5. (a,b) Comedonecrosis . (c,d) Solid strands. Magnification 100�.

TABLE II – RELATIONSHIP BETWEEN RM2 IMMUNOREACTIVITY AND
PATHOLOGICAL PARAMETERS OF RADICAL PROSTATECTOMY SPECIMEN

RM2 immunoreactivity Lower expression
(median)

Higher
expression
(median)

p-value

Age (year) 57–70 (64) 49–73 (64) 0.81
PSA (ng/mL) 1.9–49.3 (7) 2.2–136 (9.9) 0.11
Total cancer

volume (cc)
0.42–16 (3.05) 0.17–37.17 (5.5) 0.0058

�pT2 12 17 0.022
�pT3 8 38
Negative SVI 16 33 0.108
Positive SVI 4 22
Negative SM 16 35 0.179
Positive SM 4 20

SVI, seminal vesicle invasion; SM, surgical margin; �pT2, patho-
logical organ confined cancer; �pT3, pathological nonorgan confined
cancer.
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by the fact that some tumor antigen was shed into the surround-
ing environment.26

Pretreatment serum PSA level is an independent prognostic
factor for progression after radical prostatectomy.4 On the other
hand, the expression level of PSA in prostate cancer decreases
as the level of malignancy increases.5,6 The latter fact means
that PSA does not reflect the degree of malignancy. These 2
facts seem conflicting, but this paradox could be explained, for
example, by a larger tumor volume at the time of presentation
in patients with higher-grade cancers despite the lower produc-
tion of PSA per gram of tissue.3,6 In our study, there was no
significant association between pretreatment serum PSA and
RM2 expression levels. The results of our study may be natural
since expression of RM2 antigen reflects the malignant potential
whereas PSA does not.

Expression of the RM2 antigen was negative to weak in
benign glands, weak to moderate in HGPIN, and negative to
strong in cancer. The expression level of the RM2 antigen seems

proportional with carcinogenesis, although the quantitative mea-
surement is difficult and expression level is variable from nega-
tive to strong in prostatic adenocarcinoma. On the other hand,
higher expression of the RM2 antigen was observed in adeno-
carcinoma with higher Gleason score. Thus, RM2 expression
may be associated with both carcinogenesis and malignant
progression.

It is noteworthy that expression of the RM2 antigen was neg-
ative to weak in benign glands. If detected in serum, the RM2
antigen may become a useful tool not only to distinguish pros-
tate cancer from BPH but also to predict pathological stage.
However, the RM2 antigen is not specific to prostate cancer.
Our previous studies revealed that RM2 antigen was expressed
in distal tubules of kidney, goblet cells in the gastrointestinal
tract, and eccrine sweat glands among normal tissues.27 In can-
cer cells, mAb RM2 reacted with renal cell carcinoma cell lines
TOS-1, TOS-3 and TOS-3LN,28 lung cancer cell line QG56,
hepatoma cell line Hep2 and melanoma cell line H1733.18

FIGURE 6 – PSA failure-free sur-
vival in 75 patients who underwent
radical prostatectomy; 5-year PSA
failure-free survival was 88.9% in
the lower expression group and
36.6% in the higher expression
group. The difference was statisti-
cally significant by the log-rank
test (p ¼ 0.00093).

FIGURE 7 – Western blot analy-
sis of prostate cancer cell lines by
RM2. A total of 10 mg of cancer
cells was applied in each lane. Left
panel: immunostaining by mouse
IgM. Right panel: immunostaining
by RM2. M: size marker. RM2
detected a 49-kDa glycoprotein as
the major band in LNCap and PC3,
in addition to several minor bands
found in 1 or both cell lines (see
Results and Discussion sections).
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Accordingly, if the method of serum diagnosis using mAb RM2
is developed, exclusion diagnosis of other cancers will be neces-
sary. We are now investigating the establishment of a system
detecting RM2 antigen in serum.

Western blot analysis (Fig. 7) showed that 49-kDa glycoprotein
was the major component in both LNCap and PC3 cells. Major
49-kDa and minor 39-kDa glycoproteins were common to both
cells, but there was increase of 59- and 125-kDa glycoproteins
unique to LNCap and increase of 88- and 98-kDa glycoproteins
unique to PC3. Since LNCap cells are androgen-dependent and
PC3 cells are androgen-independent, it is possible that the 59- and
125-kDa glycoproteins are associated with androgen-dependence,
while the 88- and 98-kDa glycoproteins are associated with andro-
gen-independence. Characterization of these glycoproteins carry-
ing the RM2 antigen will help clarify the androgen-dependent
mechanism characteristic of prostate cancer. Because the molecu-
lar size of PSA is 33-kDa,29 the glycoproteins carrying the RM2
antigen may be different from PSA. Since we did not conduct
Western blotting of prostate cancer and BPH tissues, it remains to
be determined whether the glycoproteins detected in prostate can-
cer cell lines are identical with those of cancer cells from radical
prostatectomy specimens. Furthermore, expression patterns in gly-
coproteins carrying the RM2 antigen may be different among
prostatic adenocarcinomas with various Gleason patterns. Further
studies are necessary on these points.

The unique structure of the RM2 antigen may be related to the
biological features of prostate cancer. As shown in Figure 1, the
RM2 antigen is structurally composed of ‘‘ganglio-series’’ and

‘‘disialyl lacto-series type 1 chain’’ groups. Lacto-series antigens
are widely distributed in epithelial cells, whereas ganglio-series
antigens are prominently expressed in cells of neuroectodermal
origin.30 On the other hand, whereas prostate cancer expresses epi-
thelial characteristics such as prostatic acid phosphatase and PSA,
neuroendocrine differentiation is a feature of prostate cancer,
occurring in 10–100% of cases reviewed,31 as evidenced by
neuroendocrine markers such as chromogranin A.32 Neuroendo-
crine differentiation of prostate cancer is associated with a poor
prognosis, tumor progression and androgen-independence,32 and
especially its pure form, small cell carcinoma, shows highly
aggressive behavior.33 Thus, the structure of the RM2 antigen
may represent the dual epithelial and neuroendocrine nature of
prostate cancer, and thereby may reflect the malignant potential of
prostate cancer.

In conclusion, the RM2 antigen is a new histological marker for
prostate cancer that may reflect the Gleason grading system. Iden-
tification of the glycoproteins carrying the RM2 antigen will pro-
vide new insights into the properties of prostate cancer.
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